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� 4.6% of Dutch fuelling stations can

host wind turbines for hydrogen

production.

� Built-up area zoning influences

greatly the suitability of the

concept.

� These concept stations can pro-

duce 2.3% of the demand in a 30%

FCEV scenario in NL.

� Per Province stations can produce

0.3%e12% of future mobility

hydrogen demand.
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This study assesses the technical potential of wind turbines to be installed next to existing

fuelling stations in order to produce hydrogen. Hydrogen will be used for Fuel Cell Vehicle

refuelling and feed-in existing local gas grids. The suitable fuelling stations are selected

through a GIS assessment applying buffer zones and taking into account risks associated

with wind turbine installation next to built-up areas, critical infrastructures and ecological

networks. It was found that 4.6% of existing fuelling stations are suitable. Further, a

hydrogen production potential assessment was made using weather station datasets, land

cover data and was expressed as potential future Fuel Cell Electric Vehicle demand

coverage. It was found that for a 30% FCEV drivetrain scenario, these stations can produce

2.3% of this demand. Finally, a case study was made for the proximity of those stations in

existing gas distribution grids.
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Introduction

This study investigates the potential of existing fueling sta-

tions in the Netherlands to be converted to on-site wind

powered hydrogen producing refuelling stations. We assess

the amount of fueling stations, the annual hydrogen produc-

tion potential, demand coverage and potential to connect to

existing gas grids combining several GIS datasets and buff-

ering zones based on current legislation and other criteria.

Much of this work was based on the Msc Thesis work [1] and

has been extended and detailed within this article. (see Fig. 1)

Hydrogen roadmaps worldwide and in the Netherlands

Numerous countries have released reports giving pathways

towards a green hydrogen transition. From Australia [2] to

Japan [3] and from California [4] to Europe [5]. All those path-

ways have a common vision to produce green hydrogen

coming from renewable energy resources (wind and solar

energy) and utilize in transportation through hydrogen refu-

elling stations in order to achieve the climate targets. Many of

the studies and plans of governments assessed in Ref. [6]

indicated that, between 2030 and 2050 Fuel Cell Electric Ve-

hicles (FCEVs) would be cheaper under several circumstances

and one of them is the increasing amount of refuelling

stations.

In the Netherlands, the cabinet’s vision on hydrogen was

recently announced, where the roll out of hydrogen refuelling

stations is addressed with a vision for 50 stations by 2025 [7].

Also a roadmap with a vision to have a carbon emission free

economy by 2050 with green hydrogen as a key ingredient is

published [8]. This report vision lies into large cost reductions

due to large upscaling of the whole sector coupling with

hydrogen, utilizing most of the industrial facilities in the

Northern part of the Netherlands. In addition, a report from

the gas and electricity transmission operators [9] identifies the

electrical grid capacity issues of the Netherlands and the

flexibility that the hydrogen gas networks could provide by

storing and transporting large amounts of potential energy.

Large scale hydrogen production could also seasonally be

stored in salt caverns, as Netherlands have large potential of
Fig. 1 e On-site wind powered hydrogen
10.4 PWh [10]. Beside large scale implementation, production

more close to the demand and to distribution points of

connection could play a significant role for the energy

transition.

The study presented here is focussed on the small-scale

distributed generation of hydrogen with Power-to-Gas tech-

nologies rather than large scale offshore implementation.

This is a parallel step needed to bring about innovation, social

acceptance and workforce training within the hydrogen

transition targets and manage a successful hydrogen station

deployment. The studied concept here has similarities with

the deployment plans for hydrogen refuelling infrastructure

in North-eastern United Stated described in Ref. [11], where

on-site stations play a crucial role as hydrogen production

factories for off-site stations by saving total investment costs.

Hydrogen refuelling stations in the Netherlands

Globally, there are many initiatives that have studied the

optimal sizing and design of a hydrogen fuelling station,

safety aspects, distances and risks and many lessons have

been learned [12e16]. In Germany, 84 stations are currently

operating with a vision of 100 in the course of 2020 [17] from

H2 Mobility initiative, while company H-TEC announced a

1 MW electrolyser to be used for decentralised application at

wind power plants and hydrogen refuelling stations [18,19]. In

California research institutions are already collecting and

analysing operational data from nearly 40 hydrogen refuelling

stations [20]. The role of hydrogen refuelling stations is also

highlighted in Ref. [21] where the Chinese development goal of

hydrogen FCEV development is to have over a 1000 stations

with 50% renewable sourced hydrogen by 2030 for over a

million FCEVs.

This trend starts picking up in the Netherlands as well.

Since 2003, hydrogen refuelling stations are under-going

operational and closing status [22]. However, with the

hydrogen roadmaps mentioned above, more and more ini-

tiatives announce their commitment and will to open new

hydrogen stations linked to mobility, following global trends.

Recent examples arementioned in Refs. [23e26] where: 20 fuel

cell buses and hydrogen refuelling stations are envisioned for

Provinces of Groningen and Drenthe by December 2020 and
production and refuelling station.
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openings of hydrogen fuelling stations are announced, while

Dutch government set financial incentives for 9 new public

hydrogen stations. However, most are still relying on non-

renewable hydrogen while having the ambition for green

hydrogen. A green hydrogen concept in the Netherlands is

from HyGro, where an on-site wind turbine is used for elec-

trolysis for hydrogen production next to a fuelling station

[27,28]. A turbine on-site next to an existing fueling station

could contribute to cost reductions. This could be realized by

coupling the wind turbine directly with an electrolyzer next to

where the demand is needed. This would lead in elimination

the transportation costs, land reclamation costs, higher grid

interconnection costs, behind-the-meter utilization of energy

without administrative taxation and eliminating the need to

build a new fueling station from scratch.

In this study, we are assuming the concept of on-site wind

poweredhydrogenproducing refuelling stations (or hubs) as in

Fig. 1. Initially wind turbines are producing green electricity.

The electricity is then directly fed to a Proton Exchange Mem-

brane (PEM) electrolysis hydrogen production unit and a

compressor that storeshydrogen inamediumpressurestorage

or a pressure regulator that feeds in hydrogen to the local high

pressure gas distribution grids (4e8 bars). Being connected to

the local gas distribution grids provides benefits of blending

hydrogen to the local natural gas networks and thus offsetting

CO2 emissions in the short-term, and in the long term

providing greater flexibility to the fuelling station assuming

that the networks’ are converted to 100% hydrogen gas [29].

Blending hydrogen in natural gas networks is technically

possibleandalthough it is currently challenging andexpensive

[30] it is still an option towards the 100% hydrogen economy.

Similar system’s dynamic operation, excluding connection to

gas grids, has been examined in Ref. [31] where it ismentioned

that with careful system sizing it is possible to have a self-

sustainable fuelling station relying on renewable sources.

The refuelling equipment receives hydrogen either directly

after the electrolyser or from the medium pressure storage

(typically at 200 bars). In the future scenario of the 100%

hydrogen infrastructure, it could also take hydrogen from the

gas grid in case of low wind days. This equipment requires

electricity to operate. As it was highlighted in Ref. [32], the

operation of an H2 station using combined energy from wind

and the electricity grid is preferred as it can increase the

amount of cars served. Therefore in our study we assume that

the electrical energy for the refuelling processes (dispensing

and high pressure compression) is provided by the existing

electrical grid nearby the stations. Currently in the

Netherlands 80% of fuelling stations are connected to 3 � 63 A

to 3 � 80 A while the rest 20% are connected to 3 � 152 A up to

3 � 250 A, offering fast charging for electric vehicles. Some

concepts of fuelling stations have a high peak electrical con-

sumptionof ionic compressors (~105kW)andother equipment

[33], while others are on the lower range of 30e50 kW [34].

Thereby we comment that some of the stations might have to

slightly upgrade their electrical connection to match those.

GIS and technical potential of hydrogen production

Wind turbines could not be retrofitted in existing fuelling

stations which are inside cities and other built-up areas,
ecological parks, airports and other infrastructures due to

safety and risk concerns. These set of rules should be taken

into account in order to define the technical potential of wind

turbines installed in existing fuelling stations. GIS data are

being used within GIS software to define all the necessary

buffer zones around existing fuelling stations in order to es-

timate this potential according to the Dutch laws and other

criteria.

GIS use in energy system modelling are part of the current

energy systems challenges because these are usually consid-

ering topological relationships and disregard the geographic

relationships. There is a challenge to link the spatial nature of

energy systems with not considering only energy-related pa-

rameters but also geographic ones [35]. GIS can be used to

design the future hydrogen infrastructure and can be an

analytical tool at different spatial scales [36]. There are many

notable studies that estimate the potential of hydrogen in

combination with GIS that have inspired this study in many

ways. In our study, we dive deeper by assessing existing lo-

cations and areas with constraints derived from legislations

and guidelines, rather than optimizing a theoretical scenario

which is common in literature.

In [37] the potential of wind-powered hydrogen production

for the transportation sector is estimated using local wind

resource characteristics, land use constraints with the exclu-

sion of highly elevated areas or highly sloped areas and some

constraints regarding infrastructures (such as road networks).

The wind turbines are assumed to be installed in all areas

available after all constraints with a 10 rotor diameter spacing

criteria. In Ref. [38] a GIS-based scenario is made to calculate

the investments necessary to envision a pipeline distribution

and transmission network in Germany for hydrogen being

produced by different scenarios (offshorewind, onshorewind,

lignite gasification). Their conclusion is that a smooth transi-

tion is needed from the existing situation towards the suc-

cessful adoption of energy systems. Relying on network of

existing fuelling stations and existing infrastructure could

facilitate this transformation towards hydrogen economy.

This statement is in-line with the current study about retro-

fitting existing fuelling stations towards on-site wind powered

hydrogen producing refuelling stations. GIS are also used in

Ref. [39] to analyse hydrogen station roll-out strategy to

introduce hydrogen vehicles in Andalusia. Mainly road net-

works, nodes and population datasets have been used in this

study. Finally, an interesting study for Cordoba (Argentina) is

presented using GIS for wind resource mapping, hydrogen

production estimation, delivery time estimation through road

networks and delivery in Cordoba city. This study is quite

interesting because it combines as well economic aspects [40].

GIS are also a useful tool for other numerous potential

hydrogen applications, such as in Ref. [41] for application of

power-2-gas where investment screening was performed by

synthesizing GIS data for different power plants for hydrogen

production taking into account infrastructures. Also the

hydrogen demand for transportation sector is assessed for

Algeria in Refs. [42] together with analysis of production costs

and environmental benefits. GIS are also used for the study in

Germany [43], where a geospatial hydrogen demand-weight

distribution is presented for several hydrogen mobility mar-

kets (bus, car, train etc.). The study in Ref. [44], makes a

https://doi.org/10.1016/j.ijhydene.2020.06.125
https://doi.org/10.1016/j.ijhydene.2020.06.125


Fig. 2 e Map of all existing fuelling stations from Open

Street Map dataset classified by Province.
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comparison of different alternative vehicle fuelling infra-

structure scenario, where GIS is used to assess the time-

related proximity and coverage of those stations to the user.

Large GIS datasets in combinationwithwind turbines are used

in Ref. [45] for decarbonizing heat with use of hydrogen and

inter-seasonal storage. In Ref. [46] energy systems are linked

with GIS models for hydrogen infrastructure development.

GIS can easily link so many energy system models with geo-

spatial data in order to effectively design and quantify costs,

infrastructural upgrades and other useful information for

policymakers towards energy transition. A holistic approach

is presented in Ref. [47] for all potential pathways for

hydrogen refuelling infrastructure in Norway where several

production technologies beside wind are considered in com-

bination with supply/delivery scenarios.

Reading this literature, we see that GIS have a great po-

tential to help designers, urban planners, energy planners and

other stakeholders to effectively design the future energy

systems with hydrogen being a key ingredient. Finding and

synthesizing the appropriate datasets is key for a successful

and understandable assessment.

Outline

In our study we develop a method to assess the technical

potential of existing fuelling station to host a wind turbine

within their vicinity and classify them based on wind avail-

ability, hydrogen production capability and proximity to gas

distribution networks, with the vision for covering the fuel cell

electric vehicle drivetrain for the future as well as providing

flexibility with connection to the gas network.

As a first step, we identify the barriers for wind turbine

installation and estimate the amount fuelling stations suitable

for conversion to wind powered hydrogen producing refuelling

station presented in Chapter 2. Then we estimate the wind

production potential based on wind energy resource assess-

ment and relate this to the future hydrogen demand for the

transportation sector. We perform a well case study to identify

the interconnection possibility with existing gas grids. We

discuss the results and derive the conclusions at the end of this

article.
Amount of suitable fuelling stations

Methodology

Here we find the amount and the location of the existing

fuelling stations that could host a wind turbine within their

vicinity for the future on-site hydrogen production. We use

laws/guidelines for getting a permit for installation, as a basis

to define which of the fuelling stations could to have a wind

turbine next to them. We have not considered laws special to

hydrogen related installations in this study but we suggest for

further investigation.

The fuelling stations have been found through Open Street

Maps (see in Fig. 2) whichmight generate some uncertainty as

the personswho are registering these data are individuals.We

use buffer zones to define the maximum distances stated by

the guidelines.
All the datasets were found online and converted (if

needed) into a CRS (Coordinate Reference System) of (EPSG:

28,992, Amersfoort/RD New) for further geoprocessing

filtering. The filtering methodology was done with the Dif-

ference tool provided by QGIS software.

Below you can see the buffer zone descriptions. The

physical notion behind most of those is the maximum

throwing distance of an object from a wind turbine during

normal operating conditions (for example ice or a detached

blade) as has its background in the handbook for risk assess-

ment for wind turbines [48]. There are also other buffer zones

with respect to noise and turbulence which are based on

environmental and aviation guidelines. The buffer zone

description, distance and datasets used are summarized

below in Table 1.

Proximity to existing wind turbines
At first we remove the fuelling station dataset where there are

wind turbine(s) within proximity of 200 m. These stations

could also be envisioned as potential candidates for wind

turbine installation for hydrogen production, but for now they

are considered part of a different project connected to the

electrical grid. Thewind turbine data are found in theNational

GeoRegister of the Netherlands [60].

Built-up areas zoning
This zoning covers vulnerable buildings such as houses,

hospitals, schools, restaurants, hotel, office buildings, sport

facilities as described in the handbook of risk zoning for wind

turbines [48]. The datasets used for this zoning are from Open

Street Maps, EuroGeographics and Land Cover and Land Use

https://doi.org/10.1016/j.ijhydene.2020.06.125
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Table 1 e Datasets used.

Buffer Zone Description Buffer Distance Dataset used

Proximity to existing wind turbines 200 m [49]

Built-Up Areas 245 m (based on the maximum throwing distance of a 3e5 MW wind

turbine at normal operating conditions [48])

[50e52]

Silent Zone Areas 1250m (based onmaximum allowable noise level and a reference turbine) [53,54]

Airports 2000 m (based on turbulence coming from turbines) [50]

Railtracks/Waterways/Motorways/Main Roads 80 m (based on ½ rotor diameter of a 160 m wind turbine [48]) [49,50]

Ecological Networks 600 m (based on a median value of most species present in Ref. [55]) [56]

Winter Geese Resting Areas 3000 m (based on criteria in [57] [58]

High Voltage Lines and High pressure pipelines 245 m (based on maximum throwing distance of a 5 MW wind turbine at

normal operating conditions [48]

[59]

Table 2 e Effect of zoning regulations on the amount of
fuelling stations suitable for wind turbine installation, for
all fuelling station datasets.

Filtering Steps Station-
difference in
numbers

and percentage
from all

All existing fuelling stations 3021

Stations no closer than 200 m to

existing wind turbines

3011

Built-Up Area Zoning (allowed stations) 465 (15.3% of

total)

Residential/Commercial/Retail 668 22.1%

Land Cover (discontinuous urban fabric) 851 28.2%

Land Cover (sport facilities) 2810 93.0%

Silent Zones 2781 92.1%

Infrastructure Zoning (allowed stations) 2122 (70% of total)

Rail Tracks 2923 96.8%

Small Waterways 2959 97.9%

Large Waterways 3010 99.6%

High-Voltage Lines 2871 95.0%

High Voltage Stations 2948 97.6%

Airports 2940 97.3%

High Pressure Pipelines 2448 81%

Environmental Zoning (allowed stations) 1796 (59% of total)

Natural Ecological Networks 1894 62.7%

Geese Winter Resting Areas 2864 94.8%

Total Results 132 (4.35% of

total)

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 5 ( 2 0 2 0 ) 2 5 0 9 6e2 5 1 0 825100
surveys from the Copernicus institutes. All these datasets

were used to validate each other but also include areas that

are not present in all datasets as with sport facilities which

were not included in Open Street Maps. The buffer distance

from all those buildings and areas is defined as the maximum

throwing distance in normal operating conditions for a

3e5 MW wind turbine [48] and is 245 m. In Fig. 3, the suitable

stations can be located when excluding the built up areas.
Finally, another zoning restriction applies for the built

environment and is the Silent Zone. It has its origin in the

Noise Nuisance Act (Bulletin of Acts and Decrees, 1979). Silent

areas were defined therein as areas in which the noise

pollution caused by human activities is so low that the natural

sounds prevailing in that area are not or hardly disturbed. In

the governmental and legal pages in Refs. [54,61], the zones

and their maximum allowable limit of 40 dB is mentioned. For

an example turbine of 5 MW the limit of 40 dB is found at a

buffering distance of 1250 m for wind speeds of 10 m/s as

shown in Ref. [62,63]. It is advised that a more thorough,

detailed and site-specific noise assessment is needed for each

fuelling station but for the purpose of this study we assumed

this distance as representative enough. The locations depicted

from Refs. [53] with the 1250 m buffer are shown in Fig. 4

below.

Infrastructure zoning
Infrastructure zoning covers railways, waterways, motor-

ways, high voltage electrical lines and stations, airports and

high pressure gas networks. Around waterways, rail tracks

and motorways the placement of wind turbines is permitted

at a distance of at least 30m from the edge of the pavement or

when a rotor diameter exceeds 60 m, at least half the rotor

diameter [48]. In this study, we are considering a rotor diam-

eter of 160m, looking in the future where larger rotors are will

be used. Therefore the buffer distance is 80 m. A note is made

for the motorways as they are not included because the mo-

torways have a buffer of 80 mwhile the station has a buffer of

150 m around it, leaving potential space in the back of the

station away from the road. However, we consider further

investigation for complex road junctions. For overhead high

voltage power lines and stations and high pressure pipelines,

we use buffer distance of 245 m based on the maximum

throwing distance at normal operating conditions [48]. The

same handbook of risk zoning advices for high-pressure gas

pipelines above ground, to be in a maximum throwing dis-

tance at over speeding and asks for an expert assessment on

this. Since we do not have enough datasets for the placement

of the pipelines and as most pipelines are installed under-

ground [64] we assume the buffer distance of 245 m for those

as well. It looks contradictory that the buffers are used for the

gas grids while hydrogen production and compression occurs

on-site, however we assume that the station is designed ho-

listically taking all necessary risk mitigation strategies from

https://doi.org/10.1016/j.ijhydene.2020.06.125
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Fig. 3 e Map near the city of Delft with Residential/

Commercial/Retail areas, Sport Facilities, Industrial Areas

and Roads with buffer zones.

Fig. 4 e Map overview of existing petrol stations and Silent

zone buffers of 1250 m;.
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combining wind powered electrolysis with close proximity.

More research is definitely needed for this concept.

Finally for airports [65], mentions that high objects should

be considered by local authorities to determine effects on the

airport operation and refers to the dimensions and slopes of

obstacle limitations surfaces. But since this is very site spe-

cific, we suggest that more specific studies should be con-

ducted for stations near airports. However, we consider the

following study as a baseline for the buffer distance of each

airport in the Netherlands, with respect to turbulence effects

being noticeable at 16 rotors distances [66], therefore a 2 km

setback distance shall be used as “rule-of-thumb” and further

investigation is advised. Finally, Fig. 5 shows the location of

Schiphol (Amsterdam’s airport) and all the infrastructures

around it. It is clear that the onshore infrastructure limitations

in wind turbine placement are as well numerous like built-up

zoning

Environmental Zoning
This zoning covers important natural zones that need to be

protected. Especially zones that are natural habitats for

breeding or for migration paths. In practise, an environmental

assessment is required for each specific installation site with

respect to the natural habitat that surrounds the area and the

particular species that reside there. This is needed since there

are so many different species present which require different

buffer distance from thewind turbine nuisance. This has been

thoroughly examined in Ref. [55] where a review of several
Fig. 5 e Map near Schiphol showing existing fuel stations

with Infrastructure Zoning Areas (Airport, High Voltage

Lines, Rail Tracks, Waterways, High Pressure Grid).

https://doi.org/10.1016/j.ijhydene.2020.06.125
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Fig. 6 e Map overview of existing fuelling stations and the

ecological network buffers of 600 m.
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environmental articles has been made to define the setback

distances for minimum natural habitat disturbance. Most of

the results were in between 0 and 600 m but as the authors

indicate there can be great variations and for some cases there

could be even greater distances (4.5 km) depending on the

flight path of certain species. For simplicity, we use the

highest buffer distance of 600 m for most species from all the

ecological networks datasets used in this study (see in Fig. 6).

In that waywe can give an approximation of what can happen

in a national level. But as explained, it is greatly advised that

further investigation is needed and the results are just a rough

qualitative estimation of the reduction of the fuelling station

suitability. Finally, we remove fuelling stations in proximity of

3000 m (3 km) from Winter Geese resting zones. This is a

special zoning advised in Ref. [57] and we include this as an

example for bird protection buffer zoning.

Results

After applying all the zoning guidelines with the GIS software

we are left with the suitable existing fuelling station that have

the technical potential to become the future wind powered

hydrogen production and refuelling station that will be part of

the transition towards a hydrogen economy. In Table 1 below,

we observe that the Built-up are zoning regulations are the

highest reduction factor, especially the residential/commer-

cial/retail and Land Cover (discontinuous urban fabric)

zoning, allows only 22%e28% fromall stations. Environmental

zoning allows in total only 59% while Infrastructure zoning

allow 70% of the total. The intersection of all remaining sta-

tions is 4.35% (132) of the total 3021. This seems little but in
fact these potential pilot projects could be one of the first

adopters of this technology in order to act as hydrogen pro-

duction hubs in order to test and start retrofitting all the

equipment needed. Finally, the number of 4.35% could change

if more site-specific studies are being performed. These

studies might allow more than a single wind turbine to be

installed. Most of the zonings applied are based on the

handbook of risk zoning for wind turbines which provides

guidance/advices and allowable distances for the legal pro-

cedure towards getting a permit for installation. To conclude,

this study provides a number for planners to take into account

towards further energy transition pathways towards

hydrogen economy.

Additionally, we classify those with respect to Province

level. The following table presents the total number of feasible

stations per Province of the Netherlands. We can see that the

percentage of feasible fuelling stations with respect to the

existing ones per Province ranges between 1 and 12%.
Wind-powered hydrogen production potential at
suitable fueling stations

Methodology

Now that all the fuelling stations have been found that could

potentially host a turbine, another important step is to iden-

tify which of those areworth in terms of availablewind energy

and their respective hydrogen production. Total Annual

Hydrogen Production (AHP) potential is estimated from wind

time series and the hydrogen production conversion effi-

ciency. Meteorologists found that it takes at least 5 years for a

site to have a typical average wind speed [67]. Therefore, we

use the wind time series for each fuelling station from 5-year

datasets from the closest weather station from KNMI [68]. The

closest station is found through a Nearest Neighbour Analysis

among the 47 weather stations of KNMI. The hourly time se-

ries of the weather station are translated to the hub height of

the wind turbine to be installed at the fuelling station. This is

done in 2 steps.

At First, for each time step i wind speed ui (m/s) is trans-

lated to ublend (m/s) at the blending height of 60 m with a log-

wind law [69], for which we sample with weighted averages of

the surrounding local surface roughness lengths of the

weather station for each as seen in the equation below. The

roughness lengths zo(m) are estimated for 10� segments for

eachweather station from the CORINE LandCover classes [70].

Fig. 7 shows the translated Land Cover map to an equivalent

roughness length map with the weather station and the

sampling points around it. A set of 4 fuel stations can also be

found above the scale bar. These stations use the datasets

from the station shown.

ublend ¼uref �
ln

�
hblend�d

z0

�

ln

�
h1�d
z0

�

In the second step, the time series are translated to the

wind turbine’s hub height h(m) with the wind power law with

the Hellman power exponent a¼ 0.143, which is applicable for
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Fig. 7 e Roughness lengthmap used for assessing the wind

energy potential of the fuelling stations (1 COLUMN).
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open land surfaces, such as the common landscape in the

Netherlands [69].

uhub ¼ublend �
�

h
hblend

�a

Once these are found we are using the Weibull fitting

function to find the scale (l), and shape (k) parameter of the

statistical curve. These parameters provide the frequency

where a specific wind speed is occurring through a complete

year.

fðuÞ¼ k

l

�u
l

�k�1

e�ðu=lÞk

Following, we are using a non-dimensional power curve of

Vestas V136e3.45 MW assumed to be installed at a hub height

of 112 m [71] in order to express the hydrogen produced per

kW installed of wind energy with Power P(u). We have made

this assumption for all Netherlands. In reality, for each loca-

tion and wind characteristics an optimal wind turbine type

and hub height would be needed for maximum energy pro-

duction but is out of the scope of this article.

The Annual Electricity Production (AEP) is estimated with

the Weibull probability for each wind speed and the non-

dimensional wind power produced at each wind speed for a

full year of 8760 h.

AEP

�
kWh

kWinstalled

�
¼ 8760

Xu¼30

u¼0

fðuÞPðuÞ

For the hydrogen production we are assuming a hydrogen

conversion efficiency of 53.4 kWh per kg of hydrogen pro-

duced from the Near Future scenario 2030 [72]. In reality,

hydrogen production efficiency is dynamic and depends on

many factors but this number we give a rough approximation

of the capability of the station. The following equation is used
for estimating the Annual Hydrogen Production (AHP)

expressed in kg of hydrogen produced per kW of wind turbine

installed.

AHP

�
kgH2

kWinstalled

�
¼AEP

�
kWhe

kWinstalled

�
� h

�
kgH2

kWhe

�

Further we classify the total annual hydrogen production

potential per Province, by simply adding all potential pro-

duction of each station in each Province. However, it is

interesting to observe it in relation with the passenger car

fuel demand that it could potentially cover for the future. We

estimate this based on the average figure of 13.200 km per

year for all cars in the Netherlands [73] and a fuel economy of

1 kg H2/100 km driven, as it has been published in several car

brands that have commercialized fuel cell cars and has been

reported in Refs. [21,74]. Finally for the number of vehicles we

are assuming that in the Near Future there will be 30% FCEV

for the drivetrain of Dutch car, which is an optimistic sce-

nario. We also assume that the number of cars per Province

does not change and we use the car registrations and popu-

lation statistics from CBS (Centrale Bureau voor de Statistiek)

datasets from 2018 [75] in order to classify the results per

Province.

Even though this approach is over-simplified, assuming an

equal amount of hydrogen cars serviced by each station, it still

can provide an indication of the possibilities of wind energy to

cover a part of the hydrogen demand for mobility. The

numbers used in this study are subject to change with future

developments in the field. The method described provides us

with national level key figures and numbers per Province

which are useful for planners. Finally, we strongly suggest for

each individual station that a specific system design and

sizing is performed taking into account refuelling behaviours

and future predictions such as the study in Ref. [76].

Results

7In Fig. 8 we present the graduated green points of Annual

Hydrogen Production (AHP) potential per station expressed in

kilograms of hydrogen normalized per kW of wind turbine

installed. The normalized representation is done so that

someone could simplymultiply the peak power of a turbine to

get a rough estimation of the hydrogen produced for different

turbine peak power. Regarding the results, as a logical

consequence of the wind resource available near coastal areas

of the Netherlands (West and North) the fuelling station with

dark green have greater potential compared to the locations in

the South-East of the country. For the locations in the South

the lower production potential could be optimized by having

wind turbines with higher hub heights which provide more

energy. Nearly 100 stations can produce between 26 and 66

kgH2 per kW of wind turbine installed capacity while the

maximum of all 132 stations is 104kgH2/kW (see Table 3).

In Fig. 8 results are non-dimensional and as explained in

the Methodology we used the example of the a 3.45 MW wind

turbine to calculate the potential for all Provinces. This

amounts to an annual production range of 90e360 tonnes of

hydrogen a year per station depending on the wind resource

of each location. In Table 4 below we present results in a

Province level. The suitable fuelling stations could generate
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Fig. 8 e Map with the hydrogen production potential per

suitable station in kilograms of hydrogen per kW of

installed wind turbine capacity with a count of stations for

different ranges of results. The greener the station the

more production potential.
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the annual hydrogen demand of 2.3% of the cars in a 30% FCEV

national drivetrain scenario in a configuration with a

V112e3.45 MW turbine at each suitable station. This is subject

to change depending on the future wind turbine peak power

and the possibility to increase the amount of turbines

installed next to the fuelling station.
Table 3 e Amount of suitable fuelling stations per
Province.

Province Existing Fuelling
Stations

Feasible Stations (%
from total)

Friesland 202 25 (12%)

North-

Holland

323 15 (4.6%)

Gelderland 433 19 (4.4%)

Groningen 131 9 (6.9%)

Overijssel 272 9 (3.3%)

Drenthe 161 10 (6.2%)

South-

Holland

477 19 (4%)

Utrecht 180 9 (5%)

Flevoland 56 3 (5.3%)

North-

Brabant

452 4 (0.8%)

Zeeland 84 6 (7.1%)

Limburg 239 4 (1.7%)
Per Province level, the maximum coverage of the annual

demand is observed in the Northern Provinces of Friesland

(12%), Groningen (6%), Drenthe (5%) and the coastal Province

of Zeeland (6%). For themost populated provinces the range of

demand coverage is between 2 and 4% while for the most

Southern Provinces is very low from 0.3 to 1%. The Northern

areas are less densely populated and that is why there is

greater demand coverage.
Case study to assess the possibility for natural
gas grid interconnection

In the future, hydrogen gas grids will be a reality and on-site

wind powered hydrogen fuelling stations could be an energy

hub to deliver “green” hydrogen or receive from the gas grid.

This could happen both in the transition phase where

hydrogen could be admixed to the grid up to 20% concen-

trations [77] and in the future with a 100% hydrogen gas grid.

Of course up until this future case, many other infra-

structural changes would be required with respect to the

machinery supporting the hydrogen economy, but this

assessment investigates the possibilities with the existing

infrastructures thus making the transition faster and more

economical.

Fuelling stations are usually close to the distribution gas

grid, which is divided into 2 levels in the Netherlands. These

are the High Pressure grid (4e8 bars) where small industrial

activities are made and the Low Pressure grid (0.03e0.10 bars)

which is for residential consumers. Typically, the distribution

high pressure grids are connected on one side with the

regional gas transmission grid with a gas receiving station,

and on the other side with the district stations of low pressure

distribution grids going to the residential consumers [78].

For our assessment, we consider the 4e8 bar grids since

the amounts of hydrogen produced could be sold directly to

residential consumers and small industries beside the

hydrogen vehicle demand present on-site. We used Nearest

Neighbour Analysis to define the proximity of the centroid

that represents the fuelling station towards the closest pre-

sent pipeline. In this way we could estimate how much

pipeline extension would be needed to connect to current gas

grids.

The results should not be interpreted as representative for

the whole country, as due to limited open data resources from

gas distribution system operators (DSOs) in the Netherlands,

we only assessed the ENEXIS distribution system operator’s

(DSO) domain for gas.

In Fig. 9 above, the proximity of the point that represents

the fuelling station to the nearest pipeline of 4e8 bars. This

method could be used by any gas DSO to estimate how much

extra pipeline they would need to manufacture and layout in

order to connect to fuelling stations with on-site hydrogen

production by wind turbines. For the particular operator, a

total of 21.8 km of extra pipeline would be needed for the 23

stationswithin this operating domain (17.5% of the total of 132

stations). This applies for 5 Provinces (Groningen, Drenthe,

Overijssel, Limburg andNoord Brabant) in which 35% of Dutch

population lives. For a more detailed view on the distance per

station, see below in Fig. 10.
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Table 4 e Hydrogen production potential and coverage of all suitable stations for a 30% FCEV drivetrain scenario in the
Netherlands.

Province Feasible Stations
(%from total)

Total AHP
Potential1
(tonnes)

FCEV Car Registrations in a 30%
drivetrain scenario2

Coverage of 30% FCEV
drivetrain scenario2

Cars Served in
30% FCEV plan

Friesland 25 (12%) 5034 303,000 12% 37,846

North-

Holland

15 (4.6%) 3443 1,100,000 2% 25,888

Gelderland 19 (4.4%) 2343 955,000 2% 17,613

Groningen 9 (6.9%) 1915 250,000 6% 14,397

Overijsel 9 (3.3%) 1142 530,000 2% 8586

Drenthe 10 (6.2%) 1508 250,000 5% 11,336

South-

Holland

19 (4%) 3771 1,475,000 2% 28,352

Utrecht 9 (5%) 1208 585,000 2% 9079

Flevoland 3 (5.3%) 635 175,000 3% 4773

North-

Brabant

4 (0.8%) 566 1,235,000 0.3% 4254

Zeeland 6 (7.1%) 1446 195,000 6% 10,869

Limburg 4 (1.7%) 397 555,000 1% 2983

TOTALS 132 (4.35%) ~23,400 tons ~2,280,000 cars 2.3% ~176,000 cars

Fig. 9 e Suitable fuelling station for on-site wind powered

hydrogen production next to a network of gas pipelines.

Fig. 10 e Distance of some fuelling stations from high

pressure gas distribution grids (4e8 bars) grid.
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Discussion

This study shows the technical potential of existing fuelling

stations to be converted to wind powered hydrogen producing

refuelling station. The utilization of open source datasets was

key in order to achieve such a study and it is highly encour-

aged although uncertainty could be an issue especially for the

datasets arriving from Open Street Maps, which are based on

individuals to fill in the data. It is an attempt to utilize and

synthesize all these data in order to help engineers, scientists
and policy makers to define new steps towards the hydrogen

economy seen from this angle of smaller scale projects. This

study could be used as a basis for some Dutch system opera-

tors in order to assess their future planning activities of

interconnecting these hubs with hydrogen pipeline infra-

structure. For the ones not assessed, this paper could be used

as a guideline and method to estimate how much grid up-

grades would be needed for these stations. Additionally, this
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study is valuable for future fuelling station retailers and de-

signers who might want to invest in wind powered hydrogen

production and could use this methodology as a guideline to

assess the feasibility of their station. The results of hydrogen

production potential per kWofwind turbine installed capacity

presented Fig. 8 could be used as a preliminary rough esti-

mation and first indication of hydrogen production per station

per different province and for an assumed wind turbine peak

power capacity, as results are normalized. Finally, this study

provides useful input in a national level about onshore wind

powered hydrogen production next to existing fuelling sta-

tions and also quantifies the hydrogen production potential in

relation to the future demand of fuel cell electric vehicles. The

results are quite promising, given the fact that these stations

are only a few stations of all stations of the Netherlands

placed mostly outside urban areas.

Finally, we identify some roll-out scenarios based on the

infrastructural upgrades and the FCEV uptake for these sta-

tions. The infrastructural upgrades refer to whether the nat-

ural gas grids will need first to blend hydrogen with natural

gas or will directly move to a 100% hydrogen utilization. In the

first case, the wind powered refuelling station will be able to

inject hydrogen gas in the distribution grid but will need some

separation technologies in the case of getting hydrogen from

the grid and an intermediate storage for the hydrogen. In the

100% hydrogen scenario, the installation is straightforward

with possibilities of injecting when there’s production surplus

and receiving hydrogen gas when there’s hydrogen produc-

tion deficit by wind turbine and the station’s intermediate

storage is not sufficient.
Conclusions

This study presented a methodology to evaluate the technical

potential of on-site wind powered hydrogen producing refu-

elling stations. The stations were filtered based on risk zoning

guidelines that limit the installation of wind turbines. The

main conclusions are:

� The combination of all buffers reduces the amount of

suitable fuelling stations to 4.6% of all (132 out of 3021).

These can have awind turbine installation next to them for

hydrogen production.

� Built-Up area buffers reduce the amount of the suitable

stations to (15% of total), Environmental Zoning to 59% and

Infrastructure zoning. to 70%

Then a wind resource model and energy estimation was

made to identify the technical potential of wind-powered

hydrogen production on each suitable station. The results

were also classified per Province and related to an assumed

30% FCEV drivetrain in the future.

� The results were normalized for a 3.45 MW wind turbine

power curve and resulted in a range of hydrogen produc-

tion potential 26e104 kgH2/kWwind_installed per year. This

range is explained by the different wind resources avail-

able at different sites throughout the country of the

Netherlands
� A 3.45MW turbine next to a suitable fuelling station has the

potential to deliver 90e360 tonnes of hydrogen a year

� The aggregated results for the Netherlands indicate that

these stations can produce 2.3% of the total annual

hydrogen demand for FCEV in a 30% FCEV drivetrain

scenario.

� The range of demand coverage for different Provinces in

the Netherlands for those stations is 0.3%e12% of the

future hydrogen demand for FCEV in a 30% FCEV drivetrain

scenario

� Northern provinces of the Netherlands have the highest

demand coverage from such stations due to their low

population density and less zoning restriction for the

fuelling stations.

This study provided as well the length of gas grid expan-

sion needed for the stations to be connected for one grid

operator in the Netherlands. A total of 21.8 km of pipeline was

found needed to connect to those stations in order to export

hydrogen in the grid.
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