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SUMMARY 
The country of the Netherlands has set targets to increase its renewable energy 

generation. For onshore wind renewable capacities are required to meet the climate 

targets. However, achieving additional onshore wind generation is limited by issues 

related to land availability, zoning and grid congestion. Therefore new locations to 

install more wind capacity need to be found. Highway infrastructures are a place which 

offers possibilities to integrate onshore wind turbines at different capacities. For 

example, micro wind turbines could be structurally integrated with acoustic screen 

noise barriers which offer a solid foundation and support. While at the MW scale, wind 

turbines could be installed next to highway fuelling stations to provide electricity and 

hydrogen for the mobility sector  by production locally at the station. 

This Dissertation aims to investigate two concepts and their nationwide 

implementation in the country of the Netherlands: 

1. Micro wind turbines integrated in highway structures for electricity 

production 

2. MW wind turbines integrated at fuelling stations for hydrogen production.  

The research is focussed on the main question: “What is the technical and 

economic potential of integrating wind turbines with highway infrastructures?”. To 

answer this question for both concepts the following activities were conducted. 

Initially, wind tunnel and field experimental campaigns are planned and executed to 

understand the wind resource potential and the performance for the concept of micro 

wind turbines on top of noise barriers along with a technical and economic analysis. It 

was understood that to determine the potential for the Netherlands, a nationwide 

analysis using GIS datasets would be needed. Therefore, GIS analyses were then 

conducted by using the results from the experimental campaigns and applied for all 

noise barriers in the Netherlands. Finally, the GIS analysis was further expanded to the 

second concept of MW scale wind turbines collocated with fuelling stations. 

In particular, the dissertation starts with the experimental campaigns. Specifically 

in Chapter 2, a wind resource assessment experimental campaign is performed on top 

of a noise barrier, located at the intersection of N470 road and A13 motorway in South 

Holland, with the use of sonic anemometers. Some parameters were compared with a 

reference measurement next to the noise barrier. The parameters assessed are wind 

speed, inflow angle and turbulence intensity. It is found that wind speed is increased in 

perpendicular flows while decreases in parallel flows to the noise barrier. The range of 

difference in wind speed can be between 80 – 140 %. These parameters are included in 

sensitivities analysis to measure the Annual Electricity Production of noise barrier in 

different orientations and heights of installation. It was found that the range of total 

annual electricity production including the noise barrier effects on wind flow could 

result between 60 – 150% of a reference case without noise barrier influence on the 

flow. 
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In Chapter 3, results are presented from an experimental campaign of several 

micro wind turbine rotors and inverters in a wind tunnel to determine the idealised 

performance of those turbines in similar conditions as experienced on top of the noise 

barrier. Tests are further extended to a field experiment of a micro wind turbine on top 

of the noise barrier. It was found that the turbine is under-performing for most of time 

in comparison to wind tunnel conditions (42% from the reference value in wind 

tunnel), attributed to its inverter related losses, yaw misalignment and controller 

effectiveness. It is recommended to find further ways to increase and optimize 

efficiencies of micro wind turbines especially when integrated with structures which 

expose turbines to skewed flows. 

In Chapter 4, the micro wind turbine integrated on noise barrier concept is 

assessed for nationwide implementation in the country of the Netherlands. This is done 

by using noise barrier GIS and wind speed datasets from weather stations in 

combination with mesoscale models and wind energy corrections from the 

aforementioned experiments. Suitable noise barrier sites were identified to amount for 

a total of 17MW micro wind installed capacity. Statistical analysis was performed from 

national to provincial level to achieve the wind energy potential at wind turbine noise 

barriers. An average 150m noise barrier is found representative to have installed ~9kW 

of micro wind electricity. It was found that overall the noise barriers can potentially 

increase slightly the wind energy potential due to their influence by increasing the wind 

speed on top of the barrier resulting in a nationwide capacity factor of 11.7%. 

Furthermore, it is shown that noise barriers are located near grid interconnection 

networks and other types of future electricity demand, which will result in low grid 

integration cost. 

Chapter 5 dives into the economics of this integrated micro wind turbine system 

It explores also the economics for a combination with a photovoltaic system integrated 

on the same noise barrier. Multiple configurations are assessed to understand the cost 

variability within the country of the Netherlands. The cost variability is shown for 

different noise barrier orientations, wind sites with different wind profiles, losses, 

corrections and sensitivities on economic parameters (capital and operational 

expenditures, cost of capital). The results show a very wide range of micro wind 

electricity levelised cost of electricity, between 0.25 – 2.5 €/kWh. When combining and 

integrating 9kW of micro wind turbines and 90kW of photovoltaic systems on the Dutch 

average noise barrier length of ~150m, the levelised cost of electricity turns out to 

range between 0.15 – 0.24 €/kWh, as the more economical PV generation contributes 

between 80 – 96% of the total electricity generation. 

In Chapter 6, the research is expanded to the integration of MW-scale wind 

turbines being collocated next to a refuelling station for hydrogen production and 

refuelling. Several databases are used in a Geographical Information System (GIS) 

software to define the suitability of all fuelling stations in the Netherlands to host a wind 

turbine next to them. The analysis uses built-up area, infrastructure and environmental 
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zoning criteria to define the suitability and hence the potential. Using further statistical 

analysis in a National and Provincial level assuming a fuel cell vehicle demand, the total 

hydrogen demand coverage could be estimated. It was found that 4.6% of current 

fuelling station can host a turbine next to them with a capability of producing between 

24 – 104 kgH2per kW  installed wind capacity. These stations could produce 23400 

tonnes of hydrogen annually covering 2.3% of total hydrogen demand in a 30% FCEV 

penetration scenario for the country of the Netherlands. 

The main conclusion is that the integration of wind turbines with highway 

infrastructures is possible and that there is indeed potential for both concepts for the 

country of the Netherlands, but with some remarks. For micro wind turbines, it was 

found overall that noise barriers have a positive effect on wind energy as wind speed is 

increased on top of noise barriers. However, this only happens in certain wind to noise 

barrier relative direction and combinations of local wind resource and noise barrier 

orientation. It was also found that micro wind turbines have a very limited performance 

on top of the noise barrier due to several factors. Additionally, even though there are 

benefits of investment cost reductions from the integration, the micro wind turbine 

electricity turns out to be more expensive than other sources of electricity. And at a 

national scale there is limited contribution to the renewable electricity targets. 

However, for the MW scale wind turbine next to fuelling station it was found that 

nationwide implementation is appealing.  When these wind turbines produce hydrogen, 

the integrated wind turbines can cover a considerable part of the  total national fuel cell 

electric vehicle (FCEV) hydrogen demand.  

Recommendations are provided to further research the micro wind turbine 

technologies in order to improve their performance in the field and especially when 

integrated with noise barriers. Finally, it is highlighted that GIS analyses is a powerful 

tool to assess at a nationwide scale the effectiveness of integrated systems from 

generation to consumption such as the wind turbine powered hydrogen refuelling 

stations. 
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SAMENVATTING 
 

Nederland heeft doelen gesteld om de opwekking van duurzame energie te 

vergroten. Voor wind op land is hernieuwbare capaciteit nodig om aan de 

klimaatdoelstellingen te voldoen. Het realiseren van extra opwekking van windenergie 

op land wordt echter beperkt door problemen die verband houden met de 

beschikbaarheid van land, zonering en congestie van het elektriciteitsnet. Daarom 

moeten er nieuwe locaties worden gevonden om meer windcapaciteit te installeren. 

Snelweginfrastructuren bieden mogelijkheden om windturbines op land met 

verschillende capaciteiten te integreren. Zo zouden microwindturbines structureel 

kunnen worden geïntegreerd met geluidsschermen die een stevig fundament en 

voldoende hoogte bieden. Op MW-schaal zouden windturbines naast tankstations langs 

de snelweg kunnen worden geïnstalleerd om elektriciteit en waterstof voor de 

mobiliteitssector te leveren door lokaal op het station te produceren. 

Dit proefschrift heeft tot doel twee concepten en hun landelijke implementatie in 

Nederland te onderzoeken; 

1. Microwindturbines geïntegreerd met constructies langs snelwegen voor 

elektriciteitsproductie 

2. MW-windturbines naast tankstations voor waterstofproductie. 

Het onderzoek beperkt zich tot de hoofdvraag: “Wat is het technische en 

economische potentieel van hetintegreren van windturbines met 

snelweginfrastructuren?”. Om deze vraag voor beide concepten te beantwoorden, is het 

volgende onderzoek uitgevoerd. Windtunnel- en veldexperimenten zijn gepland en 

uitgevoerd om inzicht te krijgen in het potentieel aan windbronnen en de prestaties van 

microwindturbines bovenop geluidsschermen. Vervolgens is een technische en 

economische analyse uitgevoerd.  Het werd duidelijk dat, om het potentieel voor 

Nederland te bepalen, een landelijke analyse met behulp van GIS-datasets nodig zou 

zijn. Daarom zijn vervolgens GIS-analyses uitgevoerd op basis van de resultaten uit de 

experimentele campagnes en toegepast op alle geluidsschermen in Nederland. Ten 

slotte werd de GIS-analyse verder uitgebreid naar het tweede concept van 

windturbines op MW-schaal naast tankstations. 

Het proefschrift begint met de beschrijving van de  experimentele campagnes. Zo 

wordt in Hoofdstuk 2 een experimentele campagne voor het beoordelen van 

windenergie uitgevoerd bovenop een geluidsscherm, gelegen op het kruispunt van de 

N470 en de A13 in Zuid-Holland, met behulp van sonische anemometers. Enkele 

parameters zijn vergeleken met referentiemetingen naast het geluidsscherm. De 

belangrijkste gemeten parameters zijn windsnelheid, instroomhoek en turbulentie-

intensiteit. Het blijkt dat de windsnelheid toeneemt bij loodrechte stromingen, terwijl 

deze afneemt bij parallelle stromingen ten opzichte van de geluidsbarrière. Het verschil 

in windsnelheid kan tussen 80 – 140% liggen. Deze parameters zijn opgenomen in de 



10 

 

gevoelighedenanalyse om de jaarlijkse elektriciteitsproductie van geluidsschermen in 

verschillende oriëntaties en installatiehoogtes te meten. Er is vastgesteld dat de totale 

jaarlijkse elektriciteitsproductie inclusief de effecten van de geluidsbarrière op de 

windstroming tussen 60 en 150%  oplevert ten opzichte van een referentie situatie 

zonder invloed van de geluidsbarrière op de stroming. 

In Hoofdstuk 3 worden de resultaten van een experimentele campagne 

gepresenteerd van verschillende micro-windturbinerotoren en omvormers in een 

windtunnel. Dit om de geïdealiseerde prestaties van die turbines te bepalen onder 

vergelijkbare omstandigheden als ervaren bovenop de geluidsbarrière. De 

experimenten zijn verder uitgebreid met een veldexperiment waarbij een 

microwindturbine bovenop de geluidswal is geplaatst. Er is vastgesteld dat de turbine 

het grootste deel van de tijd ondermaats presteert in vergelijking met 

windtunnelomstandigheden (42% van de referentiewaarde in de windtunnel), wat 

wordt toegeschreven aan de verliezen die verband houden met de omvormer, 

verkeerde uitlijning van de krui-hoek en de effectiviteit van de controller. Het verdient 

aanbeveling om naar meer  manieren te kijken om de efficiëntie van microwindturbines 

te vergroten en te optimaliseren, vooral wanneer ze worden geïntegreerd in 

constructies waarbij de turbines worden blootgesteld aan scheve aanstroming. 

In Hoofdstuk 4 wordt het concept van  een op een geluidsscherm geïntegreerde 

microwindturbine onderzocht voor landelijke implementatie in Nederland. Dit wordt 

gedaan door gebruik te maken van geluidsscherm-GIS en windsnelheidsdatasets van 

weerstations in combinatie met mesoschaalmodellen en windenergiecorrecties uit de 

bovengenoemde experimenten. Er zijn geschikte locaties voor geluidsschermen 

geïdentificeerd die een totaal geïnstalleerd vermogen van 17MW micro-windenergie 

kunnen opleveren. Er zijn statistische analyses uitgevoerd van nationaal tot provinciaal 

niveau naar het windenergiepotentieel van geluidsschermen met  windturbines. Een 

gemiddelde geluidsbarrière van 150 meter blijkt representatief te zijn voor de 

installatie van ~9kW aan micro-windenergie. Gebleken is dat de geluidsschermen in 

totaal het windenergiepotentieel enigszins kunnen vergroten vanwege hun invloed van 

de windsnelheid bovenop het scherm, wat resulteert in een landelijke capaciteitsfactor 

van 11,7%. Bovendien wordt aangetoond dat geluidsschermen zich in de buurt van 

interconnectie-netwerken en andere vormen van toekomstige elektriciteits-

infrastructuur bevinden, wat  resulteert in lage netintegratiekosten. 

Hoofdstuk 5 duikt in de economische aspecten van dit geïntegreerde micro-

windturbinesysteem. Het onderzoekt ook de economische aspecten van een combinatie 

van micro-windturbines met een fotovoltaïsch systeem geïntegreerd in dezelfde 

geluidsbarrière. Er worden meerdere configuraties beoordeeld om inzicht te krijgen in 

de kostenvariabiliteit binnen Nederland. De kostenvariabiliteit wordt weergegeven 

voor verschillende oriëntaties van de geluidsschermen, windlocaties met verschillende 

windprofielen, verliezen, correcties en gevoeligheden op economische parameters 

(kapitaal- en operationele uitgaven, kapitaalkosten). De resultaten laten een zeer breed 
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scala aan micro-windenergie-genivelleerde elektriciteitskosten zien, tussen 0,25 – 2,5 

€/kWh. Bij het combineren en integreren van 9 kW aan microwindturbines en 90 kW 

aan fotovoltaïsche systemen op de Nederlandse gemiddelde lengte van de 

geluidsbarrière van ~150 meter, blijken de genivelleerde elektriciteitskosten tussen de 

0,15 en 0,24 €/kWh te liggen, aangezien de goedkopere PV-opwekking tussen de 0,15 

en 0,24 €/kWh bedraagt en 80 – 96% van de totale elektriciteitsopwekking verzorgt. 

In Hoofdstuk 6 wordt het onderzoek uitgebreid naar de integratie van 

windturbines op MW-schaal die naast een tankstation worden geplaatst voor de 

productie en het bijtanken van waterstof. Er worden verschillende databases gebruikt 

in een Geografisch Informatie Systeem (GIS)-software om de geschiktheid van alle 

tankstations in Nederland te bepalen om er een windturbine naast te plaatsen. In de 

analyse wordt gebruik gemaakt van bebouwde oppervlakte-, infrastructuur- en 

milieuzoneringscriteria om de geschiktheid en daarmee de potentie in kaart te brengen. 

Met behulp van verdere statistische analyses op nationaal en provinciaal niveau, 

waarbij wordt uitgegaan van een vraag naar brandstofcelvoertuigen, kan de totale 

dekking van de vraag naar waterstof worden geschat. Er werd vastgesteld dat 4,6% van 

de huidige tankstations een turbine ernaast kan huisvesten die tussen de 24 en 104 

kgH2  per kW geïnstalleerd windvermogen kan produceren. Deze stations zouden 

jaarlijks 23.400 ton waterstof kunnen produceren, waarmee 2,3% van de totale 

waterstofvraag kan worden gedekt in een FCEV-penetratiescenario van 30% voor 

Nederland. 

De belangrijkste conclusie is dat de integratie van windturbines met 

snelweginfrastructuur mogelijk is en dat er inderdaad potentieel is voor beide 

concepten voor Nederland, maar met enkele kanttekeningen. Voor microwindturbines 

werd over het geheel genomen vastgesteld dat geluidsschermen een positief effect 

hebben op de windenergie, aangezien de windsnelheid bovenop geluidsschermen 

toeneemt. Dit gebeurt echter alleen bij bepaalde relatieve richtingen tussen wind en 

geluidscherm en bij combinaties van lokale windkracht en oriëntatie van het 

geluidsscherm. Ook werd vastgesteld dat microwindturbines vanwege verschillende 

factoren zeer beperkte prestaties leveren bovenop de geluidsbarrière. Bovendien blijkt 

de elektriciteit uit microwindturbines duurder te zijn dan andere elektriciteitsbronnen, 

ook al zijn er voordelen verbonden aan de verlaging van de investeringskosten als 

gevolg van de integratie. En op nationale schaal is er een beperkte bijdrage aan de 

doelstellingen voor hernieuwbare elektriciteit. Voor de windturbine op MW-schaal 

naast het tankstation bleek echter dat landelijke implementatie aantrekkelijk is. 

Wanneer deze windturbines waterstof produceren, kunnen deze geïntegreerde 

windturbines een aanzienlijk deel van de totale nationale waterstofvraag voor 

brandstofcel-elektrische voertuigen (FCEV) dekken. 

Er worden aanbevelingen gedaan om de micro-windturbinetechnologieën verder 

te onderzoeken om hun prestaties in het veld te verbeteren, vooral wanneer ze worden 

geïntegreerd met geluidsschermen. Ten slotte wordt benadrukt dat GIS-analyses een 



12 

 

krachtig hulpmiddel zijn om op landelijke schaal de effectiviteit van geïntegreerde 

systemen, van opwekking tot verbruik, te beoordelen, zoals de door windturbines 

aangedreven waterstoftankstations. 
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ACRONYMS 
 

3D Three-Dimensional 

  

A13 National Motorway in the Netherlands 

AC Alternating Current 

AEP Annual Electricity Production 

AHP Annual Hydrogen Production 

AME Annual Mean Error 
  

CAPEX Capital Expenditures 

CBS Centraal Bureau voor de Statistiek (Central Agency for Statistics) in the 
Netherlands 

CFD Computational Fluid Dynamics 

CORINE Coordination of information on the Environment (Land Use and Land 
Cover Database part of European Union's Copernicus Land Monitoring 
Service) 

CRS Coordinate Reference System 
  

DAWT Diffuser Augmented Wind Turbine 

DC Direct Current 

DEMO Dienst Electronische en Mechanische Ontwikkeling (Electronic and 
Mechanical support Division in TU Delft) 

DSO Distribution System Operator 

Duct4U Acronym for the grant number 
  

EPSG European Petroleum Survey Group 

  

FCEV Fuel Cell Electric Vehicle 

  

GIS Geographic Information System 

  

HAWT Horizontal Axis Wind Turbine 

  

IEEE Institute of Electronic and Electrical Engineers 

  

JRC PV 
GIS 

Joint Research Center's Photovoltaic Geographic Information System 
Online Tool   
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KNMI Koninklijk Nederlands Meteorologisch Instituut (Royal Dutch 
Meteorological Institute) 

kW kilowatts 

kWh kilowatt-hour 
  

LCOE Levelised Cost of Electricity (or Energy) 

LED Light Emitting Diode 

LV Low Voltage 

  

MATLAB Acronym for Matrix Laboratory (Simulation Software) 

MPPT Maximum Power Point Tracker 

MSc Master of Science 

MV Medium Voltage 

MVLV Medium to Low Voltage Station 

MW Megawatts 

MWh Megawatt-hour 
  

N470 Regional Road in the Netherlands 

NaN Not a Number 

NB Noise Barrier 

NOABL Numerical Objective Analysis of Boundary Layer Database 

NPV Net Present Value 

NWO Nederlandse Organisatie voor Wetenschappelijk Onderzoek 
(Netherlands Organisation for Scientific Research)   

OJF Open Jet Facility wind tunnel in TU Delft 

OPEX Operational Expenditures 

OSM Open Street Maps 
  

P Power 

PEM Proton Exchange Membrane 

PIV Particle Image Velocimetry 

PMSG Permanent Magnet Synchronous Generator 

PPE Polypropylene 

PV Photovoltaic 

PVC Polyvinylchloride 

PVNB Photovoltaic Noise Barrier 
  

QGIS Quantum Geographic Information System (open-source software) 
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RES Regional Energy Strategies 

RMS Root Mean Square 

RPM Rotations per Minute 

RVO Rijksdienst voor Ondernemend  Nederland (The Netherlands 
Enterprise Agency)   

SEST Smart Energy Systems and Technologies 
  

TI Turbulence Intensity 

TNO Nederlandse Organisatie voor Toegepast-Natuurwetenschappelijk 
Onderzoek (Dutch Organization for Applied Scientific Research) 

TSR Tip Speed Ratio 

TU Technical University 
  

UK United Kingdom 

USA United States of America 
  

VAWT Vertical Axis Wind Turbine 
  

WACC Weight Averaged Cost of Capital 

WAsP Wind Atlas Analysis and Application Programme 

WT Wind Turbine 
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“New-found wealth sits on the shelf of yesterday” 

― Ian Anderson (lyrics from “North Sea Oil” song) 

 

 

 

 

This chapter prepares the reader for the content of this dissertation. It introduces the 

context of the research, defines the scope, aim, objectives and the research questions and 

provides the outline of the thesis. 

 

1 
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1.1 Research context 

World is under serious problems arising from climate change and resource 

depletion. Climate change is factually happening and the global community is making 

efforts to tackle it while limiting global warming. Starting from the scientific 

international efforts and the several synthesis reports from the Intergovernmental 

Panel for Climate Committee (IPCC [1]) and to the ratifications of several Nations (195 

out of 198 parties) for the Paris Agreement [2]. These are all translated into concrete 

actions like National Determined Contributions (NDCs). The European Union has 

formulated since the European Climate Law which sets the goal of the European Green 

Deal with an intermediate target to reduce greenhouse gas emissions by at least 55% 

by 2030 (compared to 1990 levels) and to achieve net zero emissions by 2050. One of 

the means to reduce greenhouse gas emissions is to increase the share of renewable 

(sustainable) energy resources. The current work aims to investigate novel ways to 

increase the share of renewable energy generation in the overall system where 

limitations in further increase start to arise. 

This is a case for densely populated areas, where limitations start to arise for 

increasing the share of sustainable energy generation. A good example is the country of 

the Netherlands where land availability is already decreasing to install more solar and 

wind capacity. As a matter of fact in the Netherlands, recently an agreement was made 

to no longer permit solar farms in agricultural and natural land areas (with some 

exemptions) but to rather investigate installations in existing infrastructures (building, 

facades, parking lots etc.) [3]. Another problem is the expensive grid reinforcements at 

both transmission and distribution level which are required to transfer additional 

amounts of electricity from remote areas to demand centers [4] with numerous sites 

being already congested as shown in Figure 1-1 below.  

 

 
Figure 1-1: Grid capacity maps of the Netherlands with (left) grid import capacity, (right) 
grid export capacity. Colors represent the following (red) No transport capacity available: 
congestion management cannot be applied, (orange) No transport capacity available for 
the time being pending outcomes of congestions management studies, (yellow) Limited 
transport capacity and (transparent) Transport capacity available 
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For all those reasons, the integration of renewable energy systems with existing 

built infrastructure has emerged as a crucial avenue for achieving a cost-effective 

increase of sustainable generation. Some examples of built infrastructure are road and 

highway networks, canals and navigable waterways, airports and ports, water 

management systems (sewage, drainage, irrigation etc.) and buildings. From those 

examples, road and highway infrastructure is one interesting case as it spans along 

large distances providing a potential for integrating renewable energy systems. Road 

and highway networks contain several structures like bridges, tunnel, noise barriers 

and specialized facilities like fueling stations which could be ideal for integrating 

additional renewable energy systems. For the European Union, the Alternative Fuels 

Infrastructure Regulation has recently published new targets for the specific 

deployment of electric vehicle charging stations (every 60km of the trans-European 

network) and hydrogen refuelling stations (every 200km along the trans-European 

core network) [5]. These could be as well good candidate offtakers for renewable 

electricity produced along highways beside grid feed-in. 

Between solar and wind systems, the concept of infrastructure integrated systems 

is already demonstrated for solar generation. For example, the PV industry has 

progressed into designing and installing building integrated photovoltaic systems [6] 

or even PV systems integrated with canal networks [7]. For the highway 

infrastructures, photovoltaic noise barriers (PVNBs) have been developed which can be 

ideally placed near urban areas [8]. The benefit of PV systems is its versatile and 

modular design of ~1.5 m2 modules which can be integrated in a number of surfaces. 

Integrating wind energy with existing infrastructures presents different challenges 

than PV as wind turbines are available in different sizes and are usually not designed 

for modular implementation. Smaller turbines could be structural integrated with 

buildings or other structures while larger turbines can only be mounted on dedicated 

bottom fixed structures. The integration with infrastructures is further complicated by 

permitting processes related to noise, safety and other aspects, especially for large-

scale wind turbines (megawatt sizes) when installed near urban areas and small 

turbines (kilowatt sizes) when aggregated in rooftop installations. Therefore, it is 

needed to identify new ways to effectively integrate wind turbines with infrastructures 

as the ones shown in Figure 1-2. One novel way is to integrate wind turbines with 

highway infrastructures, for example small turbines can be integrated with noise 

barriers which span across urban areas in countries while large turbine can be installed 

next to fueling stations. Those interesting concepts are studied in the current 

dissertation in order to unravel challenges and opportunities via scientific methods 

from a conceptual level up to a nationwide implementation with a focus on wind 

turbines. 
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Figure 1-2: (left) photovoltaic noise barrier PVNB, (middle) micro wind turbine noise 
barrier (MWTNB), (right) wind powered hydrogen producing refuelling station concepts 

1.2 Scope and novelty of research 

The integration of wind turbines near urban areas has so far mainly been focused 

on roof mounted installations of micro wind turbines. For the case of highway 

infrastructures, a very small part of research has focused on integrating wind turbines 

next to highways. The concepts of integration are mainly on light poles and the median 

of the highway thus using the wind generated by traffic. Despite the large set of 

literature on the integration of photovoltaic systems with noise barriers little is known 

on the integration on wind turbines with noise barriers. Noise barriers could provide a 

solid structural support for wind turbines as shown in Figure 1-3 below, thus 

eliminating tower and foundations cost. 

   

Figure 1-3: The concept of a noise barrier integrated wind turbine (left) as realised in the 
field test conducted near TU Delft, showing the blue flange (middle) which could eliminate 
costs related to additional tower and foundations or tripods as shown on the 
WindChallenge rooftop installation (right) 

Literature also shows that wind velocity, on top of similar objects to noise barriers, 

could be increased thus potentially increasing the energy yield [9]. Even though there 

are several wind flow assessments on top of similar objects as shown in Figure 1-4 
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below, little is known about the wind flows and turbine performance on top of sharp-

edged objects like noise barriers. This is therefore one of the main scopes of this 

research. 

   

Figure 1-4: Concepts and research of wind energy along highways and turbines integrated 
with highway infrastructures (left) light pole mounted horizontal axis wind turbine next 
to a road, (middle) vertical axis wind turbine installed on top of a median of a highway 
and (right) experimental set-up of wind energy generation along North Carolina’s 
highways 

Another part of highway infrastructure where large amounts of energy are being 

consumed (via means of fuel for mobility) are the fueling stations. An interesting and 

upcoming concept is hydrogen production at those refuelling station. Even though there 

are studies for nationwide implementation of those concepts, little is known when 

planning and zoning limitations are being applied to define the technical potential. 

Therefore, current study’s scope aims as well to quantify the technical potential of wind 

turbines when collocated and integrated with highway refuelling infrastructure. 

Finally, the 2 concepts that this dissertation will focus are illustrated in Figure 1-5 

below. 
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Figure 1-5: Concepts of wind turbines integrated with highway infrastructure, wind 
turbine integrated with noise barriers and photovoltaic panels (above), wind turbines 
integrated with highway hydrogen refuelling stations (below) 

1.3 Aims, objectives and research questions 

The main aim of this dissertation is to find out how wind turbines can be 

effectively integrated with highway infrastructures and assess the potential when 

nationally applied. This aim is further narrowed down to specific objectives which 

helped to formulate the different parts of work for this research. In particular, the 

following objectives were identified: 

• To investigate the challenges and benefits of integrating wind turbines with 

highway infrastructures like noise barriers 

• To measure the wind flow on top of noise barriers and the performance of 

integrated wind turbine noise barrier system 

• To quantify the cost of electricity that is expected from this integration  

• To assess the technical potential of this integrated wind turbine noise barrier 

concept for the case of the Netherlands 

• To evaluate other wind turbine integration concepts with highway infrastructures 

 

The aims, objectives and scope of this research, were translated into a research 

questions package.  
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The main research question is 

 “What is the technical and economic potential of integrating wind turbines with 

highway infrastructures?”.  

This main question is broken into the following research questions: 

• What is the wind resource that micro wind turbines will experience when 

integrated on top of noise barrier highway infrastructures? 

• What is the performance of a micro wind turbine integrated on top of a noise 

barrier? 

• What is the nationwide technical potential of micro wind turbine noise barriers in 

the Netherlands? 

• What is the levelised cost of electricity of noise barrier integrated wind turbines? 

• What is the nationwide technical potential of wind turbines integrated with fuelling 

stations in the Netherlands for hydrogen production? 

1.4 Brief description of research methods 

Several research methods have been applied to answer the research questions. In 

particular, it started with an experimental campaign of a 1-year wind resource data 

collection at a noise barrier site with several sonic anemometers placed in different 

heights and locations above and near the noise barrier to scan the wind fields. The 

findings from the wind resource assessment that directly influence the wind turbine 

performance such as wind speed, inflow angle and skewed flow parameters where then 

used to assess a prospect turbine’s performance in a wind tunnel. Once this was done, 

the wind turbine was then set-up on top of a noise barrier. To do this, the set-up was 

realized by designing the integrated concept and finally realizing the installation of the 

wind turbine on top of the barrier. Several performance parameters were then 

monitored and analysed via a campaign. Figure 1-6 below presents a compilation of 

highlights from the experimental campaigns aforementioned. 

The next part was to implement findings in a nationwide scale to determine the 

potential of micro wind turbines on noise barriers for the country of the Netherlands. 

This was conducted via an extensive Geographical Information Systems (GIS) study by 

using noise barriers datasets and applying wind resource findings. Additionally, an 

economic analysis on the levelised cost of electricity for the micro wind turbine on top 

of the noise barrier is performed including also an integration with photovoltaic 

systems on noise barriers. As part of a wider understanding of the technical potential 

of integrating wind turbines with highways infrastructures, a GIS study was conducted 

for the concept of wind turbines producing hydrogen when collocated and integrated 

next to a fuelling station. The nationwide potential of this concept was evaluated with a 

suitability analysis of all existing fuelling stations in the Netherlands by applying 

several zoning criteria which could limit the installation of wind turbine in the vicinity. 
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Figure 1-6: Compilation of experimental campaign photos with text flow logical order, (i) 
sonic anemometer bracket design, (ii) sonic anemometer, (iii) loading of truck with 3 light 
poles for the installation of anemometers and grid connection cast, (iv) scaffold 
installation, (v) crane installation of the electricity cast, (vi) sonic anemometer 
installation, (vii) custom design of measurement devices on the wind turbine’s hub, (viii) 
wind tunnel experiment, (ix) wind turbine installation with scaffold and (x) installation of 
turbine sensor box 

1.5 Overview of structure 

The thesis structure is first focussing on how a particular noise barrier is 

influencing the wind flow and potential energy yield. Following to the wind turbine 

system aspects and then assessing the energy potential for this particular system in a 

nationwide case. The study includes also the cost aspects of this concept when 

combined with other integrated systems such as PV. Next to this also another concept 
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of wind energy integration with highway infrastructures is assessed, the wind turbine 

integration with fuelling stations. The thesis research themes and methodology is 

outlined in a Chapter structure shown in Table 1 – 1 below. 

Table 1- 1: Thesis Research Themes and Methodology Structure 

CHAPTER 2 

Wind Resource Assessment 

Experimental campaign and analysis whereby: 

- High resolution wind time series are 

produced 

- Analysis of time series with relevant 

turbine characteristics 

CHAPTER 3 

Wind Turbine Performance 

Experimental campaign and analysis which: 

- tests the turbine in a wind tunnel by 

emulating the results of wind resource 

assessment 

- Identifies critical system parameters 

- Analyses the field performance of the 

turbine to identify technological gaps 

CHAPTER 4 

Nationwide concept potential 

for micro wind turbines 

Desktop GIS study defining the technical potential of 

wind turbine noise barriers in the Netherlands by: 

- Filtering suitable noise barrier and 

combining findings related to 

performance on top of noise barriers 

- Making estimates on nationwide 

implementation 

CHAPTER 5 

Wind electricity cost and 

integration with PV 

Desktop technoeconomic analysis of wind turbine 

and PV noise barrier which: 

- Takes into account integration costs 

- Makes sensitivity analysis on different 

configurations 

CHAPTER 6 

Nationwide potential 

evaluation of integrating 

wind turbines with fuelling 

stations 

Desktop GIS Study which defines the technical 

potential of MW scale wind turbines to be integrated 

with refuelling stations by making a suitability 

analysis on fuelling stations because of wind turbine 

limiting regulations 

 

The different chapters contain the following:  

• The 2nd Chapter presents the design, methods (monitoring, collection, analysis) and 

results of a 1-year wind resource assessment (experimental campaign) for a noise 

barrier located near the TU Delft. This chapter is entitled as “Wind resource 
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characteristics and energy yield for micro wind turbines integrated on noise 

barriers – An experimental study” and has been published in the Journal of Wind 

Engineering and Industrial Aerodynamics (Elsevier) [11] 

• The 3rd Chapter presents the design, methods and results of the performance 

assessment of the turbine that was placed in the noise barrier site. Micro wind 

turbines were also tested in a wind tunnel set-up before the installation of one at 

the noise barrier set-up. This chapter is entitled as “Performance characteristics of 

micro wind turbine integrated on a noise barrier” and has been published in the 

Journal Energies of MDPI [12] 

• The 4th Chapter presents the methods and results of the national potential of wind 

turbine noise barriers. This is done by using publicly available GIS datasets which 

are corrected from the experimental results from previous chapters. This chapter 

is entitled as “Technical potential and application of micro wind turbines integrated 

on noise barrier acoustic screens in the Netherlands using GIS”.  

• The 5th Chapter includes a techno-economic sensitivity analysis, where the concept 

of an electricity producing noise barrier by wind turbines and photovoltaic systems 

is shown. This chapter is entitled as “Techno-economic evaluation of wind turbine 

and solar PV systems integrated on a noise barrier”. This work uses cost models 

built from the work entitled “On-site wind powered hydrogen refuelling stations – 

From national level to a case study in Germany” published in Conference 

Proceedings of the International Conference on Smart Energy Systems and 

Technologies (SEST) from the Institute of Electrical and Electronics Engineers 

(IEEE) [13] 

• The 6th Chapter presented the method and results of the assessment of the 

nationwide implementation of wind powered hydrogen refuelling stations. 

Building upon the concept of integrating wind turbine with highway 

infrastructures. This chapter is entitled as “Technical potential of on-site wind 

powered hydrogen producing refuelling stations in the Netherlands “and has been 

published in the International Journal of Hydrogen Energy (Elsevier) [14], [15]  

• The 7th Chapter includes the conclusion of this study, hence the answers to the main 

research question and the sub-questions, while it provides recommendations 

relevant to the topic of this Thesis and proposes future research work. 
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Wind resource characteristics and 
energy yield for micro wind turbines 

integrated on noise barriers –  An 
experimental study1 

 

 

 

“Small is beautiful” 

―British Economist Ernst Friedrich Schumacher (title from book) 

 

This chapter provides an understanding of the wind resource characteristics that occur 

on top of noise barriers and would affect the performance of micro wind turbines and 

introduces the concept of micro wind turbine noise barriers. 

 

The main question answered in this chapter is:  

“What is the wind resource that micro wind turbines will experience when integrated on 

top of noise barrier highway infrastructures?” 

 

This chapter is published as “Wind resource characteristics and energy yield for micro wind turbines 
integrated on noise barriers – An experimental study” by N. Chrysochoidis-Antsos, A. Vilarasau 
Amoros, Ad van Wijk, Gerard van Bussel and Sander Mertens (2020) in the “Journal of Wind 
Engineering and Industrial Aerodynamics” published by © Elsevier. 
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2.1 Introduction 

The concept of structural integration of wind turbines with noise barriers could 

lead to cost reduction and energy yield increase. Potential higher winds on top of the 

noise barrier might lead to higher wind energy yields. This hypothesis in combination 

with the strong need for energy yield increase motivated further investigation of the 

wind resource properties of this concept through an experimental study for urban wind 

flows and an energy yield assessment. 

This concept exists in patents in China [1], [2] and in Korea for a vertical axis wind 

turbine integrated with a sound barrier while there is a concept of a velocity sensor [3] 

as well as with horizontal axis turbines [4]. Finally, a real world experimentation is 

finished near TU Delft in the Netherlands and the results are presented in the next 

Chapter [5]. Results of this chapter are important for noise barrier wind turbine 

concepts as the safe, reliable and efficient operation of wind turbines in the highly 

turbulent built environment near noise barriers are located, is challenging [6].  

There are as well economic challenges. Micro wind turbines installed within urban 

environments have low energy payback ratios [7], low energy output with low (average 

of 4%) capacity factors [8] and the high capital expenditures ranging from 6700-10900 

€/kW (2017 equivalent from US Dollars) [9] while PV is ranging 2500-6700 €/kW 

(2017 equivalent from US Dollars) [10]. All this result to high levelised cost of electricity 

(LCOE) up to 1.20 €/kWh [11] while solar can be as low as 0.25 €/kWh for the same 

rated power capacities. This means that small wind costs are somewhere in between 

3.5-4.5 times higher than PV. 

Focussing further out 590 km of noise barriers are found in the Netherlands with 

potentially suitable foundations for wind turbines [12]. Placing 1 turbine every 10 

meters equals to 59.000 turbines along highway infrastructures. Assuming a 0.375 kW 

for micro wind turbines (1.5m diameter), like the Dutch-made WindChallenge [13], 

then 17.700 kW of micro-wind turbines could be installed. However, the energy yield 

of these systems is unknown. This lack of knowledge of how the noise barriers affect 

the wind flow for micro-wind turbine application has led to perform this study. The 

vision of this study is animated in Figure 2 - 1 below. Finally, in this Chapter the 

subsequent change in energy yield for the noise barrier is estimated and together with 

an assumed cost reduction the changes in LCOE are observed.  
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Figure 2 - 1: Visualization of micro wind turbines integrated on a noise barrier 
 

To understand the relevant wind resource parameters, a literature review has 

been performed for wind speed, skewed inflow angle, turbulence  and energy yield on 

top of obstacles which is relevant for the acoustic screens that are investigated in this 

study. These are non-porous fences, 10 m high, with a gradient of 10o. 

 

Wind Speed 

In general wind speed related literature reaches consensus on wind speed 

increase on top of obstacles. In particular, the wind tunnel work of [14] with 0% 

permeable fences showed speed-up at 1.5H-2H on top of the noise barrier and 1H-4H 

at the wake of the fence. Wind speed increase is also shown on porous and solid fence 

experiments in wind tunnel conditions with fence heights ranging (5-16cm). A wind 

speed increase of 10-20% between heights of 1.24H and 1.60H and in the leeward 

direction of the windbreak is shown in [15] plotting data of [16]. Wind speed increase 

ranging from 20-50% on top of windscreen for normal flow to the wind screen is shown 

in wind tunnel validated 3D wind flow simulations behind porous fence [17]. In [18] 

increase in wind speed for different types of roofs and directions was found with 

Computational Fluid Dynamics (CFD) simulations. Increases ranged from 9.3% to 53%. 

[19] identified as well 10% wind speed increase for perpendicular flow to a screen 

(0.25H leeward from barrier) and at 1.50H on top of it. Finally, [20] made an extensive 

lidar-based analysis of the shelter effects of porous and non-porous effects with 

subsequent effects on the wind speed. 

There is also work that examines flow over ridges, escarpments and other 

topographic features. Whilst not perfectly analogous, there is a larger focus on the flow 

above these structures and there are studies that consider the impact of wind direction 

and the inclination angle. Amplified wind flow from 1-1.5 times the upstream velocity 

was observed in wind tunnel and field tests of [21] for wind flow in the edge of cliffs. In 
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the wind tunnel study of [22] up to 20% speed-up was observed on top of a cliff obstacle 

exposed into yaw angles 0o – 40o at locations from 0-2H on top of the edge. Turbulence 

intensity was affected as well. Cliff is a different obstacle to noise barrier spanning 48h 

downstream, while noise barrier are thin slices of few centimetres. The effect of 

ruggedness was also assessed in [23]. Finally, the effects of a cliff on the flow for wind 

turbine operation are assessed in [24], where small speed-up is observed when a flow 

is perpendicular to the cliff for a turbine placed nearly 3H downstream of the cliff side. 

Most of obstacles above are not similar to noise barrier in terms of aspect ratio but still 

is an attempt to utilize similar effects as the ones present in flow acceleration on top of 

windbreaks (noise barriers). 

 

Skewed Flow Angle 

The skewed flow angle is the angle from the horizontal and vertical components 

of wind and is important for the performance of micro wind turbines. [25] examined 

with CFD the effect of skewed flow on vertical and horizontal axis wind turbines on 

rooftops. For horizontal axis wind turbines (HAWT) the skew angle had negative effect 

while for vertical axis wind turbines (VAWT) positive, for skew angles 0o – 40o. [26] also 

examined turbine’s performance in yawed flow situations in with theoretical 

estimation and Particle Image Velocimetry (PIV) measurements and found that for 

yawed flow the power coefficient of the wind turbine is dropping significantly. Finally, 

[27], observed in experimental data that with skew angle increase, the rotor’s CP (power 

performance coefficient) is decreasing. 

 

Turbulence Intensity 

Turbulence intensity can affect the energy yield and the performance of the wind 

turbine. Specifically, [28] presents the anomalous behaviour of power curve for 

different turbulence intensities. Power curves vary more when turbulence intensities 

increase. Also, [29] concludes that increase of turbulence intensity decreased the power 

output of a multi-bladed Savonius rotor in an experiment with a constant wind speed 

of 8 m/s. [30] observed that the performance of a bare and a diffuser augmented micro 

wind turbines showed decrease in performance due to turbulence intensity increase. 

[31] observed that the kinetic energy at a specific site for small wind turbines can vary 

by 20% depending on the levels of T.I. In [32] a theoretical approach shows increase in 

power in low wind speeds and decrease in power at high wind speeds with high TI and 

a correction curve is presented only for wind speeds from 7-8 m/s. Also, from field test 

in [33] author suggests decrease in performance due to turbulence intensity. A Zephyr 

turbine was used and 20% decreased power was observed with respect to the 

manufacturer power curve a turbulence levels of 70%. 
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Energy Yield 

In terms of energy yield, [18] found for various roof cases and different wind 

direction the increase in power for wind energy. In [34] a higher wind power co-

efficient was found for a cross-flow wind turbine integrated above a porous 60% 

geometric shielding rate windbreak fence examined in a wind tunnel. Finally, [35] agree 

that urban areas are considered poor sites for micro wind turbine installation and little 

work has been done for optimizing the placement of the turbines. Thus,  current work 

expands prior art with wind time series annual energy yield estimation for a particular 

noise barrier near Delft and a sensitivity analysis by rotating the wind rose in 

increments.  

 

Research Gap 

As discussed above, several publications exist for wind flows on top of porous and 

non-porous obstacles and cliffs. However, for noise barriers there is need for real-world 

dataset with wind properties to be collected and analysed. This will bring more insight 

on wind energy applications. Current research adds upon the prior knowledge with the 

addition of results for multiple orientations assessed due to the large dataset given [36]. 

Emphasis is given on wind speed on top of the structure and not upstream or 

downstream. The skewed inflow angle is used as well for estimating the energy yield. 

The results are translated through a real-world micro wind turbine application into 

energy yield and cost terms. 

 

Novelty 

The objective of this Chapter is to propose the integration of micro wind turbines 

with noise barrier structures and assesses its potential benefits in terms of energy yield 

and cost reduction. The assessment combines an experimental wind resource study 

results, together with a wind tunnel power performance study in an energy yield 

sensitivity assessment for micro wind turbines installed on top of a noise barrier.  

 

Outline 

The outline of this work started with the literature review in Section 2.1, followed 

by a detailed description of the set-up in Section 2.2, presentation of Results in Section 

2.3, discussion of main outcomes in Section 2.4 and finishes with Conclusions and 

Recommendations. 

2.2 Set-Up Description 

Two set-ups are realized. An outdoor set-up where all wind flow properties at the 

noise barrier site are measured and a wind tunnel power curve measurement test. Both 

explained below. 
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2.2.1 Noise Barrier Set-Up 
A set-up with 8 sonic anemometers placed on 2 poles on top of the noise barrier 

and 1 pole as a reference point has been designed and built near a road with a 50 km/h 

speed limit. The site is on the north side of the ring road that intersects the N470 

(regional Dutch road) and the A13 (Dutch National Motorway). A dataset of 3-

dimensional wind speeds has been collected during the period in 2016-2017 and can 

be accessed online [36]. 10-minute averaging is used for statistical means. Further, 

binning methodologies are applied in order to classify the effect of the noise barrier on 

the wind flow properties per direction of the wind flow relative to the barrier. The 

documented effects are utilized in a case study for the particular barrier to identify the 

potential wind turbine energy extracted by the wind turbine model and an LCOE cost 

change is assessed. For an artistic impression of the wind turbine envisioned, refer to 

Figure 2 - 1. 

 

Equipment selection 

Gill Wind Master 3D sonic anemometers are used to record all wind components. 

A calibration and measurement validation test was performed for each anemometer, in 

various angles in all 3 planes (2 horizontal and 1 vertical) as [37] suggests. A correction 

factor of 1.16 for the vertical velocity component was implemented, as advised by the 

manufacturer of the sonic anemometers (which was assessed and validated through 

wind tunnel testing) [38]. All results should be treated with the accuracy of the sensors 

(1.5%RMS at the reference of 12 m/s). 

 

Set-up installation 

Dimensions of the set-up and the wind vector reference system are given in Figure 

2 - 2. Eight sonic anemometers are installed on 3 measurement poles with brackets. 

There is a reference pole away from the noise barrier, and two poles behind the noise 

barrier. All sonic anemometers have cables that guide the signals through underground 

pipelines to the main electrical cabinet, where the data are recorded. 
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Figure 2 - 2 : Schematic of the placement of the poles of the set-up together with the 
sonic anemometer corresponding heights and the wind speed reference system 

 

Some parameters are taken into account for the design of the set-up. These are 

summarized below: 

• The anemometers are placed at distance of 10 times the pole diameter to avoid the 

aerodynamical blockage of the cylindrical pole [39]. This is also validated by 

comparing experimental results from various orientations with respect to the 

position of the bracket. 

• Poles are fixed in the soil by 1.5m for structural integrity and avoidance of 

oscillations that might affect the measurements from the relative motion of the 

tower. 

• Passing vehicle effects on wind speed and turbulence are considered negligible 

for current set-up, placed on a road passage with a speed limit of 50 km/h. This is 

30 km/h less than the experiment in [40], with vehicle fleet passing with 80 km/h 

from a highway. In this they found that for a distance of 15m away from the road a 

minimal difference in wind speed of 0.1 m/s (at heights of 5 meters) and 0.06 m/s 

(at heights of 10 meters). 

• Reference pole is at a distance of 2 times the height of the noise barrier as 

seen in Figure 2 - 2. [41] suggested that flow is undisturbed in front of small 

buildings at a distance of 2H. For shelterbelt obstacles such as the noise barrier 

there are some guidelines but based on empirical assessments. The presence of a 

road, in Figure 2 - 3, limited as well the installation of the reference pole more than 

2 times the height from the noise barrier.  
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Wind Data characteristics 

Data are collected with “WindView” software and processed with MATLAB. 

During the 13-month period of November 2016 until November 2017, a total of 3066 

hours were recorded. This is the 32% of all that period resulting in 18396 10-minute 

datasets. The rest was not recorded due to remote connection issues and other 

limitations. For the recorded datasets, a 10-minute median wind direction is used. Only 

windward datasets are considered and classified (coming from the arc from -90o to 0o 

to +90o in Figure 2 - 3). These datasets are relevant for the study as the effect on 

windward flow properties is examined. Outliers are removed (circuitry failure, power 

outages, bird interference and ice formation) to avoid uncertainty on results. Even if 1 

anemometer contained error values then this specific time-series 10-minute dataset is 

excluded. 1.03% of datasets was removed. Finally, the total amount of 10-minute 

periods that are examined is 11.335 (20% of a full year). 

 

Figure 2 - 3 : Top view of the studied noise barrier (bottom left) Wind orientation rose 
(red circles filled in black) Poles with the sonic anemometers (black lines and arrows) 
The reference system used in this study. Coordinates (51°59’50.4”N 4°23’24.8”E) 

 

Sampling frequency 

Data were logged with sampling frequencies of 1Hz (54% of datasets), 2Hz (13% 

of datasets), 4Hz (32% of datasets) and 5, 8 and 16Hz for the rest 1% of datasets. Even 

though the selection seems arbitrary it does not influence the results. Literature 

presented that different sampling rates of the same recorded period (10Hz, 4Hz and 

1Hz) do not significantly influence the values of turbulence intensity and power 

spectral density. In particular, changing the sampling rate from 10Hz to 1Hz changed 

the characteristic turbulence intensity by at most 0.25% of the reference value [42]. 
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Similarly mean wind speed and inflow angle as well would not be influenced for the 

purpose of this Chapter which is not to capture turbulent structures of flow, but to use 

results for micro wind turbine energy yield. Therefore, a comparison between 1Hz and 

4Hz datasets is performed (~80% of all datasets). The standard deviation of wind speed 

for sampling frequencies of 1 Hz and 4 Hz can be seen in Figure 2 - 4. This was done for 

the anemometer placed on the top of the reference pole (see Figure 2 - 3). Sampled 

points (10-minute standard deviation) per wind direction φ (o) are less for 4Hz than for 

1Hz. But some observations can be made with the help of the grid lines. For wind speeds 

0-2 m/s (red dots) and for both datasets with different sampling frequency the standard 

deviation is between 0-1. Same applies for all other wind speed bins where standard 

deviation is within similar ranges for different sampling frequency datasets. Finally, a 

periodogram (power spectral density) is also presented of 4Hz and 1Hz (which was 

resampled from 4Hz). Again, no significant differences are observed. Therefore, all 

datasets of different sampling frequencies are used in the statistical analysis. 

 

 
Figure 2 - 4 : (top) Scatter plots of the standard deviation σu of wind speed for different 
wind direction φ (ο) and wind speed bins (see legend) and different sampling frequencies 
of 1Hz and 4Hz (bottom) Periodogram of 4Hz and 1Hz dataset (resampled from 4Hz) 

 

Estimation of wind resource parameters 

A comparison between the data on top of the noise barrier and the data on the 

reference pole is done for the reference domain. Wind speed U (m/s), wind direction φ 

(0) and inflow angle θ (0) are calculated in each measurement point for each time 

sample. Input data are the 3 vectors of each anemometer averaged in 10-minute 

periods. Turbulence intensity TI (%) is based on this period. 10-minute averaging is 

common for wind energy analysis as many handbooks and international standards 
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suggest [43]. Shorter averaging periods of 5 and 1 minutes is also used in order to 

compare the results with the 10 minutes averaging but as no great deviations were 

found, they were not considered. 

 

Wind Direction: Results are binned for wind directions. Vector arctangent function 

is applied for the horizontal wind components Ux (m/s) and Uy (m/s) and the median 

value of 10-minute dataset is selected, thus solving the discontinuity of the degrees (00-

3600) [37]. Finally, the wind direction is expressed relative to the noise barrier with 00 

being the perpendicular line as seen in Figure 2 - 3. 

 

Comparison of different pole wind data 

Exponential fit is used on 10-minute averaged values to estimate wind properties 

on heights of comparison on the reference pole. For example, in Figure 2 - 5 below, the 

reference anemometer near the road (see Figure 2 - 2 as well) is at a height of 5.6 meters 

while on Pole 1 at 6.1 meters. With 3 data points before the noise barrier and 

exponential fitting, the resulting wind speed is calculated at the projected height of 6.1 

meters for the reference pole for the sake of comparison. 

 

Figure 2 - 5 : Noise barrier set-up photo from Google Earth 

2.2.2 Wind Tunnel Set-Up 
Calculation of the wind turbine energy yield is done using an experimentally 

derived power curve of a commercial downwind micro wind turbine. The experiment 

is performed in the Open Jet Facility of TU Delft (Low Wind Speed tunnel 0-35 m/s) in 

Figure 2 - 6. The micro wind turbine is placed in a distance of 3 meters from the 

2.85mx2.85m nozzle of the wind tunnel, where the control wind speed is calibrated and 

corrected for blockage effects [44]. Power is recorded with specialized electro-technical 
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equipment (voltage and current measurements) which are further processed in order 

to derive the power produced (5% error margin). The power fed to the grid is measured 

including inverter, generator and other losses [45]. Figure 2 - 16 indicates the average 

power values recorded for several wind speeds including the 5% error margin of the 

sensors. Wind speed sweeps were performed and the average values of Power (W) per 

wind speed (m/s) are fitted in the curve below. Wind speed is measured with a Pitot-

tube placed inside the wind tunnel nozzle and corrected for the distance of the wind 

turbine from the nozzle. 

 

 

Figure 2 - 6 : (right) Micro wind turbine placed in front of the nozzle of Open Jet Facility 
in TU Delft (left) plan drawing of the distances 

2.3 Results 

The following section presents the equations and the results for all properties 

assessed 

2.3.1 Influence of noise barrier on mean wind speed 

2.3.1.1 Methodology 
Sonic anemometers provide 3-dimensional wind velocity components. 

Mathematical equations are applied to estimate the metrics for assessing the wind flow 

conditions. In current case, Ux (m/s) horizontal wind speed component is perpendicular 

to the noise barrier, Uy (m/s) horizontal wind speed component is 90 degrees left and 

Uz (m/s) is the vertical wind speed component (see legend in Figure 2 - 2 and Figure 2 

- 7). 
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Figure 2 - 7 : The 3 components of wind speeds (m/s) Ux, Uy and Uz. The horizontal wind 
vector Uxy and the Uxyz resultant vector for the magnitude of wind speed together with 
the inflow angle θ(o) 

 

Wind speed Uxyz (m/s) is derived from all the Ux, Uy and Uz components recorded 

from the sonic anemometers, see Figure 2 - 7. Then these values are averaged with 

nsamples, which are the number of samples within 10-minutes (depending on sampling 

frequency) as seen in equation 2.1. 
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Wind speed vector magnitudes are used to estimate the speed. Then wind speed 

magnitudes are compared at the height h (m) on top of the noise barrier (UxyzNoiseBarrier) 

with the reference pole at similar height (UxyzREFERENCE). Exponential fitting is used for 

the sonic anemometers not in same height of comparison. Wind speed magnitude is 

used later for energy yield calculations of micro-wind turbine installed on top of the 

noise barrier. Equation 2.2 shows the relative wind speed change ΔUxyz (-). 
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2.3.1.2 Results 
A scatter plot of all the 10-minute averaged values is shown in Figure 2 - 8 for the 

sonic anemometer that is right above the noise barrier at 1.17H height (6.1 meters from 

ground). The wind speed bin from 0-1.5 m/s has a very large spread. Higher than 1.5 

m/s a trend can be observed with wind speed reductions towards -90o and +90o which 

are parallel wind flow in respect to the barrier. When flow is nearly perpendicular to 

the noise barrier (-30o until -15o) a maximum increase is observed.  
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Figure 2 - 8 : Scatter plot of wind speed relative change (ΔUxyz) for the sonic anemometer 
places at 1.17H (Pole 1 at 6.1 meters) on top of the noise barrier. All coloured dots 
represent different wind speed bins (see legend) with 0o being perpendicular 

 

In Figure 2 - 9, the plot shows the wind speed differences for different heights. The 

data are categorized for 10o increments from -90o until +90o, which is the windward 

side of the barrier. The most positive increase is observed in perpendicular flows (-30o 

until 0o) while is decreases in parallel flows in the edges of the graphs. The right part of 

both graphs is less steep while the left part is steeper, this might be attributed to the 

localized terrain. 

 

 
Figure 2 - 9 : Bar plot of wind speed relative changes for different directions and heights 
for the reference arc (-90o until +90o) with 0o being perpendicular 
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The positive change is higher rather than negative with maximum of 1.35 (-20o) 

and minimum of 0.75 (+80o). In Figure 2 - 9, it is observed that the maximum changes 

do not occur in a perfectly perpendicular flow at 0o but at -20o. Similarly, at +20o there 

are no changes (ΔUxyz~0), but when moving to more parallel flows relative to the 

barrier then a wind speed reduction is observed for both sides. These lead to recheck 

the calibration and positioning of the sensing equipment as well as the methods to 

assess the orientation of the barrier but no abnormalities were found. Therefore, a 

hypothesis is made that pressure reduction due to the presence of the bridge shown in 

Figure 2 - 3 (at direction -40o until -10o) might lead to this shift of the localized maxima. 

Results of Figure 2 - 9 for the wind direction of 0o match well the references presented 

in Section 2.1, where most authors observed increases from 5%-35% in wind speed on 

top of windbreaks. 

2.3.2 Influence of the noise barrier on inflow angle 

2.3.2.1 Methodology 
Inflow angle θ(ο) is used to estimate the wind turbine’s rotor flow misalignment 

losses. The θi (0) inflow angle for the time step(i) is calculated using the resultant vector 

Uxy of the horizontal wind components Ux and Uy (equation 2.3) and the vertical wind 

component Uz with the arc tangent function in equation 2.4. When every angle is 

estimated for the 10-minute period then an averaging is performed. 
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Several studies have been conducted that investigate the flow misalignment effects 

(mostly from yaw misalignment) in loads, power performance just like in [46] where it 

is found that power losses can be as much as 30% at 30o misalignment. Therefore, 

inflow angle describes the flow misalignment of a potential installed rotor on top of the 

barrier and it used to estimate the affected energy yield. Micro wind turbines have 

usually a tip vane or are designed to self-align with the flow in order to minimize the 

yaw misalignment losses but when the inflow angle varies in the vertical component 

there is not such a mechanism to allow the rotor to align. Thereby, the vertical 

component is estimated in order to derive the losses resulting from the inflow angle θo 

as in Figure 2 - 10. The energy yield is further estimated with the magnitude of the Uxyz 

(m/s) and the effect of inflow angle θ (o) as a misalignment loss. 

 



Chapter 2 

43 

 

 
Figure 2 - 10 : Wind speed Uxyz(m/s) magnitude vector and the inflow angle θ (o), 
illustrated for a perpendicular flow indicating the presence of sonic anemometers with 
red stars in different heights for Pole 1 

2.3.2.2 Results 
Inflow angle θ (o) when skewed affects the power performance of the micro wind 

turbine. Figure 2 - 11 presents a time series of 2 seconds (4Hz sampling) of the flow 

field between the reference pole and Pole 1. [47] and [48] have visualized the effects on 

wind flow in front of wall structures with an emphasis as well on the periodic swell and 

shed in front of the noise barrier as well as the separation bubble behind the noise 

barrier. The intention here is different as data are presented only at the installation 

height of micro wind turbines and do not focus on more specific flow properties related 

to turbulence behaviour studies. 

 

 
Figure 2 - 11 : Time series (2 secs – 4Hz) of wind field contour (blue-yellow) and quiver 
plot (black arrows) for the noise barrier near-perpendicular flows φ= (-5o+10o). Distance 
from barrier is 0 at reference and 10 on top of the barrier.  
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Contour and arrows are constructed using 6 points (Reference Pole and Pole 1 

anemometer height locations in Figure 2 - 11). First, vertical exponential fit is 

performed for the wind shear and second a horizontal fit between poles. Blue towards 

yellow contour on the back represents instantaneous wind speed Uxyz (m/s). Black 

arrows overlaid represent inflow angle. The representation is questionably 

oversimplified and neglects many wind flow phenomena happening between the 2 

poles such as vortexes, especially in front of the noise barrier. It simply illustrates the 

averaged flow parameters. In particular, wind speeds increase (blue contour becomes 

yellow) in perpendicular wind directions to the barrier (φ=-5o until φ=10o). Inflow 

angles θ (black arrows) have a tendency to move upwards and surpass the barrier thus 

high inflow angles. Finally, the variability of wind speed and the stochastic nature of 

wind can be seen in these time series. 

 

 
Figure 2 – 12 : Box plots indicating the 10-minute standard deviation of the skewed 
inflow angle θ (0) for the sonic anemometers placed (top) on the reference pole (bottom) 
and noise barrier at pole 2 at different heights 

 

Large variations in inflow angle mean more variations in power due to the more 

frequent misalignment of the rotor with the skewed flow leading to lower 

aerodynamical performance coming from the reduction of the cos3θ rule [49]. 

Therefore, it is worthwhile presenting the standard deviation of the inflow angle.  

Figure 2 – 12 shows that standard deviation of inflow angle θ (0) increases at the 

edges of the box plots for Pole 1 which represents the parallel to the barrier flows. Also, 

in perpendicular flows (near 0o) a decrease of the standard deviation is observed for 

Pole 1 comparing with the Reference Pole for all heights. Boxes represent the values in 
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between the 25th and 75th percentile of each data bin. The line in between the boxplot 

is the median value. The whiskers include all values that are in between 1.5 times the 

interquartile range, while the outliers are plotted using a spatial randomization with 

Jitter function for better visuals. 

Figure 2 - 13 presents the 10-minute averaged inflow angle for 3 heights h(m) and 

different wind direction φ (o) bins. For 1.17H a maximum of 22o is observed at -15o wind 

direction. For 1.50H inflow angle has a maximum of 17o and for 1.94H it is 8o. This result 

could be compared with the wind tunnel experiment and CFD study [50] which 

similarly showed increase in inflow angle on the tip of the barrier. A trend is observed 

that in parallel flow (close to -90o and +90o) inflow angle decreases and especially near 

the -90o region. Due to this drop, a comment is made that the terrain next to the installed 

poles as in Figure 2 - 3 and the complex road topology with a small bridge and an air-

hang noise barrier segment might be factors of lower wind angles present for both poles 

above the barrier, similarly as with the shift of localized maxima for wind speed. 

 

 
Figure 2 - 13 : Box plots of 3 different heights of the 10-minute averaged inflow angle θ 
(0) for different wind directions φ (0)  

2.3.3 Influence on Turbulent Intensity 

2.3.3.1 Methodology 
Turbulence intensity TIxyz (%) of the Uxyz (m/s) magnitude is determined using the 

ratio of the 10 min. average mean magnitude of Uxyz(m/s) (as shown in equation 2.1) 

and the Standard Deviation σuxyz(m/s) of each 10-min dataset as shown in equation 2.5. 
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2.3.3.2 Results 
In Figure 2 - 14, a comparison is made between the turbulence intensities of 2 

sonic anemometers. It ranges between 20-40% for perpendicular (-30o until +15o) and 

40-60% for parallel flows (-75o until -60o and +60o until +75o). Spread of TI is greater 

for wind speeds (<2 m/s). Box plots are used and their property interpretation is found 

in section 2.3.2.2. Parallel flows at the tip of the noise barrier exhibit increases in 

turbulence intensities. Flow mixing on top of the barrier might lead into more turbulent 

flow structures. Decrease of turbulence intensity happens in perpendicular flows. A 

hypothesis is that large pressure difference before and after the noise barrier leads to 

increased wind mass flow (thus increase in wind speed) and thereby decreases the 

turbulence intensity as its value depends on the average mean wind speed on the 

denominator.  

 

 
Figure 2 - 14 : Box plots of the turbulence intensity TI (-) of the lowest sonic 
anemometers (5.8m and 6.1m) for the reference pole and the noise barrier (Pole 1) (box 
area is 25th and 75th percentile) 
 

As discussed in Section 2.3.3, turbulence might lead to power variations. Positive 

effect of high turbulence could occur in lower wind speeds, leading to greater power 

and more chances for the rotor to continue idling thus increasing the chances of 

reconnecting and generating useful power. Turbulence intensity is a factor to take into 

account as urban environment wind speeds tend to be rather low. However, these are 

not used in the energy yield estimation as more detailed modelling approach would be 

required to correct the power performance of the wind turbine for certain ranges of 

turbulence intensity. 
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2.3.4 Annual Energy Production sensitivity analysis and results 
Literature identifies wind resource assessment as very important as current tools 

could overestimate the energy yield of wind turbines [35]. A sensitivity analysis for the 

wind turbine yield is performed using the corrections from the results of the 

assessment on wind speed and inflow angles for the energy yield. 

2.3.4.1 Sensitivity analysis parameters 
The Annual Energy Production (AEP) in kWh is estimated for 3 different heights 

above the noise barrier (1.94H, 1.55H and 1.17H) based on the heights of the 

anemometers on Pole 1. The annual time series wind rose is rotated in steps of 20o for 

a full 3600 rotation by keeping the noise barrier still as in Figure 2 - 15, where δ (0) is 

the rotation angle that is applied in each time step of the annual time series. Therefore, 

for each wind field rotation angle δ (0) only the relative wind direction φi (0) with 

respect to the noise barrier would change and the effects on the total Annual Energy 

Production are estimated.  

 
Figure 2 - 15 : Binned wind speed rose rotation by angle δ (clockwise) for the sensitivity 
analysis. Black line indicates the noise barrier. Legend indicates the wind speed bins 
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2.3.4.2 Methodology 
The baseline Annual Energy Production (AEP) of a micro wind turbine on top of 

the noise barrier is calculated with a 12-month 10-minute wind speed and direction 

record from Rotterdam Airport resulting in 52560 entries [51]. Wind speed correction 

is applied for the differences in surface roughness between the two locations, resulting 

in wind time series at the reference pole Ui (m/s). Another correction for effects of the 

noise barrier on wind speed and inflow angle is used. Finally, through a look up table is 

used to find the energy yield of a reference micro wind turbine (375 Watts) for each 

time step that corresponds to the corrected wind speed. Energy yield of the wind 

turbine is based on wind tunnel measured power curve. Wake losses are excluded as 

the evaluation of the performance is done for a single turbine rather many installed on 

top of noise barriers. Finally, all time steps values are summed to derive the Annual 

Energy Yield (AEP) in kWh. 

The annual free stream energy yield, AEP0 (kWh) at a height h(m) from ground is 

without the influence of noise barrier and is used as a reference for comparison, shown 

in equation 2.6. For the sum of those 52560 10-min entries the corrected wind speed 

Ui(m/s) at the height h(m) of turbine installation are used. 
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The AEP (kWh) is then corrected for speed-up associated effects from the noise 

barrier. The wind speed factor ΔUxyz (-) is then applied from section 2.3.1. This varies 

as a function of the relative wind direction φi (0) and is applied to the wind speed Ui 

(m/s). The resulting annual energy yield is AEP1 (kWh), which includes noise barrier 

wind speed magnitude ΔUxyz effects and assumes an aligned rotor with the skewed 

incoming flow on top of the noise barrier. In reality this is not true, but with this variable 

the effects can be isolated due to skewed angle flow misalignment and the relative 

change in wind speed due to the noise barrier. AEP1 (kWh) is estimated for different 

heights h(m) and different wind field rotation angles δ (0) as part of the sensitivity 

analysis, shown in equation 2.7. 
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Finally, AEP2 (kWh) contains the additional correction for misalignment losses 

due to the skewed inflow angle. This is done applying the cos3θ correction at each time 

step. This is mostly used for yaw misalignment [49] but in this case it is applied for the 

skewed flow misalignment.[52] found cos3θ as a good approximation for normalized 

power but it slightly underestimates power while the cos2θ theory slightly 
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overestimates power. In the approach the more conservative yaw correction cos3θ law 

is used. AEP2 (kWh) is estimated for different heights h(m) and different wind field 

rotation angles δ (0) as part of the sensitivity analysis, shown in equation 2.8. 
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The relative impact on AEP of speed-up associated with the noise barrier can be 

expressed as: ηaligned (-), which is the ratio that describes the influence of the noise 

barrier to the wind speed vector magnitude expressed in energy terms, shown in 

equation 2.9. 
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Similarly, the relative impact of flow misalignment due to the inflow angle is 

expressed as: ηmisaligned (-), which is the ratio that describes the losses in energy due to 

the misalignment of the rotor with the incoming skewed flow, shown in equation 2.10. 
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Finally, the overall impact on AEP is expressed as: ηnbtotal (-), which is the ratio that 

describes the total influence of the noise barrier, taking into account both the influence 

to the wind speed but also accounting for the skewed flow misalignment effects. See 

equations 2.11 and 2.12. 
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nbtotal aligned misaligned  =   (2.12) 

 

In order to derive all above-mentioned variables, the measured power curve in 

the wind tunnel is used.  

Power Curve:  

Below you can see the measured power curve in the wind tunnel and the 

validation with the manufacturer’s data. Whiskers indicate error margins of the sensor 
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equipment and different measurements performed. Power curve is used as a look-up 

table for the Annual Energy Production (AEP) estimations. 

 

 
Figure 2 - 16 : Power curve of the WindChallenge micro wind turbine recorded in the OJF 
wind tunnel experiment and compared with manufacturer’s  

 
Wind speed corrections 
Corrections are applied based on local roughness (the site is 3 kilometres away 

from the weather station) in order to translate it for the noise barrier case before 

applying corrections for the noise barrier. First, the weather station time series wind 

speed of time step i is translated to a blending height and then to the height of the 

reference pole. 

• The wind speed dataset from the airport is translated to a blending height of 60 

meters with log wind law in equation 2.13. Local roughness parameters are being 

taken into account. Rotterdam airport weather station is placed on flat terrain area 

without presence of obstacles and therefore the roughness length is assumed to be 

0.03 [53] while zero-displacement is 0. Blending height h2 (60m) and weather 

station height h1 (10m) are used. 

• Wind speed at blending height is then translated to the three hub heights of Pole 1 

at the noise barrier. Table 2 – 1 presents zero-displacement height d and roughness 

length zo which have been determined with an empirical approach from wind 

gradient data of the reference pole for the windward side in Figure 2 - 3. For the 

downwind side of the barrier as seen in Figure 2 - 3 they were determined by the 

elevation, the terrain and the surrounding landscapes taking into account the [53] 

classifications because of lack of reference data from measurements. 
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Table 2 - 1: Surface parameters of the study area as a function of wind direction sector. 
Empirical data from -90o until +90o. For data with asterisk * [53] classification used. 
 

Sector(o) d(m) zo(m) 

(-180o) to(-150o)* 2.30 0.20 

(-150o) to(-120o)* 2.00 0.19 

(-120o) to(-90o)* 2.60 0.26 

(-90o) to(-60o) 3.00 0.75 

(-60o) to(-30o) 2.00 0.16 

(-30o) to(0o) 3.10 0.09 

(0o) to(+30o) 3.00 0.08 

(+30o) to(+60o) 2.30 0.22 

(+60o) to(+90o) 1.70 0.15 

(+90o) to(+120o)* 1.90 0.18 

(+120o) to(+150o)* 2.00 0.20 

(+150o) to(+180o)* 2.20 0.18 

 

Noise barrier correction factors 

Corrections on wind speed due to noise barrier are applied based on results in 

section 2.3.1. Wind speed is multiplied at each time step with ΔUxyz for the 

corresponding relative wind direction φi with the barrier which depends on the wind 

direction from the dataset used [51]. Effects for the downwind side of the noise barrier 

(symmetry) are “mirrored” since the effects are recorded only from the upwind side of 

the barrier. Despite the fact that it is a questionable assumption because the noise 

barrier is not erected vertically but with a given angle to the vertical, it had to be 

assumed because experimental data are only available for 1 side of the barrier. Thereby, 

the same effects are assumed on the other 1800 arc behind the barrier. For example, if 

at a certain time step wind comes from +100o then the effect is mirrored while the 

correction factors are used from results that apply for +80o. Similarly, from -150o a 

correction is considered with results from -30o. The correction factors used are the 

ΔUxyz (φi) for wind speed used for AEP1 and AEP2 and the θ(φi) for skew corrections in 

AEP2. Finally, each relative wind direction φi is corrected with respect to the wind field 

rotation angle δ (0) because the wind direction relative to the noise barrier for each 

rotation would change according to the rotation angle and thereby the effects on wind 

speed would change accordingly. 
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2.3.4.3 Results 
Energy yields in top graph of Figure 2 – 17 show the sensitivity of energy output 

of a wind turbine on top of a barrier for wind field (wind and direction dataset) 

rotations of 20o including the noise barrier effects. The misaligned energy yield (AEP2) 

is always lower as they contain effects on wind speed magnitude and inflow angle. For 

the aligned energy yield (AEP1), the effects only on wind speed magnitude are 

considered assuming that the rotor is always pointing at the resultant wind vector. 

Annual energy production at 1.94H ranges from 400-600 kWh with some localized 

maximum and minimum points which depend on orientation of the noise barrier 

(projected from the wind field rotation). For 1.50H installation height, energy ranges 

from 300-550 kWh and for 1.17H ranges at 150-430 kWh. Installing the turbine closer 

to the barrier has more uncertainty as the ranges are more widespread. Total annual 

energy production is very sensitive to relative noise barrier rotation angle with the 

wind rose. In Figure 2 – 17 bottom graph, annual energy production is compared with 

the straight line (reference yield). Positive effect is mostly observed but there are cases 

with significant drop in energy yield (40o, 60o, 80o, 140o, 220o, 260o and 280o). 

Importance of site assessment is shown between 120o and 160o, where only for a range 

of 400 a difference from 600kWh to 400kWh is observed. 

 

 
Figure 2 – 17 : (top graph) Sensitivity analysis of total annual wind turbine yield for an 
aligned and misaligned flow towards a micro wind turbine installed on top of a noise 
barrier at different heights and for 20o increments of wind field rotation (bottom graph) 
Without Barrier, aligned and misaligned flow total annual wind turbine yields for 20o 
increments of wind field rotation 
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In Figure 2 - 18, the dominant effect on wind energy yields for each noise barrier 

orientation is explained. The ηnbtotal (%) is mainly affected by the wind speed magnitude 

changes as seen in the left graph with ηaligned (%) while the flow misalignment ηmisaligned 

(%) always contributes in a negative way but to a less extent. In particular, for the effect 

of the wind speed magnitude and especially for installation heights of 1.17H, the energy 

yield could range from 60%-150% of the reference total annual energy yield. For 1.50H, 

the ranges are 75%-140% and for 1.94H, the ranges are 85%-120%. The effect of inflow 

angle leading to a misaligned rotor to the flow in middle graph of Figure 2 - 18 increases 

closer to the barrier as the inflow angle increases. But overall, it influences energy yield 

to a less extent with respect to the wind speed magnitude changes. For 1.94H, the total 

energy yield is ~97% of the reference yield while for 1.75H is ~92% and for 1.55H is 

~83%. Finally, the total energy yield with all the noise barrier related effects is 

compared with the free stream wind turbine energy yield. This is presented with the 

ηnbtotal (%) in Figure 2 - 18. The lowest position at 1.17H noise barrier height is the less 

profitable attributed mainly to the flow misalignment losses. The other 2 height 

locations are either marginally positive or negative with ranges from 90%-120%. For 

the increments from 2500-3000 the performance is greatly and negatively affected at 

30-60% of the free stream energy.  

The conclusion from the results is that noise barrier can have both negative and 

positive influence on energy yield depending on its orientation to the wind field. 

Installers should be very careful designing such systems, paying great attention to the 

wind resource assessment and energy yield estimation including noise barrier effects.  

 

 
Figure 2 - 18 : (left) Change in annual energy yield (AEP) on top of the noise barrier as a 
function of the wind field rotation angle δ(0) (left) not taking into account skewed inflow 
angle θ(0). (middle) due to the skewed flow misalignment taking as a reference the 
energy yield of the aligned flow (right) taking into account both effects 
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Finally, Table 2 – 2 summarizes the results for the reference case of the 
existing noise barrier. 
 
Table 2 - 2: Case study for the current noise barrier orientation 

Case study of the current noise barrier  

(corresponding to wind field rotation angle 360o) 

 1.17H 1.50H 1.94H 

Total annual energy yield without  

noise barrier effects (kWh) 
290 395 505 

ηalign (-) 1.51 1.36 1.20 

ηmisaligned (-) 0.81 0.92 0.96 

ηnbtotal (-) 1.22 1.25 1.15 

Noise barrier Influenced Yield (kWh) 354 494 580 

 

In Table 2 – 2, the influence of the noise barrier in the total annual wind turbine 

yield for all heights 1.17H, 1.50H and 1.94H is positive. An overall increase of 22%, 25% 

and 20% for these heights is observed respectively. Increase due to wind speed 

magnitude is greater than these numbers but the skewed flow misalignment with the 

micro wind turbine rotor leads to a slight decrease by 80%, 92% and 96% of the yield 

that was estimated taking into account only the wind speed magnitude increases. This 

case is positive but in a different noise barrier orientation with the same wind field 

there is possibility for negative influence of the energy yield as the case of 60o wind 

field rotation with the turbine producing 50%, 70% and 80% of the reference.  

2.4 Discussion 

Here a discussion is made relevant to the results and a discussion about the 

economics of micro wind turbines on noise barrier with respect to the results is made. 

2.4.1 Wind resource characteristics 
Some noise barriers are placed in complex topologies near highways, with 

elevated roundabout and other elements. [54] studied effects of such hills in wind 

tunnel and found that wind speeds increase when flows are perpendicular to the ridge 

of hills. However, expansion of wind resource assessment to cover those cases as well 

is needed. Finally, regarding local wind flow characteristics, the shift in localized 

maxima (probably explained by the presence of the bridge) is intriguing a suggestion 

for further wind tunnel validation along with numerical modelling and CFD calculations 

in order to derive a concrete model for relevant flows. 

Designing turbines in different way might alleviate skewed inflow angle effects. 

For example, predefined wind turbine hub angles could alleviate these losses. But new 

loading types will start affecting the operation of the turbine (e.g. gravitational). Results 

in Figure 2 - 13 showed that the turbine on top of the noise barrier would be mostly 

exposed to skewed flow between 5o-25o. As horizontal axis wind turbines 
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underperform in skewed flow and vertical axis wind turbines seem to have better 

power performance coefficient [25]. A hypothesis is made that there is potential for 

further energy yield increase with vertical axis wind turbines. 

Turbulence intensity (TI) decreases for perpendicular flows while wind speeds 

increase and vice-versa TI decreases for parallel flows while wind speeds tend to 

decrease. Literature suggests that increased turbulence intensity might lead to more 

energy production for low wind speed ranges of near ground applications and less 

energy production in higher wind speeds near rated. So since parallel flows have 

increased TI and decreased wind speed and perpendicular flows decreased TI and 

increased wind speed, a hypothesis could be made that the changes of the noise barrier 

to the Turbulence Intensity could have a positive effect in energy yield. But this would 

require further investigation. Finally, the impact of TI (%) in lifetime, fatigue, loading 

and O&M costs should be determined as well. As turbulence intensity might induce 

potential harmful excitations in the loading of the system and thus decrease lifetime 

and increase O&M costs. 

2.4.2 Economic analysis and energy yield 
Proper siting of turbines and local characteristics can affect greatly the energy 

yield. Even a slight change in the relative angle of the noise barrier with the local wind 

rose could have dramatic changes in the energy yield as seen in the results in Figure 2 - 

19. This is very relevant for noise barriers on curved road passages where the relative 

wind field rotation angle could vary significantly (such as seeing from top in Figure 2 - 

3). This is quite important for infrastructure designers who need to take decisions to 

install energy systems that are financially attractive. 

Closing the economic loop in section 2.4, a preliminary estimation of the Levelised 

cost of electricity is conducted for a micro wind turbine on top of a noise barrier and is 

also compared to a reference case. It is presented in the equation 2.14 below based on 

[55]. An assumption of n=20 years lifetime is considered for the installed turbine and a 

discount rate i=0.04. The reference LCOE is estimated including the It investment costs 

(or else CAPEX) and the O&M costs spent in year t. The investment costs It (€) is 

assumed in the order of 7000 €/kW installed. Annual O&M costs are assumed 1-2% of 

the CAPEX [56]. The AEPo is the reference energy yield excluding the noise barrier. It 

should be noted that this is not the analytical economic analysis of this Thesis as 

Chapter 4 contains all the details. This analysis presented in this Section is just to 

present the sensitivity of cost. 
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Then the LCOE is calculated of a turbine installed at 3 different heights h(m) and 

for various wind field rotations as used before. For the new LCOE, in equation 2.15, the 

annual energy yield AEP2 is taken into account, which includes the effect of the noise 

barrier of each height and wind field rotation. A 20% cost reduction is assumed in the 

investments as kreduction, due to exclusion of foundation and allocation of other costs of 

electrical infrastructure, installation, permitting, transportation, logistics and other 

costs as defined in [56], and the findings of [57] with respect to lowering costs when 

retrofitting micro wind turbines on roofs. 
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Finally, the reference LCOE is compared with each calculated one with equation 

2.16. 
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LCOE(€/kWh) decreases in most wind field rotation cases and different heights 

and is between 60-90% of the reference. Even though this is an overgeneralized 

interpretation it is a positive result meaning that with such a cost reduction and 

installation on a barrier higher energy yields and lower electricity costs could be 

expected . However, there are still cases in Figure 2 - 19 where LCOE increases with a 

sensitive deviation such as between δ=1200 and δ=1600. Finally, the reference LCOE 

are 0.30€/kWh for 1.94H, 0.38€/kWh for 1.50H and 0.52€/kWh for 1.17H. 

 



Chapter 2 

57 

 

 
Figure 2 - 19 : LCOE change for different wind field rotation angles δ (0) and heights 
h(m) 

2 2.5 Conclusions 

To answer the research question of “What is the wind resource that micro wind 

turbines will experience when integrated on top of noise barrier highway 

infrastructures?”, sonic anemometers were installed on top of a noise barrier and on a 

reference location to assess the effect of the noise barrier on the wind flow for all 

windward wind directions φ (0). The properties of wind speed magnitude U(m/s), 

turbulence intensity TI (%) are assessed and compared. Additionally, the inflow angle 

θ (0) is being assessed for its influence on the annual energy production AEP (kWh). A 

sensitivity assessment of the annual energy yield with a wind field rotation angle δ (0) 

based on these results has been made for the application of a micro wind turbine 

installed on top of the noise barrier. Finally, the effect on the Levelised cost of electricity 

LCOE(€/kWh) is presented. 

The most important findings that answer the question are summarized in the 

following bullet points: 

• Wind speed on top of noise barriers increases in perpendicular flows. The 

maximum increase of 36% is found at 1.19H and a 20% increase at 1.94H, with H 

representing the height of the barrier.  

• Wind speed on top of noise barriers is decreasing in parallel flows with maximum 

decrease of 27% at 1.19H and 20% at 1.94H. 
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• Inflow angle is always skewed for all wind flow direction towards the barrier. The 

averages are in the range of 50 (at higher heights) to 250 (at lower height towards 

the barrier tip).  

• Terrain and road network layout near a noise barrier affect the symmetry of 

changes that the barrier induces to approaching flows. Presence of a small bridge 

next to the barrier probably influences and shifts the local maxima of the changes, 

especially for wind speed and inflow angle.  

• Turbulence intensity on top of a noise barrier for perpendicular flows (-30o until 

+15o) drops with respect to the Reference Pole from 28%-40% to 22-32%. For 

parallel flows towards the barrier at (+60o until +90o) the turbulence intensity 

range increases from 35-45% to 36-55%. For parallel flows (-60o until -90o) and 

(+60o until +90o), it increases from 25%-35% to 25%-42%, with respect to the 

freestream reference pole turbulence intensity ranges. 

• Annual Energy yields could vary greatly even within 20o of wind field rotation from 

110% down to 80% and back to 115% of the reference yield value. Installers are 

advised to perform wind resource assessment before installing. 

• Effects on wind speed magnitude have the greatest contribution in the relative 

change in energy yield ranging from 60%-150%. Skewed inflow angle losses should 

also be included as described before and range from 80%-95% as a loss. 

• Different combinations of height of installation and noise barrier (potential) 

orientation could bring variation in energy yield from 100-600 kWh for a 0.375kW 

micro wind turbine  

Electricity cost reduction is possible for micro wind turbines on noise barriers due 

to the 20% investment cost reduction from structural integration and the energy yield 

increase due to the noise barrier flow effects. LCOE can drop to 60%-90% of the 

reference value. When the wind field annual time series is rotated in order to assess the 

sensitivity with respect to the noise barrier orientation, it is found that LCOE can 

dramatically change even in 200 increments of rotation. Finally, when comparing micro 

wind energy projects of the like with onshore wind energy, it is clearly seen that micro 

wind energy is more expensive. 

As presented in Figure 2 - 19, LCOE could potentially decrease considerably but is 

very sensitive on the noise barrier relative angle to the wind rose (expressed in rotation 

angle δ(0)). This is quite positive for micro wind energy generation. However, a 

potential of 17.7 MW of micro wind energy generation exists for cases on top of noise 

barriers in the Netherlands. This is quite a small number comparable to 6 wind turbines 

of ~3MW, and is at a very low competitive level comparing to onshore wind prices of 

nearly 0.05 €/kWh [58]. Therefore it is concluded that viability of such projects is quite 

limited and further cost reduction is needed for example by using larger rotors along 

highways. However, micro wind energy is still an important part of wind energy 

developments where various applications may be powered. 
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2.5 Recommendations – Future Studies 
Based on results and all insight gained from the experiment and the data analysis 

process, the following recommendations are proposed. Some of those 

recommendations are implemented in this thesis while others are for future research: 

1) Micro-wind turbine installation on noise barrier to evaluate the behaviour and 

estimate the energy yield (covered in current thesis in Chapter 3) 

2) Wind tunnel testing to assess micro wind turbine’s behaviour on misaligned flow 

conditions (covered in current thesis in Chapter 3) 

3) Validation with more noise barrier sites and comparison with respect to 

surrounding roughness factors and zero-scale displacements and different year 

time series to assess the sensitivity (future research recommendation) 

4) Measuring in more detail the influence of turbulence due to passing vehicles, as the 

examined noise barrier is placed on low-speed limit road and other noise barriers 

are in higher speed limit (future research recommendation) 

5) Experimentation, modelling, analysis and correlation of the turbulent intensity 

effect of micro wind turbine yields on top of noise barriers (future research 

recommendation) 

6) Wake flow studies from the dataset for all other flows (future research 

recommendation) 

7) Validation of CFD studies of similar obstacles for urban flows or numerical 

simulations. (future research recommendation) 

8) Other measurement techniques in order to capture detailed aspects of the relevant 

flows on top of the noise barrier (for example, smoke visualization, LiDar etc) 

(future research recommendation) 

9) Experimental or modelling assessment of different turbine rotor sizes 

(pico/micro/small) and types, such as Vertical Axis Wind Turbines (VAWTs) or 

Diffuser-Augmenter Wind Turbines (DAWTs) (future research recommendation) 

10) Discussion with local authorities for regulations regarding turbine installation next 

to highways. (future research recommendation) 

11) Modelling of turbulence intensity impact on fatigue, loading, lifetime and O&M 

costs of the micro wind turbine integrated on top of a noise barrier. (future 

research recommendation) 

12) Detailed economic analysis and survey with installation companies in order to 

identify installation, operation and maintenance costs of micro wind turbines 

integrated on noise barriers (covered to some extent in Chapter  5 of current thesis) 

13) Wake losses in multiple turbines installation on noise barriers (future research 

recommendation) 
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Performance Characteristics of a Micro 
Wind Turbine Integrated on a Noise 

Barrier†  
 

“Negative results are just what I want. They’re just as valuable to me as 

positive results. I can never find the thing that does the job best until I find the 

ones that don’t.” 

― Thomas A. Edison 

 

This chapter describes the experimental procedures, methodologies, analysis and 

presents results for the concept of micro wind turbines installed on top of noise barriers. 

A number of performance characteristics that influence ultimately energy yield and thus 

overall economic performance are examined. 

The research question answered in this Chapter is: 

” What is the performance of a micro wind turbine integrated on top of a noise barrier?” 
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3.1 Introduction 

Micro wind turbines have a potential to be utilized for energy production in the 

urban environment. In order to reduce electricity production costs, they can be 

installed on buildings or on infrastructure. This has already been demonstrated at an 

affordable cost for photovoltaics in the urban environment. The challenge is also 

indicated in a cost comparison of free-standing micro wind turbines ranging from 6700 

to 10900 €2017/kW (2017 equivalent from US dollars) [1], while photovoltaic (PV) 

systems range from 2500–6700 €/kW (2017 equivalent from US dollars) [2]. 

Therefore, research is needed to find ways to reduce costs for micro wind turbines and 

optimize the performance characteristics, thus lowering electricity production costs. 

For micro wind turbines, there are numerous claims, showing a wide range of 

energy efficiencies and a wide range of costs, which are caused by an unregulated 

market without proper standardization. Also, their operating performance differs 

largely per wind turbine system and site of installation, hence more research is needed 

to identify all possible issues. The poor performance of numerous systems is shown in 

[3] where capacity factors were found extremely low up to an average of 0.85% when 

taking into account electrical standby losses and 4.15% when not. The ranges of the 

capacity factors of the various examined sites in England were between 1%–20%. This 

means that it is a difficult task for installers to select a proper micro wind turbine 

system for a particular site. This chapter addresses some of the above issues as they 

have been found through experiments both in a wind tunnel and from a field 

experiment on a noise barrier. 

The micro wind turbine system that is examined in this work is structurally 

integrated with noise barriers as seen in Figure 3 - 1. Noise barriers are part of many 

highway infrastructures passing through populated areas and reduce the noise 

produced by the passing vehicles. If micro wind turbines are structurally integrated 

with noise barriers, then a part of the structural costs of the micro wind turbines is 

reduced due to the use of its heavy support foundations that these barriers can provide 

to locate these turbines (multiple infrastructure use). The tower costs for micro wind 

turbines can vary from 13%–31% of the total investment cost [4] and if replaced 

instead by a simple flange as in Figure 3 - 1 in blue, the electricity cost could be reduced. 

A similar integration has been demonstrated in [5] for roof- and wall-mounted micro 

wind turbine applications on buildings. 
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Figure 3 - 1: Micro wind turbine integrated on top of the noise barrier. 

In current work, a number of performance characteristics are investigated and a 

state-of-the-art literature review is presented below. The intention is to aggregate the 

most relevant aspects that determine the performance of a micro wind turbine in an 

urban environment. The relevant characteristics are summarized as: 

 

(1) Flow misalignment in open air experiments 

(2) Electrical power conversion losses under dynamic external conditions 

(3) Starting behaviour of micro wind turbines in a varying wind speed 

environment 

(4) Optimal power control of micro wind turbines in urban wind conditions 

 

The first performance characteristic of current work refers to the misalignment of 

the flow with respect to the rotor. Wind flows passing through the rotor of micro wind 

turbines installed in urban environments, such as on noise barriers are not always 

perpendicular with the rotor. This misalignment effect can be observed under two 

different operational conditions. The first condition is when the wind flows are affected 

by urban obstacles such as a noise barrier, thus resulting in a skewed flow towards the 

rotor. In the second condition is the misalignment of the rotor with the flow due to the 

inadequate yaw response of the micro wind turbine’s hub with the rapidly occurring 

wind variations at low heights. 

The first operational condition has been examined in [6] where it was shown that 

flow on top of noise barriers is constantly misaligned with a range from +5 to +25 
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degrees for all wind flow directions towards the barrier. This constant flow 

misalignment was shown to lower the performance. The performance assessment was 

theoretically modelled with cos3θ law that predicted power under skewed flow. The 

intention of the current work is twofold. First to observe the validity of those theories 

with wind tunnel experiments presented in the Section 3.1.1 and second to apply the 

theory and wind tunnel results for observations from the field experiment. 

Regarding the different theories for prediction of power in misaligned flows, much 

literature is presented. For example, in [7], a rotor power measurement under yawed 

conditions was performed in a wind tunnel. It was found that there were anomalies 

from model predictions regarding rotor power responses to yaw error variations in 

experimental data. The conclusion was that higher accuracy prediction of wind turbine 

power performance under yaw conditions required a more complete understanding of 

rotor and blade aerodynamics. In [8], large eddy simulations were performed for yawed 

rotors of large wind scale turbines. The authors found that the cos2θ and cos3θ power 

decay laws respectively over and underestimate the power production in the 

experimental datasets for an inflow with shear. In [9] and [10], the maximum power 

production versus the tip speed ratio (TSR) was found to vary approximately like 

cos3(θ), where θ is the yaw angle in this case. The turbine used in this experiment was 

rather small with a diameter of 0.15 m and placed at a height of 0.125 m from the floor 

of the closed-loop tunnel. The power was extracted with a small Direct Current (DC) 

generator. Even though the cosθ law was applicable for this small turbine, care should 

be taken because the airfoils of such a small turbine operate in very viscous flow and as 

a consequence the behaviour will be different from a larger turbine with airfoils that 

operate at higher Reynolds numbers. In [11], yaw misalignment was studied for the 

MEXICO rotor with Computational Fluid Dynamics (CFD) for three wind speeds at 30o 

yaw angle with respect to aerodynamic performance for a 4.5 m diameter. In [12], wind 

turbine power performance was also investigated, showing drops up to 40% in the 

power coefficient CP with an increasing inclined flow (towards 40o) for a 75-kW system. 

Finally, in [13] a drop in the thrust coefficient CT and therefore in CP was observed for 

micro wind turbines in wind tunnel experiments for measurements of wakes from 

yawed flow from 0–45 degrees. In current chapter, a comparison of the cosθ, cos2θ and 

cos3θ laws was performed with experimental data from several wind turbine 

configurations and at different yaw position. These theoretical approximations are 

based on the momentum theory in steady yaw, the Glauert momentum theory model, 

and the vortex cylinder model, which seem to be applicable for large scale wind turbines 

[14]. 

Beside flow misalignment losses, which were part of the noise barrier structural 

integration, there were electrical losses that made the system inefficient. These were 

further classified in generator losses and power conversion losses. In this study, the 

focus lies on the power conversion losses with the point of measuring efficiency right 

after the generator and before the inverter. Also, the inverter efficiency was determined 
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during the operation of the wind turbine. Nevertheless, some notable studies on 

efficiencies also including generator losses were referred to as well. The conversion of 

mechanical power to electrical within the generator for a miniature wind-turbine was 

observed in [15], where a micro wind turbine of 0.15 m diameter was tested in a wind 

tunnel with various DC generators. Performance of the generator was also assessed in 

[16] for a miniature wind turbine. These studies presented losses between 60%–80% 

for DC generators. In the present study, a PMSG generator was used for which better 

efficiencies were achieved up to 95% [17]. But as said, the aim was not to study the 

generator losses but to focus on power conversion losses. 

Power conversion related losses occurred in the conversion of the generator’s 

Alternating Current (AC) to Direct Current (DC) for boosting up then back to fixed 

frequency AC for grid connection. Most commercial micro wind turbines have a 

Permanent Magnet Synchronous Generator (PMSG) that produces a three-phase power 

which is rectified to DC and then depending on the voltage level of the generator a buck-

boost converter brings it to each AC grid country compatible frequency. The 

instantaneous loss was dependent on the different electronic components and 

configurations and could be between 20%–40% [18]. These losses accumulate in the 

total power performance and can vary greatly depending on rectifier topology [19–21]. 

The literature also indicated other electrical losses that should not be neglected as it 

might lead to considerable reduction in cumulative energy yield. These are, for example, 

the standby losses of the inverter connected to the turbine. Such losses are hardly ever 

taken into account in commercial micro wind turbine manufacturer websites and 

brochures. The standby losses depending on the inverter can contribute to a 

considerable amount of energy lost. The field trials from Energy Savings Trust 2009 

report indicated that in some cases, micro wind turbine installations were found to 

become net-consumers of electricity due to the power consumption of the inverter 

taking its power (~10 W continuously) from the mains supply even when the turbine 

is connected but is not generating [22]. Similarly, [23] indicates that most small wind 

turbines have system electronics that run in standby mode or monitoring mode if the 

turbine is not generating. Depending on how much the wind turbine operates, these are 

additional losses for the micro wind turbine system. Due to lack of outdoor data in the 

literature, this is unfortunately hard to quantify upfront. 

In the current work, the above phenomena will be observed through the wind 

tunnel experiments in which different inverters will be tested. The results will be then 

used to quantify the annual energy yield and standby losses for 9 location cases in the 

Netherlands with accenting wind speed. Finally, the performance of the inverter, for the 

experiments where the micro wind turbine is integrated on noise barrier structure, will 

be presented. 

The starting and idling behaviour of the micro wind turbines is another important 

performance aspect not to be neglected. The low wind speeds in combination with the 

highly turbulent wind environment at low heights will certainly influence performance 
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and knowing the turbine’s behaviour at low wind speeds is important. Most micro wind 

turbines need a gust to overcome cogging torque and to complete the starting sequence 

at low wind speeds, quite often about 4 m/s [24]. Even when starting, the wind turbine 

might spend much time in idling mode until the inverter is able to boost the generator 

voltage to an acceptable level where it can be inverted to AC. Only then sufficient voltage 

is built up from the controllers in order to connect to the grid. Cogging torque is 

important and in [25] researchers tried to minimize it. But looking at the greater 

picture, the effect of the idling and starting behaviour can significantly influence the 

overall energy yield. During the experiments that will be presented in this chapter, the 

starting behaviour of micro wind turbines is observed for various yaw positions and 

wind regimes. After that, a quantification of the time that turbine would be in idle, stop, 

or operation is presented for different wind speeds. 

Finally, the performance aspect of controlling a micro wind turbine is crucial for 

identifying the maximum power performance point. Wind turbines have an optimal 

operating rotational speed for each wind speed. This rotational speed gives the best 

aerodynamic power extraction from the given wind flow [26]. The system’s controller 

should ideally control the power electronics in order to find the optimum rotational 

speed in rotations per minute (RPM) at all times for all wind speeds. If such controller 

is badly designed then a potential micro wind turbine project can turn into a financial 

and/or technical disaster. There are numerous studies on control of micro and small 

wind turbines and on how to assess and define the performance metrics such as power 

coefficient CP and tip speed ratio (TSR or λ) curve for micro wind turbines. 

In [27], the authors address the importance of the CP-λ curve for micro wind 

turbine operation and how power electronic converters are currently programmed 

with power and speed curves, which do not effectively optimize the power generation. 

For compensating the high costs and complexity of wind tunnels, authors designed an 

emulator to assist the development of controllers of small wind turbines. In the present 

study, data are analysed and shown with respect to the CP-λ curve response of the 

turbine. Additionally, a qualitative presentation of the results of the controller 

performance in the field experiment is shown to address the importance of the 

maximum power performance controller operating in a highly turbulent environment. 

All aforementioned studies mentioned here present performance characteristics. 

The motivation for the current study is generated by the fact that numerous individual 

issues are addressed regarding the performance, but an overall holistic understanding 

of those characteristics with respect to the overall power production performance is 

lacking. The novelty in the present work is hence found in a holistic approach to present 

and discuss the results of the experiments. One set of experiments conducted in a wind 

tunnel and used as a comparison basis for the other set of field experiment, where the 

performance of micro wind turbines integrated with highway infrastructures such as 

noise barriers is recorded. The chapter does not address the fundamentals of the aero-

dynamic, electrical, and control performance of the systems described, but rather ad-
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dresses the key aspects that result in an energy efficient system. All the performance 

characteristics addressed with respect to the field experiment are classified and 

quantified for a 22-minute dataset. However, the results can be also interpreted in a 

qualitative manner and inspire the research community to investigate further those 

aspects in a combined holistic effort. 

This chapter is organized as follows. In Section 3.1, a literature review and scope 

are presented. In Section 3.2, a detailed set-up description is presented of the wind 

turbine systems examined as well as the methodology used. In Section 3.3, results are 

presented for each key performance characteristic. In Section 3.4, a discussion on the 

obtained results can be found. Finally, in Section 3.5, the conclusions are presented. 

3.2 Materials and Methods 

To provide a quantitative and qualitative assessment of the performance 

characteristics of the micro wind turbines for installation on noise barriers, the 

following experimental set-ups, methods, hardware, and equations are used. The 

experiments are done in a wind tunnel under controlled conditions, in order to have a 

properly calibrated environment where micro wind turbine performance aspects can 

be determined. An outdoor field experiment with a micro wind turbine installed on top 

of a noise barrier will also be presented in order to understand the “real-world” 

conditions and how such outdoor conditions can affect the performance of the micro 

wind turbine. Numerous wind tunnel experiments inspired the methods of this work in 

many ways [16,28–31]. 

The methods and experimental conditions for both the wind tunnel tests and 

the field experiment are subsequently presented in the following subsections. 

3.2.1 Wind Tunnel Experiment 

The experiments were conducted in the Open Jet Facility (OJF) of TU Delft. This is 

a closed-circuit open jet wind tunnel with a jet diameter dnozzle of 2.85 meters. Wind 

speed was measured with a pitot tube placed inside the wind tunnel’s nozzle and was 

calibrated for the distance from the exit of nozzle in which all micro wind turbines are 

placed as seen below in Figure 3 - 2. Even though some literature suggests that blockage 

corrections are necessary even for small wind turbines like in [32] and [33], this is 

mainly the case for experiments in closed test sections. Since the current test object is 

exposed to an open jet flow (in a room with height of 8 meters and length of 13m) in 

significantly larger diameter with an area ratio of 3.5 between OJF nozzle and the 

turbine’s rotor, the blockage effects were considered negligible. Open jet blockage 

corrections were typically one order of magnitude smaller and of opposite sign 

compared to closed tunnel sections with similar diameter [34]. The use of open jet 

sections was a well-known setup for reducing blockage effects [35,36]. The Open Jet 
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Facility tunnel in TU Delft was used before with success for many aero-dynamic studies 

on blunt body loads as well for small scale wind turbine rotors like in [37]. 

  

Figure 3 - 2 : Diagram of installation of micro wind turbine in the Open Jet Facility (OJF) 
and wind speed pitot-tube. 

Two commercial wind turbine hubs are used in the experiments, the DOD Electric 

and the WindChallenge. For the DOD Electric, 3 different rotors were used. The 

standard commercial 5 bladed rotor from the manufacturer, an American 5 bladed 

rotor, and an American 3 bladed rotor. All these rotors had a blade radius of 0.83–0.87 

m. WindChallenge was a 3 bladed downwind turbine with blade radius of 0.86 m. All 

hubs had a permanent magnet synchronous generator with a rated power of 375 watts. 

All the turbine rotors were installed at the same distance from the wind tunnel’s jet exit. 

To study the losses of the inverter and the loss due to the skewed flow 

misalignment, the generator was directly connected to a grid-tied inverter before all 

energy was fed to the grid. This configuration is depicted in Figure 3 - 3. The nacelle of 

the wind turbine, see Figure 3 - 3, was locked at several yaw misalignment positions θ 

degrees with a tightening bolt. In that way, the effect of flow misalignment was 

calibrated and hence potential detrimental effects of the yawed and skewed flow of a 

micro wind turbine installed on a noise barrier can be identified. 
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Figure 3 - 3 : Schematic of configuration of skewed flow losses experiments and inverter 
losses for the wind turbine (WT) and its permanent magnet synchronous generator 
(PMSG), together with all relevant measured parameters 

In order to assess the energy losses, different measurement points were defined 

for each configuration, as seen in Figure 3 - 3. with measurement Point 1 and 2 before 

and after the inverter. The measurements were recorded in a DEWETRON data 

acquisition computer. Line-to-line voltage VLL (Volts) and line-to-line current ILL (Amps) 

in each phase were measured with a 10 kHz sampling frequency. Voltage was measured 

with DAQP-V-B and DAQP-V-HV modules and current were measured with Fluke clamp 

meters. For the calculations, the root-mean-square (RMS) values were considered, 

while the rotational speed (RPM) was estimated from the voltage zero-crossing. From 

those, the 3-phase power produced from the micro wind turbine right after the 

generator Pgen (Watts) was derived using equations 3.1. Grid voltage Vg (volts) and grid 

current Ig (Amps) measurements were also considered at the grid side and power Pgrid 

(Watts) was estimated with equation 3.2. 

 

gen LL LLP = 3V I  (3.1) 

  

grid g gP =V I   (3.2) 

 

These power values were later processed in order to find the efficiency of the 

inverter, but also to compare the power values for different yaw misalignment angles θ 

(o). Especially for yaw misalignment angles, a comparison of the experimentally 

recorded power at the measurement points with the theoretical estimation was 

considered. Equation 3.3 is used to estimate the theoretical power P (watts) using Pgen 

(watts) at each angle θ(o). 
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( ) ( )οi genP θ=θ =P θ=θ ×cosθ  (3.3) 

 

For the CP-λ study, the 3 phases of the generator are connected to a DC bridge 

rectifier and then to a DC controllable load unit on which a constant voltage could be 

set as seen in Figure 3 - 4. By setting up different voltages, the rotational speed of the 

rotor can be set. In that way, the performance of the micro wind turbine is assessed for 

different tip speed ratios TSR (see equation below). TSR is the ratio of the rotational 

speed ω (rad/s) times the rotor radius R (m) divided by the incoming wind speed uw 

(m/s), shown in equation 3.4. Further analysis of the equation to use the RPM measured 

from the equipment is shown in the equation. 

 

 

Figure 3 - 4 : Configuration of DC-controllable load tests in wind tunnel. 

Studying the TSR and generated power at each instance is important since this can 

confirm if the commercial MPPT (Maximum Power Point Tracker) inverters used were 

operating in the maximum performance possible. This configuration is visualized in 

Figure 3 - 4. 

 

rotor

w w

2π
×RPM×R

ω R 60TSR(-)= =
u u


 (3.4) 

 

The summary of all equipment that was used for the wind tunnel experiments can 

be found in Table 3 – 1. 
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Table 3 - 1: Wind tunnel experimental equipment and relevant descriptions. 

Equipment Description 

Wind tunnel facility 
Open jet Facility (TU Delft) 
Wind speed ranges 0-30 m/s 
Jet diameter 2.85 m. 

Turbine generator(s) 
Both are 3 phase PMSG 
Prated = 375 W 

Rotors used 

3 bladed upwind (R = 0.87 m) 

5 bladed upwind (R = 0.86 m) 

5 bladed upwind large (R = 1.06 m) 

3 bladed downwind (R = 0.85 m) 

Grid-tied inverters 
DF-SUN500-GWAL 

Custom-made for WindChallenge 

DC bridge rectifier 
3 phase bridge rectifier Zhejiang Jing Tai Electronics 
(MDS60–16) 

DC controllable load KIKUSUI (PLZ1004 W) 

Data loggers 
DEWETRON (DEWE-5000) 

National Instruments (cRio9063 with relevant modules) 

Voltage measurement 
(before inverter) - DAQP-V-B module (DEWETRON) with 0.05% accuracy 
(after inverter) - DAQP-HV module (DEWETRON) with 0.05% accuracy 

Current measurement 
Fluke i30 (current clamp) with Accuracy <1% 

Chauvin Arnoux MN38 (current clamp) with Accuracy <1%  

 

In Figure 3 - 5, a compilation of photos is presented showing all the experimental 

geometries tested in the jet of the OJF wind tunnel. 

   

Figure 3 - 5 : Photo-compilation of the micro wind turbines installed in front of the nozzle 
of the Open Jet Tunnel, (left photo) 5 bladed upwind in skewed flow configuration, (middle 
photo) 5 bladed upwind turbine in 0o skew angle and (right photo) 3 bladed downwind 
turbine. 
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3.2.2 Field Experiment 

Finally, field experiments are performed using the WindChallenge downwind 

micro wind turbine integrated on top of a noise barrier. The noise barrier is located at 

the road intersection of N470 – A13 near TU Delft in the Netherlands. The micro wind 

turbine is situated on top of the noise barrier with the hub 2 m above the noise barrier. 

A special flange was fabricated in order to allow the micro wind turbine be attached on 

the noise barrier, as seen in the left part of Figure 3 - 6. The micro wind turbine is 

connected to its dedicated designed inverter and is grid connected similar to the sketch 

in Figure 3 - 3. The power measurements, calculations, and equations are as explained 

in Figure 3 - 3. in the previous subsection. For the measurement of the hub’s yaw 

direction, a digital compass is designed and integrated with the hub of the turbine as in 

Figure 3 - 1. 

  

Figure 3 - 6 : Visualization of the micro wind turbine structural integration with the noise 
barrier. 

The observed directional data are then compared to the wind direction measured 

from the sonic anemometers next to the wind turbine as can be seen in Figure 3 - 7. The 

rotational speed of the micro wind turbine (RPM) is measured via a magnetic pulse 

counter installed on the hub’s shaft. The RPM measured in combination with the local 

wind speed was used to define the tip speed ratio (TSR) of the micro wind turbine. The 

yaw orientation is also measured with the digital compass installed on the hub of the 

generator. Finally, the power was measured before and after the inverter similar to the 

wind tunnel set-up but with different data acquisition equipment and power, voltage, 

and current sensors of similar accuracy. 
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Figure 3 - 7 : Micro wind turbine integrated on noise barrier field experiment. The 6 sonic 
anemometers are visible on the right located on two masts on three heights. The 
scaffolding behind the barrier is for access purposes and does not influence the incoming 
flow over the barrier. 

Finally, Table 3 - 2 below describes the equipment used. 

Table 3 - 2 : Field experimental equipment and relevant descriptions. 

Equipment Description 

Noise barrier Height =5.2 m 

Wind turbine 3 phase PMSG - Prated = 375 W 

Rotor 3 bladed downwind (R = 0.85 m)  

Grid-tied inverters WindChallenge 

Current sensor (after 
inverter) 

CR4200 (accuracy +/−2% below 0.5 A and +/−0.5% above it) 

Current and voltage sensor  

(before inverter) 

EM24 DINAV53DM1X  

(Energy Meter before inverter with accuracy +/−0.5% rdg) 

Data loggers National Instruments (cRio9063 with relevant modules) 

Digital compass A magnetometer with that measures 0–360o the orientation of the 
turbine. Sampling rate 15 Hz and stored at 10 Hz 

RPM meter Hall effect sensor with magnets placed inside the turbine’s hub 
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3.3 Results 

The following section includes the results relating to the performance 

characteristics addressed in the introduction with the experiments described in Section 

3.2. Each subsection addresses each performance characteristic measured in the wind 

tunnel or the field test and relevant discussions address the importance with respect to 

the overall performance. The overall performance is addressed extensively with a post 

analysis in the Discussion section. 

3.3.1 Flow Misalignment Losses 

As presented in the Introduction, flow misalignment losses can play a detrimental 

role into the overall lifetime performance of the micro wind turbines. In this part, 

experimental results from wind tunnel tests of different rotors in different yaw angles 

are compared with the theoretical approaches. Finally, these theories are projected to 

potential losses due to inadequate yaw response of micro wind turbines on a noise 

barrier. 

3.3.1.1 Skewed Flow Losses 

The theories regarding skewed flow were compared with wind tunnel 

observations for different wind turbine configurations. Rotors were tested in different 

skewed flow angles with respect to the wind tunnel free stream. The difference of Pgen 

(watts) generated power before the inverter of 3 different rotors and the reference 

power Pgen at a skew angle θ = 0 degrees is presented in Figure 3 - 8. The result is 

shown as the ratio ηyaw (-) between the measured power and the reference power at 

zero skew angle, shown in equation 3.5. 

 

( )

( )

( )i

gen i

yaw θ o
gen

P θ
η (-)=

P θ=0
 (3.5) 

 

The results for the DOD-Electric micro wind turbine in the 5-bladed and 3-bladed 

upwind rotor configurations are shown for yaw angles of 22o and 45o in Figure 3 - 8. 

For angles of 22o, the difference was between 80%–95% of the reference power for all 

tested wind speeds. For 45 degrees, it dropped significantly to 35%–65% for the 5-

bladed rotor and to 20%–35% for the 3-bladed rotor. These differences might be 

attributed due to the blade aerodynamic performance and the controller. A decrease in 

the relative difference of power at higher wind speeds than 10 m/s was observed. 

For the 3-bladed downwind turbine, see in Figure 3 - 8, the different skew angles 

considered were 15o, 30o, and 40o. There were no specific reasons for this difference 

with the other rotors. For 15o, the generated power was between 94%–100% of the 
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reference power. For 30o it drops to 85%–95% and for 40o to 75%–85%. This turbine 

seemed to have a better aerodynamic skewed flow performance than the other rotors, 

which could also be attributed to its controller and blade aerodynamic design. 

  

Figure 3 - 8 : Ratio of experimentally measured power to the reference power at θ = 0ο 
expressed as ηyaw(-) at different skew angles θ (15o,22o,30o,40o,45o) for (a) 5 bladed 
upwind, (b) 3 bladed downwind, and (c) 3 bladed downwind configurations. 

Next, the theoretical approximations for yawed flow power were compared with 

the experimental data of the 3 different turbine configurations. The results are shown 

in Figure 3 - 9. The comparison was made with the cosθ, cos2θ, and cos3θ theories, which 

were presented in the introduction of the chapter. Each theoretical generated power is 

presented in equation 3.6 below. These theories were coming mostly from rotor aero-

dynamics and thus do not include generator losses; however, the generator losses were 

assumed constant for any yaw angle θ(o) to be compared. Thus Ptheoretical (watts) is 

estimated from the Pgen (watts) power at the reference angle θ=0o. 

 

( )

( )

( )

( )

ο

gen i

ο 2

theoretical i gen i

ο 3

gen i

P θ=0 ×cosθ

P θ =P θ=0 ×cos θ

P θ=0 ×cos θ

 (3.6) 

 

To assess the validity of each theory using the experimental data, the following 

ratio ηtheory was used, shown as equation 2.7. 
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( )

( )
theoretical i

theory

gen i

P θ
η =

P θ
 (3.7) 

 

For the 15o yaw angle in Figure 3 - 9, the theoretical estimations were between 

90%–105% of the experimentally recorded values for the 3 bladed downwind turbine. 

The cosθ theory seemed to be the one closer to the reference value 1. 

For the 22o yaw angle in Figure 3 - 9, the theories give an approximation between 

80%–120% of the reference value for both upwind rotor configurations (3 bladed and 

5 bladed). For both rotors the cos2θ seemed to have better approximation. For different 

wind speeds, different approximations observed were probably attributed to the rotor 

aerodynamics and controller. 

For the 30o yaw angle and the 3-bladed downwind rotor in Figure 3 - 9, the 

theories gave an approximation between 70%–98% of the reference value. All theories 

seem to underestimate the power generated from the rotor. The closest approximation 

was the cosθ theory. 

For the 45o yaw angle and the 3-bladed and 5-bladed upwind rotor configurations 

in Figure 3 - 9, all theories seemed to fail dramatically in predicting the generated 

power. Especially for the 3 bladed rotor, all three theoretical models greatly over 

predicted the power production from values of 150%–200% for cosθ up to 250%–

300% for cos2θ. For the cos3θ model, the overprediction was even out of the range 

doubling the value reaching 400%. For the 5-bladed configuration, the theories were 

somewhat between 60%–200% of the theoretical values. In high wind speeds, the cos2θ 

and cos3θ theories under predicted power and in lower wind speeds, where the cosθ 

and cos2θ theories are over predicting power. The cos3θ theory seemed to be the most 

promising model. However, the large deviations in the results leads to conclude that all 

the cosine theories failed to predict greatly above 40 degrees skew angle. 

Finally, it was also observed that the ratio between measured power and 

theoretical power for the skewed angle experiments varied with increasing wind speed. 

This can most probably be attributed to the non-optimal control strategies of the 

turbines. 
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Figure 3 - 9 : Ratio of theoretical power estimation from 3 different yaw misalignment 
theories at different skew angles θo (15o ,22o,30o,40o,45o) with the experimentally derived 
generated power at these skew angles for (a) 5 bladed upwind, (b) 3 bladed upwind, and 
(c) 3 bladed downwind configurations. 

At this point, the findings, highlights and conclusions with respect to the theories 

that predict the flow misalignment losses will be discussed below: 

1. It is evident from Figure 3 - 8 that when any rotor configuration was exposed to a 

misaligned flow, the power performance dropped. This drop of power production 

due to misalignment for micro wind turbines on top of noise barriers is of 

importance to assessing the overall performance. 

2. Cosθ, cos2θ, and cos3θ theories for skewed flow did not manage to accurately 

reproduce the measured wind turbine power performance in wind tunnel 

conditions for micro wind turbines for all wind speeds and yaw angles. The 

hypothesis was that aerodynamics of the various rotors plus the control scheme 

that each turbine had, influenced the power output of the wind turbine in this 

skewed conditions in a non-linear way resulting in large deviations. 

3. The cosθ theory seemed to work quite well for the (c) configuration which was also 

the one that will be used in the field experiment. Thereby, this theory is used to 

estimate potential losses in the next sub-section. 

4. For all the other cases, both theories can lead to great deviations of the actual 

estimation of the power output. Thus, such theories must be treated carefully to 

accurately estimate wind energy yield on top of noise barrier, or any wind turbine 

installation point where flow was skewed by 15o and more (e.g., rooftops) and if 
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the wind turbine to be installed did not have its own custom-made inverter, or was 

intentionally designed for highly complex turbulent environments. 

3.3.1.2 Inadequate Yaw Response Losses 

The yaw response is the turbine’s hub effort to align at any point of time with the 

wind direction. The wind turbine’s hub was a free-moving mass on top of a bearing that 

should align with the wind flow in order to extract the wind energy available in the most 

efficient way. If the hub does not respond fast enough in these changes, then the wind 

turbine runs the risk of extracting less energy that it is able to. Downwind turbines have 

a weight displaced far from the centre of rotation. The downwind position allowed them 

to align with the flow, but the displacement of the weight (and the spinning rotor) led 

to a large inertia that was slowing down the yaw tracking of the rotor. In this study 

observations were made in order to approximate the losses due to this configuration. 

The effect was clearly demonstrated in the 2-minute example dataset shown in Figure 

3 - 10. The dataset was sampled with 10 Hz for the wind speed, hub’s yaw angle, and 

wind direction. It was clear that there was a mismatch between the alignment of the 

turbine’s head with the upcoming wind direction, which gets larger in lower wind 

speeds. Nearly all the time it was shown that the turbine’s hub was not aligned with the 

incoming flow. 

 
Figure 3 - 10 : Data measured for a period of 2 minutes with 10 Hz sampling frequency, 
(left graph) Wind speed measured at hub height and 6 meters next to the micro wind 
turbine, (right graph) Yaw angle of the micro wind turbine and wind direction (0o is North 
and 90o is East) for WindChallenge turbine. 

This yaw misalignment error was estimated for a dataset of 22 minutes with an 

average wind speed of 6.5 m/s. A duration curve of the mismatch of the flow and the 

yaw orientation is presented. This error was translated to a drop in power using the 

cosθ theory. The average potential power performance decrease in all this dataset due 

to inadequate yaw response was -37%. The average recorded power performance 

coefficient CP of the turbine for this 22-minute dataset was 0.20. If the turbine was able 
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to follow the wind flow at all times, then the power performance would increase to an 

average of 0.273 rather than 0.20, which is a substantial difference. From the power 

duration curve, in 

 

Figure 3 - 11 (left graph), it can be seen that for about 500 seconds the 

misalignment was less than 30 degrees. This also means that over the remaining 820 

seconds, so about 62% of time, the misalignment was large, which results in serious 

power losses. This calls for much more emphasis on dedicated yaw system designs for 

small urban wind turbines. 

 
Figure 3 - 11 : (left graph) Duration curve of the absolute yaw misalignment error 
(degrees), (right graph) histogram of probability of occurrence for CP values assuming 
ideal yaw response and comparison with actual measured from the 22-minute dataset 
obtained in the field. 

3.3.2 Electrical System Losses 

The power available in the wind extracted by the micro wind turbine significantly 

reduced due to the aerodynamic performance of the rotor and the generator’s losses, 

power drops as shown in Figure 3 - 12 when comparing the red with the green curve. 

Next, the inverter and control caused the power to drop further (blue curve). 
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Up to 10 m/s, the aerodynamic and generator losses dominated. In the region 

above 10 m/s, the inverter conversion losses started to increase, while at the same time, 

the loss in power was also due to aerodynamics (stall or pitch control) and/or the 

controller function to limit current from generator by means of electrical resistance. 

 

Figure 3 - 12 : Available wind power (red), generated power (green), and delivered power 
to the grid (blue). 

During the experiments, the inverter efficiencies were recorded for the power 

conversion together with the standby power consumption losses. These were losses in 

order to keep the controller running, light indications, anti-islanding relays, and other 

isolation units. 

These losses were divided into two main components: 

1. Inverter operating efficiency 

2. Standby power consumption losses 

3.3.2.1 Inverter Operating Efficiencies 

Inverter operating efficiency is crucial in order to convert the power in an efficient 

and reliable manner to bring to grid quality standards (for example 230 volts at 50 Hz 
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frequency for Europe). The inverter efficiency was calculated from the ratio of Pgrid 

(watts) and Pgen (watts) with equation 3.8. Results for 2 different inverters are shown 

in Figure 3 - 13. 

 

( ) grid

inverter

gen

P
η - =

P
 (3.8) 

 

 
Figure 3 - 13 : Wind tunnel measured inverter operating efficiencies as a function of wind 
speed for (left graph) the (c) configuration of 3-bladed downwind and (right graph) the 
(b) configuration of 3-bladed downwind configurations. 

These losses should be part of the performance characteristics of a micro wind 

turbine project as they might greatly influence the final total annual energy yield that a 

potential micro wind turbine could deliver. The experiments indicated that a wind 

turbine with a PV MPPT inverter performs less than a micro wind turbine with a 

dedicated designed inverter. Finally, a note shall be made on the drop of performance 

after 10 m/s, which is an intentional measure of the control system in order to regulate 

the large in-crease in power and rotor over-speeding. 

The inverter efficiency is shown in Figure 3 - 14 from the field experiment. It can 

be concluded that the inverter was performing as in the wind tunnel setting, by 

comparing with Figure 3 - 13 above with some deviations around the fitted line. 
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Figure 3 - 14 : (left graph) Time series plot of a 2-minute dataset (right graph) Scatter 
plot of field test for a 22-minute dataset of measured inverter operating efficiencies for 
WindChallenge downwind turbine with average wind speed of 6 m/s. 

3.3.2.2 Standby Losses Assessment 

Another type of losses are standby losses. These typically reflect the electrical 

consumption of the inverter during standstill or idling conditions. 

Measurements were made for different rotors and generators, for several 

inverters in the wind tunnel experiment and for one inverter for the field experiment. 

It was found that each inverter had an average constant loss during idling or full stop. 

The losses during idling of standby conditions were 2, 4, and 22 watts for (a), (b), and 

(c), respectively (see definition in Figure 3 - 9 for (a), (b), (c)). 

The standby losses were used in annual energy calculations. For these annual 

yields, wind speed hourly datasets were used from the Royal Netherlands 

Meteorological Institute (KNMI) [38]. Several locations in the Netherlands were chosen 

(near coastal, inland etc.) as a production sensitivity parameter. All data from each 

station were evaluated on their validity and quality. Some datasets were neglected 

whenever there were Not a Number (NaN) values, outliers, or other errors (due to 

weather station issues). The period of data acquisition assessed was from 01 January, 

2018 until 31 December, 2019. The annual energy production estimations were made 

by interpolating the grid power output of the wind turbine’s measured power curve 

with the query points of hourly wind speed for each location. This was a rough approach 

since at low wind speeds close to the standby loss point, typically, turbulence intensities 

are higher and might lead to a slight increase in instantaneous power output [39]. 

However, this increase was considered minimal in this experiment case since micro 

wind turbine were not able to follow all fluctuations in an instantaneous fashion 

without moving away from the optimal point of operation. The intention of this case 

study was to provide insight into how losses can increase when standby losses are 

taken into account or not. 
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Thereby, a power curve look-up table was used with the hourly wind speed ut 

(m/s) for each hourly time step t translated to an hourly energy output E(kWh), 

presented in equation 3.9. During the moments that power generation from the turbine 

was zero, the standby losses that were found in the wind tunnel experiments were 

subtracted. In that way, the influence of the standby losses on the Annual Energy 

Production AEP (kWh) was taken into account. 

( )
( )( )

( ) ( ) ( )( )

tstandbyloss

t

t t t

-P ,         if P u =0
E u =

P u =P u ,  if P u >0
 (3.9) 

 

Once E(ut) is defined for each time step, the annual energy production AEP (kWh) 

is then the sum of each hourly time step with equation 3.10. 

 

( ) ( )
8760

t
t=0

AEP kWh = E u  (3.10) 

 

The influence of standby losses on the total annual wind electricity production is 

presented for 3 locations in the Netherlands (De Bilt, Rotterdam, and IJmond) with 

mean wind speeds of 3.36, 4.13, and 6.97 m/s, respectively. For these calculations, the 

power curve of the downwind 3-bladed WindChallenge micro wind turbine is used, 

which was rated at 375 watts. A calculation is made for different inverter standby losses 

(2, 4, and 22 watts) for fully aligned flow conditions. The first bar presented in Figure 3 

- 15 below is the reference generated power excluding the standby losses. For low wind 

speed sites (3.3 m/s), the standby losses are of a considerable amount (5%, 10%, and 

50%). When average wind speed increased, the losses dropped significantly. The 

amount of standby loss also play a role. 
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Figure 3 - 15 : Annual Energy Production (AEP) for 3 sites with different annual mean 
wind speed (left=3.3m/s, middle=4.1m/s, right=7m/s) assessing the losses for 3 different 
inverter standby losses (2, 4, and 22 W) compared to the reference AEP. 

3.3.2.3 Site Assessment Feasibility with Electrical Losses and Skewed 

Flow 

A more detailed assessment is conducted for 9 sites in the Netherlands from 

inland to nearly coastal wind climate conditions with increasing mean wind speeds of 

2.7–5 m/s, measured at 10 meters height, whose details are found in Table 3 – 3 below. 

This was relevant because micro wind turbines usually are installed at such heights and 

will experience these mean wind speeds. The site characteristics are presented in the 

table below. This assessment is a sensitivity analysis for the effect of yaw misalignment 

and inverter standby losses (assuming 6 watts). It is assumed that whenever the 

turbine was not producing any power, a consumption of standby loss was occurring. 

The site that was the nearest to the noise barrier location of the field test was R’dam 

(Rotterdam) measured in an open field at an airport. The noise barrier site is located 

10 kilometres away from that measurement point. By extrapolating the results for the 

standby losses shown in Figure 3 - 15, about 24 kWh of losses are expected from a 493-

kWh reference AEP. This is a ~5% decrease in AEP due to the standby losses. 
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Table 3 - 3 : Wind Site characteristics including the Weibull lambda and k 

parameters that describe the wind regime for 9 locations. 

Station 
Arce

n 

De 
Bil
t 

Ell 
Eindhove

n 
Maastrich

t 

R 
’da
m 

Voorschote
n 

Schipho
l 

R’dam 
Geulhave

n 
Umean 
(m/s) 

2.7 3.3 
3.
3 

3.5 3.7 4.1 4.3 4.7 5 

λ 
(scale) 

3.0 3.8 
3.
7 

4 4.2 4.6 4.8 5.4 5.7 

k 
(shape

) 
1.6 1.9 

1.
6 

1.8 2.0 1.8 1.8 1.9 2.2 

 

The results for the assessment of the 9 sites are presented in the curves in Figure 

3 -16. In particular the annual energy production is plotted versus the increasing wind 

speed per site, The conclusions derived are: 

1. Energy yield is higher for higher mean wind speeds. 

2. The annual energy production (AEP) standby losses are lower at higher mean 

wind speed as the wind turbine produces more time and stays less time 

inactive, consuming standby power. 
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Figure 3 - 16 : Annual Energy Production AEP (kWh) without and including standby losses 
for an increasing mean wind speed per different site and different yaw angles for (a) 5-
bladed upwind, (b) 3-bladed upwind, and (c) 3-bladed downwind configurations. 

Figure 3 - 17 shows the ratio of AEP (kWh) with and without the standby losses. 

It was clear how much overestimation of predicted power can occur especially in the 

low wind speed regions. Another important finding is that there are cases where the 

combination of low site average wind speed, large average yaw angle that the rotor is 

exposed, and a specific rotor can lead to even a net consumer wind turbine system 
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rather than producing one overall a year. This is seen well for the 3-bladed upwind 

turbine in the left graph and for yaw angles of 45o. 

It is also clear that some wind rotors have much more beneficial production, such 

as 3-bladed downwind, which is due to better aerodynamic performance in yawed flow, 

better controllers, and possibly lower grid connection wind speed leading to less losses. 

 

Figure 3 - 17 : Ratio of Annual Energy Production with and without the standby losses 
plotted for increasing mean wind speed usite(m/s) per different site and different yaw 
angles θ(o). 

3.3.3 Optimal Power Control Performance 

Micro wind turbines have an aerodynamic maximum operating point at which 

they harvest maximum power from the available wind power. However, when placed 

in the field there are a number of factors that might lead to deviations from those 

optimal points. These factors have to do with the micro wind turbine design, the 

turbulent nature of wind speed at low heights, and the control system of the wind 

turbine. Observations from a wind tunnel experiment are presented showing the best 

operating point and the corresponded tip speed ratios and performance coefficients for 

micro wind turbines and then are compared with real-field measurements in order to 

give an im-pression of the micro wind turbine’s behaviour on the field and identify the 

room for improving the performance characteristics of micro wind turbines. 

3.3.3.1 CP and Tip Speed Ratio Measurements in a Wind Tunnel 

A test was performed by using the DC load set-up where the RPM of the generator 

could be controlled through voltage and thus the maximum aerodynamic power 

coefficient of this particular rotor was found. Figure 3 - 18 below presents the results 

for 2 rotor configurations with 5 blades (a smaller and a larger rotor diameter). For 



Chapter 3 

92 

 

both rotor diameters it was found that the maximum performance was between a tip 

speed ratio (TSR) of 4–6. Also, as wind speed increased, the optimum CP was found in 

higher Tip Speed Ratios (TSR). Also, the CP slightly decreased with increasing wind 

speeds. The CP equation 3.11 below was based on the ratio of aerodynamic power Paero 

(watts) (equation 3.12) and Pgen (watts). Paero (watts) was based on the air density ρair 

(kg/m3), rotor radius Rturbine (m) and wind speed uw (m/s). 

 

gen

P
aero

P
C =

P
 (3.11) 

  

2 3

aero air turbine wP = 0.5 ρ π R u     (3.12) 

 

 

Figure 3 - 18 : Wind tunnel results of generator’s CP-λ (top) and CP-RPM (down) curves of 
different rotor diameter 5 bladed upwind rotor configurations (left graphs for 0.85m 
diameter and right graphs for 1.05m diameter) based on Pgen(W) power after the 
generator for different wind speeds (see legend). 
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For the 3-bladed downwind micro wind turbine used in the field experiment, 

unfortunately a detailed CP-λ assessment was unfortunately not available. But data 

were extracted from the power curve characterization test including the RPM of the 

generator, thus the optimal operating point of the wind turbine for each wind could be 

found. The CP and TSR characteristic data for all wind speeds are presented below in 

Table 3 - 4. This shows the power performance of the micro wind turbine for ascending 

wind speeds. 

Table 3 - 4 : CP-TSR characteristic curve for the 3-bladed downwind turbine configuration 

derived from wind tunnel test. 

Wind  

Speed (m/s) 
RPM CP TSR 

3.00 190.00 0.40 4.97 

4.00 240.00 0.40 4.71 

5.00 300.00 0.35 4.71 

6.00 360.00 0.34 4.71 

7.00 430.00 0.34 4.82 

8.00 490.00 0.30 4.81 

9.00 560.00 0.31 4.88 

10.00 690.00 0.29 5.42 

11.00 770.00 0.33 5.50 

12.00 880.00 0.30 5.76 

13.00 963.00 0.28 5.82 

 

3.3.3.2 Performance of the Controller in the Field 

A 22-minute dataset was collected from the field experiment. An analysis was 

performed for the wind speed U (m/s), Tip Speed Ratio (TSR), power performance (CP), 

and rotational speed (RPM), which were recorded with 10 Hz sampling frequency. By 

comparing the scatter plots in Figure 3.19 with the experimental results in Table 4, it 

was understood that there were significant mismatches with respect to the optimal 

performance measured in the controller wind tunnel conditions. In particular, by 

looking at the histogram of TSR, nearly 37% of time the TSR was between 2–4, while 

24% of time the TSR was between 4–6, which was the optimal range determined in the 

wind tunnel experiments. Looking at power performance coefficient consequently, a 

poor performance was also observed, with the turbine operating most of time not close 

to 30%–40% (as determined in the wind tunnel experiment). 
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This was also observed in the scatter plots where most data points co-exist for low 

TSR and low CP (bottom right scatter plot). The results were also assessed with a lower 

sampling frequency of 1 Hz (with resampling), which presented no deviations for TSR 

with mean values being 3.48 (at 10 Hz) and 3.49 (at 1 Hz). But for the result CP, an 

overestimation of the value was found with 20.7% (at 10 Hz) and 21.4% (at 1 Hz). 

Therefore, it is concluded that lower sampling rate overestimated power performance 

coefficients. 

 

 

Figure 3 - 19 : (left 4 graphs) scatter plots of the 22-minute dataset for wind speed u(m/s), 
tip speed ratio, rotational speed (RPM), and coefficient of power performance CP (right 2 
graphs) histogram of probability of occurrence for the power performance coefficient CP 
and tip speed ratio (TSR). 

The results as such did not indicate a potential solution to this mismatch but 

rather addressed this issue. Control strategies differ per micro wind turbine 

manufacturer. It was understood that control systems were giving a flexibility on the 

micro wind turbine to operate in the near ground low wind speed and turbulent 

environment. Technically this is done by allowing the voltages to rise more, in order to 

keep the micro wind turbine spinning. At low wind speeds, manufacturers tend to let 

the micro wind turbines operate at a higher tip speed ratio (with the price of less 

efficiency) in order to avoid a full stop of the micro wind turbine, while in higher wind 

speeds, they allow the turbine to operate at lower tip speed ratio to allow better control. 

This is evidently shown in the top-right scatter plot of figure above. It is hard to classify 

in which conditions of the field experiment, the controller allowed on purpose to lower 

or higher tip speed ratios to find the optimal point of operation. But the dynamics of the 

controller response and ability to follow the turbulent nature of wind together with the 

inertial responses of the turbine could definitely be a next step into research. 
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3.3.4 Starting behaviour and idling fatigue 

This section presents the findings of the starting and idling behaviour of the micro 

wind turbine from the wind tunnel and field experiment. The micro wind turbine 

behaviour was classified according to the following states: 

1. Complete Stop 

2. Idling 

a. Rotor comes to idling condition from complete stop 

b. Rotor comes to idling from generation   

3. Generation 

a. Coming from stop condition 

b. Coming from idling condition 

 

These states are further described below: 

During the complete stop phase, if the hub’s yaw angle is misaligned with respect 

to the flow, then the flow acts as a force to align the hub to the flow. The force acting on 

the rotor should be enough to rotate the hub to the direction needed. Figure 3 - 20 below 

shows results for different rotors tested in a wind tunnel from different yaw conditions. 

A 5-bladed and 3-bladed rotor with similar aerodynamic properties was exposed to an 

incremental wind speed increase in the wind tunnel starting from 90o yaw 

misalignment until the point the rotor started aligning fully with the flow (refer to the 

left image in Figure 3 - 5). It is clear that the 5 bladed rotor with higher solidity needs 

higher wind speed to start the flow alignment. Also, another finding was that while the 

tail-vane of the micro wind turbine assisted the rotor to start rotating from the 

perpendicular mis-aligned position in lower wind speeds, it took slightly higher wind 

speeds for the rotor to align with the flow (observe the region between 2–3 m/s). 

Once the alignment is successful, then the rotation of the turbine starts leading to 

either idling state or generating state, described below. 

While idling, the rotor does not produce any power but is in a standby mode where 

the controller boosts the voltage to connect to the grid by, for example allowing higher 

rotational speed to generate sufficient inertia in the system and then boosting voltage 

to connect to the grid side. This mode can happen from either a complete stop of the 

rotor or a rotating turbine that generates power. These two possibilities are explained 

below: 

During the point where the rotor comes to idling condition from complete stop, 

the rotor is aligned with the incoming flow and the aerodynamical power is enough to 

allow the rotor to spin up to a point that it has overcome the cogging torque of the 

generator. However, there’s not sufficient voltage boost to connect to the grid. The wind 

speed resource and its turbulence characteristics in combination with the power do not 

allow for sufficient rotational speed to be built up and thus voltage to connect to the 

grid. A final remark on this state, is that a combination of low wind speed with high 
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turbulence and some small magnitude gusts are needed to bring the rotor to this 

condition. 

 

Figure 3 - 20 : Experiment where rotor alignment with the flow is assessed from a complete 
stop and a 90o misalignment and by increasing the wind speed until the rotor becomes 
fully aligned at 0o. 

In the stage when the rotor comes to idling from generation, the turbine was 

connected to the grid and generating while the wind speed dropped significantly. 

Therefore, there was still inertia in the rotor, thus allowing for it to rotate up to a point 

that the voltage is not sufficient for grid interconnection. However, the aerodynamic 

wind speed power is enough to allow rotational movement by overcoming the 

generator’s cogging torque. 

While in generation mode, the turbine’s generator voltage is sufficiently high to 

connect to the grid and the power electronics assure that the turbine is connecting to 

the grid and delivering power with the appropriate grid quality (typically 220 volts and 

50 Hz). The turbine can reach this state either from a period where the rotor was at full 

stop or a period where the wind regime was such to allow the turbine only to idle. These 

are described below: 

In the stage of coming from stop condition, the rotor reaches rotational speed that 

is sufficient to build the sufficient voltage in order to connect to the local grid conditions 

from a complete stop. Current is now flowing effectively and the power electronics 

make their work to deliver power to the grid. A combination of a previous stage of 

complete stop due to low wind speeds and a sudden increase in wind speed with gust 

behaviour might have allowed for this. 

The stage of coming from idling condition, is similar to the previous step, but the 

rotor is already rotating, thus it is easier for it to connect to the grid with a slight 

increase to the mean wind speed. 
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This behaviour is quantified with a case study where the complete stop (State 

Zero), the idling mode (State One), and the generating mode (State Two) are assessed. 

This is quite important as during idling mode the wind turbine basically is not providing 

power while increase the overall cumulative fatigue to its components even though it is 

still in low rotational speeds. An algorithm was developed to assess this for 10-minute 

wind speed data for the place of Delft. The logic is quite simple and it considers 4 

important wind speeds for the turbine, depicted from the explanations before.  

These are described below and presented in Figure 3 - 21 below: 

1. Starting Speed ustart (m/s), this happens when the rotor starts rotating and has to 

be monitored through the wind tunnel experiments. 

2. Stopping Speed ustop(m/s), when rotor comes to a full stop. 

3. Cut-In Speed ucut-in(m/s), when the generator connects to the main grid coming 

from a complete stop condition. 

4. Disconnecting Speed udis(m/s), for which the turbine was still rotating before but 

in an idling condition. 

 

 

Figure 3 - 21 : Power curve recordings with an increasing (up) wind speed and then 
decreasing (down) wind speed. Characterizing wind speeds are noted in the legend box. 

Using an annual wind speed dataset from Rotterdam airport’s weather station, the 

different wind turbine states were determined along the logic scheme plotted in Figure 

3 - 22. Thus, the amount of time was quantified when the turbine is actually generating, 

idling, or being at a full stop. This happens by assessing the previous state of the turbine 
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in each time step. The region between 2.5–4 m/s is quite important as the turbine might 

come from either a generating point or a full stop point. The logic is described below. 

 

Figure 3 - 22 : Flow diagram for idling state assessment. 

The results from this case study are presented in Figure 3 - 23, where State One 

rep-resents the idling stage for this particular site and accounts for 15% of time, while 

complete stop (State Zero) is for 22% of time and generation (State Two) is at 63% of 

time. 

 

Figure 3 - 23 : (left graph) Case study for different wind turbine states in legend: (State 
Zero) rotor at complete stop and turbine not generating, (State One) rotor is idling and 
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not generating, and (State Two) rotor is rotating and generating. (middle and right 
graph) Different time resolutions. 

Table 3 - 5 presents the distribution between stop, idling and generating for three 

different wind speed. When the mean wind speed of a site increases the idling states 

decreases and generation increase. For example, between 3 to 5 m/s idling reduces 

from 29% to 22% while generation increase from 41% to 57%. 

Table 3 - 5 : Distribution of different wind turbine states for different sites mean wind 
speeds. 

Mean Wind Speed (m/s) 3 4 5 

State Zero (complete stop) 30% 23% 21% 

State One (idling) 29% 28% 22% 

State Two (generating) 41% 49% 57% 

 

3.4 Discussion 

This experimental study, inspired by the large number of articles that examine the 

performance of micro wind turbines, has cross validated many of the claims for their 

different performance characteristics. From the theoretical and experimental research 

work on flow misalignment, to the electrical system losses with a great emphasis on the 

standby losses, which are typically neglected, and from the control system losses to the 

findings on turbine idling state. All these results are very relevant for the noise barrier 

application, but could very well be projected to any urban micro wind turbine system. 

The results indicate the necessity for micro wind turbine designers to redesign many of 

the subsystems in order to more efficiently capture the available urban wind energy. 

Finally, from an installer’s point of view, the combination of the poor performance 

characteristics with the rather expensive cost of micro wind energy systems (compared 

to the more mature PV systems) and the particularly low wind speed regimes near 

ground, makes the techno-economic evaluation of a micro wind energy system 

challenging. All these uncertainties increase the financial risks for a profitable system 

installation. Another characteristic not addressed in this current work is the 

maintenance d-mand of such a rotating electromechanical system, which could also 

affect the cost of electricity and it is proposed to be included in the future for further 

assessment. 

To conclude this chapter in a holistic way, a final post-analysis of the results was 

made to picture the overall performance of the micro wind turbine in the field 

presented in Table 3 - 6. To understand where there could be points of improvement, 

the ideal power production was estimated by interpolating the wind speed 
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measurements for the 22-minute dataset with the idealized wind tunnel measured 

power curve before the inverter. Then the ideal energy productions are summed for 

each timestep from the wind turbine. This was the basis to estimate all the next ratios. 

The measured actual power production data from the 22-minute dataset, right 

after the inverter and including standby losses, were summed and divided with the 

ideal production. It was found that the actual production was only 42% of the ideal one, 

which means that there were significant losses of ~58%. 

These 58% losses were further classified into 3% for the standby losses and 5% 

for the inverters power conversion losses. The next loss presented was due to the 

inadequate yaw response resulting in flow-rotor misalignment. This was estimated by 

multiplying in each time step the potential drop of power with the ideal power 

production before the inverter, then summing up and diving with the ideal one. It was 

found that 18% of these losses might be attributed to the inadequate yaw response. 

Finally, the remaining 33% of losses must be attributed to the poor controller 

performance and other losses. 

 

Table 3 - 6 : Breakdown of ratio of energy measurements related to performance 
characteristics at field test with respect to the ideal performance in wind tunnel. 

Energy Measurements (Production or 
Losses) 

Ratio of Energy Production or Losses 
with the Ideal Performance in Wind Tunnel 

Net actual power production 42% 

Standby losses 3% 

Inverter losses 5% 

Losses from Inadequate Yaw Response 18% 

Controller performance losses (or other) 33% 

Ideal Power Production before inverter 
(measured from wind tunnel) 

100% 

 

The Table 3 - 6 presented above for the 22-minute dataset for the average wind 

speed of 6.5 m/s brings up a conclusion that there is still room for improvement for the 

micro wind turbines on noise barriers. Therefore, the installation of the examined wind 

turbine at the particular noise barrier is not yet a mature choice to be made. 

3.5 Conclusions 

This chapter aimed to answer the research question of “What is the performance 

of a micro wind turbine integrated on top of a noise barrier?”. Therefore a wind tunnel 

and field test of a micro wind turbine on noise barrier were conducted. The key 

conclusion is that the actual performance on the noise barrier in terms of energy yield 
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was 42% from the ideal power production measured before the inverter in the wind 

tunnel. Eight percent of losses were due to the inverter and standby losses, 18% were 

due to inadequate yaw response to the wind flow, while the remaining 33% of losses 

were linked to poor controller performance. These results mean that there is still room 

to achieve the ideal performance as recorded in a controlled wind tunnel environment. 

The key conclusions per performance category are summarized here. 

Flow Misalignment 

1. Power performance drops significantly with the increase of the flow skewed angle 

for which micro wind turbine’s rotor is exposed on the noise barrier. 

2. Cosθ, cos2θ, and cos3θ decay laws do not accurately reproduce the actual power for 

different yaw angles and wind speeds. 

3. The micro wind turbine installed on top of the noise barrier presented a 

considerable flow misalignment for a 22-minute dataset (average wind speed of 6.5 

m/s) resulting in an overall drop of CP 

Power conversion performance 

4. Inverter performance measured at the wind tunnel was fairly reproduced in the 

field experiment with small deviations. 

5. Standby losses from the inverter are not typically considered in Annual Energy 

Production estimations, but their importance should be addressed as in some case 

studies examined in current work, the combination of high standby losses and low 

wind speed regimes resulted in a net-consumer turbine. 

Starting and idling of turbine 

6. The idling state of the micro wind turbine, which might result in increased fatigue 

without any useful generation, could occur between 20%–30% of a full year as it 

was assessed for sites with annual average wind speeds of three to five meters per 

second. 

Optimal Control 

7. Wind tunnel measurements of different rotors indicated that power performance 

coefficients were optimum for tip speed ratios between four to six for the tested 

turbines. 

8. These optimum points were achieved minimally in the field. A 20-minute dataset 

post analysis indicated that 40% of time the TSR was between two to four, thus in 

an inefficient region, resulting in nearly 70% to operate at power performances 

below 20%. 
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Technical potential and application of 
micro wind turbines integrated on 

noise barrier acoustic screens in the 
Netherlands using GIS †  

 

 

“GIS is waking up the world to the power of geography, this science of 

integration, and has the framework for creating a better future” 

― Jack Dangermond (American businessman and environmental 

scientist) 

 

This chapter provides a methodology to assess in a national scale the technical potential 

of micro wind turbines structurally integrated on top of noise barriers. The method uses 

GIS databases, wind energy models and corrections derived from the experimental work 

in previous Chapters. 

The research question answered in this chapter is: 

” Is there nationwide technical potential of micro wind turbine noise barriers in the 

Netherlands?” 

 

This chapter uses the GIS methodologies that were developed as presented in Chapter 6. 

4 
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4.1 Introduction 

There is a strong tendency of utilizing urban energy towards the sustainable 

energy transition goals. While solar energy technologies are already implementing 

numerous concepts of integrating with infrastructures and buildings, micro wind 

energy is still under progress and development. An interesting concept of integration is 

to place structurally integrated micro wind turbines on top of noise barriers thereby 

avoiding support structure and foundation costs leading to an electricity cost reduction. 

This has been proposed and applied already for photovoltaic systems with the PVNB 

(Photovoltaic Noise Barrier). One of the major challenges though is to assess which 

would be the technical potential of micro wind energy systems on noise barriers. The 

availability of datasets of noise barriers, as well as wind resource datasets from weather 

stations and land cover maps, has made it possible to study the wind energy potential 

of micro wind turbines on noise barriers in the Netherlands. The combination of these 

datasets in a GIS tool together with the application of already existing wind resource 

models to translate wind speed time series to each noise barrier location and the results 

of the influence of noise barriers on wind flow properties, has given the opportunity to 

examine this on a national level. Additionally, the availability of GIS datasets in terms of 

infrastructures (electrical and gas networks) can be used to estimate the 

interconnection capabilities of such noise barriers. Current work examines bottom-up, 

the technical potential of integrating micro wind turbines on all existing noise barriers 

in the Netherlands and discusses potential power applications. 

4.1.1 Renewable energy applications on noise barriers 

Renewable energy potential on top of noise barriers could be from solar or wind 

energy. Much research has been done already on photovoltaic modules integrated with 

noise barriers but little has been done for micro wind turbines on noise barriers at least 

on the technical potential. The physical integration of photovoltaics on noise barriers 

has the potential to reduce costs and the same holds for micro wind turbines due to the 

structural integration with also the potential increase in energy production as found in 

[1] as a bonus. 

Regarding solar energy barriers, an early European study identified the technical 

potential [2] of photovoltaic noise barriers (PVNB). A case study for mass deployment 

of photovoltaic noise barriers has been done as well with combination of GIS datasets 

for US [3]. Also in the Netherlands a monitoring programme was concluded on a 

motorway to identify the performance characteristics of PVNB [4]. This research and 

demonstration study of PVNB has identified the benefits of PVNB and resulted in 

governmental incentives in the Netherlands to promote solar panel physical integration 

with civil traffic highway infrastructures [5]. 
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Urban energy roadmaps in the Netherlands indicate that renewable energy 

production and direct utilization should be increased in urban environments, in order 

to fulfil climate targets. These targets are presented in the Climate Agreement 

(Klimaatakkoord), but a specific mention of physical integration of micro wind energy 

with highway infrastructures is not made. Therefore, the present research findings 

could identify the merits pros/cons towards the long-term climate goals. 

However, there has been some guidance regarding micro wind energy installation. 

At a European-wide level there is a report for micro wind turbines [6], where the 

deployability of those systems is assessed. It was found that small wind turbines could 

either directly sell electricity to the grid and get a premium or simply they lower the 

expenses of the electricity bill of the owner of the micro wind turbines. Around the same 

time, a report was published in the Netherlands from RvO (The Netherlands Enterprise 

Agency) regarding placement of micro wind turbines in urban environments. This 

report is a guideline for interested municipalities who want to install micro wind 

turbines [7]. However, there is not any holistic strategic approach on the real amounts 

of micro wind energy to be installed. The 2019 Dutch Climate Agreement 

(Klimaatakkoord) emphasizes the role of the different regions into promoting 

renewable energy projects in order to achieve a total target of 35TWh renewable 

electricity production on land by 2030. This electricity production refers to installations 

of wind turbines on land or PV greater than 15kW, thus more than a single micro wind 

turbine unit [8]. This goal is also described in Regional Energy Strategies [9] but there 

is not any mention, classification or description with respect to micro wind electricity. 

It is even mentioned that the smallest turbine installation is rated at 3.6 MW and an 

installation height of 80m. This is quite different from micro wind turbine scales, which 

are typically in order of a few kilowatts and a few meters from the ground. This could 

be interpreted as those smaller systems than 15kW (namely domestic solar and urban 

wind) are seen as a contribution to reduce the domestic energy consumption rather 

than contributing to National Renewable Energy Targets. 

But since the hypothesis is that a large scale potential in wind turbine integrated 

noise barrier systems exist, therefore a nation-wide study assessment of the potential 

together with a feasibility study towards potential applications is necessary. Knowing 

the potential of the concept may assist authorities for identifying new non domestic 

possibilities for micro wind energy physical integration projects. But to do this, 

modelling at a national level of the potential is important. The next sections show 

different methods that have inspired this study to assess this technical potential. 

4.1.2 Wind energy potential estimation at urban level with GIS 

The use of GIS for the estimation of the energy potential of urban renewable 

energies has been researched by many. For the case of solar energy on noise barriers a 

list of test set-ups together with the European wide potential is presented in [2]. 

Authors combine meteorological data together with noise barrier data to find the total 



Chapter 4 

110 

 

potential for Europe. Another useful study in Italy uses GIS data for financial feasibility 

of roof-top mounted wind turbines in [10].  A GIS-based decision support model is 

configured using data from weather stations, an urban canopy meshed grid and a link 

to equations related to estimation of wind energy potential and Annual Energy 

Production (AEP). For this case a 3kW turbine was used. Interestingly land lease values 

were also used for the estimation of profitability of the system. Another holistic 

approach is the GIS use for energy estimation of solar noise barriers in the USA 

presented in [3]. The power and energy potential of mass-scale deployment of 

photovoltaic noise barriers (PVNB) was estimated. GIS software was used in which 

noise barrier characteristics (orientation, location) in combination with irradiation 

data were combined to determine the potential. Losses related to solar energy potential 

such as soiling of panels was also included.  GIS was also used to assess the impact of 

large scale building integrated PV deployment in the sizing of urban transformers in 

[11]. Solar extension modules in GIS software estimate the power needed and then 

relate it to the existence of transformers. In that manner, GIS are very powerful in 

strategic planning of urban infrastructural developments, especially for the energy 

transition to happen in urban centres with increasing amounts of renewable energy. 

GIS has been used as a decision support tool for evaluating renewable energy in [12]. 

Urban wind turbines and PV deployment potential has been examined as well for the 

city of Sydney in [13] with the use of GIS. Finally, another interesting method is 

presented in [14] where the wind resource is mapped in the UK. For the UK the 

Numerical Objective Analysis of Boundary Layer database (NOABL) is widely used for 

urban wind resource assessment having a 1km2 resolution of annual wind speed 

without the effect of surface roughness [15]. Hence the NOABL dataset overestimated 

the wind resource available. The study in [16] addressed the surface roughness for 

wind resource assessments in a case study for London. The surface roughness is plotted 

like a GIS plot. One of the results, relevant for the concept described here, is that micro 

wind turbines placed at city outskirts, where typically a noise barrier would be 

installed, present a larger capacity factor than the central locations of cities. This effect, 

even though not studied within the current study, shows that micro wind turbines on 

noise barriers in outskirts of cities would be the preferred location. 

GIS clearly provides a large number of data, as well as with information and tools 

to combine geospatial parameters for the energy potential estimation. For the present 

study, the inclusion of wind resource models is crucial in order to estimate accurately 

the potential on top of the noise barriers. Estimating the wind speed for micro wind 

turbine sites can be costly and expensive if done through a wind resource assessment 

[15]. Therefore, several techniques have been proposed to assess wind speeds by 

combining existing datasets from weather stations. Several models exist that estimate 

the local energy potential for wind resources using weather stations. Regarding the 

quantification of wind energy resources, one of the methods is to “translate” historical 

measured data from weather stations nearby to the site of interest. An early study in 
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[17] presents a method to translate wind data in the Netherlands from a weather 

station upward to a blending height, which produces a representative mesoscale wind 

speed for an area block of 5x5 km2. After that wind speeds are translated to the macro 

wind level taking into account the surrounding roughness. Finally, these are 

interpolated for regional smoothing and then translated back to the desired site. The 

method has been used as well by the Royal Dutch Meteorological Institute (KNMI) [18]. 

This method produces representative wind speed statistical estimates (e.g., Weibull 

parameters, mean wind speed wind direction). However, this method was questioned 

in [19], and concluded that spatial interpolation methods with mesoscale level wind 

produce better results than macroscale level wind in Flanders in Belgium. A method of 

bias was used to compare the data for some weather stations. To determine the wind 

potential, roughness lengths for the different wind directions are essential, as typically 

used in the log-wind model. The estimation of such roughness lengths has as well been 

subject of research. In [20] a numerical study is presented for the area-averaged 

roughness lengths for estimation of wind potential. Another study used the WAsP 

software’s (Wind Atlas Analysis and Application Programme) roughness model with 

wind direction sector weighted roughness length for each site [21]. Averaging 

roughness length scale in directional sectors from GIS datasets with land cover classes 

was performed trying to represent the roughness of each sector. In this study four test 

cases are made, a land cover based roughness length map, a corrected land cover-based 

roughness length map, a constant roughness length map and a custom digitized 

roughness map. This directional roughness length is needed for the estimation of 

sectorial wind speed time series. The aerodynamic roughness length is direction-

dependent due to the various roughness elements within the source area [22]. This was 

as well examined in an open field experiment of 1000 meters length and 500m width. 

Roughness length sectorial parameters were estimated by spatial average roughness 

lengths for each direction. The footprint model which weighs the contribution of each 

parcel of land in the upwind direction of different sectors has been used. This approach 

is useful as well for the present study. 

Finally, once the wind speed is translated to the noise barrier site then barrier 

related corrections are needed. In current case the corrections come from the study 

presented in chapter 2 on wind resource characteristics on top of noise barriers 

through an experimental campaign that took place in 2017 near the city of Delft in the 

Netherlands [1]. 

4.1.3 Novelty – Motivation – Outline  

In the introduction of the chapter, the need of a nationwide approach to assess the 

potential of novel micro scale renewable energy projects and in particular micro wind 

energy projects, is emphasized. Additionally, various methods of wind resource 

assessment are presented as well as how the reproduction of wind time series from 

nearby sites is possible whenever there is a weather station and a roughness map. 
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Finally, it is shown that a combination of GIS and wind estimation models is needed in 

order to answer questions related to the available technical potential for those sites. 

This chapter presents results for micro wind turbine integrated on top of noise barriers 

including the corrections determined from a test site. The chapter is structured 

accordingly: it has an Introduction, followed by the second section where the 

nationwide potential estimation methodology and results are presented and classified 

per provincial level. Then a discussion section is presented in order to match the 

electricity potential with demand clusters and finally a conclusions section highlights 

the major findings. 

4.2 Nationwide wind energy potential estimation for 

acoustic screen noise barriers in the Netherlands 

This section presents the methodology and results for the Dutch nationwide wind 

energy potential for micro wind turbines on noise barriers. In section 4.2.1, an 

explanation of the way the datasets of the noise barriers were handled is presented 

along with the suitability of certain noise barriers for this study. In section 4.2.2, the 

methodology to estimate the localized wind resource at the noise barrier is presented 

along with the complexities to translate wind speed time series from nearby weather 

stations. And finally, in Section 4.2.3, the estimation of the Annual Energy Production 

(AEP) together with the classification per province in the Netherlands is presented and 

discussed. 

4.2.1 Suitable noise barriers for micro wind turbine applications 

GIS datasets provided by Rijkswaterstaat [23] showed that the Netherlands has 

6138 segments of noise barriers with a total length of 1071 kilometres. These noise 

barriers are initially classified in three types. These are the earth embankments, the 

acoustic screens and the combination of both when a screen is installed on top of an 

earth embankment. Examples are shown in Figure 4 - 1. 

 

   
Figure 4 - 1: Different types of noise barriers (left) earth embankment type of Photovoltaic 
Noise Barrier [24] (middle) acoustic screen type of micro wind turbine noise barrier 
(right) combination of an earth embankment photovoltaic noise barrier with an acoustic 
screen [25] 
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In the current study the focus is on the acoustic screen type for reasons explained 

below. These represent 622 kilometers (58% out of the total length). These screens are 

suitable for structural integration with micro wind turbine as they have a rigid support 

structure. The selection to investigate this type of noise barriers is also based on the 

availability of experimental dataset for wind flow corrections on such types, while for 

the other two there were not available. Therefore, the other 2 categories are excluded 

from the analysis as explained below. 

Specifically, the earth embankments, which represent 343 kilometers (32% of the 

total length), are excluded from the analysis. Earth embankments are inclined parts of 

land (similar to landfills) and could be suitable for PV farm installation. They do not 

have rigid support structures where the micro wind turbines can be integrated. Instead, 

micro wind turbines would require a support structure (tower and foundations) which 

increases the overall cost of integration. The focus of this study is to investigate the 

noise barriers on which structural integration is possible as it significantly reduces the 

cost of micro wind energy. Therefore, earth embankments are not included. 

Finally, also the noise barrier types which are a combination of both earth 

embankments and screens are not taken into account. These represent 114 kilometers 

(10% of the total). The reason for not including those hybrid noise barriers is that, as 

the methodology will indicate, wind speed and direction corrections will be applied to 

estimate the wind energy potential on top of acoustic screen type of noise barriers. 

These are the only evidence possessed for the blockage effects that these noise barriers’ 

structure will impose to the localized wind flow. These corrections are based in the 

current study in experimental data that were collected from a wind resource 

assessment [1] for acoustic screen type of noise barrier. Since the combination of earth 

embankment and acoustic screen will have a different effect on the flow, the corrections 

applied in the current methodology would not be applicable. Hence the analysis is 

reduced to only the acoustic screen type of noise barriers. 

For the selected acoustic screens, a further classification is applied based on 

material suitability and the tilt angle of the barrier. The material suitability is relevant 

due to the installation of a rotating electromechanical equipment on top of the noise 

barrier which should be qualified for structural integrity, strength and vibration 

mitigation. A detailed technical assessment has not been performed to select the most 

appropriate materials but rather a suggestion based on qualitative assumptions is 

made. Finally, for the tilt angle criterion, a simplistic selection of noise barriers that 

have the most similar configuration to the experimental set-up in [1] is made. 

Regarding the noise barrier acoustic screen material suitability, a dataset has been 

used provided by Directorate-General for Public Works and Water Management 

(Rijkswaterstaat) [23]. The dataset classifies noise barrier with 2 general material 

categories. The first category is the construction material which is typically the 

foundation, the main support structure of the noise barrier and the frame. The second 
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category is referred to as the primary material of the noise barrier which refers to the 

sound absorbing panels which the support structures hold.  

Regarding the construction material category, a qualitative structural integrity 

assumption was made that wood type construction material barriers are the unsuitable 

ones. The total lengths that these represent are classified into: 

- Concrete (32km – 162 segments with average length of 200m) 

- Wood (1.2km – 11 segments with average length of 116m),  

- Metal (381km – 2674 segments with average length of 142m)  

- Not Available (207km – 1409 segments with average length of 147m) 

The second filtering is based on the primary materials of the noise barriers. The 

ones based on vegetation, brick, wood and gabion basket material (58km in total) are 

assumed not suitable for micro wind turbine installations based on the assumed 

qualitative criterion for structural integrity as explained before. Therefore, the 

following primary materials are assumed suitable for micro wind turbine structural 

integration at the noise barrier: 

- Concrete (211km – 1527 segments with average length of 138m) 

- Glass, Plastic, Composite2 (187km – 1449 segments with average length of 

129m) 

- Wood-fibre reinforced concrete (91km – 460 segments with average length of 

199m) 

- Metal (67km – 41 segments with average length of 166m) 

Finally, another classification is based on the tilt angle of the barrier. About 12km 

in total of noise barrier is tilted towards the road while all the rest of the barriers are 

either positioned vertical or have a tilt backwards of the road. 

 

   

Figure 4 - 2: Photo examples of noise barrier tilt orientation (left) noise barrier with a 
forward tilt towards the road [24] (right) noise barrier with a backwards tilt towards the 
road 

 

2 Glass Plastic Composite material category aggregates all glass or (reinforced) plastic types of 
material in a single category. An example could be the PPE or Perspex or PVC plastic materials. 
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This information is important as part of the further modelling corrections which 

use wind speed corrections for a noise barrier measured from [1] with a backward tilt 

angle of 5-10 degrees. Therefore, both 0- and 10-degree barrier segments are selected 

for the analysis. 

The following classes have been defined: 

- 0 degrees (vertical) (275km – 1890 segments with average length of 145m) 

- 10 degrees (253km – 1784 segments with average length of 142m) 

- 20 degrees (22km – 137 segments with average length of 164m) 

- 30 degrees (9km – 62 segments with average length of 159m) 

 

On the suitable noise barriers, it is assumed that 0.375 kW micro wind turbines of 

1.7 m rotor diameter will be installed. These wind turbines are placed with a 5D 

clearance between each other in order to avoid wake effects. This is a standard practise 

for large scale wind farms and in this case, this clearance is assumed in order to get the 

order of magnitude estimates necessary. Therefore, the total length of each noise 

barrier is divided by 5 times the diameter (1.7m) of the rotor = 8.5 meters in order to 

get an estimate about the amount of micro wind turbines that can be located on the 

noise barriers. 

This results in a total of 53600 micro wind turbines to be installed on suitable 

noise barriers with a total installed capacity of 20114 kW in a total length of ~554km. 

This means that 50% of the total length of noise barriers in the Netherlands is 

potentially suited for micro wind turbine installation. The average amount of micro 

wind turbines per noise barrier segment is 11 resulting in an average installed power 

per segment of 3.3kW. The histogram in Figure 4 - 4 presented in next pages shows that 

2000 noise barrier segments are less than 10 turbines (3.3 kW). This is an important 

finding towards the nationwide implementation of such concept, provided it makes 

sense both financially and energy-wise. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 4 - 3: Noise barrier filtering and classification results based on (a) type of barrier, 
(b) construction material, (c) primary material and (d) tilt angle 
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Figure 4 - 4: Histogram showing number of noise barrier segments that can host a given 
amount of installed micro wind turbines 

4.2.2 Weather station time series translation to the noise barrier site 

With the suitable noise barrier segments known from the previous section, the 

wind resource available to each noise barrier site can be estimated. This is composed 

by the following steps: 

- Identification of the closest and suitable weather station to each noise barrier 

- Translation of the wind speed time series of the weather station to the 

particular noise barrier site 

KNMI has 42 weather stations around the Netherlands, where 10 minutes wind 

speed and direction time series are aggregated, from which 1-hour average values are 

composed. Those stations are usually placed in open fields (for example airports) 

where the roughness length around the anemometers is not affecting the wind regime. 

After each 10-minute average measurement the values are corrected for the roughness 

length valid for the respective wind direction, in order to create a uniform roughness 

data base. These KNMI stations are related to each noise barrier segment with a Nearest 

Neighbour Analysis tool available in GIS software. The weather stations are indicated 

with stars in Figure 4 - 5 and the noise barriers are depicted with green dots. 
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Figure 4 - 5: Weather stations (red stars) and noise barrier segments (green dots) in the 
Netherlands 

The distribution of the distances from the midpoint of the line geometry of all the 

suitable noise barrier segments to the weather stations is shown in Table 4 - 1 below. 

These distances are used later for validation purposes. It is concluded that ~85% of 

noise barrier segment midpoints are within a 20km range from a KNMI weather station. 

A zoomed in example of the distances is also shown in Figure 4 - 6. 

Table 4 - 1: Distribution of noise barriers distance range from nearest weather station 

Distance Range Number of segments 

0-10 km 1181 (38%) 

10-20 km 1424 (45%) 

20-50 km 511 (16%) 

 

As described above the wind speed time series are translated to the noise barrier 

sites. This is done by using the interpolating method for wind speed normal from [17] 

where all the wind speed time series are projected to a blending height of 60 meters, 

suitable for the flat lands of the Netherlands. Instead of statistical normal mean, blended 

time series are used to estimate the local wind speed time series at the noise barrier 

location. The second step of translation to macroscale level wind is omitted as a more 

recent study for Flanders in Belgium [19], identified that transforming the surface wind 
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to mesoscale levels yields into better results for wind resource mapping than the 

macroscale level for wind speed estimation. 

Initially wind speed time series are translated to the blending height of 60 meters 

above the weather station. This is shown in equation 4.1 below. For each hourly time 

step ti the weather station wind speed uWS (m/s) at the elevation height at of the 

weather station location hEL_WS (m) is translated to the wind speed uBLEND(m/s). This 

wind speed is at the mesoscale blending height hBLEND(m) of 60 meters. The local 

roughness length zSECTOR_WS (m) surrounding the weather station at each wind direction 

dir (o) sector is used to correct. This approach is the so-called log-law of wind speeds. 
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The roughness lengths corrections for both the weather station time series and 

the noise barrier site are important because they represent the effects from the 

surrounding landscape on the potential wind flow. These variables, zSECTOR_WS (m) and 

zSECTOR_NB (m), are determined using data for 10o directional segments around the 

nearest weather station of each noise barrier. The method of determination of sector 

roughness lengths was presented in [17] with weighted averages of the surrounding 

local surface roughness lengths of the weather station. The same method is also 

presented in [26] in which a circle of 3km radius is used with 3 concentric circles of 1, 

2 and 3km distance from the point of interest. A method to apply weighting factors 

dependent on the distance of the roughness length class of the concentric circles was 

used in [27]. Unfortunately, this method was not validated by comparing with site 

measurements. Therefore, no weighting factors are applied in the presented 

methodology for the sectorial roughness lengths. Instead, the values for the 3 points, 

for each kilometre at each 10o roughness length sector, are averaged. The 3-point 

concentric method can be found in Figure 4 - 6. 

The roughness lengths assigned for each geospatial place are derived from the 

classifications in the CORINE’s (Coordination of information on the Environment) Land 

Use and Land Cover database [28] and their assigned roughness length are explained 

in [21]. This database classifies the Netherlands with 9805 shapes of area. The shapes 

of area are enclosed multiline areas within which a specific land use or cover category 

exist which has a specific roughness length. These shapes have for the Netherlands a 

median area of 0.7 km2, while 98% of the classified area shapes are below 25km2. 

Therefore this database is suitable for the analysis since it is within the ranges of areas 
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presented in the method for blending height in [17]. The CORINE database for an 

application in South Spain proved to be an updated database which takes into account 

urban use areas which are very important for the current study [29]. In particular, this 

method provided good estimates in comparison with measured wind speeds and 

directions due to the good representation of land-use variability around the weather 

station. Therefore, this roughness length database is used in the current method for the 

translation of wind speed time series to each noise barrier site. 

The roughness length is assigned for each point and sector around the weather 

stations and the noise barriers with the following steps, applied in a GIS software: 

- Define the central point of the noise barrier (midpoint) and the weather station 

through the GIS Geoprocessing Tools 

- Create a multi-ring around the central point with a maximum diameter of 3000 

meter with 1000 meter segments, similarly as in [26], through the GIS 

Geoprocessing Tools 

- For each point around the centre of the weather station or noise barrier (see the 

red or green 36 points in each multi ring with 10o segments in Figure 4 - 6):  

o Estimation of the azimuthal orientation with respect to the central point of 

the noise barrier or the location of the weather station via the x and y 

position of the point and the centre as equation 4.2 

int
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 

−
=

−
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o Assign the roughness length (Land Cover classes) of the area with which 

each point coincides, through the “Join Attribute” tool from the Vector data 

management Tools of QGIS software. 

This method allows to have a more refined representation of the roughness 

lengths surrounding the noise barrier and weather station, which is very important 

especially for the low heights assessment of exploiting urban wind energy. 
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Figure 4 - 6: Weather station and noise barrier concentric 10o segment roughness length 
sample points 

After the translation of the weather station time series to the blending height, 

these time series are translated to the noise barrier wind turbine installation height 

hinstall (m) in equation 4.3. The installation height of the turbine on top of the noise 

barrier is found from the top height of the noise barrier Hnb available in the GIS 

databases for noise barriers in the Netherlands [23], the turbine’s hub distance from 

the tip of the noise barrier for the wind turbine used is Htur 1.8 m, as can be seen in 

Figure 4 - 7. Finally, the heights are corrected by the local elevation height hEL_LOCAL(m). 

 

install nb turh H H= +
 

(4.3) 
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Figure 4 - 7: Noise barrier and micro wind turbine height 

The sectorial roughness length zSECTOR_NB (m) for the location of the noise barrier 

is used as explained before. The roughness length is different for each particular 

segment and each direction of the wind speed due to the highly rough area surrounding 

the barriers. The log-wind equation 4.4 is used for the uNB(m/s) for each hourly time 

step ti. The same wind direction dir(o) time series from the weather station are used as 

well here and are assumed equal. 
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Figure 4 - 8 summarizes the method for translating the wind speed time series 

from the weather station to the noise barrier location. The wind speed time series are 

translated first for a case assuming micro wind energy production without the presence 

of a noise barrier and the following step is with a micro wind turbine integrated with 

the noise barrier. 
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Figure 4 - 8: Schematic summarizing the methodology to translate the wind time series 
from the weather station location at the left up to location of the noise barrier. 

The method analysed above to translate time series from weather station to the 

noise barrier is complemented by an error analysis. An annual mean error analysis is 

performed by comparing pairs of KNMI weather stations which have a distance smaller 

than 20 kilometres to the noise barrier segment. 85% of noise barrier segments are 

placed within a 20-kilometre distance from a KNMI station as indicated in Table 4 - 1 

earlier. The Annual Mean Error (AME) (shown in equation 4.5) is estimated from the 

difference of the predicted value from Station 1 with the KNMI measured hourly time 

series of Station 2. The Annual Mean Error (m/s) is found from the following equation, 

similarly as in [19], where uws_prediction is the wind speed time series prediction and 

uws_measured(m/s) is the reference measured time series of the weather station. Below, in 

Table 4 - 2, the annual mean error is presented for the 5 suitable weather station pairs 

that are in a distance of less than 20km. The average median error is around -0.77 m/s, 

and this must be taken into account in the energy analysis estimates. 
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Table 4 - 2: Annual Mean Error for the weather station pairs below 20km distance. 

Distance 

Station 1 

(time series used 

for prediction) 

Station 2 

(reference 

measured time 

series) 

Annual Mean Error (m/s) 

19.9km 215 344 -0.61 

13.2km 248 249 -0.48 

15.4km 248 258 -1.39 

17.1km 330 343 0.87 

19.9km 343 344 -0.67 

19.5km 348 356 -0.63 

 

4.2.3 Noise barrier influenced Annual Energy Production Potential 

Once the annual wind speed time series for each noise barrier segment are 

identified, the annual energy production AEPreference (kWh), excluding the influence of 

the noise barrier, is calculated first. Next corrections are applied to estimate the 

influence of the noise barrier on the total energy yield. The annual energy production 

is estimated from the sum of the hourly wind turbine power production values. For each 

hour, the wind speed estimated is used as an input for a look-up table function of the 

power curve for the wind turbine used. The reference power curve of this 0.375 kW 

turbine has been measured in [1]. The reference AEPreference (kWh) (shown in equation 

4.6) of the micro wind turbine for each noise barrier segment is multiplied by for the 

total amount of installed wind turbines per segment. This is done by dividing the length 

of the noise barrier segment Lbarrier(m) with the turbine spacing parameter of 5 times 

the diameter of the turbine Dturbine(m). Whenever this number is a decimal, it is rounded 

downwards to an integer. 
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Once the total AEPreference (kWh) is estimated for each noise barrier segment, the 

hourly wind speed time series are corrected for the noise barrier influence. These 

corrections are based on the experimental results measured in the field experiment in 

[1]. There are two types of wind speed corrections applied. First, the changes in wind 

speed magnitude when flow is misaligned with the fixed azimuth of the noise barrier 

expressed as wind speed magnitude change ηwsf (%). At each time step, the relative flow 
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angle is found with respect to the azimuth of the noise barrier and the corresponding 

wind speed factor change is assigned to the wind speed. The wind speed change with 

respect to the relative wind flow angle is presented with the left graph in Figure 4 - 9. 

Secondly, the changes in wind speed due to the flow misalignment with the 

turbine´s rotor due to the vertically skewed flow on top of the barrier are applied. The 

skewed flow angles, that correspond at each incoming wind flow angle relative to the 

fixed noise barrier azimuth, are shown in the right graph in Figure 4 - 9. These results 

were experimentally determined in [1]. It is clear that in any direction the flow is 

skewed between 8-13 degrees. This correction is applied by using the yaw 

misalignment cosθ theory. At each time step the relative flow angle is estimated for 

which a specific skew angle was measured. This skew angle is added as the θ angle in 

the cosθ theory. 

Since the corrections presented in Figure 4 - 9 were measured only for the upwind 

side of the noise barrier in [1], an assumption has to be made for the corrections for 

wind flows coming towards the downwind side of the noise barrier. Therefore a 

“mirrored” symmetry of the corrections is assumed. Even though this is questionable 

assumption because the noise barrier is not erected vertically but with a given angle to 

the vertical, it had to be assumed because experimental data are only available for 1 

side of the barrier. Thereby, the effects are assumed equal on the other 180o arc behind 

the barrier. The performance characteristics of the turbine as measured in Chapter 3 

are not taken into account into the technical potential estimations as different turbines 

are expected to make up the total of the national potential which would thereby have 

different losses and different system designs. Finally, the noise barrier corrected wind 

speed uCORR_NB (m/s) is estimated in each time step ti taking into account the different 

losses aforementioned in equation 4.7 described below: 

 

( ) ( ) 
_

1 ( ) c o s ( )( ) ( )
w s f i s k e w iC O R R N B i N B i

a z i m u t h t a z i m u t h tu t u t  + =   (4.7) 

 

The experimental results used in this study come from  a typical noise barrier 

located in Delft with a backward tilt angle of 10o and a height of 5 meters [1]. There will 

certainly be deviations for each particular noise barrier case but the generalized 

approximation of equation 4.8 will help to sketch the bigger picture of the national 

energy potential of wind power on top of noise barriers. 

The corrected wind speed time series can now be used in the AEP calculations. 

The corrected annual energy production AEPcorrected (kWh) is estimated for each noise 

barrier segment with  equation 4.8. All the estimated annual energy productions that 

are determined either for the reference or the corrected case can then be aggregated to 

make nationwide conclusions, which are presented later. 
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Figure 4 - 9: Noise barrier wind speed corrections (left) wind speed percentage change 
factor due to noise barrier (right) change of skew angle 

Another important metric which shows the performance of the micro wind 

turbine on the noise barrier is the capacity factor cf (%). The following equations are 

used to estimate the capacity factor at the noise barrier site, both for the reference 

(equation 4.9) and the corrected AEP (kWh) in equation 4.10. This factor is the ratio of 

the total potential energy produced within a year divided by the potential energy 

production if the turbine would be operating at its rated power. With this metric, the 

utilization of the wind turbine can be determined. 
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After the determination of each noise barrier segment’s capacity factor, a 

statistical analysis can present the overall national picture. In Figure 4 - 10 , the capacity 

factor probability histogram is presented for all potential micro wind turbine 
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installations in the Netherlands. The left graph shows the capacity factor distribution 

assuming no influence from the noise barrier on the wind flow, therefore using the 

AEPreference as a basis for the calculation. The right graph shows the distribution taking 

into account the corrected AEPcorrected. For both cases nearly 80% of all noise barrier 

segments have a capacity factor in between 0-15%. The influence of the barrier shows 

a clear positive shift of the capacity factor compared to the case without a barrier. It is 

found that the average capacity factor for a micro wind turbine installed on a noise 

barrier increases from 11.4% to 11.7%, which is a positive result. 

 

 
Figure 4 - 10: Capacity Factor probability histogram for all the suitable micro wind energy 
noise barriers in the Netherlands 

Aggregating the AEPreference(kWh) and AEPcorrected(kWh) of all noise barrier 

segments is needed for assessing the national and provincial level potential.  

Table 4 - 3 below presents the national level findings. The sum of potential 

electricity production of all suitable noise barrier segments with a micro wind turbine 

installed on top, is 3% higher than the hypothetical reference potential electricity of the 

turbines at the noise barrier without the noise barrier wind flow effects taken into 

account. This is determined by the ratio of the sum of all corrected AEP values and 

divided with the sum of all reference values, as shown in equation 4.11. 
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Averaging the influence of each individual noise barrier summing up each 

segment’s individual influence and dividing by the total amount of suitable segments 

nsegments, then it corresponds to 6.5% energy yield increase, as calculated in equation 

4.12 . This result is different from the national total 3% increase, because it takes into 

account the installed capacity and length of each individual element.  
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Table 4 - 3: Micro wind energy on noise barrier results for all suitable noise barriers in the 
Netherlands 

Variables  

Total Wind Power Installed on Noise Barriers (kW) 20,114 

Total Reference Annual Energy Production on noise barriers (GWh) 20.11 

Total Corrected Annual Energy Production on noise barriers (GWh) 20.77 

Total Noise Barrier Influence (%) 103.3 

Average Noise Barrier Influence (%) 106.5 

National averaged Reference  

Capacity Factor cf (%) 
11.4 

National averaged noise barrier corrected  
capacity Factor cf (%) 

11.7 

 

After the national level aggregations of the potential values in Table 4 - 3, it 

would be useful to present the findings classified per provincial level in Table 4 - 4. 

These results are of importance to policy makers and energy infrastructure planners. 

Capacity factors differ per province as the wind resource differs. For the coastal regions 

of North-Holland, South-Holland and Friesland the largest capacity factors are 

observed. Most of the energy is produced in the most densely populated Provinces of 

South-Holland and North-Holland, where most micro wind turbines can be installed. 

The average noise barrier influence per Province is as well presented. It can be 
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observed that in some Provinces a larger influence occurs, and this can be to a large 

extent explained by a combination of wind resource and azimuth of noise barrier. 

Table 4 - 4: Micro wind energy on noise barrier metrics for each Dutch Province. 

Province 

Total 
NB 
Lengt
h (m) 

Amoun
t Of 
Noise  
barrier 
segmen
ts 

Install
ed 
Power 
(kW) 

Referen
ce 
Capacit
y Factor 
(%) 

Noise 
barrie
r 
Capaci
ty 
Factor 
(%) 

Total 
Referen
ce AEP 
(MWh) 

Total 
NB 
AEP 
(MW
h) 

Averag
e Noise 
Barrier 
Influen
ce  
(%) 

Mean 
Elevati
on (m) 

Drenthe 8023 82 268 6.8% 7% 153 156 102% 10 

Flevolan
d 

17 1 2.6 12% 12.9% 7.49 7.57 107% 0.06 

Frieslan
d 

9821 97 661.5 11.97% 
11.92
% 

703 699 99.7% 5.5 

Gelderla
nd 

4755
8 

220 1167 8.6% 9.1% 921 981 110.8% 17.6 

Groning
en 

1405
3 

131 676 5.5% 5.6% 316 323 117.7% 6.9 

Limburg 
4887
8 

315 1611 9.5% 9.8% 1294 1344 105.4% 45 

North-
Brabant 

1082
88 

622 3284 6.8% 7.3% 2093 2238 108.9% 16.6 

North-
Holland 

9008
1 

750 4075 19.5% 19.9% 6841 7014 104.2% 7.5 

Overijss
el 

1331
0 

159 733 6.2% 6.4% 437 450 102.8% 14.7 

Utrecht 
5615
9 

419 2359 6.7% 7.3% 1370 1492 114.3% 10.2 

Zeeland 2821 33 172 9.1% 9.2% 107 108 93% 2.3 

South-
Holland 

1557
90 

1038 5064 13.2% 13.5% 5836 5932 105.2% 5.7 

 

4.2.4 Uncertainties to consider for the potential estimation 

Below uncertainties are presented that should be taken into account when using 

the results of this study: 

1) Wind speed time series translation from weather stations to noise barriers was 

found to have an average median annual mean error of -0.77 m/s which can lead to 

power estimation deviations. Therefore, even more detailed methods should be 

developed and validated to minimize the error. However, realising that there’s a 
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negative annual mean error, this means that the energy production numbers 

calculated for this study are underestimated. 

2) Wind flow properties’ correction factors from a single noise barrier measurement 

are used for the purpose of this study but in reality, each noise barrier, has each 

own particularities with respect to construction and local terrains which may have 

an effect on the wind flow pattern on top of the noise barrier 

3) The extent to which the car-induced effects are present. For the examined noise 

barrier, the car speed limit was 50 km/hour while a lot of noise barriers are placed 

near highway environment which can possibly affect the wind potential. A study 

indicated, for a vehicle fleet passing with 80 km/h from a highway, a minimal 

difference in wind speed of 0.1 m/s (at heights of 5m and a distance of 15m away 

from the road) and 0.06 m/s (at heights of 10 m) [30]. But Netherlands has many 

highways which could reach from 100-130 km/hour, where the effect is unknown. 

Finally, as discussed in Section 4.2, there are more types of noise barriers such as 

the Earth Embankments and the Combination of Earth Embankments and Acoustic 

Screens. Only the 55% of the noise barriers of the Netherlands are examined due to 

availability of experimental data for a previous study for Acoustic Screen type barriers. 

Therefore, the total potential wind electricity production by micro wind turbines on 

noise barriers will be higher when these were also taken into account. 

4.3 Noise barrier renewable energy utilisation in an 

integrated energy system 

In this section of this study, the integration of micro wind turbines with noise 

barriers is assessed with respect to combination with photovoltaic noise barriers, 

interconnection to electrical networks, interconnection to gas networks and 

combination with urban related demands. GIS datasets are used again in order to 

assessed different characteristics such as distance from infrastructure and demand. 

4.3.1 Integration with PVNB and grid interconnection proximity 

Photovoltaic noise barriers (PVNB) have a larger potential installed power density 

than micro wind turbines on noise barriers. Therefore, it makes sense to combine both 

systems to make use of the same infrastructure for power conversion and transmission. 

Micro wind turbines having a clearance of 5 diameters of the rotor of the turbine 

(5x1.7m = 8.5m), result in an installed wind turbine power of 375 Watts per 8.5m (45 

Watts per meter of noise barrier). Regarding the PV, the potential power installed is 

different. In this discussion it is assumed that most noise barriers in the Netherlands 

have a height of 5 meters which allows 3 rows of solar panels to be installed. The panels 

typically have width of 1 meter and a typical length of 1.5 meter and are rated at 300 

Watts. Therefore, 900 Watts per 1.5 meter of noise barrier could be installed (~600 
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Watts/m). This means that PV power density potential is much larger (~13x more than 

micro wind turbines) due to the surface it could potentially cover. This raises the idea 

of combining both systems to benefit from the structural integration with available 

noise barrier infrastructures to generate larger amounts of renewable urban energy 

(~645 W/m). This is discussed later when the potential demand of power from noise 

barriers is assessed. 

 

   
Figure 4 - 11: Illustrations of a combined wind and solar photovoltaic noise barrier 

The noise barriers could be interconnected to the nearby electrical networks. 

Therefore, a proximity analysis is performed. A note shall be made on the classification 

of the noise barriers attributes as provided from the dataset of Rijkswaterstaat. Noise 

barriers have a single unique ID number and each ID number is composed of segments. 

This identification is used to examine interconnection possibilities. Table 4 - 5 below 

shows potentially installed power capacity distribution and statistics of the noise 

barrier IDs and segments for either wind only noise barriers or wind and solar 

photovoltaic noise barriers.  

The power capacity installed bands indicate where an energy generation system 

will be connected according to the Dutch legislation [31]. The three categories are 

explained below: 

- Between 0-60kVA of installed power, the system is connected at the low voltage 

network (LV) cabling of the distribution system operators. 

- Between 60-300kVA, the system is connected on the low voltage side of the nearest 

medium voltage to low voltage (MVLV) station. These stations typically transform 

medium voltage power to lower voltage so that it is transmitted through the low 

voltage network cables. 

- Between 300-3000kVA, the system is connected on the medium voltage (MV) 

network cabling. Thus, providing sufficient electrical power to be further 

transmitted to any medium voltage network. 

 

The distribution of the amount of segment and ID’s interconnected to each category 

is presented in Table 4 - 5. As expected, noise barrier segments are mostly connected 
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to the lower bands of power capacity installed as their length is smaller. The addition 

of PV on the noise barrier increases power significantly, thereby affecting the statistical 

distribution of all noise barriers with respect to which interconnection category they 

comply. 

Table 4 - 5: Distribution of noise barrier IDs and segments for 3 different electrical power 
capacity installed bands, wind only and combined wind with photovoltaic noise barriers. 
Last rows of table provide maximum, average and median values for each category. 

Power Capacity Installed (kVA) Segments ID 

Wind NB Wind + PV NB Wind NB Wind + PV NB 

Lower Band Upper Band Counts (%) Counts (%) Counts (%) Counts (%) 

0 60 3851 (99.6%) 2106 (54.5%) 1067 (93.4%) 191 (16.7%) 

60 300 15 (0.4%) 1528 (39.5%) 75 (6.6%) 558 (48.9%) 

300 3000 0 (0.0%) 233 (6.0%) 0 (0.0%) 392 (34.3%) 

Maximum (kVA) 115 1715 230 3400 

Average (kVA) 6.2 94 21.5 320 

Median (kVA) 3.4 51 13.5 200 

 

Following this classification, a proximity analysis is presented. Publicly available 

GIS datasets are collected from DSO’s [32-36]. The layers used and processed are for 

the low voltage networks, medium (to low voltage) voltage stations and medium 

voltage networks in the Netherlands. Figure 4 - 12 illustrates a buffer zone of 100m in 

purple around the highlighted green noise barrier. The green (low voltage) and red 

(medium voltage) lines represent the cabling network while the red (low voltage) and 

black (medium voltage) rectangles represent the stations. Noise barriers would be 

interconnected in any of those points and lines depending on the power capacity of each 

segment or ID. 
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Figure 4 - 12: GIS example of the proximity of noise barrier to distribution electrical 
networks (lines) and stations (rectangles). Proximity is indicated as well with a 100m 
buffer zone in purple. 

The example in Figure 4 - 12 above is for a particular location and given the 

existence of the GIS datasets, a proximity analysis is performed for each noise barrier 

ID and segment in order to understand qualitatively if significant increase in 

interconnection infrastructure (e.g., cabling) would be needed to make a nationwide 

implementation of wind turbine and photovoltaic noise barriers. The nearest neighbour 

analysis was performed by estimating the distance of the midpoint of a noise barrier 

segment or ID from the nearest station or network for each power capacity category, 

thus the results are not optimized for each noise barrier. The results are presented in 

Table 4 – 6. Each segment and each ID are classified based on the interconnection type 

they fit. The total installed power for each of these categories is presented together with 

the average and median power. The total noise barrier length per category is mentioned 

as well. The distance statistics are broken into the maximum, average and median 

interconnection distance from the nearest interconnection point. While the total cable 

length needed (assuming a straight line from the noise barrier midpoint to the network 

connection) are presented. These numbers show that it makes much more sense to 

aggregate the noise barriers with respect to their ID’s, which have a higher distribution 

towards the MV Network, and would need a total cabling length of 1670 km. While 

interconnection of segments, which have a higher distribution towards MVLV Stations, 

need a lot more cabling length (10195km) due to the numerous small segments. In 

many cases where the cabling required is too much, there could be ways to decouple 

the noise barriers from the electrical grids and produce other energy vectors such as 

hydrogen, to avoid unnecessary and costly electrical network expansions. 
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Table 4 - 6: Characteristics of the “combined wind turbine and solar photovoltaic 
integrated noise barriers IDs and Segments” for the (upper highlighted border rows) 
power and length, (lower highlighted border rows) distance and proximity statistics from 
the nearest LV Network, MV to LV Station and MV Networks. 

 Segments ID 

 
LV 
Networ
k 

MVLV 
Station 

MV 
Network 

LV 
Networ
k 

MVLV 
Station 

MV 
Network 

Total Installed Power (kVA) 44632 207900 109172 5763 87075 268908 

Average Power (kVA) 21.2 136 468 33 165 690 

Median Power (kVA) 50.3 50.3 50.3 34 160 555 

Total NB Length (km) 69 322 169 9 135 416 

Max Distance from 
Interconnection (km) 

48 37 43.1 43.2 33.3 42.9 

Average Distance (km) 4.2 0.436 2.5 2.9 0.66 2 

Median Distance (km) 0.098 0.195 0.145 0.033 0.162 0.058 

Total Cable Length (km) 8940 666 589 510 351 809 

4.3.2 Connection to future hydrogen demand and street lighting 

The distribution networks, to which the noise barriers IDs or segments would 

connect, face more and more limitations to expand their capabilities within the Dutch 

electrical system. This is addressed by several DSOs of the Netherlands, which state that 

they have insufficient room available to let energy generation units to be coupled at 

their networks. Some DSOs (Liander and Enexis including Coteq and Rendo) have 

published maps which indicate the scarcity of available connection points. Regarding 

STEDIN network the situation is better potentially due to the already reinforced 

infrastructure available attributed to the large population density requirements [37-

39]. All these issues mean that some noise barriers might simply not be able to 

interconnect to the distribution networks as they are congested already. This rises 

incentives to decouple the noise barrier from the network and interconnect to different 

types of local demand or energy systems and networks. The concept for hydrogen 

production and street lighting is presented in this study.  

Regarding hydrogen, the potential production is estimated and related to urban 

mobility and urban hydrogen demand. Additionally, a proximity analysis is performed 

for the urban mobility demand and the available gas networks. Finally, a demand 

coverage analysis is done for scooters within certain proximity to the barriers over the 

appropriate regions of the Netherlands. 

Hydrogen Scooter Mobility 
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The Netherlands has a large number of scooters on the road. This amongst others 

has to do with the large population density and hence a large probability of cueing when 

using a car. The scooter mobility trends indicate that electrification is increasing. 

Electric powered scooters purchasing trends from last years are within the 3 to 6% of 

new purchases [40]. Nearly all these new scooters are battery electric powered. 

However, the concept of fuel cell powered scooters, which require hydrogen fuel, is also 

increasing attention [40-43]. Hydrogen is a promising energy vector announced in 

numerous studies in the Netherlands. These studies however, focus on large-scale 

deployment especially in combination with offshore wind energy. In the current study 

the emphasis is given on hydrogen mobility be it for smaller scale urban projects closer 

to the community. Therefore, there are potentially raising chances regarding quicker 

social acceptance and first experiments. This is the reason why it is assumed that 

neighbourhoods near noise barriers will adopt and will have incentives to have a 100% 

fuel cell scooter fleet for the locations in the proximity to noise barriers. The number of 

scooters and its classification and aggregation per neighborhood, municipality or 

region are found in the GIS datasets from the Statistics Bureau of the Netherlands (CBS) 

[44]. In this study, the noise barriers are assumed to generate the electricity needed to 

produce the amount of hydrogen needed for future scooters, either with off-grid 

electrolysis systems or with limited grid interconnection.  

The assessment starts with a proximity analysis on whether the noise barrier 

locations are within the 2.5km daily average distance that scooters are driving in the 

Netherlands A. It is assumed that scooters refuel at a hydrogen production and the 

refuelling point consumes the electricity produced from the noise barrier. A nearest 

neighbour analysis is made for each noise barrier segment. The results are shown in 

Table 4 – 7 below. All noise barrier segments are within 2.5km daily distance as 

expected, since noise barriers are protecting neighbourhoods from highway noise. 

 

Table 4 - 7: Proximity distribution of the noise barrier midpoint from the centroid of 
neighbourhoods which have scooters in the Netherlands 

Distance of noise barrier from neighbourhood (meters) 

Bin Low Bin High Counts (-) 

-0.1 500 3637 (94%) 

500 1000 163 (4%) 

1000 1500 26 (1%) 

1500 2000 39 (1%) 

2000 2500 2 (0.01%) 

Maximum 2154.12 - 

Average 94.95 - 
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Under the assumption of a 100% fuel cell scooter scenario for locations close to 

the barrier, the next step is to identify the electricity needed to cover its demand. With 

a 2.5km scooter´s daily mileage (912.5km per year) and an average consumption of 45 

grams of hydrogen for a 25km range with a city mode driving cycle [45,46], within one 

year a scooter would require 1.64 kgH2. In order to produce this an electricity of 90.34 

kWh per year would be required assuming a production efficiency of 55kWh per kgH2 

[47]. 

To assess, whether noise barriers can provide this amount of electricity, a simple 

approach based on annual capacity factors is used. Regarding the micro wind turbines, 

the detailed modelling approach in the previous section showed that in the Netherlands 

the average capacity factor for the investigated micro wind turbines on noise barriers 

is 11.7%. 

The capacity factor of PV is also needed in order to make the electricity 

calculations. PV on noise barriers, shall be mostly installed with a tilt angle of 80 

degrees due to the inclination of the barrier as it was shown in Section 4.2. Additionally, 

PV will face in different orientations. It was found that there is an equal distribution of 

noise barrier´s orientation for four equal bins of 90 degrees starting from North East. 

Therefore, it is assumed that the average PV on noise barrier capacity factor is 

calculated by averaging the potential PV capacity factors for North, East, West and 

South orientation. These are shown in Table 4 - 8 below and are estimated for the 

aforementioned configuration from the toll available at the Joint Research Centre’s 

Photovoltaic Geographical Information System webpage (JRC PV GIS) [48]. The 

assumed location to extract the solar irradiance data is within the “Randstad” where 

most of the barriers are located. The Randstad is the area comprising four major cities 

(Amsterdam, The Hague, Rotterdam and Utrecht). It got its name (Edge city) to express 

the conurbation of the four cities and their suburban’s in central-western edge of the 

Netherlands The average annual capacity factor for photovoltaics at any noise barrier 

configuration is assumed, with large simplifications, to be 6.41%. Shading losses are not 

taken into account in this simplistic approach but it is advised incorporate them in 

future optimization studies. 

 

Table 4 - 8: PV Capacity factor distribution in the Netherlands for different orientation 
ranges 

Orientation Range NE - NW NW - SW SW - SE SE – NE 

Annual Capacity Factor (%) 2.68 6.57 9.52 6.87 

 

It is assumed that 45 W/m of micro wind turbine with national average capacity 

factor of 11.7% and 600 W/m of PV with national average capacity factor of 6.41% are 

installed. These gives a combined weighted-average system capacity factor of 6.77% for 

a 645 W/m. And it results in 382 kWh/m produced annually. Assuming a hydrogen 
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conversion efficiency of 55 kWh/kgH2  [47], it means that 6.9kgH2 can be produced 

annually for each meter of a noise barrier. With a total of 560km of noise barriers with 

both PV panels and wind turbines integrated in them, this means that ~3892000 kgH2 

can be potentially be produced annually in the Netherlands. The average annual scooter 

demand was estimated previously at 1.64 kgH2. The total amount of scooters in the 

Netherlands is about 650,000. This means that a demand of 1.066,000 kgH2 would be 

required assuming an extreme scenario of 100% fuel cell scooter fleet in the 

Netherlands. Therefore, it is concluded that noise barriers with wind turbines and PV 

theoretically generate ~4x the demand of scooters. But this result does not mean that 

there should be a direct physical coupling of this demand with the noise barrier. In 

reality, this is predominantly possible for the noise barriers that are within the 2.5km 

average daily mileage proximity to this demand, as shown before in Table 4 – 7. 

. The remaining scooter fleet will cover its hydrogen demand from other refuelling 

infrastructure points. Noise barrier will contribute virtually by injecting hydrogen into 

the local gas networks. In fact, the data shows that 754 out of the 12822 

neighbourhoods registered for the Netherlands are located within proximity of 2.5km 

from noise barrier segments. The total number of scooters registered in those 

neighbourhoods is 46970 (77000 kgH2 annual demand) while 3892000 kgH2 (~50x 

more) could be produced near those neighbourhoods. 
Since the demand coverage is extremely high comparing to the nearby 

neighbourhoods, an assessment is made per regional level assuming a full 100% fuel 

cell scooter scenario as the extreme scenario. The Netherlands has great ambitions to 

make its regions more sustainable. The Regional Energy Strategy (RES) programme 

kicked off as part of the agreements in the Climate Agreement of the Netherlands. These 

RES agreements are about investigations on where and how best renewable energy 

generation on land (wind and sun) can be realised [49]. In that context, the analysis for 

all the regions and the scooter mobility is presented in Figure 4 - 13 showing that 7 out 

of 30 RES regions cannot fully cover a 100% fuel cell scooter fleet hydrogen demand 

virtually with noise barriers. However, the remaining 23 regions exceed this 

significantly. This is especially seen for the intense green regions and it can lead up to 

16 times the demand. This map may inspire regional authorities towards noise barrier 

related infrastructure developments related to scooter mobility.  
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Figure 4 - 13: Hydrogen scooter demand coverage ratio from noise barrier (wind and 
solar) electricity for the 30 Dutch Regions. 

Urban hydrogen demands via gas networks 

Both the results discussed above for the neighbourhood coverage and the 

potential for the regions are leading to the idea that this potential hydrogen supply can 

also be fed or injected in the local gas networks. 

The results presented demonstrate a feasible way for not having simply a stand-

alone hydrogen producing noise barrier but even directly feeding in the local hydrogen 

networks to cover nearby future urban hydrogen demands. A TNO report indicates that 

the future hydrogen demand in the built environment will have a minor role in the 

Netherlands with ~34PJ required per year [50]. This is nearly equivalent to 

~240.000,000 kg of hydrogen. As discussed earlier all the noise barriers together can 

produce ~3.900,000 kgH2, which is 1.6% of the expected built environment hydrogen 

demand.  

If this amount of hydrogen is produced then it can be distributed via pipelines to 

the existing network which provides inherent flexibility. The proximity of the noise 

barriers to existing low pressure gas distribution networks is shown in the case 

example in Figure 4 - 14.  
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Figure 4 - 14: GIS example of proximity of noise barriers with micro wind turbines and PV 
from existing gas distribution grids 

Based on the gas distribution network GIS data from the DSOs, a nearest 

neighbour proximity analysis has been performed, to identify the potential 

interconnection points with the hydrogen producing noise barriers. This idea 

significantly reduces the interconnection capacities to the electrical networks thus 

reducing electric grid congestion for the network operators. It is expected that this has 

a significant impact in the regions-provinces-borders of network operator where 

significant congestion problems are identified (e.g., Liander and Enexis). The binned 

results of the distances are presented in Table 4 - 9. The proximity analysis shows that 

noise barriers have a median distance from a nearby low-pressure gas network of 81 

meters. The total pipeline length needed to interconnect all noise barriers within a 5km 

proximity with future gas networks (on which hydrogen is assumed to be injected in 

pure form or in blended form) is 581km. 

 

 

 

 



Chapter 4 

140 

 

Table 4 - 9: Distribution of proximity from the low-pressure gas networks in the 

Netherlands. 

Distances from Gas Networks (m) 

Bin Low (m) Bin High (m) Counts (segments) Total Pipeline Length (km) 

0 100 2275 (60%) 102 

100 200 913 (24%) 128 

200 500 450 (12%) 129 

500 1000 61 (2%) 43 

1000 5000 63 (2%) 178 

5000 40000 105 (3%) 1602 

Max distance (m) 36863.16 - 

Median distance (m) 81 - 

 

Street lighting networks 

 

If noise barrier IDs or segments do not have a significant techno-economic 

potential to be interconnected to an electricity network or produce hydrogen and feed 

it to a nearby gas grid, then the last idea to cover energy demand comes with street 

lighting networks. These are typically low voltage networks. Some interesting concepts 

have been described in the past in literature [51-57], where power generated next to 

highways can be utilized for highway lighting. Public lighting accounted for 1.5% of all 

electric lighting produced in 2014 [58] and can be reduced by using LED lighting and 

by other sustainable electrification means. Micro wind turbines integrated on noise 

barriers and noise barrier PV systems can potentially contribute to a small fraction of 

this energy demand. The integration with circuits for electric lighting posts is an 

obvious choice since they are typically close to noise barriers as can be seen in Figure 4 

- 15. 
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Figure 4 - 15: GIS example of proximity of noise barriers to street lighting 

4.4 Conclusions 

This Chapter aimed to answer the research question “Is there nationwide 

technical potential of micro wind turbine noise barriers in the Netherlands?”. With the 

use of several wind and infrastructure GIS datasets, the wind energy potential 

production on top of noise barriers for the country of the Netherlands was estimated. 

Several steps were required in order to translate the hourly wind speed time series 

from weather stations to the noise barrier location. Correction factors were applied due 

to the noise barrier influence on wind flow. Annual energy production metrics were 

determined and classified per provincial level. Finally, a qualitative and a quantitative 

discussion on wind turbine and solar panel integrated noise barriers’ interconnection 

to energy networks, proximity to energy demands and demand coverage potential are 

presented. The key conclusions from the study are summarised below: 

- The Netherlands has 3785 noise barrier segments with a total length of 561 km 

with an average length of 156 meters which are suitable for installing micro wind 

turbines (assumed qualitatively on material structural compatibility criteria). This 

is 55% of the total length of noise barriers and equals to a total of ~25MW of 

installed micro wind power. 

- About 85% of the suitable noise barrier segments to install a micro wind turbine 

are within a 20km proximity to a KNMI weather station.  

- A mesoscale translation of wind speed time series data from a weather station to a 

point of interest such as the noise barrier was assessed. This is done by testing the 
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method on 2 weather stations with a 20km proximity, taking into account their 

surrounding roughness lengths. The roughness lengths were sampled from GIS 

datasets with 10o segments of 3 concentric circles around the points of interest 

(weather station and midpoint of a noise barrier segment). Annual mean error 

analysis resulted in an annual mean error of -0.77 m/s for locations within 20kms 

from the measuring station. This method was used to assess the Annual Energy 

Production (AEP) per noise barrier segment. 

- It is found that noise barriers can contribute in a positive way to the deployment of 

micro wind turbines by increasing their yield due to both their influence on the 

wind flow and the potential reduction of investment cost (due to structural 

integration). The effect of locating wind turbines on each noise barrier segment, 

when comparing to the reference case, resulted in an increase of 6.5% in energy 

yield. 

- The sum of all energy yields of micro wind turbines installed on top of suitable 

noise barriers in the Netherlands is 3% higher, compared to the energy yield of the 

micro wind turbines if there were no noise barriers at those particular locations. 

- The average noise barrier micro wind turbine capacity factor increases from 11.4% 

to 11.7% when comparing with the reference case. However, this is only valid for 

the tested commercial 0.375 kW micro wind turbine which was used as the basis 

for the calculations. 

- The classification per province shows that coastal and more densely populated 

regions have most of the wind energy produced. Specifically, the provinces North-

Holland and South-Holland can provide 62% of the total national energy noise 

barriers potential (20.77GWh). 

- The total technically possible micro wind installed power on noise barriers for the 

Netherlands amounts to roughly ~25MW. Noise barriers wind power potential (25 

MW) is quite small when compared to the national energy plan perspective. There 

6000 to 9000 MW is foreseen for large scale onshore wind power by 2030 and 

11,400MW offshore wind power planned to be installed in the North Sea by 2030. 

The potential can hence slightly be increased using the combination of micro wind 

turbines with PV systems on noise barriers as well. 

- Noise barriers which combine micro wind turbines and photovoltaic systems 

having an installed capacity of 645W/m can lead to a total 360MW installed power 

(equivalent to half the size of a typical offshore wind park in the Netherlands) but 

leading to less GWh produced due to the capacity factors.  

- All suitable noise barriers, whether classified in terms of their ID or their segments, 

will be interconnected in the Low Voltage Network, the Medium to Low Voltage 

Stations or the Medium Voltage network. Significantly less cabling will be used if 

there is a single connection point for each noise barrier ID rather than Segment. 
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- The proximity to all categories of electrical networks shows a median range (33-

195 meters), an average range (430-4200 meters) and maximum distance of 

42900 meters. 

- Noise barriers can produce locally hydrogen for mobility applications. Assuming 

100% fuel cell scooter mobility either for neighbourhoods nearby the noise 

barrier (50x more) or even for all 30 Dutch regions (4x more), shows that a full 

hydrogen demand coverage is largely possible and most times with a lot of excess. 

However, this does not mean that the physical coupling is always possible. 

- Hydrogen can be directly feed-in the local future hydrogen grids, realised by 

retrofitting/reusing the existing natural gas grids future gas grids. A potential of 

covering ~1.6% of the future built environment hydrogen demand is found. 

- The total pipeline length needed to interconnect all noise barriers within a 5km 

proximity with future gas networks (on which hydrogen is assumed to be injected 

in pure form or in blended form) is 581km. 

- Noise barrier renewable energy can also be used for street lighting as a feasible 

alternative. 
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Techno-economic evaluation of 

turbine-solar PV systems integrated on 

a noise barrier 
 

“Costs do not exist to be calculated. Costs exist to be reduced.” 

- Taiichi Ohno 

 

This chapter analyses the techno-economic aspects of integrating micro wind turbines on 

top of noise barriers in combination with solar PV systems. It includes sensitivity analysis 

of the cost of electricity for micro wind electricity and PV electricity on noise barriers in 

the Netherlands. 

The research question that this Chapter answers is:  

” What is the levelised cost of electricity of noise barrier integrated wind turbines?” 

 

______________________________ 

This chapter uses cost models built from the work entitled “On-site wind powered hydrogen 

refuelling stations – From national level to a case study in Germany” presented and published in 

Conference Proceedings of the International Conference on Smart Energy Systems and Technologies 

2018 (SEST) from the Institute of Electrical and Electronics Engineers (IEEE). 
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5.1 Introduction 

Increasing the amount of locally produced renewable electricity and use it locally 

as well is an urban climate change mitigation activity. This should be done in an 

economic way. Retrofitting highway infrastructures such as noise barriers with wind 

turbines and solar panels is a way to increase renewable generation at distribution grid 

levels and benefit from cost reductions due to integration. These systems are evaluated 

techno-economically, resulting in their levelised cost of electricity.  

The main research question answered in this Chapter is “What is the levelised cost 

of electricity for wind and solar at noise barriers?”. This is followed by those sub-

questions: 

• Which are the concepts of integrating micro wind turbines with noise barriers? 

• How much electricity could a typical noise barrier with integrated wind and/or 

solar systems produce? 

• Which are the most important cost parameters? 

• What cost reduction can be realized by integrating solar and wind in a noise 

barrier? 

To address those questions, a literature review of different concepts of micro wind 

integration on highway infrastructures is conducted. Then the methodology for 

calculating the Levelised cost of electricity is presented.  A detailed cost review and 

analysis of all subsystems is conducted. Finally, the results of each system are presented 

for a concept design as shown in Figure 5 - 1 along with a sensitivity analysis and LCOE 

comparison with large scale solar and wind. 

 

Figure 5 - 1: Sketch of the hybrid photovoltaic and wind turbine noise barrier 

5.2 Literature Review 

The literature review consists of 3 parts, starting with review of integration 

concepts of small-scale wind turbines with highway infrastructures, proceeding to a 
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review of challenges and opportunities of different electricity pathways for the hybrid 

(wind/solar) noise barrier energy systems and finally reviewing a number of techno-

economic assessment literature to identify present gaps which this study will cover. 

5.2.1 kW scale wind turbines integrated near highways 

This chapter reviews kw scale wind turbines integrated near highways like the 

concepts shown in Figure 5 – 2. A classification in 4 concepts is proposed and the Table 

5 – 1 below provide system description, application that the wind turbine is powering 

and the methodology of each reviewed work. 
Wind powered concepts near highways are explored in various works from 

conceptual design level up to national implementation. An extensive review of the 

different wind turbine technologies for highway wind energy harvesting is presented 

in [1]. Turbines can be integrated in numerous ways with highway infrastructures. 

Nearly all systems in literature use vertical axis technology to be able to benefit from 

the highly turbulent flows as turbines are placed either in the middle or at the sides of 

highways. For the noise barrier study, a horizontal axis technology is explored as this 

technology represents around 99% of the market while Vertical Axis wind turbine 

(VAWT) represent a minor fraction of 1% [2]. Additionally, current study uses 

experimental data for the wind energy yield time series from a horizontal axis turbine 

integrated on a noise barrier as analysed in [3]. A proposal is made to classify turbine 

integration into 4 integration concepts, that are presented in Table 5 – 1.  

The four proposed integrated systems are: 

• Lighting pole integrated systems, where the turbine is structurally integrated on an 

existing lighting pole. Or micro wind turbines towers erected next to highways with 

integrated lighting systems.  

• Highway sides or median integrated systems. These systems are erected at low 

heights next to highways exploiting the vehicle-induced turbulent wind energy. 

Vertical axis wind turbine systems are mostly used. In this category, turbines can 

also be placed on top of, attached or embedded on highway median strips. These 

could be green areas or Jersey bars.  

• Tunnel integrated systems, where turbines are integrated inside tunnels or at their 

exits and benefit from the flows either of traffic or the natural wind flow occurring 

inside a tunnel due to pressure differences between the 2 exits 

• Bridge integrated systems where wind energy harvesting devices can exploit the 

canyon wind potential to power structural health monitoring devices used in 

bridges or other infrastructures.  
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Figure 5 - 2: Concepts and research of wind energy along highways and turbines 
integrated with highway infrastructures (left) light pole mounted horizontal axis wind 
turbine next to a road, (middle) vertical axis wind turbine installed on top of a median of 
a highway and (right) experimental set-up of wind energy generation along North 
Carolina’s highways 

The systems often described in literature are either stand-alone or hybrid in 

combination systems with PV. Most examples included a form of battery storage to 

power the applications (e.g., street lighting). Very few are grid connected even though 

there are cost benefits of grid integration [4]. The urban environment presents low 

mean wind speeds which combined with the high costs of micro wind turbines make 

micro wind electricity more expensive than PV in €/kWh [5]. Combining wind and solar 

systems in hybrid mode can be beneficial as more energy output can be achieved with 

less variability, a higher of the grid interconnection capacity is achieved and reliability 

of overall system increases with less storage required when in off-grid operation[6]. 

Such hybrid systems are explored for their integration with highway infrastructures, 

mostly for street lighting applications. 

Applications discussed in literature for highway micro wind turbines are for a very 

large extent be street lighting. Traffic and telecommunication signals are often 

described as well. Some novel applications around dust collection and health 

monitoring devices are also presented. Very few examples show electric vehicle 

charging applications.  

The methods found in literature that are used to evaluate these systems are 

presented Table 5 – 1. The reviewed works use the methods of conceptual design, 

feasibility studies, experimental assessment, wind resource assessment, design of 

prototypes and some cost evaluations.  
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Table 5 - 1: Review of literature of micro wind turbine integration concepts along 
highways 

Integration 
Concept 

System description Application Methodology Reference 

Lighting pole Street lights integrated on a 
grid connected VAWT system 
pole 

Street lighting 

Grid exports 

Design and 
optimization 

[7] 

Wind-PV-Battery integrated 
on a lighting pole 

Street lighting Conceptual 
design 

[8] 

Wind-PV integrated on street 
lighting pole 

Street lighting Performance 
assessment 
Cost comparison  
stand-alone vs 
hybrid systems 

[9] 

Highway 
sides/median 

VAWT on sides Highway lights, traffic signals, light 
guide lines 

Feasibility study 
Prototype 
experimental 
power curve 
determination 

[10] 

Hybrid VAWT 
(Savonius/Darrieus) Battery 

Street lighting Design of 
prototype 

[11] 

Linear integration along 
sides/medians 

Street 
lighting/Telecommunications 
Signalling 

Design of 
prototype 

[12] 

Jersey blocks structural 
integration of horizontal axis 
turbines 

Street lighting Conceptual 
design 

[13] 

VAWT on highways medians 
powering dust collectors 

Dust and pollution particle 
collection 

Conceptual 
design and 
feasibility 

[14] 

Hybrid VAWT and PV system 
with battery storage 

Street lighting 
Toll gates 

Conceptual 
design 

[15] [16] 

foldable umbrella mechanism 
integrated PV and Wind 
system on highways medians  

Street lighting Design 
Experimentation 

Feasibility 

[17] 

Hybrid PV and Wind systems 
installed next to highways 

Electric vehicle charging Multi-objective 
optimization 
Feasibility study 

[18] 

Tunnel side VAWT Tunnel side wind 
turbines 

Tunnel lighting, pumping water  Wind resource 
assessment 

Experimental 
investigation 

Feasibility 

[19] 

Bridges VAWT with piezoelectric and 
electromagnetic mechanisms 
integrated on bridges 

Health monitoring devices for 
bridges 

Resource 
assessment 
System 
feasibility 

[20] 
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5.2.2 Electricity pathways for a wind and solar power noise barrier 

Beside the specific literature on kW scale wind turbines related to highway 

infrastructures, literature also presents use cases of micro wind energy and solar 

energy. A few publications are selected to discuss potential use cases for the electricity 

produced from the wind and/or solar noise barrier. Literature presents several options 

from urban level and locally produced renewable electricity (small wind and/or solar) 

for several use cases. Some of the presented use cases in literature are the direct export 

towards distribution grids participating in electricity markets but with challenging 

economics due to different infrastructure configurations [21],[22],[23,24],[25]. Some 

considering adding batteries to such systems to benefit from grid flexibility services 

thus improving system economics [26]. Others focus on exporting electricity to street 

lighting networks but with challenges of needing to add batteries to be off-grid [7,8], 

[4],[27]. Some indicate an off-grid approach with private cables connected to different 

loads (industrial, household) [4], [28]. Others present energy storage by charging 

electric vehicles mainly light duty mobility vehicles (scooters, vans, small market fleets) 

[29], [30], [26]. While others discuss energy conversion with localized hydrogen 

production and refuelling for light duty electric mobility use [30], [31], [32], [33], [34], 

[35]. For all of those options, it is crucial to understand the economics of the electricity 

production on noise barriers. Therefore, this chapter analyses those techno-economic 

aspects. 

5.2.3 Techno-economic analysis of small-scale wind energy systems 

A literature review was performed to identify cost benchmarks, methods and 

sensitivity analysis parameters. This review aims to identify common techno-economic 

analysis methods and practices for all the relevant systems integrated on the noise 

barrier systems and its energy off takers. A selection of the most relevant literature is 

presented in Table 5 - 2 below. 

The main takeaways in terms of methodology are that publications tend to use a 

rounded CAPEX figure for the costs of micro wind energy rather than analysing the 

individual sub-cost components (e.g., tower, foundations etc.), therefore in current 

study those costs are further investigated in order to examine the cost reduction in 

capital costs due to integration. Another finding is that the most common metric to 

benchmark with other technologies such as PV is the Levelised cost of electricity (LCOE) 

expressed in €/kWh. Finally, literature presents sensitivity analyses from different 

authors concerning varying the wind resource, the project economics (interest rates, 

CAPEX, OPEX), assessing combination with hybrid PV or adding batteries and other 

subsystems. 

Some interesting findings are that the LCOE of micro wind energy is higher (0.1 – 

2.7 €/kWh) than PV (0.1 – 0.3 €/kWh) especially in urban environment. At kW scale 
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and near infrastructures, grid connection interconnected with a load, can offer benefits 

in terms of reliability, resilience and cost.  

 

Table 5 - 2: Techno economic studies relevant to micro wind electricity combined with 
PV 

Type of study System Key takeaways Reference 

Review of micro wind 
turbines aspects 

(<2.5kW) Costs/variation decrease at high wind 
turbine rated capacities  

Structure (building) mounted turbines have 
potential for cost decrease but installation 
cost factors are unknown  

[36] 

Techno-economic 
evaluation  

Reference 2.4kW micro 
wind turbine 

Mean wind speeds and interest rates 
significantly affect LCOE. 

LCOE ranges at 0.1 – 2.7 €/MWh for systems 
with CAPEX 1000 – 7000 €/kW and mean 
wind speeds 3 – 5 m/s 

[37] 

Cost Benefit Analysis  Turbines <1.5 kW Turbines <1.5 kW require mean wind speeds 
> 5.5 m/s to achieve 15 years payback, thus 
unsuitable for urban environment 

[38] 

Hybrid with PV    

Comparison study  PV and Wind installed in 
Urban Environments (2.4 
kW) for a case study in 
Dublin 

LCOE (wind at 1.20 €/kWh) and (PV at 0.24 
€/kWh). 

Difference due to energy resource potential, 
CAPEX and interest rates. 

[5] 

Techno-economic 
analysis for various 
resources and interest 
rates 

Stand-alone 300kW PV, 
2x330kW Wind system with 
a 200kW PWM hydrogen 
production/storage options 
and a fuel cell 

Adding PV to Wind, decreases the Net 
Present Value (NPV) by 22% 

Cost of energy at 0.8 – 1 €/kWh  

[39] 

Grid connection aspects    

Techno-economic 
feasibility (HOMER)  

Hybrid diesel, PV (800kW), 
wind (60kW) and battery 
for non-residential 
electricity consumers. 

Grid-connected is 35 – 40% cheaper than 
battery-connected. 

Increased sales of electricity back to the grid 

[4] 

Techno-economic 
evaluation  

On- and off-grid wind (6kW) 

Hydrogen production (2kW) 

LCOE 0.14 – 0.3 $/kWh at 12 – 60m hub 
height 

 

[40] 

Integration with 
hydrogen production 
systems 

   

Techno-economic 
analysis/optimization  

Solar (2kW) + wind systems 
(1-15kW) + batteries for 
power generation and 
hydrogen production for 
typical house load demand 

LCOE cheaper for batteries 0.6 $/kWh while 
hydrogen production/storage and fuel cell 
electricity doubles cost to 1.2 $/kWh. 

Overall cost of energy (electricity + 
hydrogen) is the lowest for the hybrid system 
(2kW PV + 3 turbines) at 1.4 $/kWh 

[41] 
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5.3 System design and input data 

In this section the wind and solar noise barrier systems are described along with 

the modelling aspects. A brief system description is presented in Section 5.3.1. 

Secondly, the technoeconomic analysis modelling equations are explained with respect 

to LCOE in Section 5.3.2. This is followed by the electricity production scenarios 

assessed in Section 5.3.3. After that, the costing parameters are reviewed with a focus 

on the cost reduction achieved due to integration for both wind and solar systems in 

Section 5.3.4. 

5.3.1 Brief system design 

The concept under examination is being assessed for the cost and electricity being 

produced from structurally integrated micro wind turbines (9kW) and photovoltaic 

panels (90kW) on existing commissioned noise barriers along highways. This design 

has the benefit of cost reductions due to unnecessary structural systems for wind and 

solar systems. The solar and wind systems are assumed to share a DC or an AC bus [6] 

before network connection. System capacities are based on average noise barrier length 

(~150m) and a height (~5m) for the Netherlands. Small wind turbine systems that do 

not exceed a total height of 8 meters together with the noise barrier height are assumed, 

a boundary set by road authority rules and regulations for objects attached on noise 

barriers. Electricity is exported to a nearby electrical grid at distribution level at an 

average cable distance of 150m (found from analysis of average distance of noise 

barriers to distribution level transformers). The transformer costs are assumed as part 

of the CAPEX of the wind and solar systems, while the cabling and other costs are 

assumed as grid interconnection costs based on the Dutch Grid Electrical Code [42].  

This system is assumed to be integrated with an existing noise barrier thus investment 

costs for noise barrier are excluded as well as any noise barrier maintenance costs. A 

graphical representation of this concept can be found in Figure 5 - 1. 

5.3.2 Technoeconomic analysis and methodology 

A model was set for benchmarking and sensitivity analysis with the metrics of 

Levelised cost of electricity (LCOE) [43]. The LCOE (€/kWh) of the noise barrier system 

(shown in equation 5.1) is the sum of the annualized costs (€) of the PV, the micro wind 

turbine systems integrated on the noise barriers and the grid interconnection, divided 

by the total annual electricity production of the noise barrier AEPNB (kWh). AEPNB is the 

sum of the Annual Electricity Production of the PV systems, AEPPV (kWh) and the micro 

wind turbine system, AEPwind (kWh). Annualized costs are the sum of the operational 

expenditures (OPEX) and the annual repayments to cover the investment costs. The 

annual repayments for the PV, the wind turbines and the grids are the product of the 

capital expenditures (CAPEX) with the project’s capital recovery factor (CRF) [37].  



Chapter 5 

157 

 

     
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wind PV GRID

NB

LCOE

CAPEX CRF OPEX CAPEX CRF OPEX CAPEX CRF OPEX

AEP

=

 + +  + +  +  (5.1) 

 

The capital recovery factor (CRF) (shown in equation 5.2) is considered to express 

the annual repayments to banks and investors (assuming a mixed debt-loan ratios for 

a low maturity investment) considering the weighted average cost of capital of the 

project (WACCproject) and the lifetime of the project n in years [43]. Equation 5.3 shows 

the weighted average cost of capital of the project (WACCproject), which is the sum of the 

product of debt share xdebt (%) with the interest rate of debt idebt (%) and the product of 

the equity share xequity (%), shown in equation 5.4, with the rate of return to equity Requity 

(%). 

 

( )( )
( )( )

1

1 1

n

n

WACC WACC
CRF
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+
=

+ −

 (5.2) 

  

project debt debt equity equityWACC x i x R=  +   (5.3) 

  

1equity debtx x= −  (5.4) 

 

Since the system is retrofitted on public highway infrastructures with low market 

maturity integration concept for photovoltaic system and very low maturity for micro 

wind turbines. IEA’s article on cost of capital in clean energy transitions [44], provides 

the split between debt and equity finance for several sectors for the energy transition. 

The sectors relevant to noise barriers are the low-carbon generation (67% debt – 33% 

equity) and grids and storage (64% debt - 36% equity). Therefore, the system studied 

is assumed to have 65% debt and 35% equity. The cost of debt (or interest rate) vary 

per technologies and projects, with literature showing wind and solar technologies who 

are mature to have as low as 0.5-4% for solar projects [45],[46], and 3-7% for micro 

wind turbine projects [38],[47],[48],[5],[37]. Therefore, an interest rate of 4% is 

assumed for all systems. Regarding the rate of return (cost of equity), the same IEA 

report discusses the typical rate of returns that utility scale solar projects use in Europe. 

This is split into the revenue supported (through feed-in tariffs, contracts for difference, 

long term power purchase agreements or bilateral agreements) and the merchant risk 

(market-based revenue). Due to limited commercial maturity, it is assumed that a 

revenue supported category applies. The typical cost of equity (%) for utility scale solar 
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is 5.3 – 10.9%. Therefore, for the noise barrier project, a 7.5% cost of equity is assumed 

as shown in Table 5 - 3 below. 

 

Table 5 - 3: Weighted Average Cost of Capital Structure 

Factor Value 

Debt Share (%) 65 

Equity Share (%) 35 

Cost of Debt (%) 4 

Cost of Equity (%) 7.5 

WACCproject (%) 5 

 

The AEPNB (kWh) is the sum of all the wind and solar electricity produced in a 

year, shown in equation 5.5. Wind turbine electricity Ewind (kWh) at each time hourly 

step i, is estimated by interpolating the hourly wind speed time series with a small wind 

turbine’s power curve. Since the turbine is integrated with a noise barrier, wind speed 

correction factors are applied to each hourly wind speed data points. The wind speed 

corrections come from an experimental assessment of wind speeds on top of noise 

barriers and are based on the wind direction and the noise barrier azimuth [49]. The 

solar electricity Esolar (kWh) at each hourly time step i, is downloaded as hourly time 

series from PVGIS database where a predefined azimuth and noise barrier slope can be 

configured to assess different sensitivities.  

 

( )
8760

1
i iNB wind pv

i

AEP E E
=

= +  (5.5) 

5.3.3 Electricity production 

This section dives a bit deeper on the electricity production scenarios. In order to 

understand the cost of electricity that the micro wind turbine noise barrier (MWTNB) 

and the photovoltaic noise barrier (PVNB) systems can achieve, it is important to model 

the electricity production in several scenarios. The scenarios are relevant in order to 

understand the range of costs to be expected. The scenarios are based on location, 

which mainly affects the average wind speed, on the azimuth of the noise barrier and 

its slope, which mainly affects the PV output and on the influence of the noise barrier 

on the wind turbine’s energy yield as it was shown in [49]. The country of the 

Netherlands is used as a case study. Therefore wind and solar time series are used from 

KNMI for wind and from PVGIS for PV.  
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For the case of micro wind energy, wind time series are used for 3 locations with 

different average wind speeds (low=3.6 m/s, medium=4.1 m/s, high=4.8 m/s) at hub 

height of 8 meters. These locations are Eindhoven Airport, Rotterdam Airport and 

Schiphol Airport [50]. The met masts at those locations are similar to the typical noise 

barrier wind turbine height of installation, thus no corrections are applied, to simplify 

modelling. 

Electricity production ideal micro wind turbine 

The annual electricity production from the micro wind turbines AEPwt (kWh) is 

the sum of each hourly wind electricity production Ewind(i). Each hourly point (i) is 

found by interpolating the WindChallenge’s micro wind turbine power curve Pcurve with 

the site’s wind speed u(i) hourly datasets, as shown in equation 5.6. This power is not 

yet noise barrier corrected.  

 

  ( ) ( ), ( )wind curveE i lookup u i P u i=  (5.6) 

 

The AEPwt (kWh) is then corrected for the noise barrier influence, with a noise 

barrier factor, as shown in equation 5.7. To avoid modelling extensive number of cases, 

the range of 60% decrease in production from the reference case (worst case) and a 

63% increase from the reference case (best case), is considered. These AEP differences 

were calculated earlier in [49].  
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i
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=

 
=  
 
  (5.7) 

Electricity production realistic micro wind turbine on noise barrier (with 

field experiment measured performance losses) 

The AEPwt (kWh) represents the energy yield per year assuming that the turbine 

would ideally operate as in the case of a wind tunnel. It was, however, demonstrated in 

[3], that a micro wind turbine is not ideally operating in the turbulent environment 

above the noise barrier. A number of losses were recorded related to the inverter 

standby power, the lack of adequate response of turbine’s nacelle to follow wind 

direction leading to yaw misalignment losses and the controller’s ineffectiveness to 

operate in the highest aerodynamical efficiency of the turbine system. When summing 

and averaging all those losses for different wind speeds and directions, these result in 

a turbine system operating at 42% of the actual theoretical performance, which is a 

substantial loss. Therefore the scenarios include, a case for the wind turbine system 
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where these losses are taken into account in the cost of electricity. The AEPwt_loss (kWh) 

is then the product of AEPwt (kWh) with the ηloss (%), shown in equation 5.8. 

 

_ _wtwt loss wt loss
AEP AEP =   (5.8) 

Electricity production of Solar PV on Noise Barrier 

For the photovoltaic noise barrier (PVNB), the photovoltaic electricity production 

time series are downloaded from the PVGIS online tool [51] for the 3 locations above. 

PVGIS is a photovoltaic energy yield model validated from measurements performed 

on commercial modules at the ISO accredited Joint Research Centre’s European Solar 

Test Facility. It is a standard tool to estimate hourly production profiles. Three azimuth 

cases are modelled (East=-90o, South=0o and West=+90o) and 2 noise barrier slopes 

(50o and 80o). These slopes are typical for noise barriers in Netherlands as analysis in 

Chapter 4 showed. The sensitivities in azimuth and slope are examined for the changes 

in the final cost of electricity. As PVNB are placed near highways, a valid question to ask 

is whether soiling losses are relevant as traffic dust could reduce panel output by 8%. 

But this is mostly for dry climates [52-54]. In weather environments such as the 

Netherlands, soiling in vertically placed PVNB was not found an issue. In addition, the 

effect of cleaning of PVNB was assessed in [55] concluding that the performance of 

nearly vertically placed PVs is not increased as a result of cleaning as the vertical 

placement in combination with rainfall avoid dust and particle accumulation on their 

surface resulting in soiling losses. Therefore, additional soiling losses are not assumed. 

5.3.4 Costs 

This section describes costs used in LCOE equation 5.1. The investigation is mainly 

for capital and operational expenditures concerning micro wind and PV integrated with 

noise barriers with a detailed cost breakdown aiming to finding potential cost 

reductions due to integration. Capital expenditures of systems (CAPEX) refer to one-off 

costs at the beginning of the project’s lifetime or when hardware is replaced. They cover 

engineering design, construction, permitting, installation, purchase of software-

hardware, interconnection to electricity grids and other investment costs. Operational 

expenditures (OPEX) are all costs for scheduled/unscheduled maintenance. Wind and 

solar systems’ OPEX is typically expressed annually as a percentage of CAPEX of each 

system. OPEX figures could dynamically change throughout the lifetime of the system.  

The study considers integration of wind and solar systems on existing and built 

noise barriers, hence it does not consider costs for developing new noise barrier 

structures. Noise barriers last 25-50 years. Costs used are exchange rate converted to 

€ and are 2020 inflation-adjusted [56].  
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Wind Turbine Noise Barrier System 

There is limited literature around costs for micro wind turbine systems integrated 

with noise barriers. The turbine sizes allowed on a typical noise barrier height of 5 

meters including a 1-meter rotor clearance should have a maximum of 2 meters rotor 

diameter. This limitation comes from the Noise Abatement Act which does not allow 

the noise barrier height to exceed 8 meters including any attached objects [57]. For that 

reason, the study needs to consider cost breakdown of less than 2.5kW micro wind 

turbines systems incorporating cost changes due to integration with the noise barrier.  

A literature review was conducted to identify CAPEX and OPEX shown in Table 

below. The CAPEX ranges greatly for small wind turbine system. Unfortunately, the 

Netherlands does not have a comprehensive market related literature on micro wind 

energy, therefore findings from other countries are presented in this costing review 

(USA, UK and Canada).  From literature review, a large range in CAPEX figures is found 

(2000 – 18000 €2020/kW). This is due to differences in type of installation (urban, rural, 

building integrated), the total amount of turbines and power capacities (0.1 – 10kW) 

and the project complexity at the site of installation. It is therefore necessary to find a 

cost breakdown benchmark to base the costs for a noise barrier integrated wind turbine 

system as explained later in Table 5 – 5. 

The OPEX in literature ranges between 1 - 3%, but this is mostly for ground 

mounted systems which has inherently easier access for maintenance than highways. 

All costs have been converted to 2020 € using historical average exchange rate data and 

inflation rates. The lifetime of the turbines in multiple sources and commercial 

brochures range from 15 up to 30 years.  
 

  
Figure 5 - 3: Photos during construction of the highway experimental set-up of highway 
micro wind turbine noise barrier highlighting the structural integration features such as 
the blue flange 
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Table 5 - 4: Selection of cost references (CAPEX, OPEX) for micro and small wind turbine 

projects  

Type of cost reference CAPEX 
(€2020/kW) 

OPEX  
(%CAPEX/year) 

Source Year 

Turbine owner’s questionnaire (average UK 
installed cost) 

7475 1.7% [36] 2006 

Market survey for rural and urban wind 
installations in UK 

2150 – 
18000 

1% [58] 2008 

Market survey average reported installed cost 
in Canada 

1900 – 
6000 

N/A [59] 2009 

Market report of installed costs of top ten small 
wind turbine models in US  

2100 – 
7350 

N/A [37] 2011 

Capital costs for small wind developer’s market 
survey (turbines <1.5kW) in UK 

5450 – 
7010 

2% [38] 2012 

Market report for average CAPEX of 1 – 3 kW 
turbines at 18m height 

6700 N/A [60], 
[61] 

2015 

Market report of US Manufacturers - Average 
(typical) installed cost of wind turbines 

(<2.5kW) 

3550 – 
7100 

1.5% [47] 2017 

Distributed Wind Market Report survey for 
project costs  

4920 – 
12770 

N/A [47] 2016 

Future market scenario analysis for behind-
the-meter distributed wind projects  

9000 0.1 – 0.4% [48] 2016 

Small wind survey for cost benchmarking in the 
US 

10940 ~0.6% [2] 2017 

Case study using data from commercial 
brochure from installer for 2.4kW turbine 

6350 2.7% [5] 2016 

Case studies for rural and urban installations 
(for a 2.4kW turbine) 

3150 – 
5145 

1.5 – 3% [37] 2016 

 
To find a figure which is as close to the potential micro wind turbine noise barrier 

costs, the following market survey report is used which is conducted in 2017 for 

residential systems (<20kW) with average total cost of 9400 €2020/kW from a sample 

of 57 projects with total installed capacity of ~450kWC from [61] and [2]. This report 

provides a detailed CAPEX breakdown which helps to demonstrate cost reductions in 

different CAPEX parts which will differ than a residential system installation.  

The first reduction is due to the structural integration with existing noise barriers. 

Since the turbine is structurally integrated with the noise barrier metal support 

structure, a large cost reduction applies for the tower costs as the tower is replaced by 

a flange interconnector as shown in Figure 5 - 3. Additionally, only a very small 

monopole is required to support the turbine above the noise barrier of maximum 2 

meters rather than a full tower. The average monopole cost of 90 €/kW/m is applied as 

found in the reference above. The cost of the flange interconnector is considered in the 

foundation costs which are as well reduced significantly by only including the flange 

costs. Installation costs are also reduced as no tower needs to be erected for the turbine. 

Costs for installation are attributed to a scaffold (shown in Figure 5 - 5), crane or cherry 

picker necessary to install the flange interconnector and place the turbine. The selection 

of equipment to install the turbines is influenced by the site access and the turbine 
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weight characteristics. For example, the turbine shown in Figure 5 - 3 was quite heavy 

requiring a crane to place it (as it was more than 10-20 kgs), there are however market 

alternatives with less than 5 – 10 kgs of turbine which are easier to carry, place and 

install. Finally, installation costs can be shared with the PV system installation. Another 

cost reduction is due to changes in electrical infrastructure costs and the difference in 

permitting costs as turbines are installed next to highway environment.  

 

Table 5 - 5: Cost breakdown of micro wind turbine projects and assumptions used to 
determine cost reductions for noise barrier integrated micro wind systems (all costs are 
converted from $2017) 

Cost Component CAPEX breakdown of 
micro wind turbine 
projects (€2020/kW) 

Change due to Costs applied 
in model  

(€2020/kW) 
Turbine 2735 Minor deviations with 

turbine size 
2735 

Tower 1310 
 (average cost of all 

projects) 

Maximum 2 m monopole per 
0.4kW turbine with average 

cost as no tilt-up tower 
needed 

180 

Customer Acquisition and 
Qualifications 

130 
 

No change 130 

Zoning, Permitting, 
Interconnection (ZPII) 

720 Assumed 10% reduction  640 

Engineering/Design 110 Slight increase due to novel 
concept 

140 

Transportation and 
Logistics 

205 Sharing with PV costs  
(50% reduction) 

100 

Foundation 1185 Flange interconnectors costs 
instead of ground 

foundations. Material costs 
will decrease but metal 

works required 

180 

Electrical Infrastructure 520 Labor/Subcontracting costs 
shared with PV. Equipment 
(power conditioning units) 
and material (cabling) costs 

can be shared with PV 
systems  

(50% reduction) 

250 

Installation 2230  
(average figure until 

20kW) 

Small wind capacities 
(<$1000/kW) with tilt-up 
tower. Labor, equipment 

(crane) and installation costs 
shared with PV (50% 

reduction) 

450 

Taxes 130 Same costs 130 
Other Costs 110 (1% of total CAPEX) Same costs 110 

TOTALS 9400 €2020/kW  40% reduction 5100 
€2020/kW  
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Based on all aforementioned cost correction due to noise barrier integration, the 

overall CAPEX is reduced by 40% from 9400 €/kW to 5100 €/kW. For the OPEX, a 4% 

of CAPEX per year is assumed as the experience from the experimentation near the 

highway in [3] with all the necessary permitting to perform work and the complexity 

of access to the noise barrier site proved that the maintenance required will be more 

complex than any other type of micro wind installation. The system lifetime is 20 

years as most literature and manufacturers state. 

Photovoltaic Noise Barrier System 

Since an established market for photovoltaic noise barriers does not exist, the 

costs should be assumed by reviewing different sources. The main conclusion of the 

literature review of PVNB costs is that there is not a single cost figure that can be simply 

used to adequately represent the noise barrier in examination. Therefore, the most 

recent literature of PV systems will be used around the cost breakdown and 

benchmarking and some assumptions will be presented to determine the final project 

costs for the noise barrier. Information was found around system costs for 

representative rooftop, residential and commercial PV systems of sizes around 100kW. 

Literature also presented cost figures for photovoltaic noise barriers from case studies, 

commercial brochures, reports of research demonstration (such as project A9 in the 

Netherlands shown in Figure 5 - 4) and interviews with construction companies. 

 

 

  
Figure 5 - 4: Compilation of PVNB photos (top row) Swiss cassette type photovoltaic 
noise barrier in operation and during installation (bottom row) Solar Highways Dutch 
experimental photovoltaic noise barrier (~240kW) during construction, installation and 
maintenance periods 
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PVNB found in literature mainly concern noise barrier panels being fabricated and 

laminated with solar cells as part of a single structure, these are more expensive 

currently than standard PV panels as the fabrication is not automated and is customized 

for each noise barrier. The noise barrier concept proposed in this study involves the 

racking of existing PV system found in market on existing noise barrier panels without 

the necessity to uninstall existing noise cancelling panels. OPEX costs for PV systems 

are generally quite low around 1% of CAPEX per year, in current project a 2% of CAPEX 

per year is assumed due to its novelty and concept maturity. Finally, the lifetime is 20 

years. 

The Table 5 – 6 below provides a general indication of what is available in 

literature regarding costs of PV systems and some noise barrier integrated ones. But 

since the projects can differ per module technology, the electrical infrastructure, 

structural integration and other related project costs it is important to breakdown the 

cost components of a PVNB project. This helps to roughly assume cost figures with 

uncertainties. By using a cost breakdown benchmarking reference in Table 5 – 7 in next 

page, each component’s costs are changed due to assumptions related to the concept 

described in this chapter. It is important to highlight that the noise barrier concept 

presented is not with glass integrated PV modules but racked modules on existing noise 

barrier screens thus a simpler solution and potentially more economic. All costs are 

converted to €2020. Total project baseline cost assumed in this project is 1820 €/kW of 

PVNB installed, which is significantly less than the other PVNB projects in Belgium and 

the Netherlands which assume glass laminated cassettes integrated with the noise 

barrier. 

 

   
Figure 5 - 5: Photos of (left) Grid interconnection of the Solar Highways PVNB 240kW 

demonstration in the Netherlands – Copyright of Heijmans, (middle) installation of 

electric cast for interconnection to low voltage network for the MWTNB experiment 

(right) installation of the micro wind turbine on the noise barrier 
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Table 5 - 6: CAPEX and OPEX for generic and noise barrier integrated PV systems 

 It is assumed that values are converted to €2004 from authors 
2 No mention of integration concept (rack-mounted or integrated with noise barrier absorbing material). 
3 Soiling loss maintenance not necessarily due to frequent rainfalls 
4 Both panel technologies’ costs include electrical installation 
5 Costs are for glass PV modules, power electronics, BoP (they do not include installation and other soft costs 
necessary for the project developments of PVNBs) 
6 1600m2 of PV surface with 18.5W/m2 resulting in 231kW 
7 Best offer during tender at 2.47 million € to design, construct and maintain for 1.5 year after completion 
(Heijmans, Scheuten, Van Campen/Bayards and Libra). Procurement costs a lot higher as custom hand-made 
modules were necessary to be produced. Project discusses significant cost reduction with manufacturing 
automation. Video in https://www.youtube.com/watch?v=3qgAhtDsz4U shows manually placed cells. 

Grid Interconnection  

Interconnection costs as stated from the Dutch law are divided into one-time costs 

as CAPEX (connection fees and tariff with cable extension works) and the yearly 

periodic costs (connection fee, fixed transport fee, capacity tariff and metering tariff). 

All those costs when annualized results in a range between 1200 – 3000 € for a cable 

length of ~150m (average length of noise barriers from transformers from analysis in 

chapter 4). Technical information are used for all grid operators in Wettenbank Tariff 

codes and in individual examples of distribution system operators (DSOs) [42,69] like 

Type of study CAPEX (€2020/kW) OPEX  
(% 

CAPEX/year) 

Source Year 

Market report in 
Germany 

 

1050 – 1600 (rooftop) 
30 – 170 (String Inverters 

<150kWp) 
30 – 50 (Central Inverters >80kWp) 

N/A [62] 2022 

Market Report of 
10–100kW PV 
systems costs  

2600 €/kW  
(balance of plant and modules) 

N/A [63] 2017 

Governmental 
report for 

installation of 
building integrated 

PV 

621 €/kW (>15kW until 1MW) 2% 
 

[45] 2022 

PVNB demonstration 
projects with 

installed power 
capacities of 55 – 

220 kW in the 1990s 

16000 €/kW (1989) 
From 7000 €/kW (2000)1 

 

N/A [64] 2004 

Case Study of 430kW 
PVNB2 in Belgium 

2800 €/kW  1%3 [46] 2012 

Commercial 
Brochure of PVNB4 

4520 $/kW (amorphous glass PV) 
1100 $/kW (crystalline glass PV) 

N/A [65] 2021 

Project report of 
248kW PVNB in the 

Netherlands 

4190 €/kW5 1.5%  [55] 2020 

Solar Highways Final 
Report for a 400m 

long prototype6 5m 
high noise barrier 

with 4m bifacial PV  

9960 €/kW (project cost)7 
6000 €/kW  

(planning, civil works, installation, 
replacement and construction of 

new barrier foundations). 

0.8%  [66] 2020 

https://www.youtube.com/watch?v=3qgAhtDsz4U
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STEDIN -Alliander. An important parameter in all those equations is the distance from 

nearby transformers which is input to the model from the average baseline distances 

found in the GIS analysis as well as assuming equal lifetime to the one from the project.  

 

Table 5 - 7: Cost breakdown of PV system projects and assumptions used to determine 
costs for noise barrier integrated photovoltaic systems (all costs are converted to €2020) 

Cost 
Component 

Benchmarking Values [67] 
(100kW commercial project) 

(€2020/kW) 
Change due to 

PVNB 
Integrated 

Cost 
(€2020/kW) 

Module 360 European module prices 360 

Inverters 

60 (3phase string inverter) 
105 

(DC power optimizer 3phase 
string inverter for rooftop) 

255 
(microinverters for rooftop) 

As noise barrier could potentially 
experience partial shading 

phenomena due to on-going 
traffic a combination of string 

inverters with power optimizers 
are assumed 

String inverters in Germany 2022 

130 

Structural 
components 

(racking) 

95(rooftop ballasted) 
150 

(fixed tilt ground mounted with 
pile foundations) 

Decrease as no foundations or 
complex structures necessary but 

only racks attached on noise 
barrier to hook-up the panels. 
Also, not replacing the noise 

barrier panels keeps cost low. 

60 

Electrical 
components 

130 (rooftop) 
360 (ground mounted) 

(conductors, conduit and fittings, 
transition boxes, switchgear, panel 

boards and others) 

Costs would be between ground 
and rooftop mounted ones 

210 

Installation 
(labour & 

equipment) 

165 (rooftop) 
185 (ground mounted) 

 
Indicative traffic measures (e.g. 
road blocking) costs for noise 

barrier installation activities per 
m of noise barrier (90 €/m) [68] 

Increased value based on ground-
mounted due to complexities 

requiring use of cranes, blocking 
traffic, inaccessibility and road 
works required due to complex 

landscapes around noise barriers 

260 

EPC Overhead 
160 (rooftop) 

150 (ground mounted) 
Same costs 160 

Permitting, 
Inspection & 

Interconnection 
(PII) 

120 (rooftop) 
90 (ground mounted) 

Permitting more complex due to 
highway environment 

Inspection more complex 
(racking) and linear integration 

Interconnection complexities due 
to linear layout 

125 

Sales Tax (if 
any) 

45 (rooftop) 
60 (ground-mounted) 

Same costs 45 

Developer 
Overhead 

315 (rooftop) 
420 (ground-mounted) 

Average of rooftop and ground-
mounted 

350 

Contingencies 
45 (rooftop) 

50 (ground-mounted) 
Increased value based on ground-

mounted 
70 

Profit 
105 (rooftop) 

150 (ground-mounted) 
Average of rooftop and ground-

mounted 
130 

Totals 
1600 - 1795 €2020/kW (rooftop)  
2035 – 2230 €2020/kW (ground-

mounted) 
 

1820 
€2020/kW 
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5.3.5 Summary Cost Figures 

Table 5 - 8 shows the summary of all key system parameters. These include 

CAPEX, OPEX, lifetime, system capacities The Table also includes design and sizing 

assumptions used to determine some of those figures along with additional information 

around the electricity production modelling. 

Table 5 - 8: Initial system input data along with design and sizing assumptions for the 
concept 

System 
parameters 

Values and Units Design and Sizing Assumptions References 

Micro wind turbine 

CAPEX 5100 €/kW  * production time series based on KNMI airport time series for 3 
locations  

* noise barrier corrections applied (very low case – 60% AEP 
reduction, very high case 63% AEP increase) 

* CAPEX based on micro wind market reports and retrofitting 
cost assumptions presented later 

* total system capacity sized on average noise barrier length in 
the Netherlands (145m) from GIS analysis 

* system structurally integrated with the noise barriers with a 5D 
clearance (rotor diameter) to avoid wake losses 

* interconnected electrically with cables and share infrastructure 
with the photovoltaic system strings 

* 0.375 kW turbine size used due combined noise barrier and 
object height limitations (combined height of rotor and noise 
barrier <8 meters) 

[50], 

[47], 

[59], 

[2], 

[61], 

[58], 

[70] 

OPEX 4% of CAPEX per 
annum 

Lifetime 20 Years 

Capacity 9 kW 

Photovoltaic system 

CAPEX 1820 €/kW   * production time series based on PVGIS datasets corrected for 
typical noise barrier inclinations and orientations 

* CAPEX based on PV system prices and retrofitting cost 
assumption explained in later section 

* baseline design slope is 80o (from GIS data analysis) with South 
facing orientation 

* sized on the average noise barrier length in Netherlands 
assuming 3 panels for a typical 5m high noise barrier 

* 0.6 kWPV/m of noise barrier 

[51], 

[63], 

[45], 

[46] 

OPEX 2% of CAPEX per 
annum 

Lifetime 20 years 

Capacity 90KW 

Electrical Grid and Price 

Interconnection 
Capacity Level 

10-300 kVA * interconnection capacity based on combined wind and solar 
power rating 

* connected to the low-voltage electricity distribution network 
according to the Grid Electrical Code 

* range depends on distance from network and interconnection 
capacity which is based on GIS analysis 

[25],[71], 

[42,69] 

[21],[22], 

[72],[73] 

Annual Costs 1200-3000 
€/year 

Baseline Cable 
Distance 

150 m 
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5.4 Results of levelised cost of electricity 

As a start the results section presents and discusses the LCOE ranges for all the 

different scenarios. The LCOE is presented for a wind only noise barrier (6 first boxes 

and whiskers in Figure 5 - 6), a solar only noise barrier (the next 3 boxes and whiskers) 

and a hybrid configuration (the last 2 boxes and whiskers). For the wind case, two cases 

are presented, one named as Wind_FE (in legend) which takes into account the 

additional field experiment (FE) performance losses as explained in Section 5.3.3 and 

the second named as Wind (in legend) which corresponds to an ideal theoretical 

performance case (as measured in the wind tunnel), see section 5.3.3. The ranges of the 

whiskers and boxes for the wind only noise barrier represent the most positive noise 

barrier influence (lowest part of whisker) and most negative influence (higher part of 

whisker), see also section 5.3.3.  For the PV case the range represents the different 

configurations with south, east and west facing barriers and the slopes between 50o – 

80o. 

 

 

Figure 5 - 6: Levelised cost of electricity (LCOE) for various wind, solar and hybrid 
configurations. (stripped) these represent wind system only and the ranges reflect 
positive and negative influence of the noise barrier in the wind yield (singleI colored) 
photovoltaic noise barrier (PVNB) system for East-South-West azimuth with ranges for 
slopes between 50o-80o (blue and yellow gradient) ranges of the best, median and worst 
combined wind and solar annual energy production yields 

For the wind only case, the micro wind systems have a very wide range of levelised 

cost of electricity between 0.25 – 2.50 €/kWh. Especially the wind cases where 
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performance losses are taken into account results in a range between 0.50 – 2.50 

€/kWh for all 3 locations. The ideal micro wind turbine performance cases range 

between 0.30 – 1.05 €/kWh. A high average wind speed results in lower costs as 

expected and also the cost range is decreased. Micro wind electricity is the most 

expensive of all systems for all cases. 

For the PV only case, stand-alone PV outperforms both the wind only and hybrid 

cases with a LCOE range between 0.13 – 0.25 €/kWh. 

For the hybrid case, the range of costs is between 0.20 – 0.30 €/kWh. The inclusion 

of micro wind turbines in the system slightly increases overall costs between 0.05 – 

0.08 €/kWh for the ideal and limited performance case of micro wind turbine 

electricity.  

After LCOE, the ratio of the annual electricity production (AEP) in kWh per kW 

installed is presented for each system. It is shown in Figure 5 - 7 that the ideal wind 

system has the highest range and the best performance of all configurations while the 

wind system with field experiment (FE) measured losses has the lowest of all. Even 

though ideal micro wind presents the best energy yield case, when compared with the 

cost above it is still not the most economic option, which has to do with the high micro 

wind turbine CAPEX and OPEX costs. For the PV case, it performs a little better than the 

non-ideal micro wind case. Finally, the hybrid option has a little better AEP per kW than 

PV and the ideal wind case. 

 

Figure 5 - 7: Annual Electricity Production (AEP) in kWh per kW of installed system 

A total of 90kW PV and 9kW of wind can produce between 56 – 130 MWh per year, 

as presented in Figure 5 - 8, from the worst to best site conditions assuming an ideal or 

with losses performance for the wind turbine system. This AEP is equivalent to 30 – 60 

homes electricity consumption. PV largely dominates electricity production between 80 

– 96 % of total with wind between 4 – 20 %. This range of the results includes 
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sensitivities of east to south and to west for solar generation, the 3 different resource 

location wind profiles along with correction of the best and worst change of wind flow 

due to noise barriers and the ideal and poor performance micro wind turbine systems. 

 

Figure 5 - 8: Annual Electricity Production (kWh) split between Solar and Wind 
electricity for the hybrid system (90kW solar and 9kW wind) for all possible 
configurations including the ideal and losses performance of the micro wind turbine 
systems 
 

Figure 5 - 9 shows a waterfall diagram of the different annualized cost components 

of the hybrid 90kW PV system, the 9kW wind turbine system and the grid connection. 

It is shown that the PV costs are the highest ones with a total of 11460 € per year and 

for wind is 4130 € while grid is only 1300 €. It is noted however, that PV is 3.6 times 

cheaper per kW than wind turbine systems with ~130 €/kW/year comparing to 460 

€/kW/year for wind.  

 

 

Figure 5 - 9: Annualised Cost Breakdown for a 90kW PV and 9kW micro wind turbine 
systems integrated on a noise barrier 

In order to understand the influence of the financial parameters to the LCOE two 

extreme cases are compared for the wind only case by applying a sensitivity analysis on 
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the CAPEX, the OPEX and the WACC of the system, by varying them by 50% up and 

down. All those are presented in Figure 5 - 10. For these cases it is shown that CAPEX 

variation has the highest influence. The 2 cases are:  

• the lowest wind profile location with a stand-alone wind system which is placed on 

a noise barrier which has the most negative influence on energy yield assuming a 

micro wind turbine with losses. For this case the LCOE range between 1.5 – 3.4 

€/kWh. 

• the best wind profile location with a standalone wind system placed on a noise 

barrier which achieves the most positive influence on energy yield and a turbine 

design is assumed that performs in an ideal manner. For this case the LCOE range 

between 0.13 – 0.28 €/kWh. 

 

   

Figure 5 - 10: LCOE sensitivity analysis (€/kWh) 

All the aforementioned results show that there are high uncertainties for the 

levelised cost of electricity (LCOE) from noise barriers integrated with solar and wind 

systems. The highest uncertainty in cost comes from the micro wind turbine systems as 

the combination of unpredictable yield and higher CAPEX costs can result in an 

expensive system. The systems presenting less uncertainty is the PV only systems. By 

combining solar with micro wind, the LCOE is slightly higher than the solar PV alone 

system. Unfortunately, the levelised cost of electricity for the noise barrier system in 

any configuration and sensitivity results in higher electricity costs than the project cost 

global figures for typical onshore wind 0.03 €/kWh or for offshore wind systems at 0.08 

€/kWh or utility scale solar ones at 0.05 €/kWh. These figures come from the IEA’s 

Renewable Power Generation Costs in 2022 [74] and are converted from $2022 to €2022. 
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5.5 Conclusions 

This Chapter aimed to answer the research question “What is the levelised cost of 

electricity of noise barrier integrated wind turbines?”. The conclusions of this Chapter 

are described here. 

It was found that at present, there are very few concepts of micro wind turbines 

integrated with highway infrastructures. Most found in literature are integrated with 

highway street lighting mostly for off-grid cases. This chapter assessed the integration 

of micro wind turbines with PV on noise barrier structures along highways to benefit 

from structural component integration costs.  

A detailed literature review has been conducted for the costs of micro wind 

turbines showing that there is a potential to reduce by 40% the CAPEX of micro wind 

energy on noise barriers structures (with key reductions on tower, foundations, 

installation and electrical infra). A review of photovoltaic system costs is performed, 

showing a potential cost breakdown for photovoltaic noise barriers (PVNB).  

The energy yield of a 90 kW solar PV combined with 9 kW micro wind turbine 

integrated on a noise barrier ranges between 56 – 130 MWh per year. These ranges 

reflect production in locations with low to high average wind speeds with wind speed 

corrections due to the noise barrier and the additional losses (42% performance losses 

for micro wind turbines) as recorded in an experimental campaign. This range also 

includes West to South and East oriented photovoltaic noise barriers. These substantial 

losses are relatively small when compared to the total energy yield of a hybrid PV and 

wind noise barrier. 

The micro wind electricity is the most expensive and sensitive to location 

parameters (0.25 – 2.5 €/kWh). This is due to the different resource, the influence of 

the noise barrier on energy yield, the poor performance of the wind turbine and the 

expensive CAPEX. Solar electricity LCOE is the cheapest between 0.13 – 0.24 (€/kWh) 

and the hybrid Solar-Wind electricity LCOE is between 0.15 – 0.24 (€/kWh).  

 

Table 5 - 9: Levelised cost of electricity (LCOE) ranges for wind only, solar only and 
hybrid systems integrated with a noise barrier 

System LCOE range (€/kWh) 

Micro Wind turbine noise barrier (Wind Only) 0.25 – 2.5 

Photovoltaic Noise Barrier (Solar Only) 0.13 – 0.24 

Hybrid System (90kW PV and 9kW Wind) 0.15 – 0.24 

 
A sensitivity was applied for the wind only system on the CAPEX, OPEX and WACC. 

This resulted in a wider range of levelised cost of electricity between 0.13 – 3.41 €/kWh 

which is above the global average LCOE for onshore, offshore wind systems and utility 



Chapter 5 

174 

 

scale solar  Micro wind electricity is the most expensive and does not lead to feasible 

projects. For the hybrid PV and wind noise barrier system performs better that the wind 

only system, with an the LCOE between 0.2 – 0.3 €/kWh But it is still more expensive 

than utility scale wind and solar systems. Therefore, the main conclusion of this study 

is that the researched solar and wind systems integrated with noise barrier 

infrastructures do not result in feasible projects. 
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Technical potential of on-site wind 
powered hydrogen producing refueling 

station in the Netherlands 
 

 

“When the wind of change blows, some build walls, while others build windmills.” 

- Chinese Proverb 

 

This chapter provides a methodology to assess in a national scale the technical potential 

of wind turbines integrated with on-highway fuelling stations for the production and 

refuelling of hydrogen in the Netherlands. The method uses GIS databases, wind energy 

models and related policies related to onshore wind turbine installation 

The research question that this chapter answers is: 

“Is there nationwide technical potential of wind turbines integrated with fuelling stations 

in the Netherlands for hydrogen production?” 

_______________________________ 

This chapter is published as “Technical potential of on-site wind powered hydrogen producing 

refueling station in the Netherlands” by Nikolaos Chrysochoidis-Antsos, Miguel Rodríguez Escudé 

and Ad van Wijk, (2020) in “International Journal of Hydrogen Energy” published by © Elsevier 

6 



Chapter 6 

182 

 

6.1 Introduction 

This chapter expands the research on integrating wind turbines with highway 

infrastructures by assessing the potential of existing fuelling stations in the Netherlands 

to be converted to on-site wind powered hydrogen producing refuelling stations. The 

assessment is performed for the amount of fuelling stations, the annual hydrogen 

production potential, demand coverage and potential to connect to existing gas grids 

combining several GIS datasets and buffering 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 chapter. 

6.1.1 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 pathways have a common vision to produce green hydrogen coming from 

renewable energy resources (wind and solar energy) and utilise in transportation 

through hydrogen refuelling stations in order to achieve the climate targets. Many of 

the studies and plans of governments assessed in [6] indicated that, between 2030-

2050 Fuel Cell Electric Vehicles (FCEVs) would be cheaper under several circumstances 

and one of them is the increasing number 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 10.4 PWh [10]. Beside large-scale 

implementation, production closer 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 technologies 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 [11], where on-site stations play a crucial role as hydrogen 

production factories for off-site stations by saving total investment costs. 
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6.1.2 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 [12-16]. 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 1MW 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 [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 initiatives announce their 

commitment and will to open new hydrogen stations linked to mobility, following 

global trends. Recent examples are mentioned in [23-26] where: 20 fuel cell buses and 

hydrogen refuelling stations are envisioned for Provinces of Groningen and Drenthe by 

December 2020 and 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 electrolysis for hydrogen production next to a fuelling 

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

cost reductions. This could be realized by coupling the wind turbine directly with an 

electrolyser 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 fuelling station from scratch. 

In this study, the concept of on-site wind powered hydrogen producing refuelling 

stations (or hubs) is assumed. Initially wind turbines are producing green electricity. 

The electricity is then directly fed to a Proton Exchange Membrane (PEM) electrolysis 

hydrogen production unit and a compressor that stores hydrogen in a medium pressure 

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

distribution grids (4-8 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 possible 

and although it is currently challenging and expensive [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 [31] where it is mentioned that with 
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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 [32], the operation of an H2 station using combined energy from wind and the 

electricity grid is preferred as it can increase the number of cars served. Therefore, in 

current study, an assumption is made 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 3x63A to 3x80A while the rest 20% are connected to 3x152A up to 

3x250A, offering fast charging for electric vehicles. Some concepts of fuelling stations 

have a high peak electrical consumption of ionic compressors (~105kW) and other 

equipment [33], while others are on the lower range of 30-50 kW [34]. Thereby it is 

commented that some of the stations might have to slightly upgrade their electrical 

connection to match those. 

 

 

Figure 6 - 1: On-site wind powered hydrogen production and refuelling station 

6.1.3 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 estimate this potential according to the Dutch laws 

and other criteria. 
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GIS use in energy system modelling is part of the current energy systems 

challenges because these are usually considering 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 parameters 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 current study, a deeper dive is done by assessing existing 

locations 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 exclusion 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 [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 (offshore wind, onshore wind, lignite 

gasification). Their conclusion is that a smooth transition is needed from the existing 

situation towards the successful 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 

retrofitting existing fuelling stations towards on-site wind powered hydrogen 

producing refuelling stations. GIS are also used in [39] to analyse hydrogen station roll-

out strategy to introduce hydrogen vehicles in Andalusia. Mainly road networks, 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 [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 [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 markets (bus, car, train etc.). The study in [44], makes a comparison of 

different alternative vehicle fuelling infrastructure scenario, where GIS is used to assess 

the time-related proximity and coverage of those stations to the user. Large GIS datasets 

in combination with wind turbines are used in [45] for decarbonizing heat with use of 
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hydrogen and inter-seasonal storage. In [46] energy systems are linked with GIS models 

for hydrogen infrastructure development. GIS can easily link so many energy system 

models with geospatial 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 [47] for all potential pathways for 

hydrogen refuelling infrastructure in Norway where several production technologies 

beside wind are considered in combination with supply/delivery scenarios. 

Reading this literature, it is clear that GIS have a great potential 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. 

6.1.4 Outline 

In this chapter, a method is developed to assess the technical potential of existing 

fuelling station to host a wind turbine within their vicinity and classify them based on 

wind availability, 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, the barriers are identified for wind turbine installation and estimate 

the amount fuelling stations suitable for conversion to wind powered hydrogen 

producing refuelling station presented in Section 6.2. Then the wind production 

potential is estimated based on wind energy resource assessment and related this to 

the future hydrogen demand for the transportation sector. A case study is performed to 

identify the interconnection possibility with existing gas grids. The results are 

discussed derive conclusions are derived at the end of this Chapter. 

6.2 Amount of suitable fuelling stations 

6.2.1 Methodology 

Here the amount and the location of the existing fuelling stations are found that 

could host a wind turbine within their vicinity for the future on-site hydrogen 

production. Laws/guidelines for getting a permit for installation are used as a basis to 

define which of the fuelling stations could to have a wind turbine next to them. Laws 

dedicated to hydrogen related installations are not considered in this study but are 

suggested to be included in further investigations. 

The fuelling stations have been found through Open Street Maps shown in Figure 

6 - 2 which might generate some uncertainty as the persons who are registering these 

data are individuals. Buffer zones are used to define the maximum distances stated by 

the guidelines. 
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Figure 6 - 2: Map of all existing fuelling stations from Open Street Map dataset classified 
by Province  

All the datasets were found online and converted (if needed) into a CRS 

(Coordinate Reference System) of (EPSG: 28992, Amersfoort / RD New) for further 

geoprocessing filtering. The filtering methodology was done with the Difference 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 assessment 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 6 -1. 
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Table 6 - 1: Datasets used 

Buffer Zone Description Buffer Distance Dataset 

used 

Proximity to existing wind turbines 200 m [1] 

Built-Up Areas 245m (based on the maximum 

throwing distance of a 3-5 MW 

wind turbine at normal operating 

conditions [2]) 

[3-5] 

Silent Zone Areas 1250 m (based on maximum 

allowable noise level and a 

reference turbine) 

[6,7] 

Airports 2000m (based on turbulence 

coming from turbines) 

[3] 

Railtracks/Waterways/Motorways/Main 

Roads 

80m (based on ½ rotor diameter 

of a 160m wind turbine [2]) 

[1,3] 

Ecological Networks 600m (based on a median value of 

most species present in [8]) 

[9] 

Winter Geese Resting Areas 3000m (based on criteria in [10] [11] 

High Voltage Lines and High-pressure 

pipelines 

245m (based on maximum 

throwing distance of a 5MW wind 

turbine at normal operating 

conditions [2] 

[12] 

 

Proximity to existing wind turbines 

At first, the fuelling stations where there are wind turbine(s) within proximity of 

200m are removed from the dataset. 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. The wind 

turbine data are found in the National 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 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 
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maximum throwing distance in normal operating conditions for a 3-5MW wind turbine 

[48] and is 245 meters. In Figure 6 - 3, the suitable stations can be located when 

excluding the built-up areas. 

  

Figure 6 - 3: Map near the city of Delft with Residential/Commercial/Retail areas, Sport 
Facilities, Industrial Areas and Roads with buffer zones. 

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 [54, 61], the zones and their 

maximum allowable limit of 40 dB is mentioned. For an example turbine of 5MW the 

limit of 40dB is found at a buffering distance of 1250m for wind speeds of 10 m/s as 

shown in [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 this 

distance is assumed representative enough. The locations depicted from [53] with the 

1250m buffer are shown in Figure 6 - 4 below. 
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Figure 6 - 4: Map overview of existing petrol stations and Silent zone buffers of 1250m 

Infrastructure Zoning  

Infrastructure zoning covers railways, waterways, motorways, 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 60m, at least half the rotor diameter [48]. In this study, a rotor diameter of 160 

meters is considered, looking in the future where larger rotors are used. Therefore, the 

buffer distance is 80m. A note is made for the motorways as they are not included 

because the motorways have a buffer of 80m while the station has a buffer of 150 

meters around it, leaving potential space in the back of the station away from the road. 

However, further investigation is considered for complex road junctions. For overhead 

high voltage power lines and stations and high-pressure pipelines, a buffer distance of 

245m is used 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 distance at over speeding and asks for an expert 

assessment on this. Since not enough datasets are found for the placement of the 

pipelines and as most pipelines are installed underground [64] the buffer distance of 

245m is assumed for those as well. It looks contradictory that the buffers are used for 
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the gas grids while hydrogen production and compression occur on-site, however it is 

assumed that the station is designed holistically taking all necessary risk mitigation 

strategies from 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 specific, it is 

suggested that more specific studies should be conducted for stations near airports. 

However, the following study is considered 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 2km setback distance shall be used as “rule-of-thumb” 

and further investigation is advised. Finally, Figure 6 - 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. 

 

  

Figure 6 - 5: Map near Schiphol showing existing fuel stations with Infrastructure Zoning 
Areas (Airport, High Voltage Lines, Rail Tracks, Waterways, High Pressure Grid) 
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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 the wind turbine nuisance. This has been thoroughly examined in 

[55] where a review of several environmental articles has been made to define the 

setback distances for minimum natural habitat disturbance. Most of the results were in 

in between 0-600 meters but as the authors indicate there can be great variations and 

for some cases there could be even greater distances (4.5km) depending on the flight 

path of certain species. For simplicity, the highest buffer distance of 600m is used for 

most species from all the ecological networks datasets used in this study. In that way 

an approximation is given 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, fuelling 

stations in proximity of 3000m (3km) from Winter Geese resting zones are removed 

from the final dataset. This is a special zoning advised in [57] and is included as an 

example for bird protection buffer zoning.  

  

Figure 6 - 6: Map overview of existing fuelling stations and the ecological network buffers 
of 600m  
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6.2.2 Results 

After applying all the zoning guidelines with the GIS software, the suitable 

existing fuelling station are left 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 6 – 2, below, it is observed that the 

Built-up are zoning regulations are the highest reduction factor, especially the 

residential/commercial/retail and Land Cover (discontinuous urban fabric) zoning, 

allows only 22%-28% from all stations. Environmental zoning allows in total only 59% 

while Infrastructure zoning allow 70% of the total. The intersection of all remaining 

stations 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 production 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 

procedure 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. 
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Table 6 - 2: 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 200m 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) 

 

Additionally, those are classified with respect to Province level. Table 6 – 3  

presents the total number of feasible stations per Province of the Netherlands. The 

percentage of feasible fuelling stations with respect to the existing ones per Province 

ranges between 1-12%. 
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Table 6 - 3: 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%) 

 

6.3 Wind powered hydrogen production potential at 

suitable fuelling stations 

6.3.1 Methodology 

Now that all the fuelling stations have been found that could potentially host a 

turbine, another important step is to identify which of those are worth in terms of 

available wind energy and their respective hydrogen production. Total Annual 

Hydrogen Production (AHP) potential is estimated from wind time series and the 

hydrogen production conversion efficiency. Meteorologists found that it takes at least 

5 years for a site to have a typical average wind speed [67]. Therefore, the wind time 

series for each fuelling station from 5-year datasets from the closest weather station 

from KNMI are used [68]. The closest station is found through a Nearest Neighbour 

Analysis among the 47 weather stations of KNMI. The hourly time series 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 translated to ublend(m/s) at the 

blending height of 60 meters with a log-wind law [69], which is sampled with weighted 

averages of the surrounding local surface roughness lengths of the weather station for 
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each as seen in the equation 6.1 below. The roughness length zo(m) is estimated for 10o 

segments for each weather station from the CORINE Land Cover classes [70]. Figure 6 - 

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.   
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Figure 6 - 7: Roughness length map used for assessing the wind energy potential of the 
fuelling stations 

In the second step, the wind speed time series are translated to uhub (m/s) at the 

wind turbine’s hub height h(m) with the wind power law equation in 6.2 with the 

Hellman power exponent a=0.143, which is applicable for open land surfaces, such as 

the common landscape in the Netherlands [69]. 
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Once these are found the Weibull fitting function is used to find the scale (λ), and 

shape (κ) parameter of the statistical curve. These parameters provide the frequency 

where a specific wind speed is occurring through a complete year with the equation 6.3. 
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Following, a non-dimensional power curve is used from a Vestas V136-3.45MW 

assumed to be installed at a hub height of 112m [71] in order to express the hydrogen 

produced per kW installed of wind energy with Power P(u). This assumption is made 

for all Netherlands. In reality, for each location and wind characteristics an optimal 

wind turbine type and hub height would be needed for maximum energy production 

but is out of the scope of current work. 

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 hours in equation 6.4. 
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For the hydrogen production a hydrogen conversion efficiency of 53.4 kWh per kg 

of hydrogen produced is assumed from the Near Future scenario 2030 in [72]. In reality, 

hydrogen production efficiency is dynamic and depends on many factors but this 

number gives 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 in equation 6.5. 
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 (6.5) 

 

Further the total annual hydrogen production potential is classified per Province, 

by simply adding all potential production of each station in each Province. However, it 
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is interesting to observe it in relation with the passenger car fuel demand that it could 

potentially cover for the future. This is estimated based on the average figure of 13.200 

kilometres per year for all cars in the Netherlands [73] and a fuel economy of 1 kgH2 / 

100km driven, as it has been published in several car brands that have brought fuel cell 

cars into market and is reported in [74] [21]. Finally for the number of vehicles it is 

assumed that in the Near Future there will be 30% FCEV for the drivetrain of Dutch car, 

which is an optimistic scenario. The number of cars per Province is assumed not change 

and car registrations and population statistics from CBS (Centrale Bureau voor de 

Statistiek) datasets from 2018 are used [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 national level key figures and numbers per Province 

which are useful for planners. Finally, it is strongly suggested 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 [76]. 

6.3.2 Results 

In Figure 6 - 8, the graduated green points are shown of the 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 simply multiply 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 26-66 kgH2 per kW of wind turbine installed capacity while the maximum of 

all 132 stations is 104kgH2/kW.  
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Figure 6 - 8: 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 

In Figure 6 - 8, results are non-dimensional and as explained in the Methodology 

the example of the a 3.45MW wind turbine is used to calculate the potential for all 

Provinces. This amounts to an annual production range of 90-360 tonnes of hydrogen 

a year per station depending on the wind resource of each location. In Table 4 below 

results are presented in a Province level. The suitable fuelling stations could generate 

the annual hydrogen demand of 2.3% of the cars in a 30% FCEV national drivetrain 

scenario in a configuration with a V112-3.45MW 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. 

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 the most populated provinces the range of 

demand coverage is between 2-4% while for the most Southern Provinces is very low 

from 0.3-1%. The Northern areas are less densely populated and that is why there is 

greater demand coverage. 
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Table 6 - 4: 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 

Potential 

(tonnes) 

FCEV Car 

Registrations in a 

30% drivetrain 

scenario 

Coverage of 

30% FCEV 

drivetrain 

scenario 

Cars 

Served in 

30% FCEV 

plan 

Friesland 25 (12%) 5034 303000 12% 37846 

North- 

Holland 
15 (4.6%) 3443 1100000 2% 25888 

Gelderland 19 (4.4%) 2343 955000 2% 17613 

Groningen 9 (6.9%) 1915 250000 6% 14397 

Overijsel 9 (3.3%) 1142 530000 2% 8586 

Drenthe 10 (6.2%) 1508 250000 5% 11336 

South-

Holland 
19 (4%) 3771 1475000 2% 28352 

Utrecht 9 (5%) 1208 585000 2% 9079 

Flevoland 3 (5.3%) 635 175000 3% 4773 

North-

Brabant 
4 (0.8%) 566 1235000 0.3% 4254 

Zeeland 6 (7.1%) 1446 195000 6% 10869 

Limburg 4 (1.7%) 397 555000 1% 2983 

TOTALS 
132 

(4.35%) 

~23400 

tons 
~2280000 cars 2.3% 

~176000 

cars 

 

6.4 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% concentrations [77] and in the future 

with a 100% hydrogen gas grid. Of course up until this future case, many other 

infrastructural 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.  
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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 (4-8 bars) where small 

industrial activities are made and the Low Pressure grid (0.03-0.10 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 current assessment, the 4-8 bar grids are considered since the amounts of 

hydrogen produced could be sold directly to residential consumers and small industries 

beside the hydrogen vehicle demand present on-site. The Nearest Neighbour Analysis 

is used to define the proximity of the centroid that represents the fuelling station 

towards the closest present pipeline. In this way  the needed pipeline extension is 

estimated to connect to current gas grids. 

 

  

Figure 6 - 9: Suitable fuelling station for on-site wind powered hydrogen production next 
to a network of gas pipelines 

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, only the ENEXIS distribution system operator’s (DSO) domain for gas 

is assessed. 
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In Figure 6 - 9 above, the proximity of the point that represents the fuelling station 

to the nearest pipeline of 4-8 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 kilometres of extra pipeline would be needed for 

the 23 stations within this operating domain (17.5% of the total of 132 stations). This 

applies for 5 Provinces (Groningen, Drenthe, Overijssel, Limburg and Noord Brabant) 

in which 35% of Dutch population lives. For a more detailed view on the distance per 

station, see below in Figure 6 - 10. 

 

 

Figure 6 - 10: Distance of some fuelling stations from high pressure gas distribution grids 
(4-8 bars) grid 

6.5 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 

encouraged 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 
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smaller scale projects. This study could be used as a basis for some Dutch system 

operators in order to assess their future planning activities of interconnecting these 

hubs with hydrogen pipeline infrastructure. For the ones not assessed, this chapter 

could be used as a guideline and method to estimate how much grid upgrades would be 

needed for these stations. Additionally, this study is valuable for future fuelling station 

retailers and designers 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 kW of wind turbine 

installed capacity presented Figure 6 - 8 could be used as a preliminary rough 

estimation 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 stations 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, some roll-out scenarios are identified based on the infrastructural 

upgrades and the FCEV uptake for these stations. The infrastructural upgrades refer to 

whether the natural 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 production deficit by wind turbine and 

the station’s intermediate storage is not sufficient. 

6.6 Conclusions 

This Chapter aimed to answer the research question “Is there nationwide 

technical potential of wind turbines integrated with fuelling stations in the Netherlands 

for hydrogen production?”. A methodology was therefore presented to evaluate the 

technical potential of on-site wind powered hydrogen producing refuelling 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 a wind 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% 
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• Then a wind resource model and energy estimation were 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 3.45MW wind turbine power curve and 

resulted in a range of hydrogen production potential 26-104 kgH2/kWwind_installed 

per year. This range is explained by the different wind resources available at 

different sites throughout the country of the Netherlands 

• A 3.45MW turbine next to a suitable fuelling station has the potential to deliver 

90-360 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%-12% 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 expansion needed for the 

stations to be connected for one grid operator in the Netherlands. A total of 21.8 

kilometres of pipeline was found needed to connect to those stations in order to 

export hydrogen in the grid. 
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― Anthony Kiedis 

 

 

 

 

 

The chapter distills all results into relevant conclusions and provide recommendations for 

further research.  
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This chapter discusses the main findings and conclusions of this thesis entitled 

“Integrating wind turbines with highway infrastructures”. The first part of this chapter 

answers the main research question and the sub-questions followed by the conclusions 

and a brief discussion. The second part of this chapter provides recommendations for 

further research  

7.1 Answers to the Research Questions 

The main research question that encompasses all this book is “What is the 

technical and economic potential of integrating wind turbines with highway 

infrastructures?”. 

The answer to this question is given for 2 concepts. The first concept is structurally 

integrated micro wind turbines with noise barrier infrastructures along highways, 

while the second one is large scale wind turbine collocated with highway fuelling 

stations dedicated to hydrogen production and refuelling. For the first concept, it was 

found that micro wind turbines (kW scale) can be integrated on top of the 55% of the 

total noise barrier length of the highway infrastructures in the Netherlands. And for the 

second concept, MW-scale wind turbines can be collocated with 4.6% of the existing 

fuelling stations in the Netherlands. Micro wind turbines on top of noise barriers can 

benefit from the increased wind speeds (mostly when flows are perpendicular to noise 

barriers ). Since wind speeds can also decrease in parallel flows, the total annual energy 

yield strongly depends on the orientation of the noise barrier and the local wind rose. 

The effect of the noise barrier on the annual energy yield ranges between 60 – 130% 

compared to a reference case without a noise barrier. Next to this, micro wind turbines 

exhibit poor performance (42% of an ideal performance) due to the turbine’s controller, 

the inefficient yaw alignment and other factors. When these micro wind turbines are 

implemented at a nationwide scale there is potential, but is relatively small when 

compared with the existing installed onshore wind capacities. The potential for the 

Netherlands is only 25 MW, while the existing installed onshore wind capacity is about 

7000 MW. Regarding the economic potential, the levelised cost of electricity from micro 

wind turbines on top of noise barriers varies greatly, (0.25 – 2.5 €/kWh, depending on 

the site conditions, turbine performance and combination of noise barrier orientation 

and local wind rose. The levelised cost of electricity is lower when the system is 

combined with photovoltaic systems on the noise barrier (0.15 – 0.24 €/kWh).  

MW wind turbines can be integrated at fuelling stations, to produce hydrogen for 

hydrogen refuelling of Fuel Cell Electric Vehicles (FCEV) integration . For a fuel cell 

electric vehicle market penetration scenario of 30%, the integrated MW wind turbines 

are capable of covering 2.3% of the hydrogen demand for FCEV in the Netherlands.  

In each of the chapters a sub research question has been answered. The conclusions 

with regard to these sub questions are given below.  
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1. What is the wind resource that micro wind turbines will experience when integrated 

on top of noise barrier highway infrastructures? 

To answer this question, an experimental measuring campaign using several sonic 

anemometers installed next to and on top of a noise barrier was carried out. The 

measurements were analysed statistically to understand the wind resource properties 

and the influence of the noise barrier on the wind flow. Finally, the results from the 

influence of the noise barrier were used in a sensitivity analysis of a theoretical wind 

turbine performance on top of that noise barrier.  

The result is that the available wind resource on top of noise barriers for wind 

electricity generation varies greatly due to a number of factors that influence wind 

flows on top of the noise barrier. Wind speed is affected by the noise barrier. Wind 

speed was found to be increased when flows were perpendicular, while decreased 

when flows are parallel to the barrier, ranging between 50% (parallel) – 130% 

(perpendicular) of a reference measurement far from the noise barrier. Furthermore, it 

was found that wind flow is skewed by 5o to 25o on top of noise barrier thus influencing 

the energy yield especially for horizontal axis turbines as they would only harness the 

horizontal components of wind speed and not the skewed components . The total 

annual energy yield of micro wind turbines on top of the noise barrier depends on the 

height of installation from the top of the noise barrier and the orientation of the noise 

barrier with respect to the location’s wind rose.  

A 0.375kW micro wind turbine installed 1 up to 5 meters higher than a typical 

height of a noise barrier (~ meters) in the Netherlands for the location of the 

experiment could produce between 290 – 500 kWh. But when the influence of the noise 

barrier is included in the estimation this could range between 354 – 580 kWh. For this 

particular orientation of the noise barrier the result is positive. However, a sensitivity 

analysis was performed assuming that the noise barrier is rotated with respect to the 

wind time series in increments of 20o, this sensitivity shown that these results can 

greatly deviate between 150 – 600 kWh, therefore both positive and negative influence. 

In some cases even this slight orientation change of 20o  could lead to a great 

deviation in energy yield. This wide range is explained by the wind speed changes due 

to the noise barrier obstacle on the wind flow. Therefore, it is concluded that noise 

barriers can induce, depending on the orientation,  increases in energy yield, Careful 

assessment of the annual energy yield predictions on top of noise barriers is necessary 

as these can be highly influenced by the noise barrier and its orientation. 

 

2. What is the performance of a micro wind turbine integrated on top of a noise barrier? 

 

To answer this question, an experiment was conducted in the wind tunnel to 

understand and measure  parameters for the ideal performance of a micro wind turbine 

when exposed to skewed  flows. This turbine was then integrated on a noise barrier 

near a highway and the same performance parameters were measured. It is concluded 
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that  for the tested micro wind turbine in the field at the noise barrier, the energy yield 

was only 42% of the energy yield measured  in a wind tunnel. The reasons for the 

energy losses in the field compared to the wind tunnel were analysed. It was found that 

the inverter and its standby losses can take up to 8% of the total loss. Additionally, the 

controller was poorly performing in the field far from the optimal point of operation  

which causes 32% of the total loss.  Finally the turbine’s passive yaw system failed to 

follow and track effectively the direction of the wind flow thus resulting in 18% of the 

total loss. Therefore, it was concluded that this micro wind turbine could not capture 

the highly turbulent wind speed and fast changing wind directions. It is concluded that 

it is necessary to improve the micro wind turbine’s performance. 

 

3. Is there nationwide technical potential of micro wind turbine noise barriers in the 

Netherlands? 

 

To answer this question a GIS assessment was conducted by filtering the suitable 

noise barriers from GIS datasets. It was found that a considerable length of noise 

barriers is suitable (55% of total length) for micro wind turbine installation. The annual 

energy yield was estimated by correcting wind time series from weather stations in less 

than 20km proximity to the noise barrier together with adjustments for wind flow 

above noise barriers and micro wind turbine performance A technical potential  of 

25MW of micro wind turbines (a total of 65,000 turbines of 0.375kW rated capacity) 

could be installed along 560km of noise barriers capable of producing 20GWh of 

electricity. The noise barriers were found to positively increase the total cumulative 

annual energy yield by 6.5% when comparing micro wind energy yield at the same 

locations but excluding the noise barrier influence. GIS analysis of those noise barriers 

showed that most of them are closely placed to grid infrastructures ( between 30 - 

200m distance). Therefore, the electricity produced from those noise barriers could be 

utilised in a number of nearby applications ranging from urban scooter mobility, 

highway lighting and others. 

 

4. What is the levelised cost of electricity of noise barrier integrated wind turbines? 

To answer this question, a techno-economic modelling and analysis was performed 

for an average noise barrier length of 150m capable of structurally integrating 9 kW of 

micro wind turbine systems. The cost breakdown of the integrated micro wind turbine 

system was analysed which identified 40% potential cost reductions due to savings in 

tower, foundation, installation and electrical infrastructure costs. The levelised cost of 

electricity from micro wind turbines was estimated for 3 locations with different 

average wind speed resulting in a wide range of LCOE values between 0.25 – 2.5 €/kWh. 

The noise barrier location, orientation and the performance of the micro wind turbine 

influences the LCOE values drastically. The levelised cost of electricity could be reduced 

when integrating also photovoltaic systems on the same 150m of noise barrier of 



Conclusions – Recommendations 

215 

 

90kWp. This results in a LCOE between 0.15 – 0.24 €/kWh for with an annual energy 

yield between 60 – 130 MWh/year. This range is for different noise barrier orientations 

and locations in the Netherlands. Finally, a sensitivity analysis was conducted by 

varying the CAPEX, OPEX and WACC of the micro wind turbine system by 50%. This 

analysis resulted in a range of LCOE between 0.13 – 3.41 €/kWh with CAPEX having the 

greatest influence of all parameters. Finally, it was concluded that for all possible 

system configuration (wind, solar, hybrid) the LCOE remains above the global average 

of the LCOE for utility scale solar and onshore wind electricity. Therefore, the 

conclusion is that integrating solar and wind systems with noise barrier infrastructures 

using present day technology, does not yield economically feasible projects However, it 

delivers the electricity nearby consumer’s, which could have additional value. 

5. Is there nationwide technical potential of wind turbines integrated with fuelling 

stations in the Netherlands for hydrogen production? 

To answer this question, GIS datasets were analysed to find the suitable fuelling 

stations in the Netherlands on which a wind turbine can be collocated. Several criteria 

were used to define the suitability. The infrastructure zoning criteria limit a 70% of the 

total potential installations. The environmental zoning criteria limit a 59% of the total 

potential locations and the built-up areas criteria limit a 15.3% of the total potential 

locations. When combining those criteria only 4.6% of all Dutch fuelling stations are 

suitable for wind turbine installation. Installing a 3.5 MW wind turbine at the fuelling 

stations, results in an annual production potential between 90 – 360 tonnes hydrogen 

per year. In total, all wind turbines at these stations could produce 23400…. tonnes 

hydrogen per year. This results in 2.3% of the total annual hydrogen demand for a 30% 

fuel cell vehicle market penetration scenario in the Netherlands. This scenario was 

constructed according to certain assumption regarding the fuel use efficiency and km 

per year mileage. An analysis per Province was conducted to conclude that Northern 

Provinces have a higher demand coverage due to their low population density and less 

zoning restrictions. Furthermore, fuelling stations have as well potential to export and 

import hydrogen in the future by interconnecting to the gas grids. Therefore, it can be 

concluded that highway infrastructures like fuelling stations have a potential to 

produce hydrogen by co-located wind turbines at 4.6% of the total fuelling stations in 

the Netherlands and can cover a part of a future hydrogen demand for mobility.  

7.2 Recommendations for Future Research 

Research gaps were identified during the course of this PhD project which are 

analysed in this section with recommendations for future research. The gaps and 

recommendations are structured in the following manner: 
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1. Wind Resource Assessment on top of Noise Barriers 

This dissertation provided insights on the influence of noise barrier structures on 

the incoming wind flow properties (wind speed, turbulence, wind direction etc.). A first 

recommendation is to further analyse the already published datasets from the 

measurements. More than a year’s dataset of 8 measurement points in different 

locations on top of the noise barrier are available. The data could be used or analysed 

by designers and modellers of wind turbines or researchers in the field of wind 

engineering in general.  

Additionally, this study focussed on a particular noise barrier design with a specific 

height of ~5m and a slope of ~80o. There are however a lot more noise barriers with 

different slopes, shapes or are placed in different locations, for example locations with 

high buildings, low building etc. Also, the surrounding landscape could differ per 

location as other highway features could be present thus affecting the localised 

roughness length factors. For that reason, additional measurements are recommended 

to more noise barriers with other shapes, angles, surroundings, highway speed limits. 

The additional datasets could help to correlate or validate the current findings from this 

research. Finally, energy yield prediction and estimation on top of noise barriers by 

applying correction factors related to the influence of a noise barrier on the wind flow 

provided a wide range of results depending on the noise barrier orientation and the 

localised wind rose. But making wind resource assessments is a rather expensive and 

demanding procedure. Therefore, it is recommended that further data collection and 

correction factors are depicted from other types of barriers, which could potentially 

lead to the development of standardized tables with correction factors for wind turbine 

applications. 

2. Micro wind turbine technologies on top of noise barriers 

This study highlighted the challenges of a particular type of micro wind turbine 

(downwind configuration) would face in a very turbulent environment on top of a noise 

barrier. The outcomes of this research present that this micro wind turbine cannot 

handle efficiently the localised wind resource on top of a noise barrier. It was found that 

different sub-systems need to work more effectively to make an efficient conversion of 

the wind energy to electrical energy. Therefore, it is recommended to investigate ways 

to improve the inefficiencies and losses of this particular system. For example, more 

research on the turbine controller, the power electronic units as well with the yaw 

mechanisms. Specifically, research could focus on more agile control systems which 

could follow and track more effectively the tip speed ratio and power performance 

curve (CP - TSR). This research could be dedicated to more fundamental micro wind 

turbine design research. 

Another recommendation is on considering more wind turbine technologies to be 

tested and compared. Even though there was motivation for this study to place different 

typed of micro wind turbines on top of the noise barrier, the installation complexities 
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presented limitations by restricting the work only to a downwind horizontal axis micro 

wind turbine for the experiment, while other technologies were not considered. Follow-

up work could consider the assessment of the performance of other micro wind turbine 

technologies. For example, compare upwind and downwind turbine configurations 

with respect to the yaw alignment. Assess the performance of number of blades for the 

horizontal axis wind turbines. Another proposal is to consider testing vertical axis 

turbine rotor technologies (Savonius, Darrieus or other) as they would potentially not 

exhibit issues with respect to horizontal axis turbine’s flow alignment with the turbine’s 

rotor.  

 

3. Technical potential studies via GIS for integrated concepts 

Current research provided some methodologies on how to use GIS models to 

investigate the technical potential of integrated energy systems in a nationwide scale. 

It additional provided analysis on a Provincial level. Several GIS layers were utilised in 

order to make quantitative estimations for a number of noise barriers and fuelling 

stations to calculate the technical potential of each technology to produce electricity or 

hydrogen. Even though the methodologies developed, aimed to identify as 

pragmatically possible, the technical potential of micro wind turbine electricity on top 

of noise barriers and hydrogen production of wind turbines collocated with fuelling 

stations, there are still gaps. Parameters related to installation, operation and 

maintenance per site where not considered in detail. Additionally, limitations on the 

grid availability were not taken into account. For the case of fuelling stations, the 

turbine’s size was assumed the same for all stations. It is therefore recommended to 

extend the methodologies and analyses to include parameters related to the 

complexities around installation and maintenance of those turbines. Additionally, it is 

recommended to identify more critical grid related parameters per site and include in 

the analysis such as grid availability, both for electricity as wells as for hydrogen. And 

finally, since each location could exhibit different localised electricity demand, 

scenarios could be tested to identify benefits for the local  communities. The last 

recommendation is to extend the GIS layers with cost related parameters such as the 

capital expenditure required leading to metrics such as levelised cost of electricity and 

hydrogen. Most importantly though since highway infrastructures are usually publicly 

and privately financed, a financial analysis could quantify the additional investments 

required to upgrade those infrastructures. 

4. Other innovations in integrated wind turbine concepts 

This thesis assesses the concept of structurally integrating micro wind turbines 

with noise barrier infrastructures and collocating wind turbines with fuelling stations 

for hydrogen production. Complementary to the structural integration, the electrical 

integration is as well an interesting field that could reduce the number of power 

electronics and thus benefit from further cost reduction. It is therefore recommended 

to further test and demonstrate a DC coupling between micro wind turbines and PV 
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arrays on top of noise barriers. PV inherently produce DC power while wind turbine 

power controls typically rectify the alternating current (AC) power to direct current 

(DC) power and then back to AC power which follows the grid requirements of 220VAC 

and 50Hz (as an example in Europe). Therefore, a common inverter could be designed 

which would accumulate the wind and PV power before the grid inverter. Additionally, 

other concepts for further exploration could be integrating DC battery storage, 

connections to local DC demand such as the street lighting mentioned in Chapter 6. 

Furthermore, for the concept of wind powered hydrogen production and refuelling 

stations, wind turbine could be directly coupled to the stacks of an electrolyser which 

require DC power, thus eliminating power electronics, power control and grid 

interconnection costs. Also, the wind turbines could also be used for charging Battery 

Electric Vehicles. Finally, researchers could focus on assessing the technical and 

economic feasibility and develop sizing algorithms which take into account the different 

localised parameters for each integration concepts and especially taking into account 

new system design in DC with integrating nearby demand. For example, assessments of 

better integration on fuelling stations to support both the battery electric charging 

infrastructure and also to produce hydrogen by applying reversible fuel cells, and thus 

benefit as well from localised electricity production.  
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