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1 INTRODUCTION 

1.1 OBJECTIVE AND SCOPE 

The main objective of this work is to perform an assessment of applicable renewable energy generation 

technologies on NRA land and assets. To fulfil with this objective, the following sub-tasks have been 

performed and compiled in this document: 

• Different aspects regarding the integration of distributed energy generation systems have been 

reviewed and compiled in chapter 2. Also, the characterization of focussed application cases for 

the NRA land and assets as well as definition of main input/required data and parameters for 

DEGS evaluation has been presented, so the optimal integration of distributed energy resources 

with existing power systems and road infrastructure can be analysed in future steps.  

 

• A methodology for the performance evaluation and comparison of renewable energy generation 

systems based on different technologies has been introduced. The performance evaluation has 

been focused on evaluation of the potential energy production per unit area and the total capital 

cost of the preselected RETs in report D.2.1 with ENROAD project (University of Cantabria 2021). 

Methods and models for the design and evaluation of wind farms and solar PV farms have been 

reviewed, proposed, and compiled in chapter 3. 

 
• A methodology for the general performance comparison of RETs has been introduced, which is 

based on the technology trends of relevant parameters of the generation devices. Representative 

meta-parameters for different wind turbines technologies and solar PV modules have been 

obtained based on compiled/collected RET data available in the market. Then, a general 

comparison of the considered RETs has been performed for a specific case example to show the 

application of the proposed/reviewed methods and potential of the proposed approach when 

comparing different technologies. Chapter 4 reports the calculated meta-parameters and 

technology trends for small- and large-scale wind turbines as well as solar PV modules based on 

Silicon crystalline technologies. 
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1.1 METHODOLOGY 

The proposed methodology identifies relevant RET parameters and bring an overview of parameters 

trends based on current products in the market. The methodology allows to perform a 

comprehensive/general comparison of RETs using the technology trends but not limiting to the discrete 

selection of renewable generation devices in the market. 

The following actions have been performed within this work:  

• Database creation: Collection of relevant data/parameters for different wind turbine technologies 

and solar PV modules has been done. The data has been compiled in an excel file, which can be 

used for future reference. 

• Identification of relevant parameters for RETs performance (focus on potential energy 

production).  

• Analysis of renewable energy generation devices based on same RET with similar parameter 

trends and identification of technology meta-parameters. Meta-parameters allow to predict the 

RET parameters as function of main inputs (Definition of the NRA land/assets). 

 

Figure 1-1 introduces the corelation between the different modules involved in the potential performance 

evaluation of the different renewable energy generation technologies, which depends on: 

• Definition of the NRA land/assets and characterization of focus application cases: definition of 

input data and relevant parameters for DEGS evaluation. 

• Characterization of the Renewable Energy Source in the specific location. 

• Renewable Energy Generation device performance, which is quantified in the generation device 

parameters and/or the technology meta-parameters. 
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Figure 1-1 Evaluation of Renewable Energy Generation Technologies 

 

1.2 RET DATABASE 

To characterize the different considered RETs, a database has been created, which compiles collected 

data of small-scale wind turbines and Photovoltaic modules in an excel file format. Relevant data and 

parameters for a total of 224 wind turbines and around 90 PV modules have been included in the 

database.  

The compiled data for wind turbines is list as follows: 

• Wind turbine type: Darrieus, Savonius, HAWT, hybrid (combining Savonius and Darrieus rotor 

architecture) 

• Wind turbine Sub-type: classification within the rotor architecture. 

• Manufacturer 

• Reference/name 

• Nominal Power 

• Peak Power 

• Swept Area 

• Rotor Diameter 
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• Rotor height/length 

• Hub height  

• Maximum and minimum available tower height 

• Turbine Base height 

• Total height 

• Nominal wind speed 

• Wind speed at peak power 

• Cut-in and cut-out wind speed 

• Turbine Weight 

• Turbine cost 

• Power coefficient 

• Number of blades 

• Warranty 

• Expected lifetime 

• Reference for technical data 

• Reference for wind turbine price 

 

The compiled data for solar PV modules is list as follows: 

• Manufacturer 

• Product family/series 

• Module reference name 

• Cell type (Monocrystalline vs polycrystalline) 

• Subtype (N-type vs P-type cell) 

• Price 

• Reference for price 

• Number of cells per module 

• Module dimensions: Length, width, and height 

• Cell dimension: Length, width 

• Module weight 
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• Glass type/description 

• Frame type/description 

• Maximum system voltage 

• Number of bypass diodes 

• Product warranty 

• Performance guarantee 

• Linear output degradation 

• Initial performance 

• Performance at end of warranty 

• Electrical properties at standard test conditions:  

o Maximum power 

o MPP voltage 

o MPP current 

o Open circuit voltage 

o Short circuit current 

o Module efficiency 

• Electrical properties at Nominal module operating temperature:  

o Maximum power 

o MPP voltage 

o MPP current 

o Open circuit voltage 

o Short circuit current 
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2 DISTRIBUTED ENERGY GENERATION SYSTEMS 

2.1 INTEGRATION OF DEGS TO THE ELECTRICAL POWER SYSTEM. 

The most suitable approach for power system integration of DEGS associated with road infrastructures 

will depend on the scale and location of the installations. For large systems with high generation capacity, 

the most relevant approach can be a traditional connection to the high voltage distribution or 

transmission system. However, for geographically distributed installations at lower power levels, a direct 

integration with the roadside power system could be beneficial. In this case integration of DEGS with the 

loads associated with the road infrastructure could potentially provide key benefits to the local roadside 

electric power distribution system as follows: 

• Reduce/eliminate power consumption from main power grid caused by the electric loads 

associated with the road infrastructure.  

• Reduce local transmission losses and limit the maximum required capacity for power supply to 

the road infrastructure from the main grid.  

• Provide/enhance coordination with energy storage and/or EV charging infrastructure for 

supporting the electrification of transport. 

• Become an active player in the energy market system providing flexibility to the main power 

system. 

The optimal utilization of energy storage and distributed generation units for supporting EV charging 

and/or for operating in the energy market requires further attention to the energy management and 

power control within the system beyond the scope of this report. However, a brief overview of some 

relevant configurations and topologies for power system integration of diverse types and scales of DEGS 

is presented in the following.  
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2.1.1 INTEGRATION TO THE MAIN POWER SYSTEM 

For large-scale DEGS installations, the power system integration is likely to be designed independently 

from the distribution system and loads associated with the road installations. Such cases might be most 

relevant for relatively large wind farms installed close to the roads, containing multiple turbines in the 

MW range. A typical schematic for this case is shown in Figure 2-1, where the wind farm has a dedicated 

transformer station for interconnection to the high voltage transmission system. The wind farm itself will 

then have an internal collection grid, typically at a voltage level of 33 kV, and a dedicated transformer for 

each turbine will then be used for connecting the low voltage generation system to the collection grid. A 

similar configuration could be used for a large-scale PV installation.  

The single line diagram in Figure 2-1 also shows how the roadside AC distribution system, typically at 11 

or 22 kV, can be supplied from the same busbar of the regional transmission grid at the same busbar as 

the wind farm. However, the road-side power distribution will typically be supplied by a transformer 

station that can also feed multiple other distribution lines. 

It can be noted that the configuration in Figure 2-1 does not provide any close integration between the 

DEGS and the road-side distribution system. Thus, any support to the roadside loads or utilization of 

flexibility to the benefit of the road-side power system would in this case be mainly relevant as indirect 

contributions via system-wide market mechanisms.  

 

It does not give any close integration between the DEGS and the road-side distribution system. Thus, any 

support to the roadside loads or utilization of flexibility to the benefit of the road-side power system 

would in this case be mainly relevant as indirect contributions via system-wide market mechanisms.  
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Figure 2-1 Generic power system configuration where the grid interconnection of a wind farm associated 

with the road infrastructure is independent from the AC-distribution system along the road 
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2.1.2 INTEGRATION TO THE LOCAL ROAD POWER SYSTEM 

For DEGS installations with lower total power rating, direct integration with the local road-side power 

system can be relevant and provide several benefits. Especially, having local production close to the load 

will reduce the need for long distance transmission, and can also help to alleviate capacity constraints on 

the local power distribution system. An example of a generic system configuration that could be directly 

utilized is shown in Figure 2-2, where different medium or small-scale DEGS installation are connected 

directly to the road-side high voltage distribution line. Furthermore, the figure shows how the same 

distribution line also can supply an EV charging station, which could potentially include local battery 

energy storage. In this case, the battery can be utilized to support the operation of the EV charging station 

as well as to support the utilization of the local DEGS installations. 

The configuration in Figure 2-2 is still based on the assumption that each DEGS installation is relatively 

large (i.e. has a power level in the range from around 100 kW to a few MW), and is connected to the road-

side AC distribution line by a dedicated transformer. Thus, the local power consumption supported by the 

DEGS installation will be always transferred via the local high voltage line. For smaller DEGS installations, 

the integration directly with the local low voltage system can also be relevant, as indicated by the 

structure shown in Figure 2-3. This integration at low voltage could be on the AC-side, as indicated for 

small-scale wind turbines in the figure, but could also be with a DC-distribution system as shown by 

extending the DC-busbar of the EV charging station. In such a system configuration, flexibility could be 

provided a several levels of complexity, where the simplest would be to have a management system for 

a dedicated dc busbar which could include both generation, storage, and loads (including EV charging but 

also other DC-connected loads). However, by also including AC generation supplied by the same 

transformer for interfacing to the high voltage distribution line, the combined system including both local 

generation, storage and load could be considered as a local power hub.  
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Figure 2-2 Generic power system configuration with small-scale DEGS consisting of few wind turbines or 

medium size PV installations connected to the road-side AC-distribution system 
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Figure 2-3 Generic power system configuration including local power hubs with internal DC distribution for 

integrating small-scale generation and road-side DC-loads with an EV charging station  
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2.2 SELECTED DEGS ALTERNATIVES FOR LOCATIONS IN NRA LAND/ASSETS 

A range of DEGS technologies that can be relevant for utilizing available land and assets owned by NRAs 

are identified and surveyed in Deliverable D 2.1 within ENROAD project (University of Cantabria 2021). 

For the more detailed assessment presented in this report, only a subset of the most relevant and scalable 

technologies is considered. The main alternatives considered for detailed assessment can be considered 

in two groups, depending on whether they can be installed in open areas related to the road or if they will 

be directly integrated with the road or the road-side infrastructure. This also gives a natural distinction in 

terms of scale and power levels, as the DEGS that can be relevant for integration into the infrastructure 

will be mainly smaller distributed units, while utilization of larger areas in vicinity of the road can allow 

for installation of larger systems with higher power rating of the individual units.  

 

2.2.1 INSTALLATIONS IN OPEN ROADSIDE AREAS 

For utilizing relatively large open areas in vicinity of roads, two main DEGS options are considered: 

• Large- or small-scale wind turbines (Large vs small scale against on proximity to road and urban 

areas) 

• PV farms 

For such installations with many individual wind turbines or PV panels, the main parameters providing the 

basis for optimizing the utilization of the area will be: 

• Occupied area (footprint) of each unit 

• The spacing between the wind turbines or PV-panels 

• Safety distance to the road and to urban areas 

• Minimum available roadside area/width 

These main parameters are illustrated for a wind farm in Figure 2-4 and Figure 2-5, respectively. As seen 

in the figures, the required safety distance to the road is denoted as Dsafe, while a simple layout is 
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assumed with the individual units placed in a grid structure aligned with the road, and with the same 

spacing between the units both in the direction along the road and perpendicular to the road. These 

generic installation layouts could be applied for regular large-scale wind turbines but could be equally 

applicable for small-scale turbines depending on the size, shape, and wind conditions of the available 

areas. Similarly, the presented parameters can be utilized to represent any regular size of PV panels. 

 

 

Figure 2-4 Assumed layout of a wind farm on limited land area associated with a road 
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Figure 2-5 Assumed layout of a PV farm on a limited land area associated with a road 

 

2.2.2 ALONG THE ROAD OR INTEGRATED WITH OTHER INFRASTRUCTURE 

For small-scale DEGS installations along the road the following two main options are considered 

• Small- or micro-scale wind turbines that can be integrated with light poles or traffic lights, or 

mounted on any other available structures along the road  
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• Small-scale PV panels that can be installed on noise barriers or integrated with any other available 

structures, including roofs or carports for EV charging and/or parking areas    

A general overview of a road section with noise barriers and light poles is shown in Figure 2-6 to indicate 

how PV panels, and possibly micro-scale wind turbines, can be integrated with the road infrastructure.  

Ro
ad Noise 

barrier
Noise 

barrier

light pole

 

Figure 2-6 Overview of general layout for a road with noise barriers and light poles that can be utilized for 

mounting small scale DEGS installations  
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For such installations, it will be necessary to consider the local conditions of wind speed and/or irradiation 

to evaluate how a DEGS installation can be designed to maximize the utilization for the available area 

and/or infrastructure. Further details on methods for parameterization of the DEGS units and for 

assessment of the potential energy generation capacity will be discussed later.  

The use of micro hydro turbines for generating power from the rainfall gathered by the road infrastructure 

or the associated buildings or other constructions has also been identified as a relevant DEGS technology 

in (University of Cantabria 2021). However, design of such systems will be highly case dependent, with 

local topography, specific conditions of the nearby buildings or the hydrotechnical installations along the 

road as well as the rainfall conditions determining what will be the most suitable technology and 

configuration of the DEGS. Thus, such systems cannot be easily parameterized and evaluated in generic 

configurations in the same ways as wind turbine or PV panel installations. Thus, micro hydro installations 

are not further evaluated in this report.  
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3 STUDIED RENEWABLE ENERGY GENERATION TECHNOLOGIES 

3.1 OVERVIEW OF THE CONSIDERED RENEWABLE ENERGY TECHNOLOGIES 

Identification and first screening of the renewable energy technologies with the highest potential for their 

application on the main topologies of NRA’s assets has been conducted within Task 2.1 of the ENROAD 

project and has been reported by the Deliverable 2.1: Report of main renewable energy technologies 

(RETs) for the road infrastructure (University of Cantabria 2021). (University of Cantabria 2021) has been 

used as starting point to select the RETs suitable for NRA land and assets that have been analyzed in 

further detail in this report. Table 1 summarizes the initial reviewed RETs within project ENROAD, reported 

in Deliverable 2.1 (University of Cantabria 2021) 

As indicated in section 2, the scope of this analysis is in general limited to wind turbines and PV systems. 

The specific RETs studied in this report have been selected based on the results and suggestions regarding 

the Technology Readiness Level (TRL) and Market Readiness Levels (MRL) of the reviewed RETs reported 

in Deliverable 2.1 (University of Cantabria 2021). Only RETs with TRL and MRL at least seven have been 

considered. A summary of the considered RETs in this report is presented in the next subsections.  
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Table 1 Summary of the initial reviewed RETs within project ENROAD, Deliverable 2.1: Report of main 
renewable energy technologies (RETs) for the road infrastructure (University of Cantabria, 2021) 

RETs TRL MRL 

R
O

AD
SI

D
E 

Wind Turbines 

Large Scale HAWT Three blade 9 9 

Small Scale 

HAWT Three blade 

VAWT 
Savonius 8 7 Darrieus 
Venturi 7 2 
Vortex 5 1 

Photovoltaic Cells 

Silicon Crystalline Monocrystalline 9 9 Polycrystalline 

Thin film 
Amorphous 

8 6 CdTe 
GaAs 
CIGS 

Multijunction 
Two junction cells 

5 2 Three junction cells 
Four junction cells 

Emerging 
Organic cells 5 2 
Perovskite 

-- -- Dye sensitized 
Quantum dot cells 

Mini-hydro turbines 
Action turbines 

Pelton Wheel 
9 

9 
Ossberger turbine 8 Turgo turbine 

Reaction turbines Francis turbine 9 9 Kaplan turbine 

Micro-scale Biomass 
Primary conversion 

Direct combustion 

8-9 5-6 Gasification 
Pyrolysis 
Anaerobic digestion 

Secondary 
conversion 

Steam turbine 
8-9 5-6 Gas turbine 

Stirling engine 

BU
LT

 I
N

 

Solar harvesting 
PVs into Road Pavement 8-9 2-3 

Noise barriers 7-9 

Thermoelectricity Ceramic-based 3 1-2 Cementitious mixes 

Mechanical 
harvesting 

Piezoelectric 
Single crystals 

4 1-2 Piezoceramics 
Polymers 

Electromagnetic 
Hydraulic 

3-4 1-2 Pneumatic 
Electro-mechanical 
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3.1.1 WIND TURBINES 

The Venturi and Vortex Vertical Axis Wind Turbines (VAWTs) have been excluded from this analysis 

because the ENROAD project is focused on high TRL technologies and medium to high MRL market 

status. Large-scale and small-scale wind turbines are analyzed in this document. Figure 3-1 shows a basic 

comparative illustration of the four considered wind turbine technologies, which differ on the rotor axis 

position (horizontal vs. vertical axis), aerodynamic force exploited (drag vs. lift forces) and the wind 

turbine blade architecture (with or without airfoil profile). A brief description of each considered 

technology is presented below. 

 
Figure 3-1 Basic comparative illustration of the considered wind turbine technologies.  

Source: (Mehrpooya 2014) 

 

3.1.1.1 Horizontal Axis Wind Turbines (HAWT) 

This type of turbine is the most used technology for wind generation. Figure 3-2a) shows the main 

components of the HAWT, common in large- and small-scale turbines. However, compared with the 

small scale HAWT, the large scale HAWTs include more complex system components within the turbine 

nacelle, e.g., the orientation systems (yaw and pitch systems), the electrical interface between 

generator and electric grid (power converter and sometimes the transformer). Large scale HAWTs are 

normally constructed based on three-blade architecture (around 99% of installed wind turbines 

(University of Cantabria 2021)), however small scale HAWTs can be found with different number of 

blades (two, three, five or six as most common). Figure 3-2b) shows the V63 wind turbine, a 1.5MW 
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three-bladed HAWT from Vestas Wind Systems A/S Manufacturer, while Figure 3-2c) shows a 300W five-

bladed HAWT from Rexco manufacturer. Small scale HAWTs normally include a passive yaw system (a 

tail blade orients the turbine in the direction of the wind and is a cost-effective solution), but do not 

include a pitch system (to adjust the blade angle), so they normally apply brakes and completely stop at 

high wind speeds. 

a) b) c)  

Figure 3-2 a) HAWT main common components; b) 1.5MW HAWT (V63) from Vestas Manufacturer 
(source: https://en.wind-turbine-models.com/); c) 300W five-bladed HAWT from Rexco manufacturer 

(source: https://www.bestwindsolar.com/) 

 

3.1.1.2 Savonius - VAWT 

Savonius turbines are drag force based and can generate power in turbulent and low wind speed prevalent 

in the built-up area. (Kumar 2019). These turbines consisting of two to three scoops. These turbines have 

an ‘S’ shaped cross section when looked from above. As they move along the wind, they experience lesser 

drag and this difference in drag helps these turbines to spin. Due to the drag, the efficiency of these 

turbines is less when compared to other types of turbines (Tummala, et al. 2016).There are two main 

types of Savonius turbine in the market, based on the architecture of the bucket/blades, the straight 
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bucket type and the helical bucket type. Figure 3-3a) shows a standard Savonius helical bucket type 

turbine along with their main components, gearbox and generator are placed in the lower part of the 

turbine. Figure 3-3b) shows the 2kW Savonius straight bucket type, ATLAS 2.0 from TESUP manufacturer. 

Figure 3-3b) shows four savonious helical bucket type, WS-4B turbines, installed in the top of a radar 

station in China.  

 

Turbine 
blades

Gearbox and 
generator

a) b) c)
 

Figure 3-3 Savonius VAWT: a) Main components schematic; b) ATLAS2.0 Savonius straight bucket type 
turbine from TESUP manufacturer (source: https://www.tesup-norge.com/); c) Four savonious helical bucket 
WS-4B turbines installed in a radar station China (source: https://windside.com/products/) 

 

3.1.1.3 Darrieus - VAWT 

Darrieus turbines work from the lift forces produced during rotation. They consist of a number of blades 

(straight or curved) mounted on a vertical framework (Tummala, et al. 2016). Based on the architecture 

of their blades, they can be classified in four types: troposkien or D-type, straight or H-type (also known 

as giro mill), V-type and helical or Gorlov (Kharade 2019, Kumar 2019, Tummala, et al. 2016). Figure 

3-4a) shows the main components and schematic of a D-type Darrieus turbine. Gearbox and generator 

are normally placed in the downside of the turbine for all Darrieus type turbines. Figure 3-4b) shows the 
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7kW helical-type Darrieus turbine, QR6 quiet revolution from VWT power manufacturer. Figure 3-4c) 

shows the 6kW H-type Darrieus turbine, Ropatec-Maxi from Ropatec manufacturer. 

  

Figure 3-4 Darrieus VAWT: a) Main components schematic troposkien-type; b) QR6 quiet revolution, a 7kW 
helical-type darrious turbine from VWT Power manufacturer (source: https://vwtpower.com/); c) Ropatec 
Maxi 6kW straight-type darrious turbine from Ropatec manufacturer (source: www.ropatec.it) 
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3.1.2 PHOTOVOLTAIC MODULES 

The silicon crystalline photovoltaic technology has been selected as focus technology based on the fact 

that their TRL and MRL values are by far the highest ones compared with other photovoltaic cell 

technologies. Thin film technology has a good TRL value but still not enough MRL to be considered here.  

Monocrystalline    vs.    Polycrystalline

 

Figure 3-5 Silicon crystalline modules appearance: Monocrystalline (left); Polycrystalline (right) 

3.1.2.1 Silicon Monocrystalline  

Monocrystalline PV cells are produced with silicon wafers, using single-crystal silicon, and providing more 

space to the electron to move for a better electricity flow and therefore higher efficiency compared with 

polycrystalline technology (Okil, et al. 2021). Figure 3-5(left) shows the common appearance of PV 

modules based on monocrystalline cell technology. Due to how they are cut, monocrystalline cells form a 

distinct pattern of small diamonds when put together. They are also darker in appearance than 

polycrystalline cells. 
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3.1.2.2 Silicon Polycrystalline  

Polycrystalline cells are commonly manufactured by casting process, where multiple silicon crystal 

fragments are melted, then cast into molds and solidified into blocks. This manufacturing process allows 

to get solar cells with lower cost compared with monocrystalline technology, but also the impurities and 

crystal defects inherent to polycrystalline cell production make them more delicate and less efficient 

than monocrystalline cells (Okil, et al. 2021). Figure 3-5(right) shows the common appearance of PV 

modules based on polycrystalline cell technology.  

 
  



 
Deliverable 2.2 
Assessment of applicable renewable energy generation technologies on 
NRA land and assets 
  

 

 

CEDR Transnational Road Research Programme 
Call 2019 

 

32 of 109 

 

3.2 CHARACTERIZATION OF RENEWABLE ENERGY SOURCES 

3.2.1 WIND SOURCE CHARACTERIZATION 

A widely used approach to characterize the wind resource is by its wind speed probability distribution 

function (PDF). There are many PDFs that can be used to characterize the wind resource of a given region, 

however the most used is the Weibull PDF, as it provides a good fit to the annual frequency wind speeds 

of many sites (Borunda 2020). In this study, the two-parameter family of Weibull PDFs is used, which is 

given by (J. F. Manwell 2009): 

 

𝑓𝑓𝑊𝑊(𝑣𝑣𝑤𝑤) = �
𝑘𝑘𝑤𝑤
𝜆𝜆𝑤𝑤

⋅ �
𝑣𝑣𝑤𝑤
𝜆𝜆𝑤𝑤
�
𝑘𝑘𝑤𝑤−1

⋅ e−�
𝑣𝑣𝑤𝑤
𝜆𝜆𝑤𝑤

�
𝑘𝑘𝑤𝑤

𝑣𝑣𝑤𝑤 ≥ 0

0 𝑣𝑣𝑤𝑤 < 0
 

 

(1) 

Where 𝑘𝑘𝑤𝑤 > 0 and 𝜆𝜆𝑤𝑤 > 0 are the shape and scale factors of the distribution, respectively, and 𝑣𝑣𝑤𝑤 is the 

wind speed. The mean wind speed (𝑉𝑉�𝑤𝑤) of the Weibull PDF can be calculated by 

𝑉𝑉�𝑤𝑤 = 𝜆𝜆𝑤𝑤 ⋅ Γ �1 +
1
𝑘𝑘𝑤𝑤
� (2) 

 

where the gamma function (Γ(𝑥𝑥)) is defined as 

Γ(𝑥𝑥) = � 𝑡𝑡𝑎𝑎−1 ⋅ 𝑒𝑒−𝑡𝑡 ⋅ 𝑑𝑑𝑡𝑡
∞

0
 

 

(3) 

Figure 3-6 shows an example of the Weibull PDF for different values of shape factor and mean wind speed. 

The Weibull function factors are normally obtained by fitting the function to the measurements of wind 

speeds using wind masts for duration of some months to one year through 10 minutes intervals (Sedagha, 

et al. 2016). The wind profiles are dependent on the height above the ground, the ground's surface 
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roughness, the ground's roughness variation, the atmospheric stability, and the geographical elevation 

(Wass 2018). The wind speed profiles generated from wind speed measurements will be referred to as 

the mat's height. There are two common models to estimate/scale wind profile at any given height: the 

log law and the power law. Here, a simplified log wind profile is considered, and the mean wind speed 

(𝑉𝑉�𝑤𝑤) at a height (z) above the ground is estimated by (Holmes 2015) (Wikipedia 2021) 

V�w = V�w.REF ⋅
log �𝑧𝑧 − 𝑧𝑧𝑑𝑑

𝑧𝑧0
�

log �𝑧𝑧𝑅𝑅𝑅𝑅𝑅𝑅 − 𝑧𝑧𝑑𝑑
𝑧𝑧0

�
 

 

(4) 

where V�w.REF is the mean wind speed at the reference height 𝑧𝑧𝑅𝑅𝑅𝑅𝑅𝑅, 𝑧𝑧𝑑𝑑 is the zero-plane displacement, 

and 𝑧𝑧0 is the roughness length, which accounts for the effect of the roughness surface. The zero-plane 

displacement is the height above the ground at which zero wind is achieved as results of flow obstacles 

such as tress or buildings. It can be approximated as 2/3 to ¾ of the average height of the obstacles 

(Holmes 2015). On the other hand, the value of the roughness length depends on the terrain. Table 2 

introduces typical values of surface roughness length as reported by (Tony Burton 2001).  

The Weibull distribution factors (𝜆𝜆𝑤𝑤, 𝑘𝑘𝑤𝑤) can be extrapolated at any height of the rotor (z) by using the 

Justus and Mikhail method (Justus, et al. 1978, Djohra Saheb 2014):  

𝜆𝜆𝑤𝑤 = 𝜆𝜆𝑤𝑤𝑅𝑅𝑅𝑅𝑅𝑅 ⋅ �
𝑧𝑧

𝑧𝑧𝑅𝑅𝑅𝑅𝑅𝑅
�
𝑎𝑎𝑘𝑘

 

𝑎𝑎𝑘𝑘 =
1

log �√𝑧𝑧 ⋅ 𝑧𝑧𝑅𝑅𝑅𝑅𝑅𝑅𝑧𝑧0
�
− 0.0881 ⋅ log �

𝜆𝜆𝑤𝑤𝑅𝑅𝑅𝑅𝑅𝑅
6

� 
(5) 

𝑘𝑘𝑤𝑤 =
𝑘𝑘𝑤𝑤𝑅𝑅𝑅𝑅𝑅𝑅

1 − 0.088 ⋅ log � 𝑧𝑧
𝑧𝑧𝑅𝑅𝑅𝑅𝑅𝑅
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Figure 3-6 Weibull PDF for different values of the shape factor and mean wind speed. 
 

Table 2 Typical values of surface roughness length for various types of terrain. 

Type of terrain Typical surface 
roughness length (𝒛𝒛𝟎𝟎) Type of terrain Typical surface 

roughness length (𝒛𝒛𝟎𝟎) 
Mud flats, Ice 1e-5 to 3e-5 Calm Sea 2e-4 to 3e-4 

Sand 2e-4 to 1e-3 Mown grass 0.001 to 0.04 

Low grass 0.02 to 0.03 Fallow field 0.02 to 0.03 

High grass 0.04 to 0.1 Forest and Woodland 0.1 to 1 

Built up area, suburb 1 to 2 City 1 to 4 

 

In principle, the expected energy production of a wind turbine can be estimated based on wind Weibull 

PDF on the target location and the turbine hub height. However, when many wind turbines are going to 

be placed near each other, as in a wind farm, the prevalent wind direction in the target location is also 

needed to determine the allocation/arrangement of the wind turbines affecting the effective available 

area. For a given area, this information is normally given by a wind rose chart. There are multiple data 

sources that can be addressed to get the wind characterization of a given area, for example a global wind 

atlas is available at (Jake Badger 2021), where different wind speed statistics has been extrapolated for 

different areas worldwide with a resolution of 9km2. Figure 3-7 shows a simulated wind speed map for 

central Europe at 100m height as reported in (Jake Badger 2021). Besides, there are also specific wind 

speed data sources for each country which can also be accessed online, for example wind data source for 

the Iberian Peninsula can be accessed at (CENER; ERA-Net Plus NEWA 2019). Figure 3-8 shows an example 
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of wind speed statistics as reported in (CENER; ERA-Net Plus NEWA 2019) for a place located at (42.64° 

latitude, -8.67° longitude) with 50mx50m scale. 

 

 

Figure 3-7 Simulated Wind speed map for central Europe at 100m height. (source: 
https://globalwindatlas.info/) 
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Figure 3-8 Example of wind speed statistics as reported in (CENER; ERA-Net Plus NEWA 2019) for a place 
located at (43.342° latitude, -4.145° longitude) with 50mx50m scale. a) wind speed distribution at 50m with 

fitted Weibull PDF (𝑽𝑽�𝑽𝑽 = 𝟔𝟔.𝟒𝟒𝟒𝟒/𝒔𝒔, 𝒌𝒌𝑽𝑽 = 𝟏𝟏.𝟖𝟖); b) wind rose at 50m. 

 

Additionally, temporal wind speed profile may be needed when wind turbine is intended to be operated 

in combination with Energy Storage System (ESS) to provide a given energy/power demand. It that aspect, 

the seasonal and hourly wind speed profiles of the area of interest can provide additional information 

needed so the ESS can be sizing according to the expected load profile. Figure 3-9 shows an example of 

seasonal and hourly wind speed profiles taken from (Jake Badger 2021) for an aleatory 9km2 area located 

at southern Denmark (55.22°Lat, 9.05°Long) with mean wind speed of 8.42[m/s]. The seasonal and hourly 

wind speed profiles are plotted as wind speed index, which is the relative variation from mean wind speed 

(8.42[m/s]).  
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Figure 3-9 Example of seasonal and hourly wind speed profile (Jake Badger 2021). Left: location example 
9km2 area at sourthen Denmark (55.22°Lat, 9.05°Long) with mean wind speed of 8.42[m/s]. Right: (top) 

Seasonal wind speed profile as wind speed index (varaition from mean wind speed), (botton) Hourly wind 
speed profile. (Source: https://globalwindatlas.info/) 

 
 
 

3.2.2 SOLAR RADIATION CHARATERIZATION 

The amount of sunlight available in each location at a given time is essential information in the design and 

evaluation of a photovoltaic system. The solar radiation may be characterized by the measured solar 

irradiance (power per area at a given moment) (or radiation) and by the solar insolation (total amount of 

solar energy received at a particular location during a specified period) (S.G.Bowden 2019).  

Solar insolation data can be used for rough estimations in simple PV system design while solar irradiance 

is used in more accurate evaluation of PV system performance which calculates the system performance 

at each point in the day. The used methods for photovoltaic system evaluation in this document are based 

on solar irradiance data. Figure 3-10 shows an example of seasonal variation on daily insolation and solar 

irradiance.  
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Figure 3-10 Example of seasonal variation on daily insolation and solar irradiance (source: 

https://www.alternative-energy-tutorials.com/solar-power/solar-irradiance.html) 

The most common format for solar radiation data is the Typical Meteorological Year (TMY) data 

(S.G.Bowden 2019). In the process of estimation of the TMY data, meteorological measurements are 

made at hourly intervals over several years to build up a picture of the local climate. The data set is 

produced by choosing for each month the most "typical" month out of number of measured years of data. 

Typically, the variables used to select the typical month are global horizontal irradiance, air temperature, 

and relative humidity.  

The TMY data set typically includes the following relevant quantities for PV evaluation: 

• Date and time: The data is usually an average for the hour and covers ½ an hour before the 

sample to ½ an hour after the sample. 

• Global Horizontal Irradiation (𝐺𝐺𝐺𝐺𝐺𝐺): The amount of energy striking a horizontal surface during 

the hour. 

• Direct Beam/Normal Irradiation (𝐷𝐷𝐷𝐷𝐺𝐺): The irradiation striking a plate perpendicular to the sun's 

rays but does not include diffuse radiation. 

• Diffuse Horizontal Irradiance (𝐷𝐷𝐺𝐺𝐺𝐺): the amount of radiation received per unit area by a surface 

that does not arrive on a direct path from the sun but has been scattered by molecules and 

particles in the atmosphere.  

• Temperature: Air temperature at 2 meters 

• Wind Speed: total wind speed at 10 meters. 
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Figure 3-11 Example of Global Solar Atlas (World Bank Group 2021), (top) Direct normal irradiation and 

(bottom) global horizontal irradiation (source: https://globalsolaratlas.info/download) 
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TMY data can be obtained from different data sources, depending on the location and availability of data. 

A global solar atlas (World Bank Group 2021) has been developed by the World Bank Group, and Figure 

3-11 shows an example of the global map of direct normal irradiation and global horizontal irradiation 

provided by the global solar atlas app. Also, the National Renewable Energy Laboratory (NREL) has 

published a National Solar Radiation Database (NSRDB) with global irradiation datasets, which are 

available for download (National Renewable Energy Laboratory 2021). Also, NREL has created EnergyPlus, 

a free simulation software package, developed under funding from the US Department of Energy, and has 

publish TMY data covering the period from 2006 and 2021 for about 16,000 locations globally, with most 

of them available at no cost from their website (NREL - EnergyPlus 2021).  

On the other hand, the Photovoltaic Geographical Information System (PVGIS) (European Commission - 

EU Science Hub 2020) provides free and open access to information about solar radiation and photovoltaic 

system performance for any location in Europe and Africa, as well as a large part of Asia and America. 

Figure 3-12 shows an example of TMY data obtained from PVGIS tool for a specific location at 43.342° 

Latitude and -4.145° Longitude. The calculation of solar radiation in PVGIS uses information about the 

local horizon to estimate the effects of shadows from nearby hills or mountains. 

The total amount of radiation received by a PV module, 𝐺𝐺𝑃𝑃𝑃𝑃,  is composed of direct (beam), 𝐵𝐵𝑃𝑃𝑃𝑃, and 

diffuse, 𝐷𝐷𝑃𝑃𝑃𝑃, components: 

𝐺𝐺𝑃𝑃𝑃𝑃 = 𝐵𝐵𝑃𝑃𝑃𝑃 + 𝐷𝐷𝑃𝑃𝑃𝑃 

The beam component is the irradiance perpendicular to the PV surface. For PV systems with 2-axis 

trackers, which allow adjusting themselves to face the sun (as sunflowers do), the beam component is the 

DNI from TMY data. However, most of the PV systems are fully/partially fixed in place and don't rotate 

(with few variations in their orientation/tilt angle manually done through the year), so the PV module only 

gets a portion of the DNI component from TMY data. 
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Figure 3-12 Example of TMY data obtained from PVGIS tool (European Commission - EU Science Hub 
2020) for a specific location at 43.342° Latitude and -4.145° Longitude 

Figure 3-13 shows the PV module tilt (𝛽𝛽𝑀𝑀𝑀𝑀𝑑𝑑) and azimuth angle (𝜓𝜓𝑀𝑀𝑀𝑀𝑑𝑑) definition, which is used in this 

document. The PV module beam component can be calculated by 

𝐵𝐵𝑃𝑃𝑃𝑃 = 𝐷𝐷𝐷𝐷𝐺𝐺 ⋅ (sin(𝛿𝛿𝑠𝑠𝑠𝑠𝑠𝑠) ⋅ sin(𝜑𝜑𝐿𝐿𝑎𝑎𝑡𝑡) ⋅ cos(𝛽𝛽𝑀𝑀𝑀𝑀𝑑𝑑) … 

− sin(𝛿𝛿𝑠𝑠𝑠𝑠𝑠𝑠) ⋅ cos(𝜑𝜑𝐿𝐿𝑎𝑎𝑡𝑡) ⋅ sin(𝛽𝛽𝑀𝑀𝑀𝑀𝑑𝑑) ⋅ cos(𝜓𝜓𝑀𝑀𝑀𝑀𝑑𝑑) … 

+ cos(𝛿𝛿𝑠𝑠𝑠𝑠𝑠𝑠) ⋅ cos(𝜑𝜑𝐿𝐿𝑎𝑎𝑡𝑡) ⋅ cos(𝛽𝛽𝑀𝑀𝑀𝑀𝑑𝑑) ⋅ cos(𝐺𝐺𝐻𝐻𝐻𝐻) … 

+ cos(𝛿𝛿𝑠𝑠𝑠𝑠𝑠𝑠) ⋅ sin(𝜑𝜑𝐿𝐿𝑎𝑎𝑡𝑡) ⋅ sin(𝛽𝛽𝑀𝑀𝑀𝑀𝑑𝑑) ⋅ cos(𝜓𝜓𝑀𝑀𝑀𝑀𝑑𝑑) ⋅ cos(𝐺𝐺𝐻𝐻𝐻𝐻) … 

+ cos(𝛿𝛿𝑠𝑠𝑠𝑠𝑠𝑠) ⋅ sin(𝜓𝜓𝑀𝑀𝑀𝑀𝑑𝑑) ⋅ sin(𝛽𝛽𝑀𝑀𝑀𝑀𝑑𝑑) ⋅ sin(𝐺𝐺𝐻𝐻𝐻𝐻)) 
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Where, 𝛿𝛿𝑠𝑠𝑠𝑠𝑠𝑠 is the sun declination angle, 𝜑𝜑𝐿𝐿𝑎𝑎𝑡𝑡 is the latitude of the location, and HRA is the solar hour 

angle. The sun declination angle in decimal degrees can be calculated by (Cooper 1969): 

𝛿𝛿𝑠𝑠𝑠𝑠𝑠𝑠 = −23.45° ⋅ cos�
360 ⋅ �𝑑𝑑𝑦𝑦𝑦𝑦𝑎𝑎𝑦𝑦 + 10�

365 � 

Where, 𝑑𝑑𝑦𝑦𝑦𝑦𝑎𝑎𝑦𝑦 is the number of days since the start of the year. 

The solar hour angle in decimal degrees can be calculated by (S.G.Bowden 2019): 

𝐺𝐺𝐻𝐻𝐻𝐻 = 15° ⋅ (𝐿𝐿𝐿𝐿𝐿𝐿 − 12) 

𝐿𝐿𝐿𝐿𝐿𝐿 = 𝐿𝐿𝐿𝐿 +
𝐿𝐿𝑇𝑇
60

 

𝐿𝐿𝑇𝑇 = 4 ⋅ (𝜆𝜆𝐿𝐿𝑀𝑀𝑠𝑠 − 15° ⋅ ΔT𝑈𝑈𝑈𝑈𝑈𝑈) + 𝐸𝐸𝐸𝐸𝐿𝐿 

Where, LST is the local solar time, LT is the local time, TC is the time correction factor, 𝜆𝜆𝐿𝐿𝑀𝑀𝑠𝑠 is the longitude 

of the location in decimal degres, ΔT𝑈𝑈𝑈𝑈𝑈𝑈  is the difference of LT from Universal Coordinated Time (UTC) in 

hours, and EoT is the equation of time in minutes, which can be approximated by (Milne 1921): 

 
Figure 3-13 PV module tilt and azimuth angle definition (source: https://solardesignguide.com/solar-

panel-tilt-and-azimuth/) 
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𝐸𝐸𝐸𝐸𝐿𝐿 = 9.87 ⋅ sin�
720 ⋅ �𝑑𝑑𝑦𝑦𝑦𝑦𝑎𝑎𝑦𝑦 − 81�

365 � − 7.53 ⋅ cos�
360 ⋅ �𝑑𝑑𝑦𝑦𝑦𝑦𝑎𝑎𝑦𝑦 − 81�

365 � − 1.5

⋅ sin�
360 ⋅ �𝑑𝑑𝑦𝑦𝑦𝑦𝑎𝑎𝑦𝑦 − 81�

365 � 

On the other hand, the PV module diffuse component can be approximated by (S.G.Bowden 2019) : 

𝐷𝐷𝑃𝑃𝑃𝑃 = 𝐷𝐷𝐺𝐺𝐺𝐺 ⋅
180° − 𝛽𝛽𝑀𝑀𝑀𝑀𝑑𝑑

180°
 

Combining the previous equations with the TMY data, it is possible to calculate the total PV irradiance for 

an arbitrary oriented and tilted PV module. Figure 3-14 shows the mean annual total PV irradiance as 

function of module tilt and module azimuth for the TMY data plotted in Figure 3-12 (location: 𝜑𝜑𝐿𝐿𝑎𝑎𝑡𝑡 =

43.342°,𝜆𝜆𝐿𝐿𝑀𝑀𝑠𝑠=-4.145°). It can be noted that there is an optimal module orientation and tilt angle that 

maximize the total annual average PV irradiance (for this example, the optimal values are 𝛽𝛽𝑀𝑀𝑀𝑀𝑑𝑑.𝑂𝑂𝑃𝑃𝑈𝑈 = 36° 

and 𝜓𝜓𝑀𝑀𝑀𝑀𝑑𝑑.𝑂𝑂𝑃𝑃𝑈𝑈=-44°).  

  

 
Figure 3-14 Mean annual total PV irradiance as function of module tilt and module azimuth for the TMY 

data plotted in Figure 3-12. Location: 43.342° Latitude and -4.145° Longitude 
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3.3 MODELLING AND PARAMETRIZATION OF WIND TURBINES 

3.3.1 POWER CURVE MODEL 

In general, a wind turbine transforms the kinetic energy of the wind in rotating mechanical energy through 

its blades/rotor and then converts that energy in electric power using an electric generator, which is 

commonly interfaced by a power electronics converter and power transformer to ensure the right voltage 

level. For large scale wind turbines, all the previous conversion stages can be considered as part of the 

wind turbine device as they are normally located inside of the wind turbine nacelle, while for small scale 

wind turbines, the power converter and transformer are normally considered as additional components 

of the wind turbine.  

Normally, the generated electrical power versus wind speed curve (also known as power curve) can be 

found in the wind turbine datasheet, which is provided by the wind turbine manufacturer to quantify the 

wind turbine performance. For a given wind turbine with provided power curve 𝑃𝑃𝑊𝑊𝑈𝑈(𝑣𝑣𝑤𝑤), the expected 

annual energy production (𝐻𝐻𝐸𝐸𝑃𝑃𝑊𝑊𝑈𝑈) can be calculated by 

𝐻𝐻𝐸𝐸𝑃𝑃𝑊𝑊𝑈𝑈 = 8760 ⋅ 𝑘𝑘𝑊𝑊𝑈𝑈𝑊𝑊 ⋅ �𝑃𝑃𝑊𝑊𝑈𝑈(𝑣𝑣𝑤𝑤𝑤𝑤) ⋅ 𝑓𝑓𝑊𝑊(𝑣𝑣𝑤𝑤𝑤𝑤)
𝑁𝑁𝑣𝑣𝑤𝑤

𝑤𝑤=1

 (7) 

where the full span of wind speeds from cut-in to cut-out wind speed has been discretized into 𝐷𝐷𝑣𝑣𝑤𝑤 wind 

speed bins with equal width, and the total AEP is calculated by summing all contributions of each wind 

speed bin, 𝑣𝑣𝑤𝑤𝑤𝑤 is the wind speed of the i-th bin at the wind turbine hub height, and  𝑓𝑓𝑊𝑊 is the wind speed 

PDF of the area of interes scaled to the wind turbine hub height. The factor 𝑘𝑘𝑊𝑊𝑈𝑈𝑊𝑊 is the wind turbine 

availability, so the product 8760 ⋅ 𝑘𝑘𝑊𝑊𝑈𝑈𝑊𝑊 estimates the annual operation hours of the wind turbine. 

The wind turbine power curve is unique characteristic of the wind turbine which depends on many factors 

like aerodynamic blade performance, electric components (generator type, converter architecture, …) and 

power control strategy, among others. However, there are two well defined power curve shapes 

depending on the applied control strategy for high wind speeds (beyond rated wind speed), which can be 

classified as pitch-regulated and stall-regulated. Figure 3-15 shows a comparative example of pitch-

regulated (red curve) and stall-regulated (blue curve) wind turbine power curves.  
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Figure 3-15 Comparison of typical wind turbine power curves: Pitch-regulated versus Stall-regulated  

 

Pitch-regulated wind turbines have an active control system that can vary the pitch angle of the turbine 

blades, which allows to control/limit the turbine rotational speed, or the torque transferred to the shaft 

at high wind speeds. The pitch-regulated power curve is characterized by increasing power up until the 

rated wind speed, beyond which it keeps constant rated power up until a cut-out speed. 

 

Stall-regulated wind turbines have their blades designed to perform in a way that at high wind speeds the 

rotational speed or aerodynamic torque decreases with increasing wind speed above a certain value 

(usually beyond the rated wind speed) to protect the wind turbine without the need for active controls.  

 

Stall-regulated wind turbines have the benefit of lower capital cost of the turbine and a lower 

maintenance associated with more moving parts. However, pitch-regulated systems can deliver constant 

power output above rated wind speed, while stall-regulated systems are not able to keep a constant 

power output in high winds. Pitch-regulated control system is more commonly used for large wind 

turbines (MW) while stall-regulated control is always used in very small wind turbines.  
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To provide a general approach aiming to compare wind turbine technologies but not individual wind 

turbines, the following approach is proposed to estimate the wind turbine power curve.  

Figure 3-16 shows the considered power curve model for large scale wind turbines, which is based on 

pitch-regulated control system. The power curve has three main regions, from the cut-in wind speed 

(𝑣𝑣𝑤𝑤.𝑤𝑤𝑠𝑠), the wind turbine is operated following Maximum Power Point Tracking (MPPT) algorithm, and the 

generated electric power increases following the wind speed up to it reaches its rated power (𝑃𝑃𝑊𝑊𝑈𝑈.𝑠𝑠𝑀𝑀𝑛𝑛) 

at the nominal wind speed (𝑣𝑣𝑤𝑤.𝑠𝑠𝑀𝑀𝑛𝑛); then from the nominal wind speed to the cut-out wind speed 

(𝑣𝑣𝑤𝑤.𝑀𝑀𝑠𝑠𝑡𝑡), the output power is constant and equal to the rated power, and there is not output power for 

wind speeds lower than 𝑣𝑣𝑤𝑤.𝑤𝑤𝑠𝑠 or higher than 𝑣𝑣𝑤𝑤.𝑀𝑀𝑠𝑠𝑡𝑡 as the wind turbine is parked. Then, considering that 

the generated wind power is proportional to the cube of wind speed and swept area (𝐻𝐻𝑠𝑠𝑤𝑤𝑦𝑦𝑠𝑠𝑡𝑡), the 

following power function is proposed: 

𝑃𝑃𝑊𝑊𝑈𝑈 = �

1
2
⋅ 𝑘𝑘𝑃𝑃𝑊𝑊𝑈𝑈0 ⋅ 𝜌𝜌𝑎𝑎𝑤𝑤𝑦𝑦 ⋅ 𝐻𝐻𝑠𝑠𝑤𝑤𝑦𝑦𝑠𝑠𝑡𝑡 ⋅ 𝑣𝑣𝑤𝑤3 𝑣𝑣𝑤𝑤.𝑤𝑤𝑠𝑠 ≤ 𝑣𝑣𝑤𝑤 ≤ 𝑣𝑣𝑤𝑤.𝑠𝑠𝑀𝑀𝑛𝑛

𝑃𝑃𝑊𝑊𝑈𝑈.𝑠𝑠𝑀𝑀𝑛𝑛 𝑣𝑣𝑤𝑤.𝑠𝑠𝑀𝑀𝑛𝑛 ≤ 𝑣𝑣𝑤𝑤 ≤ 𝑣𝑣𝑤𝑤.𝑀𝑀𝑠𝑠𝑡𝑡
0 𝑣𝑣𝑤𝑤 < 𝑣𝑣𝑤𝑤.𝑤𝑤𝑠𝑠;𝑣𝑣𝑤𝑤 >  𝑣𝑣𝑤𝑤.𝑀𝑀𝑠𝑠𝑡𝑡

 

where 𝜌𝜌𝑎𝑎𝑤𝑤𝑦𝑦 is the average air density, and 𝑘𝑘𝑃𝑃𝑊𝑊𝑈𝑈0 is the equivalent power coefficient, which accounts for 

the wind turbine power coefficient (𝑇𝑇𝑃𝑃) and the combined generator-power converter efficiency (𝜂𝜂𝐺𝐺𝑃𝑃𝑅𝑅).  
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Figure 3-16 Considered power curve model for large scale wind turbines 
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Figure 3-17 Power coefficient comparison for the considered wind turbine technologies 

For comparison, Figure 3-17 shows the standard power coefficient for the considered wind turbine 

technologies as function of the tip-speed ratio (𝜆𝜆 = 𝜔𝜔𝑅𝑅 ⋅ 𝐻𝐻/𝑣𝑣𝑤𝑤), which is the ratio of the linear speed of 

the blades and the wind speed.  

The combined generator and power electronic converter nominal efficiency has been approximated by 

the following equation: 

𝜂𝜂𝐺𝐺𝑃𝑃𝑅𝑅(𝑃𝑃𝑊𝑊𝑈𝑈.𝑠𝑠𝑀𝑀𝑛𝑛) = 𝜂𝜂𝐺𝐺𝑃𝑃𝑅𝑅𝑀𝑀𝐺𝐺 − (𝜂𝜂𝐺𝐺𝑃𝑃𝑅𝑅𝑀𝑀𝐺𝐺 − 𝜂𝜂𝐺𝐺𝑃𝑃𝑅𝑅𝑀𝑀𝑁𝑁) ⋅ �
𝑃𝑃𝑁𝑁𝑦𝑦𝑦𝑦𝑁𝑁

𝑃𝑃𝑊𝑊𝑈𝑈.𝑠𝑠𝑀𝑀𝑛𝑛 + 𝑃𝑃𝑁𝑁𝑦𝑦𝑦𝑦𝑁𝑁
�
𝑘𝑘𝜂𝜂𝜂𝜂𝜂𝜂𝜂𝜂

  

𝑘𝑘𝜂𝜂𝐺𝐺𝑃𝑃𝑅𝑅 =
log �𝜂𝜂𝐺𝐺𝑃𝑃𝑅𝑅𝑀𝑀𝐺𝐺 − 𝜂𝜂𝐺𝐺𝑃𝑃𝑅𝑅𝑀𝑀𝑁𝑁

𝜂𝜂𝐺𝐺𝑃𝑃𝑅𝑅𝑀𝑀𝐺𝐺 − 𝜂𝜂𝐺𝐺𝑃𝑃𝑅𝑅𝑦𝑦𝑦𝑦𝑁𝑁
�

log(2)  

where 𝜂𝜂𝐺𝐺𝑃𝑃𝑅𝑅𝑦𝑦𝑦𝑦𝑁𝑁 is the reference efficiency at reference nominal power 𝑃𝑃𝑁𝑁𝑦𝑦𝑦𝑦𝑁𝑁 and 𝜂𝜂𝐺𝐺𝑃𝑃𝑅𝑅𝑀𝑀𝐺𝐺, 𝜂𝜂𝐺𝐺𝑃𝑃𝑅𝑅𝑀𝑀𝑁𝑁 are the 

maximum and minimum considered efficiencies. Figure 3-18 shows the considered combined generator 

and power electronic converter nominal efficiency for large scale wind turbines. The reference 

parameters are 𝜂𝜂𝐺𝐺𝑃𝑃𝑅𝑅𝑦𝑦𝑦𝑦𝑁𝑁 = 0.82, 𝑃𝑃𝑁𝑁𝑦𝑦𝑦𝑦𝑁𝑁 = 1𝑀𝑀𝑀𝑀, 𝜂𝜂𝐺𝐺𝑃𝑃𝑅𝑅𝑀𝑀𝐺𝐺 = 0.92 and 𝜂𝜂𝐺𝐺𝑃𝑃𝑅𝑅𝑀𝑀𝑁𝑁 = 0.6. 

Then,  𝑘𝑘𝑃𝑃𝑊𝑊𝑈𝑈0 is calculated by 

𝑘𝑘𝑃𝑃𝑊𝑊𝑈𝑈0 = 𝑇𝑇𝑠𝑠𝑀𝑀𝑊𝑊𝐺𝐺 ⋅ 𝜂𝜂𝐺𝐺𝑃𝑃𝑅𝑅(𝑃𝑃𝑊𝑊𝑈𝑈.𝑠𝑠𝑀𝑀𝑛𝑛) 

With 𝑇𝑇𝑠𝑠𝑀𝑀𝑊𝑊𝐺𝐺 as the maximum power coefficient for the wind turbine technology (𝑇𝑇𝑠𝑠𝑀𝑀𝑊𝑊𝐺𝐺 =0.5 for HAWT 
and 𝑇𝑇𝑠𝑠𝑀𝑀𝑊𝑊𝐺𝐺 =0.4 for Darrieus technologies).  
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Figure 3-18 Considered combined generator and power electronic converter nominal efficiency for large scale 

wind turbines. 

Figure 3-19 shows the considered power curve model for small scale wind turbines, which is based on 

stall-regulated control system. The power curve has four main regions:  

• Parking region: There is not output power for wind speeds lower than 𝑣𝑣𝑤𝑤.𝑤𝑤𝑠𝑠 or higher than 𝑣𝑣𝑤𝑤.𝑀𝑀𝑠𝑠𝑡𝑡 

as the wind turbine is parked. 

• MPPT Region: The wind turbine is operated following MPPT algorithm, and the generated electric 

power increases following the wind speed from 𝑣𝑣𝑤𝑤.𝑤𝑤𝑠𝑠 up to it reaches its 𝑃𝑃𝑊𝑊𝑈𝑈.𝑠𝑠𝑀𝑀𝑛𝑛 at 𝑣𝑣𝑤𝑤.𝑠𝑠𝑀𝑀𝑛𝑛. 

• Regulated Region 1: After wind turbine reaches its nominal wind speed, the power still increases 

with the wind speed but with a decreased ratio compared with the MPPT region as the generator 

speed is kept constant and the turbine power coefficient decreases from its maximum. This 

continues up to the output power reaches its peak value (𝑃𝑃𝑊𝑊𝑈𝑈.𝑠𝑠𝑦𝑦𝑎𝑎𝑘𝑘) at wind speed equal to 

𝑣𝑣𝑤𝑤.𝑠𝑠𝑦𝑦𝑎𝑎𝑘𝑘. 

• Regulated Region 2: In this region, the power decreases with increasing wind speed as the 

aerodynamic design of the blade is more predominant and the blades are designed to perform 

better at low wind speeds. The wind turbine is operated under these conditions up to the 𝑣𝑣𝑤𝑤.𝑀𝑀𝑠𝑠𝑡𝑡 

is reached, then it is braked to protect the equipment. 
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Figure 3-19 Considered power curve model for small scale wind turbines 

The following power model is proposed for small wind turbines: 

𝑃𝑃𝑊𝑊𝑈𝑈 =

⎩
⎪
⎨

⎪
⎧

1
2
⋅ 𝑘𝑘𝑃𝑃𝑊𝑊𝑈𝑈0 ⋅ 𝜌𝜌𝑎𝑎𝑤𝑤𝑦𝑦 ⋅ 𝐻𝐻𝑠𝑠𝑤𝑤𝑦𝑦𝑠𝑠𝑡𝑡 ⋅ 𝑣𝑣𝑤𝑤3 𝑣𝑣𝑤𝑤.𝑤𝑤𝑠𝑠 ≤ 𝑣𝑣𝑤𝑤 ≤ 𝑣𝑣𝑤𝑤.𝑠𝑠𝑀𝑀𝑛𝑛

𝑃𝑃𝑊𝑊𝑈𝑈.𝑠𝑠𝑦𝑦𝑎𝑎𝑘𝑘 − 𝑘𝑘𝑃𝑃𝑊𝑊𝑈𝑈1 ⋅ �𝑣𝑣𝑤𝑤 − 𝑣𝑣𝑤𝑤.𝑠𝑠𝑦𝑦𝑎𝑎𝑘𝑘�
𝑘𝑘𝜂𝜂𝑃𝑃𝑃𝑃𝑃𝑃 𝑣𝑣𝑤𝑤.𝑠𝑠𝑀𝑀𝑛𝑛 ≤ 𝑣𝑣𝑤𝑤 ≤ 𝑣𝑣𝑤𝑤.𝑠𝑠𝑦𝑦𝑎𝑎𝑘𝑘

𝑃𝑃𝑊𝑊𝑈𝑈.𝑠𝑠𝑦𝑦𝑎𝑎𝑘𝑘 − 𝑘𝑘𝑃𝑃𝑊𝑊𝑈𝑈2 ⋅ �𝑣𝑣𝑤𝑤 − 𝑣𝑣𝑤𝑤.𝑠𝑠𝑦𝑦𝑎𝑎𝑘𝑘�
𝑘𝑘𝜂𝜂𝑃𝑃𝑃𝑃𝑃𝑃 𝑣𝑣𝑤𝑤.𝑠𝑠𝑦𝑦𝑎𝑎𝑘𝑘 ≤ 𝑣𝑣𝑤𝑤 ≤ 𝑣𝑣𝑤𝑤.𝑀𝑀𝑠𝑠𝑡𝑡

0 𝑣𝑣𝑤𝑤 < 𝑣𝑣𝑤𝑤.𝑤𝑤𝑠𝑠;𝑣𝑣𝑤𝑤 >  𝑣𝑣𝑤𝑤.𝑀𝑀𝑠𝑠𝑡𝑡

 

where 𝑘𝑘𝑃𝑃𝑊𝑊𝑈𝑈0, 𝑘𝑘𝑃𝑃𝑊𝑊𝑈𝑈1, 𝑘𝑘𝑃𝑃𝑊𝑊𝑈𝑈2, and 𝑘𝑘𝑃𝑃𝑊𝑊𝑈𝑈𝑠𝑠 are the characteristic parameters of the wind turbine power 

curve which are fitted as function of the relation between nominal/peak power and wind speed values 

which varies with the turbine size. The maximum equivalent power coefficient (𝑘𝑘𝑃𝑃𝑊𝑊𝑈𝑈0) is related to 

𝑣𝑣𝑤𝑤.𝑠𝑠𝑀𝑀𝑛𝑛 and 𝑃𝑃𝑊𝑊𝑈𝑈.𝑠𝑠𝑀𝑀𝑛𝑛 as follows: 

𝑘𝑘𝑃𝑃𝑊𝑊𝑈𝑈0 =
2 ⋅ 𝑃𝑃𝑊𝑊𝑈𝑈.𝑠𝑠𝑀𝑀𝑛𝑛

𝜌𝜌 ⋅ 𝐻𝐻𝑠𝑠𝑤𝑤𝑦𝑦𝑠𝑠𝑡𝑡 ⋅ 𝑣𝑣𝑤𝑤.𝑠𝑠𝑀𝑀𝑛𝑛
3  

The parameter 𝑘𝑘𝑃𝑃𝑊𝑊𝑈𝑈1 is estimated to fit continuity in the power curve at nominal wind speed: 

𝑘𝑘𝑃𝑃𝑊𝑊𝑈𝑈1 = �

𝑃𝑃𝑊𝑊𝑈𝑈.𝑠𝑠𝑦𝑦𝑎𝑎𝑘𝑘 − 𝑃𝑃𝑊𝑊𝑈𝑈.𝑠𝑠𝑀𝑀𝑛𝑛

�𝑣𝑣𝑤𝑤.𝑠𝑠𝑀𝑀𝑛𝑛 − 𝑣𝑣𝑤𝑤.𝑠𝑠𝑦𝑦𝑎𝑎𝑘𝑘�
𝑘𝑘𝜂𝜂𝑃𝑃𝑃𝑃𝑃𝑃

𝑣𝑣𝑤𝑤.𝑠𝑠𝑀𝑀𝑛𝑛 < 𝑣𝑣𝑤𝑤.𝑠𝑠𝑦𝑦𝑎𝑎𝑘𝑘

0 𝑣𝑣𝑤𝑤.𝑠𝑠𝑀𝑀𝑛𝑛 = 𝑣𝑣𝑤𝑤.𝑠𝑠𝑦𝑦𝑎𝑎𝑘𝑘
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The parameter 𝑘𝑘𝑃𝑃𝑊𝑊𝑈𝑈𝑠𝑠 is estimated to keep same rate of change in power curve at nominal wind speed: 

𝑑𝑑𝑃𝑃𝑊𝑊𝑈𝑈

𝑑𝑑𝑣𝑣𝑤𝑤
�
𝑣𝑣𝑤𝑤.𝑃𝑃𝑛𝑛𝑛𝑛(−)

=
𝑑𝑑𝑃𝑃𝑊𝑊𝑈𝑈

𝑑𝑑𝑣𝑣𝑤𝑤
�
𝑣𝑣𝑤𝑤.𝑃𝑃𝑛𝑛𝑛𝑛(+)

 

𝑘𝑘𝑃𝑃𝑊𝑊𝑈𝑈𝑠𝑠 = �
3 ⋅ 𝑃𝑃𝑊𝑊𝑈𝑈.𝑠𝑠𝑀𝑀𝑛𝑛

𝑣𝑣𝑤𝑤.𝑠𝑠𝑀𝑀𝑛𝑛
⋅ �

𝑣𝑣𝑤𝑤.𝑠𝑠𝑦𝑦𝑎𝑎𝑘𝑘 − 𝑣𝑣𝑤𝑤.𝑠𝑠𝑀𝑀𝑛𝑛

𝑃𝑃𝑊𝑊𝑈𝑈.𝑠𝑠𝑦𝑦𝑎𝑎𝑘𝑘 − 𝑃𝑃𝑊𝑊𝑈𝑈.𝑠𝑠𝑀𝑀𝑛𝑛
� 𝑃𝑃𝑊𝑊𝑈𝑈.𝑠𝑠𝑦𝑦𝑎𝑎𝑘𝑘 > 𝑃𝑃𝑊𝑊𝑈𝑈.𝑠𝑠𝑀𝑀𝑛𝑛

0 𝑃𝑃𝑊𝑊𝑈𝑈.𝑠𝑠𝑦𝑦𝑎𝑎𝑘𝑘 = 𝑃𝑃𝑊𝑊𝑈𝑈.𝑠𝑠𝑀𝑀𝑛𝑛

 

The parameter 𝑘𝑘𝑃𝑃𝑊𝑊𝑈𝑈2 can be estimated by 

𝑘𝑘𝑃𝑃𝑊𝑊𝑈𝑈2 = �
𝑃𝑃𝑊𝑊𝑈𝑈.𝑠𝑠𝑦𝑦𝑎𝑎𝑘𝑘 − 𝑃𝑃𝑊𝑊𝑈𝑈.𝑀𝑀𝑠𝑠𝑡𝑡

�𝑣𝑣𝑤𝑤.𝑀𝑀𝑠𝑠𝑡𝑡 − 𝑣𝑣𝑤𝑤.𝑠𝑠𝑦𝑦𝑎𝑎𝑘𝑘�
𝑘𝑘𝜂𝜂𝑃𝑃𝑃𝑃𝑃𝑃

𝑘𝑘𝑃𝑃𝑊𝑊𝑈𝑈1 > 0

0 𝑘𝑘𝑃𝑃𝑊𝑊𝑈𝑈1 = 0
 

 

3.3.2 TOTAL CAPITAL COST 

For large scale wind turbines, the total capital cost includes the grid connection (with a cost share between 

9-14%), construction (with a cost share between 4-10%), wind turbine itself (with a cost share between 

64-84%) and other capital costs (normally with a cost share between 4-10%) (International Renewable 

Energy Agency 2016).  

As reported in (International Renewable Energy Agency 2016), typical total capital cost for onshore wind 

is between 1280 USD and 2290 USD per kW of electricity-producing capacity. The relative cost [EUR/kW] 

tends to decrease as turbine size increases, also the complexity and construction of the overall farm site 

is greatly reduced with fewer and larger turbines.  

The total capital cost for large scale wind turbines can be estimated by 

𝐿𝐿𝑇𝑇𝑇𝑇𝑊𝑊𝑈𝑈 =
𝑇𝑇𝐸𝐸𝐶𝐶𝑡𝑡𝑊𝑊𝑈𝑈

𝑘𝑘𝑆𝑆𝑈𝑈𝑊𝑊𝑈𝑈
 

Where, 𝑇𝑇𝐸𝐸𝐶𝐶𝑡𝑡𝑊𝑊𝑈𝑈 is the wind turbine cost and 𝑘𝑘𝑆𝑆𝑈𝑈𝑊𝑊𝑈𝑈 is the wind turbine share cost, assumed to be 70% for 

large scale wind turbines (𝑘𝑘𝑆𝑆𝑈𝑈𝑊𝑊𝑈𝑈 = 0.7). 

Once built, operation & maintenance (O&M) maintenance is an ongoing expense, which is made up of the 

following:  
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• Insurance 

• Land rent 

• Service, repair, and spare parts 

• Administrative tasks 

• Power (it does take some electricity to run) 

• Miscellaneous 

An estimation of O&M cost for typical onshore installation in European is reported in (International 

Renewable Energy Agency 2016) with 1.3 to 2.5 cents per kilowatt-hour produced. These recurring costs 

are not too significant, and the turbine will significantly outproduce the maintenance costs. 

The total capital cost for small scale wind turbines can be approximated by 

𝐿𝐿𝑇𝑇𝑇𝑇𝑊𝑊𝑈𝑈 = 𝑇𝑇𝐸𝐸𝐶𝐶𝑡𝑡𝑊𝑊𝑈𝑈 + 𝑇𝑇𝐸𝐸𝐶𝐶𝑡𝑡𝑃𝑃𝑅𝑅𝑊𝑊𝑈𝑈 + 𝑇𝑇𝐸𝐸𝐶𝐶𝑡𝑡𝑈𝑈𝑊𝑊𝑈𝑈 

Where 𝑇𝑇𝐸𝐸𝐶𝐶𝑡𝑡𝑃𝑃𝑅𝑅𝑊𝑊𝑈𝑈 is the cost of the power electronics converter and 𝑇𝑇𝐸𝐸𝐶𝐶𝑡𝑡𝑈𝑈𝑊𝑊𝑈𝑈 is the cost of the tower and 

foundation. 

As for the O&M cost in small wind turbines, it is reported in (International Renewable Energy Agency 

2016) that 1 to 4 cents per kilowatt-hour produced (0.01-0.04 EUR/kWh) could be expected associated 

with O&M.  

 

3.3.3 EXPECTED LIFETIME AND WARRANTY PERIOD 

A warranty is normally designed to protect a product from the failure of its component parts over a 

specific period. A typical warranty will depend on the type of installed wind turbine and can be anything 

from 1 to 10 years. On the other hand, the wind turbine lifetime also depends on the wind turbine 

technology and specific used components. An empirical model proposed based on collected data is 

introduced in section 4.1. 

3.4 MODELLING AND PARAMETRIZATION OF PHOTOVOLTAIC MODULES 

3.4.1 PV MODEL AND CHARACTERISTIC CURVE 
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The electricity generated by the photovoltaic modules/panels depends mainly on the total amount of 

radiation received by a PV module (𝐺𝐺𝑃𝑃𝑃𝑃), the presence or not of shadows in the installation place, the 

control method, and the performance of the PV modules, which is associated to the PV module 

technology. 

The electrical performance of the PV module is linked to its voltage-current (V-I) characteristic. Figure 

3-20 illustrates the typical PV cell/module characteristic curve along with the relevant points in the curve: 

the short-circuit current, the open-circuit voltage and the voltage. Current and power at maximum power 

point (MPP) operation. Here, it is assumed that the PV control method follows the Maximum Power Point 

Tracking (MPPT) algorithm (Elbarbary 2021), so the maximum power output of the solar cell can always 

be obtained at different conditions. 

 
Figure 3-20 Illustration of PV cell characteristic curve, Maximum Power Point (MPP), short circuit 

current and Open circuit voltage. (Figure from (S.G.Bowden 2019)) 
 
 

 
Figure 3-21 Equivalent circuit of a photovoltaic cell using the single exponential model (Dezso Sera 2007). 
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The V-I characteristic of the PV module at standard test conditions (STC: Irradiance 𝐺𝐺𝑃𝑃𝑃𝑃 =1000 W/m2 and 

module temperature 𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑 =25°C) can be estimated based on the equivalent circuit of a photovoltaic cell 

shown in Figure 3-21, and using the single exponential model as proposed in (Dezso Sera 2007): 

𝑖𝑖𝑀𝑀𝑀𝑀𝑑𝑑 = 𝐺𝐺𝑠𝑠ℎ𝑆𝑆𝑃𝑃𝑆𝑆 − 𝐺𝐺0𝑆𝑆𝑃𝑃𝑆𝑆 ⋅ �𝑒𝑒
𝑣𝑣𝑀𝑀𝑛𝑛𝑀𝑀+𝑤𝑤𝑀𝑀𝑛𝑛𝑀𝑀⋅𝑅𝑅𝑠𝑠

𝑠𝑠𝑠𝑠𝑀𝑀𝑛𝑛𝑀𝑀⋅𝑃𝑃𝑡𝑡 − 1� −
𝑣𝑣𝑀𝑀𝑀𝑀𝑑𝑑 + 𝑖𝑖𝑀𝑀𝑀𝑀𝑑𝑑 ⋅ 𝐻𝐻𝑠𝑠

𝐻𝐻𝑠𝑠ℎ
 

𝑉𝑉𝑡𝑡 = 𝐻𝐻𝑀𝑀𝑀𝑀𝑑𝑑 ⋅ 𝑘𝑘 ⋅
𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑𝑆𝑆𝑃𝑃𝑆𝑆

𝑞𝑞
 

Where, 𝑖𝑖𝑀𝑀𝑀𝑀𝑑𝑑 is the output module current, 𝑣𝑣𝑀𝑀𝑀𝑀𝑑𝑑 is the module terminals voltage, k is Boltzmann’s 

constant, q is the charge of the electron, 𝑛𝑛𝑠𝑠𝑀𝑀𝑀𝑀𝑑𝑑 is the number of cells in the module connected in series, 

𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑𝑆𝑆𝑃𝑃𝑆𝑆  is the temperature at STC (𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑𝑆𝑆𝑈𝑈𝑈𝑈 =25°C), and the five model parameters: 

• 𝐺𝐺𝑠𝑠ℎ𝑆𝑆𝑃𝑃𝑆𝑆  : the photo-generated current in STC, 

• 𝐺𝐺0𝑆𝑆𝑈𝑈𝑈𝑈 : the dark saturation current in STC, 

• 𝐻𝐻𝑠𝑠 : the module series resistance, 

• 𝐻𝐻𝑠𝑠ℎ ∶ the module parallel/shunt resistance, 

• 𝐻𝐻𝑀𝑀𝑀𝑀𝑑𝑑 : the diode quality (ideality) factor.  

Here, the method proposed in (Dezso Sera 2007) has been implemented to estimate the PV model 

parameters as function of the three key points of the V-I characteristic, normally provided in the datasheet 

of the PV module: the short-circuit point, the open-circuit point and the maximum power point (MPP), 

defined by the following values: 

• 𝐺𝐺𝑆𝑆𝑈𝑈𝑆𝑆𝑃𝑃𝑆𝑆 : short-circuit current in STC 

• 𝑉𝑉𝑂𝑂𝑈𝑈𝑆𝑆𝑃𝑃𝑆𝑆 : Open- circuit voltage in STC 

• 𝑉𝑉𝑀𝑀𝑃𝑃𝑃𝑃𝑆𝑆𝑃𝑃𝑆𝑆 : Voltage at MPP in STC 

• 𝐺𝐺𝑀𝑀𝑃𝑃𝑃𝑃𝑆𝑆𝑃𝑃𝑆𝑆: Current at MPP in STC 

• 𝑃𝑃𝑀𝑀𝑃𝑃𝑃𝑃𝑆𝑆𝑃𝑃𝑆𝑆 : Power at MPP in STC 
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Table 3 shows an example of typical information provided in the module datasheet, for this example the 

monocrystalline modules series NeON-R from LG manufacturer have been considered. 

Once the PV model parameters have been estimated, then the V-I characteristic of the PV module at 

different conditions (𝐺𝐺𝑃𝑃𝑃𝑃 and 𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑) can be evaluated as follows: 

𝑖𝑖𝑀𝑀𝑀𝑀𝑑𝑑 = 𝐺𝐺𝑠𝑠ℎ(𝐺𝐺𝑃𝑃𝑃𝑃 ,𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑)− 𝐺𝐺0(𝐺𝐺𝑃𝑃𝑃𝑃,𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑) ⋅ �𝑒𝑒
𝑣𝑣𝑀𝑀𝑛𝑛𝑀𝑀+𝑤𝑤𝑀𝑀𝑛𝑛𝑀𝑀⋅𝑅𝑅𝑠𝑠

𝑠𝑠𝑠𝑠𝑀𝑀𝑛𝑛𝑀𝑀⋅𝑃𝑃𝑡𝑡 � −
𝑣𝑣𝑀𝑀𝑀𝑀𝑑𝑑 + 𝑖𝑖𝑀𝑀𝑀𝑀𝑑𝑑 ⋅ 𝐻𝐻𝑠𝑠

𝐻𝐻𝑠𝑠ℎ
 

𝑉𝑉𝑡𝑡 = 𝐻𝐻𝑀𝑀𝑀𝑀𝑑𝑑 ⋅ 𝑘𝑘 ⋅
𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑
𝑞𝑞

 

𝐺𝐺𝑠𝑠ℎ(𝐺𝐺𝑃𝑃𝑃𝑃 ,𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑) = 𝐺𝐺0(𝐺𝐺𝑃𝑃𝑃𝑃 ,𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑) ⋅ 𝑒𝑒
𝑃𝑃𝑂𝑂𝑆𝑆

𝑠𝑠𝑠𝑠𝑀𝑀𝑛𝑛𝑀𝑀⋅𝑃𝑃𝑡𝑡 +
𝑉𝑉𝑂𝑂𝑈𝑈
𝐻𝐻𝑠𝑠ℎ

 

𝐺𝐺0(𝐺𝐺𝑃𝑃𝑃𝑃 ,𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑) = �𝐺𝐺𝑆𝑆𝑈𝑈(𝐺𝐺𝑃𝑃𝑃𝑃,𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑)−
𝑉𝑉𝑂𝑂𝑈𝑈(𝐺𝐺𝑃𝑃𝑃𝑃,𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑) − 𝐺𝐺𝑆𝑆𝑈𝑈(𝐺𝐺𝑃𝑃𝑃𝑃 ,𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑) ⋅ 𝐻𝐻𝑠𝑠

𝐻𝐻𝑠𝑠ℎ
� ⋅ 𝑒𝑒

−𝑃𝑃𝑂𝑂𝑆𝑆(𝐺𝐺𝜂𝜂𝑃𝑃,𝑈𝑈𝑀𝑀𝑛𝑛𝑀𝑀)
𝑠𝑠𝑠𝑠𝑀𝑀𝑛𝑛𝑀𝑀⋅𝑃𝑃𝑡𝑡  

𝐺𝐺𝑆𝑆𝑈𝑈(𝐺𝐺𝑃𝑃𝑃𝑃 ,𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑) =
𝐺𝐺𝑃𝑃𝑃𝑃

1000
⋅ 𝐺𝐺𝑆𝑆𝑈𝑈𝑆𝑆𝑃𝑃𝑆𝑆 ⋅ �1 +

𝑘𝑘𝑤𝑤𝑀𝑀𝑀𝑀𝑑𝑑
100

⋅ �𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑 − 𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑𝑆𝑆𝑃𝑃𝑆𝑆�� 

Table 3 Example of PV Module typical datasheet information for Monocrystalline modules series NeON 
R from LG manufacturer 
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𝑉𝑉𝑂𝑂𝑈𝑈(𝐺𝐺𝑃𝑃𝑃𝑃 ,𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑) = 𝑛𝑛𝑠𝑠𝑀𝑀𝑀𝑀𝑑𝑑 ⋅ 𝑉𝑉𝑡𝑡 ⋅ log�
𝐺𝐺𝑠𝑠ℎ∗ ⋅ 𝐻𝐻𝑠𝑠ℎ − 𝑉𝑉𝑂𝑂𝑈𝑈  (𝐺𝐺𝑃𝑃𝑃𝑃,𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑)

𝐺𝐺0𝑈𝑈 ⋅ 𝐻𝐻𝑠𝑠ℎ
� 

𝐺𝐺𝑠𝑠ℎ∗ =
𝐺𝐺𝑃𝑃𝑃𝑃

1000
⋅ �𝐺𝐺0𝑈𝑈 ⋅ 𝑒𝑒

𝑃𝑃𝑂𝑂𝑆𝑆𝑃𝑃
𝑠𝑠𝑠𝑠𝑀𝑀𝑛𝑛𝑀𝑀⋅𝑃𝑃𝑡𝑡 +

𝑉𝑉𝑂𝑂𝑈𝑈𝑈𝑈
𝐻𝐻𝑠𝑠ℎ

� 

𝐺𝐺0𝑈𝑈 = �𝐺𝐺𝑆𝑆𝑈𝑈(𝐺𝐺𝑃𝑃𝑃𝑃 ,𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑)−
𝑉𝑉𝑂𝑂𝑈𝑈𝑈𝑈 − 𝐺𝐺𝑆𝑆𝑈𝑈(𝐺𝐺𝑃𝑃𝑃𝑃,𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑) ⋅ 𝐻𝐻𝑠𝑠

𝐻𝐻𝑠𝑠ℎ
� ⋅ 𝑒𝑒

−𝑃𝑃𝑂𝑂𝑆𝑆𝑃𝑃
𝑠𝑠𝑠𝑠𝑀𝑀𝑛𝑛𝑀𝑀⋅𝑃𝑃𝑡𝑡 

𝑉𝑉𝑂𝑂𝑈𝑈𝑈𝑈 = 𝑉𝑉𝑂𝑂𝑈𝑈𝑆𝑆𝑃𝑃𝑆𝑆 ⋅ �1 +
𝑘𝑘𝑣𝑣𝑀𝑀𝑀𝑀𝑑𝑑

100
⋅ �𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑 − 𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑𝑆𝑆𝑃𝑃𝑆𝑆�� 

Where, 𝑘𝑘𝑤𝑤𝑀𝑀𝑀𝑀𝑑𝑑 and 𝑘𝑘𝑣𝑣𝑀𝑀𝑀𝑀𝑑𝑑 are the thermal coefficients for short-circuit current (𝐺𝐺𝑆𝑆𝑈𝑈) and open-circuit 

voltage (𝑉𝑉𝑂𝑂𝑈𝑈), respectively, and the other variables and parameters as previously defined. Then, the MPP 

operating condition can be found by 

𝑑𝑑(𝑖𝑖𝑀𝑀𝑀𝑀𝑑𝑑 ⋅ 𝑣𝑣𝑀𝑀𝑀𝑀𝑑𝑑)
𝑑𝑑𝑣𝑣𝑀𝑀𝑀𝑀𝑑𝑑

�
𝑣𝑣𝑀𝑀𝑛𝑛𝑀𝑀=𝑃𝑃𝑀𝑀𝜂𝜂𝜂𝜂

= 0 

Figure 3-22 shows an example of obtained VI curves with cell temperature of 25°C and for monocrystalline 

PV module LG375Q1C-V5 with datasheet parameters as shown in Table 3. 
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Normally, the 𝐺𝐺𝑃𝑃𝑃𝑃 can be obtained from TMY data following the methodology described in section 3.2.2, 

however, the module temperature will depend on the PV module operating point and the amount of 

radiation received. The module temperature can be estimated using the steady-state thermal model for 

the PV module presented in (Hammami, et al. 2017), which is adapted and summarized here for the shake 

of completeness. First, the steady-state thermal balance equation for the PV module is:  

𝐺𝐺𝑃𝑃𝑃𝑃 ⋅ 𝐻𝐻𝑀𝑀𝑀𝑀𝑑𝑑 − 𝜌𝜌𝑅𝑅𝑃𝑃𝑃𝑃 ⋅ 𝐺𝐺𝑃𝑃𝑃𝑃 ⋅ 𝐻𝐻𝑀𝑀𝑀𝑀𝑑𝑑 − 𝑃𝑃𝑀𝑀𝑃𝑃𝑃𝑃 − 𝑄𝑄𝑈𝑈𝑀𝑀𝑡𝑡𝑎𝑎𝑇𝑇𝑃𝑃𝑃𝑃 = 0 

Where, 𝐻𝐻𝑀𝑀𝑀𝑀𝑑𝑑 is the area of the PV module, the term 𝐺𝐺𝑃𝑃𝑃𝑃 ⋅ 𝐻𝐻𝑀𝑀𝑀𝑀𝑑𝑑 is the total incident power, the term 

𝜌𝜌𝑅𝑅𝑃𝑃𝑃𝑃 ⋅ 𝐺𝐺𝑃𝑃𝑃𝑃 ⋅ 𝐻𝐻𝑀𝑀𝑀𝑀𝑑𝑑 is the total radiative power reflected from the PV module glass surface with reflection 

index 𝜌𝜌𝑅𝑅𝑃𝑃𝑃𝑃 = 0.1, 𝑃𝑃𝑀𝑀𝑃𝑃𝑃𝑃 is the output power generated by the PV module (assumed to be operated at 

MPP), and 𝑄𝑄𝑈𝑈𝑀𝑀𝑡𝑡𝑎𝑎𝑇𝑇𝑃𝑃𝑃𝑃 is the total heat exchange of the PV module, which is composed by the convective 

heat exchange 𝑄𝑄𝑈𝑈𝑀𝑀𝑠𝑠𝑣𝑣𝑃𝑃𝑃𝑃 and the radiative heat exchange 𝑄𝑄𝑅𝑅𝑎𝑎𝑑𝑑𝑃𝑃𝑃𝑃 of the front (f) and back (b) sides of the 

PV module:  

𝑄𝑄𝑈𝑈𝑀𝑀𝑡𝑡𝑎𝑎𝑇𝑇𝑃𝑃𝑃𝑃 = 𝑄𝑄𝑈𝑈𝑀𝑀𝑠𝑠𝑣𝑣𝑃𝑃𝑃𝑃𝑁𝑁 + 𝑄𝑄𝑅𝑅𝑎𝑎𝑑𝑑𝑃𝑃𝑃𝑃𝑁𝑁 + 𝑄𝑄𝑈𝑈𝑀𝑀𝑠𝑠𝑣𝑣𝑃𝑃𝑃𝑃𝐶𝐶 + 𝑄𝑄𝑅𝑅𝑎𝑎𝑑𝑑𝑃𝑃𝑃𝑃𝐶𝐶 

 
Figure 3-22 Example of obtained VI curves with cell temperature of 25°C and for monocrystalline PV 

module LG375Q1C-V5 with datasheet parameters as shown in Table 3 
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𝑄𝑄𝑅𝑅𝑎𝑎𝑑𝑑𝑃𝑃𝑃𝑃𝑁𝑁 + 𝑄𝑄𝑅𝑅𝑎𝑎𝑑𝑑𝑃𝑃𝑃𝑃𝐶𝐶 = (ℎ𝑅𝑅𝑎𝑎𝑑𝑑𝑃𝑃𝑃𝑃𝑁𝑁 + ℎ𝑅𝑅𝑎𝑎𝑑𝑑𝑃𝑃𝑃𝑃𝐶𝐶) ⋅ 𝐻𝐻𝑀𝑀𝑀𝑀𝑑𝑑 ⋅ (𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑4 − 𝐿𝐿𝑎𝑎𝑛𝑛𝐶𝐶
4 ) 

𝑄𝑄𝑈𝑈𝑀𝑀𝑠𝑠𝑣𝑣𝑃𝑃𝑃𝑃𝑁𝑁 + 𝑄𝑄𝑈𝑈𝑀𝑀𝑠𝑠𝑣𝑣𝑃𝑃𝑃𝑃𝐶𝐶 = ℎ𝑐𝑐𝑀𝑀𝑠𝑠𝑣𝑣𝑃𝑃𝑃𝑃𝑁𝑁𝐶𝐶 ⋅ 𝐻𝐻𝑀𝑀𝑀𝑀𝑑𝑑 ⋅ (𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑 − 𝐿𝐿𝑎𝑎𝑛𝑛𝐶𝐶) 

Where, ℎ𝑅𝑅𝑎𝑎𝑑𝑑𝑃𝑃𝑃𝑃𝑁𝑁 ,ℎ𝑅𝑅𝑎𝑎𝑑𝑑𝑃𝑃𝑃𝑃𝐶𝐶 are the radiative heat coefficient from front and back sides of the PV module, 

respectively, ℎ𝑐𝑐𝑀𝑀𝑠𝑠𝑣𝑣𝑃𝑃𝑃𝑃𝑁𝑁𝐶𝐶 is the equivalent convective heat coefficient (front and back sides of the PV 

module) and 𝐿𝐿𝑎𝑎𝑛𝑛𝐶𝐶 is the ambient temperature. The radiative heat coefficient can be calculated by 

ℎ𝑅𝑅𝑎𝑎𝑑𝑑𝑃𝑃𝑃𝑃𝑁𝑁 =
𝜎𝜎

1 +
1 − 𝜀𝜀𝑃𝑃𝑃𝑃𝑁𝑁
𝜀𝜀𝑃𝑃𝑃𝑃𝑁𝑁

+
1 − 𝜀𝜀𝑠𝑠𝑘𝑘𝑦𝑦
𝜀𝜀𝑠𝑠𝑘𝑘𝑦𝑦

 

ℎ𝑅𝑅𝑎𝑎𝑑𝑑𝑃𝑃𝑃𝑃𝐶𝐶 =
𝜎𝜎

1 + 1 − 𝜀𝜀𝑃𝑃𝑃𝑃𝐶𝐶
𝜀𝜀𝑃𝑃𝑃𝑃𝐶𝐶

+
1 − 𝜀𝜀𝑔𝑔𝑦𝑦𝑀𝑀𝑠𝑠𝑠𝑠𝑑𝑑
𝜀𝜀𝑔𝑔𝑦𝑦𝑀𝑀𝑠𝑠𝑠𝑠𝑑𝑑

 

Where 𝜀𝜀𝑃𝑃𝑃𝑃𝑁𝑁 and 𝜀𝜀𝑃𝑃𝑃𝑃𝐶𝐶 are the emissity coefficients of the front (glass) and back (back sheet) of the PV 

module surfaces, respectively, 𝜀𝜀𝑠𝑠𝑘𝑘𝑦𝑦 is the emissity coefficient of the sky (𝜀𝜀𝑠𝑠𝑘𝑘𝑦𝑦 =

0.91 (Hammami, et al. 2017)), 𝜀𝜀𝑔𝑔𝑦𝑦𝑀𝑀𝑠𝑠𝑠𝑠𝑑𝑑 is the emissity coefficient of the ground (𝜀𝜀𝑔𝑔𝑦𝑦𝑀𝑀𝑠𝑠𝑠𝑠𝑑𝑑 =

0.94 (Hammami, et al. 2017)), and 𝜎𝜎 is the Stephan-Boltzmann constant (𝜎𝜎 = 5.67𝑥𝑥10−8 𝑊𝑊
𝑛𝑛2⋅𝐾𝐾4

). For 

silicon crystalline PV modules the emission coefficient can be approximated to 𝜀𝜀𝑃𝑃𝑃𝑃𝑁𝑁 = 0.91 and 𝜀𝜀𝑃𝑃𝑃𝑃𝐶𝐶 =

0.85, and therefore a fixed value for the total radiative heat coefficient (ℎ𝑅𝑅𝑎𝑎𝑑𝑑𝑃𝑃𝑃𝑃𝑁𝑁 + ℎ𝑅𝑅𝑎𝑎𝑑𝑑𝑃𝑃𝑃𝑃𝐶𝐶) can be used 

for all the PV module. For the considered emission coefficients: 

ℎ𝑅𝑅𝑎𝑎𝑑𝑑𝑃𝑃𝑃𝑃𝑁𝑁 + ℎ𝑅𝑅𝑎𝑎𝑑𝑑𝑃𝑃𝑃𝑃𝐶𝐶 = 47.34𝑛𝑛𝑀𝑀/𝑚𝑚2𝐾𝐾4 + 45.72𝑛𝑛𝑀𝑀/𝑚𝑚2𝐾𝐾4 = 9.305𝑛𝑛𝑀𝑀/𝑚𝑚2𝐾𝐾4 

On the other hand, ℎ𝑐𝑐𝑀𝑀𝑠𝑠𝑣𝑣𝑃𝑃𝑃𝑃𝑁𝑁𝐶𝐶 is calculated based on datasheet values for operating condition considering 

the Nominal Module Operating Temperature (NMOT), as following: 

ℎ𝑐𝑐𝑀𝑀𝑠𝑠𝑣𝑣𝑃𝑃𝑃𝑃𝑁𝑁𝐶𝐶 =
𝑘𝑘ℎ𝑐𝑐𝑀𝑀𝑠𝑠𝑣𝑣𝑃𝑃𝑃𝑃
𝑣𝑣𝑤𝑤𝑁𝑁𝑀𝑀𝑂𝑂𝑈𝑈

=
𝐺𝐺𝑃𝑃𝑃𝑃𝑁𝑁𝑀𝑀𝑂𝑂𝑃𝑃 ⋅ (1 − 𝜌𝜌𝑅𝑅𝑃𝑃𝑃𝑃) −

𝑃𝑃𝑀𝑀𝑃𝑃𝑃𝑃𝑁𝑁𝑀𝑀𝑂𝑂𝑃𝑃
𝐻𝐻𝑀𝑀𝑀𝑀𝑑𝑑

− (ℎ𝑅𝑅𝑎𝑎𝑑𝑑𝑃𝑃𝑃𝑃𝑁𝑁 + ℎ𝑅𝑅𝑎𝑎𝑑𝑑𝑃𝑃𝑃𝑃𝐶𝐶) ⋅ (𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑𝑁𝑁𝑀𝑀𝑂𝑂𝑃𝑃
4 − 𝐿𝐿𝑎𝑎𝑛𝑛𝐶𝐶𝑁𝑁𝑀𝑀𝑂𝑂𝑃𝑃

4 )

�𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑𝑁𝑁𝑀𝑀𝑂𝑂𝑃𝑃 − 𝐿𝐿𝑎𝑎𝑛𝑛𝐶𝐶𝑁𝑁𝑀𝑀𝑂𝑂𝑃𝑃�
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Where 𝐺𝐺𝑃𝑃𝑃𝑃𝑁𝑁𝑀𝑀𝑂𝑂𝑃𝑃 , 𝑃𝑃𝑀𝑀𝑃𝑃𝑃𝑃𝑁𝑁𝑀𝑀𝑂𝑂𝑃𝑃 ,𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑𝑁𝑁𝑀𝑀𝑂𝑂𝑃𝑃 ,𝐿𝐿𝑎𝑎𝑛𝑛𝐶𝐶𝑁𝑁𝑀𝑀𝑂𝑂𝑃𝑃 , 𝑣𝑣𝑤𝑤𝑁𝑁𝑀𝑀𝑂𝑂𝑈𝑈 are the values given for NMOT operating 

condition, which can be found at the PV module datasheet. 

Figure 3-23 shows an example of obtained output power and module temperature as function of 

irradiance (𝐺𝐺𝑃𝑃𝑃𝑃) and ambient temperature for monocrystalline PV module LG375Q1C-V5 with datasheet 

parameters as shown in Table 3. 

Finally, for a given PV module with defined voltage-current curve, the expected annual energy production 

(𝐻𝐻𝐸𝐸𝑃𝑃𝑃𝑃𝑃𝑃𝑀𝑀) can be calculated by 

𝐻𝐻𝐸𝐸𝑃𝑃𝑃𝑃𝑃𝑃𝑀𝑀 = � 𝑃𝑃𝑀𝑀𝑃𝑃𝑃𝑃(𝐺𝐺𝑃𝑃𝑃𝑃(𝑡𝑡ℎ),𝐿𝐿𝑎𝑎𝑛𝑛𝐶𝐶(𝑡𝑡ℎ))
8760

𝑡𝑡ℎ=1

 

Where 𝐺𝐺𝑃𝑃𝑃𝑃(𝑡𝑡ℎ) 𝑎𝑎𝑛𝑛𝑑𝑑 𝐿𝐿𝑎𝑎𝑛𝑛𝐶𝐶(𝑡𝑡ℎ) are the time series for PV irradiance and ambient temperature that can be 

evaluated from available TYM data for the location of interest. 

 

 
Figure 3-23 Example of obtained output power and module temperature as function of irradiance and 

ambient temperature for monocrystalline PV module LG375Q1C-V5 with datasheet parameters as 
shown in Table 3 
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3.4.2 TOTAL CAPITAL COST 

The total capital cost for PV panels can be approximated by: 

𝐿𝐿𝑇𝑇𝑇𝑇𝑃𝑃𝑃𝑃 = 𝐷𝐷𝑀𝑀𝑀𝑀𝑑𝑑 ⋅ 𝑇𝑇𝐸𝐸𝐶𝐶𝑡𝑡𝑀𝑀𝑀𝑀𝑑𝑑 + 𝑇𝑇𝐸𝐸𝐶𝐶𝑡𝑡𝑃𝑃𝑅𝑅𝑃𝑃𝑃𝑃 + 𝑇𝑇𝐸𝐸𝐶𝐶𝑡𝑡𝐼𝐼𝑃𝑃𝑃𝑃 

Where 𝐷𝐷𝑀𝑀𝑀𝑀𝑑𝑑 is the number of PV modules in the panel, 𝑇𝑇𝐸𝐸𝐶𝐶𝑡𝑡𝑃𝑃𝑅𝑅𝑃𝑃𝑃𝑃 is the cost of the power electronics 

converter and 𝑇𝑇𝐸𝐸𝐶𝐶𝑡𝑡𝐼𝐼𝑃𝑃𝑃𝑃 is the cost of installing the PV system. 𝑇𝑇𝐸𝐸𝐶𝐶𝑡𝑡𝑃𝑃𝑅𝑅𝑃𝑃𝑃𝑃 is modelled by 

𝑇𝑇𝐸𝐸𝐶𝐶𝑡𝑡𝑃𝑃𝑅𝑅𝑃𝑃𝑃𝑃
𝐷𝐷𝑀𝑀𝑀𝑀𝑑𝑑 ⋅ 𝑃𝑃𝑀𝑀𝑃𝑃𝑃𝑃𝑆𝑆𝑃𝑃𝑆𝑆

= 𝑇𝑇𝐸𝐸𝐶𝐶𝑡𝑡𝑃𝑃𝑅𝑅𝑃𝑃𝑃𝑃0 + 𝑘𝑘𝑈𝑈𝑃𝑃𝑅𝑅𝑃𝑃𝑃𝑃0 ⋅ �𝐷𝐷𝑀𝑀𝑀𝑀𝑑𝑑 ⋅ 𝑃𝑃𝑀𝑀𝑃𝑃𝑃𝑃𝑆𝑆𝑃𝑃𝑆𝑆�
𝑘𝑘𝑆𝑆𝜂𝜂𝜂𝜂𝜂𝜂𝑃𝑃1 

According to the National Renewable Energy Laboratory (NREL), the racking system commonly costs about 

0.10 USD per watt. Here, 𝑇𝑇𝐸𝐸𝐶𝐶𝑡𝑡𝐼𝐼𝑃𝑃𝑃𝑃 is assumed to be 0.3 EUR/W, which accounts for the cost to install the 

racks, labor cost for solar installation and other additional cost like permit fees, inspection fees and/or 

taxes. As a reference value, it has been reported in (IRENA 2021) an average total installed cost of PV 

utility-scale projects of 883 USD/kW.  

 

3.4.3 EXPECTED LIFETIME AND WARRANTY PERIOD 

The product warranty of the checked PV modules is between 5 years and 15 years, which varies 

depending on the manufacturer.  

On the other hand, a performance guaranty of 25 years is typically given for crystalline silicon PV modules. 

This basically defines the expected lifetime of the module to be 25 years. The performance guaranty is 

normally associated to a linear output degradation provided by the manufacturer, which is the maximum 

output degradation per year that can be expected after the first year of usage. Collected data regarding 

maximum output degradation for the considered PV module technologies is presented in section 4.2 
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3.5 MODELLING OF OTHER COMPONENTS IN DEGS 

3.5.1 DC/AC CONVERTER 

 

Figure 3-24Considered DC/AC Converter topology 

The Voltage Source Converter (VSC) with power transformer is the standard topology for the DC/AC 

conversion stage, so it has been considered within this analysis. The VSC losses are mainly determined by 

the power semiconductors and the filter inductors, as filter capacitors losses are typically negligible for 

this topology (Barrera-Cardenas 2015). Power semiconductor losses are calculated by the sum of 

conduction losses (Pcond) and switching losses (Psw): 

𝑃𝑃𝑈𝑈𝑀𝑀𝑠𝑠𝑑𝑑 = 𝐾𝐾𝑐𝑐𝑀𝑀𝑠𝑠𝑑𝑑0 ⋅ 𝑃𝑃 + 𝐾𝐾𝑐𝑐𝑀𝑀𝑠𝑠𝑑𝑑1 ⋅ 𝑃𝑃2  

𝑃𝑃𝑠𝑠𝑤𝑤 = 𝐾𝐾𝑠𝑠𝑤𝑤 ⋅ 𝑓𝑓𝑠𝑠𝑤𝑤 ⋅ 𝑉𝑉𝐷𝐷𝑈𝑈 ⋅ 𝑃𝑃  

where fsw is the switching frequency of the VSC, and Kcond0, Kcond1 and Ksw are proportionally parameters 

which depends on converter operation (inverter or rectifier), modulation strategy and semiconductor 

module on-state and dynamic characteristics. Additionally, the semiconductor module is selected 
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depending on VSC power rating and voltage class, making it hard to estimate the value for these loss 

parameters. In order to simplify the estimation of these parameters as function of the VSC power rating 

(PN), the analysis presented in (Barrera-Cardenas 2015) is considered. Assuming a sinusoidal PWM 

modulation and a 1.7kV-class IGBT module technology, Kcond0, Kcond1 and Ksw can be estimated by 

𝐾𝐾𝑐𝑐𝑀𝑀𝑠𝑠𝑑𝑑0 =
6

𝜋𝜋 ⋅ 𝑉𝑉𝑎𝑎𝑐𝑐 ⋅ 𝑃𝑃𝑃𝑃
  

𝐾𝐾𝑐𝑐𝑀𝑀𝑠𝑠𝑑𝑑1 =
6 ⋅ �𝑘𝑘𝑎𝑎1𝑈𝑈2 ⋅ (𝑘𝑘𝑅𝑅𝑈𝑈 − 𝑘𝑘𝑅𝑅𝐷𝐷) + 𝑘𝑘𝑅𝑅𝐷𝐷

2 �

√6 ⋅ 𝑘𝑘𝑂𝑂𝑅𝑅 ⋅ 𝑉𝑉𝑎𝑎𝑐𝑐 ⋅ 𝑃𝑃𝑃𝑃 ⋅ 𝑃𝑃𝑁𝑁
  

𝐾𝐾𝑠𝑠𝑤𝑤 =
2 ⋅ √6 ⋅ 𝐾𝐾𝑅𝑅
𝜋𝜋 ⋅ 𝑉𝑉𝑎𝑎𝑐𝑐 ⋅ 𝑃𝑃𝑃𝑃

  

where Vac is the VSC line-to-line voltage, PF is the VSC power factor, ka1T is the ratio of IGBT rms current 

to the VSC line current, kRT and kRD are the product of on-state resistances and nominal module current at 

25°C for IGBT and diode, respectively, kOF is the overrating factor for module selection and KE is the total 

switching energy (Turn on, off and reverse recovery) per Ampere-Volt of the semiconductor module 

technology. The value of ka1T depends on operation mode of VSC and it can be calculated as follows:  

Table 4 VSC Power Loss Model parameters 
Parameter Value Units Parameter Value Units 

𝑘𝑘𝑅𝑅𝑈𝑈 1.4436 Ω ⋅ 𝐻𝐻  𝑘𝑘𝑅𝑅𝐷𝐷 0.8964 Ω ⋅ 𝐻𝐻  
𝑘𝑘𝑅𝑅 1.188 𝜇𝜇𝜇𝜇

𝑃𝑃⋅𝑊𝑊
  𝑘𝑘𝑂𝑂𝑅𝑅 1.8 -- 

𝑀𝑀𝑠𝑠𝑁𝑁 0.9 -- 𝑃𝑃𝑃𝑃 1 -- 
𝛿𝛿𝑤𝑤𝐿𝐿 0.1 -- 𝛼𝛼𝐿𝐿 ,𝛽𝛽𝐿𝐿 1.1, 2 -- 
𝐾𝐾𝑃𝑃𝐿𝐿0 3.4353 dm3 𝐾𝐾𝑃𝑃𝐿𝐿1 0.6865 -- 
𝐾𝐾𝑠𝑠𝑤𝑤0 9.412 kW 𝐾𝐾𝑠𝑠𝑤𝑤1 0.8536 -- 
𝐾𝐾𝑠𝑠𝑐𝑐0 8.242 kW 𝐾𝐾𝑠𝑠𝑐𝑐1 0.9993 -- 
𝑃𝑃𝑈𝑈𝑅𝑅.𝑛𝑛𝑠𝑠 0.005 -- 𝑓𝑓1 50 Hz 
𝑃𝑃𝑈𝑈𝑅𝑅.𝑦𝑦𝑦𝑦𝑁𝑁 0.02 -- 𝑃𝑃𝑁𝑁.𝑦𝑦𝑦𝑦𝑁𝑁 0.1 MW 

Semiconductor Ref. Technology 
Infineon IGBT4 – 1.7kV 

Inductor Ref. technology 
Siemens reactor series 4EUXX 
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𝑘𝑘𝑎𝑎1𝑈𝑈.𝐷𝐷
2 = 1 − 𝑘𝑘𝑎𝑎1𝑈𝑈.𝑈𝑈

2 =
3 ⋅ 𝜋𝜋 + 8 ⋅ 𝑀𝑀𝑠𝑠𝑁𝑁 ⋅ 𝑃𝑃𝑃𝑃

12 ⋅ 𝜋𝜋
 (8) 

where ka1T.D is for inverter mode (when BESS is discharging), ka1T.C is for rectifier mode (when BESS is 

charging), and MsN is the modulation index at nominal operating point.  

The filter inductor losses are composed of winding losses (PwL) and core losses (PcL). The winding losses 

can be calculated by using the equivalent winding resistance of the inductor (RwL) and the core losses can 

be approximated by the empirical Steinmetz equation and assuming the peak flux density (BL) to be 

proportional to the inductor current (IL): 

𝑃𝑃𝑤𝑤𝐿𝐿 = 𝐻𝐻𝑤𝑤𝐿𝐿 ⋅ 𝐺𝐺𝐿𝐿2 = 𝐾𝐾𝑤𝑤𝐿𝐿 ⋅ 𝑃𝑃2  

𝑃𝑃𝑐𝑐𝐿𝐿 = 𝐾𝐾𝑐𝑐𝑀𝑀𝑦𝑦𝑦𝑦 ⋅ 𝑓𝑓𝐿𝐿
𝛼𝛼𝐿𝐿 ⋅ 𝐵𝐵𝐿𝐿

𝛽𝛽𝐿𝐿 ⋅ 𝑉𝑉𝐸𝐸𝑙𝑙𝑐𝑐𝑀𝑀𝑦𝑦𝑦𝑦 = 𝐾𝐾𝑐𝑐𝐿𝐿 ⋅ 𝑃𝑃𝛽𝛽𝐿𝐿   

where Kcore, αL and βL are the usual Steinmetz coefficient, and Volcore is the inductor core. The analysis 

presented in (Barrera-Cardenas 2015) is used to estimate KwL and KcL as function of the VSC power rating, 

where winding and core losses at nominal power are calculated by: 

𝑃𝑃𝑤𝑤𝐿𝐿(𝑃𝑃𝑁𝑁) = 𝐾𝐾𝑠𝑠𝑤𝑤 ⋅ (𝐾𝐾𝑃𝑃𝐿𝐿0 ⋅ (𝐾𝐾𝐿𝐿𝑁𝑁 ⋅ 𝑃𝑃𝑁𝑁)𝐾𝐾𝑃𝑃𝐿𝐿1)𝐾𝐾𝑝𝑝𝑤𝑤1   

𝑃𝑃𝑐𝑐𝐿𝐿(𝑃𝑃𝑁𝑁) = 𝐾𝐾𝑠𝑠𝑐𝑐 ⋅ (𝐾𝐾𝑃𝑃𝐿𝐿0 ⋅ (𝐾𝐾𝐿𝐿𝑁𝑁 ⋅ 𝑃𝑃𝑁𝑁)𝐾𝐾𝑃𝑃𝐿𝐿1)𝐾𝐾𝑝𝑝𝑝𝑝1   

𝐾𝐾𝐿𝐿𝑁𝑁 =
�1 − 3√2 ⋅ 𝑀𝑀𝑠𝑠𝑁𝑁

8 �

3√2 ⋅ 𝑃𝑃𝑃𝑃 ⋅ 𝛿𝛿𝑤𝑤𝐿𝐿 ⋅ 𝑓𝑓𝑠𝑠𝑤𝑤
  

𝐾𝐾𝑠𝑠𝑤𝑤 = 𝐾𝐾𝑠𝑠𝑤𝑤0 ⋅ �1 + �
2
3

+ �
2𝑓𝑓𝑠𝑠𝑤𝑤
𝜋𝜋𝑓𝑓1

�
2

� ⋅ �
𝛿𝛿𝑤𝑤𝐿𝐿2

6 ��  
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𝐾𝐾𝑠𝑠𝑐𝑐 = 𝐾𝐾𝑠𝑠𝑐𝑐0 ⋅

⎝

⎜
⎛
�6 + �𝛿𝛿𝑤𝑤𝐿𝐿 ⋅

𝑓𝑓𝑠𝑠𝑤𝑤
𝑓𝑓1
�
2
�

6 + 𝛿𝛿𝑤𝑤𝐿𝐿2

⎠

⎟
⎞

𝛼𝛼𝐿𝐿
2

⋅ �1 +
𝛿𝛿𝑤𝑤𝐿𝐿
2
�
2

    

where δiL is the ratio of peak-to-peak current ripple to maximum fundamental current, f1 is the 

fundamental grid frequency and, Kpwi, Kpci and KVLi (i=0,1) are proportionality regression coefficients found 

by taking data from reference inductor technology for nominal winding losses versus volume, nominal 

core losses versus volume and volume versus energy relationships, respectively. Then, KwL and KcL can be 

evaluated by: 

𝐾𝐾𝑤𝑤𝐿𝐿 =
𝐾𝐾𝐾𝐾𝐾𝐾 ⋅ �𝐾𝐾𝑃𝑃𝐿𝐿0 ⋅ 𝐾𝐾𝐿𝐿𝑁𝑁𝐾𝐾𝑃𝑃𝐿𝐿1�

𝐾𝐾𝑝𝑝𝑤𝑤1

𝑃𝑃𝑁𝑁
�2−𝐾𝐾𝑃𝑃𝐿𝐿1⋅𝐾𝐾𝑝𝑝𝑤𝑤1�

  

𝐾𝐾𝑐𝑐𝐿𝐿 =
𝐾𝐾𝐾𝐾𝐾𝐾 ⋅ �𝐾𝐾𝑃𝑃𝐿𝐿0 ⋅ 𝐾𝐾𝐿𝐿𝑁𝑁𝐾𝐾𝑃𝑃𝐿𝐿1�

𝐾𝐾𝑝𝑝𝑝𝑝1

𝑃𝑃𝑁𝑁
�𝛽𝛽𝐿𝐿−𝐾𝐾𝑃𝑃𝐿𝐿1⋅𝐾𝐾𝑝𝑝𝑝𝑝1�

  

3.5.2 POWER TRANSFORMER 

The transformer losses can be estimated by: 

𝑃𝑃𝐿𝐿𝑀𝑀𝑠𝑠𝑠𝑠.𝑈𝑈𝑅𝑅 = 𝐾𝐾𝑈𝑈𝑅𝑅0 ⋅ 𝑃𝑃𝑁𝑁 + 𝐾𝐾𝑈𝑈𝑅𝑅1 ⋅ 𝑃𝑃2  

where KTR0 is the per unit transformer core losses and KTR1 is a proportionality constant related with the 

transformer winding losses. Normally for power transformers, the nominal transformer efficiency 

increases as transformer power rating increases, and by assuming that the core losses are equal to 

winding losses at nominal power, KTR0 and KTR1 can be estimated as follows: 
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𝐾𝐾𝑈𝑈𝑅𝑅0 = 𝐾𝐾𝑈𝑈𝑅𝑅1 ⋅ 𝑃𝑃𝑁𝑁 =
𝑃𝑃𝑈𝑈𝑅𝑅.𝑛𝑛𝑠𝑠

2
+
�𝑃𝑃𝑈𝑈𝑅𝑅.𝑦𝑦𝑦𝑦𝑁𝑁 − 𝑃𝑃𝑈𝑈𝑅𝑅.𝑛𝑛𝑠𝑠�𝑃𝑃𝑁𝑁.𝑦𝑦𝑦𝑦𝑁𝑁

2 ⋅ 𝑃𝑃𝑁𝑁
  

 

where PTR.ref is the reference transformer nominal loss in per unit, PN.ref is the reference transformer 

nominal power and PTR.mn is the minimum asymptotic transformer nominal loss in per unit. 
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3.6 WIND FARMS MODELLING AND EVALUATION 

The evaluation of expected annual energy production of a wind farm allocated in each NRA land depends 

on the wind farm layout. Determining the optimal layout of a wind farm is a complex problem outside of 

the scope of this study. A simplified wind farm layout problem has been considered in this study. The main 

parameter definitions for the considered wind farm layout are presented in Figure 3-25.  

Given an available area with equivalent length (𝐿𝐿𝑦𝑦𝑒𝑒𝑊𝑊), equivalent width (𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊) and average orientation 

measured by the equivalent area azimuth angle (Φ𝑊𝑊) with south reference (Φ𝑊𝑊 = 0° when the equivalent 

area width in line with East-West direction), the wind farm layout is defined by the number of wind 

turbines that can be allocated considering an average prevalent wind direction in the site (Φ𝑊𝑊𝑤𝑤𝑠𝑠𝑑𝑑) 

measured from the south and assuming a rectangular distribution of the wind turbines with a separation 

between turbines parallel to the prevalent wind direction (𝐷𝐷𝑆𝑆0𝑃𝑃𝑊𝑊) and a separation between turbines 

perpendicular to the prevalent wind direction (𝐷𝐷𝑆𝑆90𝑃𝑃𝑊𝑊).  

Figure 3-26 shows the geometric problem definition for determination of number of wind turbine rows 

parallel to prevalent wind direction. First, the delta azimuth angle (Δ𝜙𝜙𝑊𝑊𝑊𝑊) between the prevalent wind 

direction and the equivalent area azimuth angle is calculated by 

Δ𝜙𝜙𝑊𝑊𝑊𝑊 = �
|𝜙𝜙𝑊𝑊𝑤𝑤𝑠𝑠𝑑𝑑 − 𝜙𝜙𝑊𝑊| |𝜙𝜙𝑊𝑊𝑤𝑤𝑠𝑠𝑑𝑑 − 𝜙𝜙𝑊𝑊| ≤ 90°

|𝜙𝜙𝑊𝑊𝑤𝑤𝑠𝑠𝑑𝑑 − 𝜙𝜙𝑊𝑊| − 90° |𝜙𝜙𝑊𝑊𝑤𝑤𝑠𝑠𝑑𝑑 − 𝜙𝜙𝑊𝑊| > 90° 

The total number of wind turbines allocated in the equivalent area is calculated by 

𝐷𝐷𝑊𝑊𝑈𝑈 = � 𝐷𝐷𝑊𝑊𝑈𝑈𝑠𝑠𝑦𝑦𝑦𝑦𝑅𝑅𝑀𝑀𝑤𝑤(𝑘𝑘)

𝑁𝑁𝑃𝑃𝑃𝑃𝑊𝑊𝑛𝑛𝑤𝑤𝑠𝑠

𝑘𝑘=1
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where the number of wind turbine rows (𝐷𝐷𝑊𝑊𝑈𝑈𝑅𝑅𝑀𝑀𝑤𝑤𝑠𝑠) is calculated by 

𝐷𝐷𝑊𝑊𝑈𝑈𝑅𝑅𝑀𝑀𝑤𝑤𝑠𝑠 =

⎩
⎪
⎨

⎪
⎧𝑓𝑓𝑙𝑙𝐸𝐸𝐸𝐸𝑓𝑓 �

𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊

𝐷𝐷𝑆𝑆0𝑃𝑃𝑊𝑊
� + 1 Δ𝜙𝜙𝑊𝑊𝑊𝑊 = 0

𝑓𝑓𝑙𝑙𝐸𝐸𝐸𝐸𝑓𝑓 �
𝐿𝐿𝑦𝑦𝑒𝑒𝑊𝑊
𝐷𝐷𝑆𝑆0𝑃𝑃𝑊𝑊

� + 1 Δ𝜙𝜙𝑊𝑊𝑊𝑊 = 90°

𝐷𝐷𝐿𝐿𝑎𝑎 + 𝐷𝐷𝑊𝑊𝑎𝑎 − 1 0 < Δ𝜙𝜙𝑊𝑊𝑊𝑊90°

 

𝐷𝐷𝑊𝑊𝑎𝑎 = 𝑓𝑓𝑙𝑙𝐸𝐸𝐸𝐸𝑓𝑓 �
𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊 ⋅ cos(Δ𝜙𝜙𝑊𝑊𝑊𝑊)− 𝐷𝐷𝑅𝑅 ⋅ cos(Δ𝜙𝜙𝑊𝑊𝑊𝑊) ⋅ sin (Δ𝜙𝜙𝑊𝑊𝑊𝑊)

𝐷𝐷𝑆𝑆0𝑃𝑃𝑊𝑊
� + 1 

∆𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊 = ∆𝐿𝐿𝑦𝑦𝑒𝑒𝑊𝑊 = 𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊 −
𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊 ⋅ cos(𝛥𝛥𝜙𝜙𝑊𝑊𝑊𝑊) − 𝐷𝐷𝑆𝑆0𝑃𝑃𝑊𝑊

cos(𝛥𝛥𝜙𝜙𝑊𝑊𝑊𝑊)  

 

Figure 3-25 Main parameter definitions for the considered wind farm layout 
 



 
Deliverable 2.2 
Assessment of applicable renewable energy generation technologies on 
NRA land and assets 
  

 

 

CEDR Transnational Road Research Programme 
Call 2019 

 

67 of 109 

 

𝐷𝐷𝐿𝐿𝑎𝑎∗ = 𝑓𝑓𝑙𝑙𝐸𝐸𝐸𝐸𝑓𝑓 �
𝐿𝐿𝑦𝑦𝑒𝑒𝑊𝑊
∆𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊

�+ 1 

𝐷𝐷𝐿𝐿𝑎𝑎 =

⎩
⎪
⎨

⎪
⎧ 𝐷𝐷𝐿𝐿𝑎𝑎∗

𝐿𝐿𝑦𝑦𝑒𝑒𝑊𝑊 − 𝐷𝐷𝐿𝐿𝑎𝑎∗ ⋅ ∆𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊

cos(𝛥𝛥𝜙𝜙𝑊𝑊𝑊𝑊) ≤ 𝐷𝐷𝑅𝑅

𝐷𝐷𝐿𝐿𝑎𝑎∗ − 1
𝐿𝐿𝑦𝑦𝑒𝑒𝑊𝑊 − 𝐷𝐷𝐿𝐿𝑎𝑎∗ ⋅ ∆𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊

cos(𝛥𝛥𝜙𝜙𝑊𝑊𝑊𝑊) > 𝐷𝐷𝑅𝑅
 

And the number of wind turbines per row are calculated by 

𝐷𝐷𝑊𝑊𝑈𝑈𝑠𝑠𝑦𝑦𝑦𝑦𝑅𝑅𝑀𝑀𝑤𝑤(𝑘𝑘) =

⎩
⎨

⎧𝑓𝑓𝑙𝑙𝐸𝐸𝐸𝐸𝑓𝑓 �
𝐿𝐿𝑦𝑦𝑒𝑒𝑊𝑊
𝐷𝐷𝑆𝑆90𝑃𝑃𝑊𝑊

� + 1 Δ𝜙𝜙𝑊𝑊𝑊𝑊 = 0

𝑓𝑓𝑙𝑙𝐸𝐸𝐸𝐸𝑓𝑓 �
𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊

𝐷𝐷𝑆𝑆90𝑃𝑃𝑊𝑊
� + 1 Δ𝜙𝜙𝑊𝑊𝑊𝑊 = 90°

 

And for 0 < Δ𝜙𝜙𝑊𝑊𝑊𝑊90°: 

𝐷𝐷𝑊𝑊𝑈𝑈𝑠𝑠𝑦𝑦𝑦𝑦𝑅𝑅𝑀𝑀𝑤𝑤(𝑘𝑘)

=

⎩
⎪⎪
⎨

⎪⎪
⎧𝑓𝑓𝑙𝑙𝐸𝐸𝐸𝐸𝑓𝑓 �

𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊 ⋅ cos(𝛥𝛥𝜙𝜙𝑊𝑊𝑊𝑊) − (𝐷𝐷𝑊𝑊𝑎𝑎 − 𝑘𝑘) ⋅ 𝐷𝐷𝑆𝑆0𝑃𝑃𝑊𝑊
𝐷𝐷𝑆𝑆90𝑃𝑃𝑊𝑊 ⋅ cos(𝛥𝛥𝜙𝜙𝑊𝑊𝑊𝑊) ⋅ sin(𝛥𝛥𝜙𝜙𝑊𝑊𝑊𝑊) �+ 1 k ≤ 𝐷𝐷𝑊𝑊𝑎𝑎

𝑓𝑓𝑙𝑙𝐸𝐸𝐸𝐸𝑓𝑓 �
𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊

𝐷𝐷𝑆𝑆90𝑃𝑃𝑊𝑊 ⋅ sin(𝛥𝛥𝜙𝜙𝑊𝑊𝑊𝑊)� + 1
𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊/ tan(𝛥𝛥𝜙𝜙𝑊𝑊𝑊𝑊)

∆𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊
+ (𝑘𝑘 − 𝐷𝐷𝑊𝑊𝑎𝑎) ≤

𝐿𝐿𝑦𝑦𝑒𝑒𝑊𝑊
∆𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊

𝑓𝑓𝑙𝑙𝐸𝐸𝐸𝐸𝑓𝑓 �
𝐿𝐿𝑦𝑦𝑒𝑒𝑊𝑊 − (𝑘𝑘 − 𝐷𝐷𝑊𝑊𝑎𝑎) ⋅ ∆𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊

𝐷𝐷𝑆𝑆90𝑃𝑃𝑊𝑊 ⋅ cos(𝛥𝛥𝜙𝜙𝑊𝑊𝑊𝑊) �+ 1
𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊/ tan(𝛥𝛥𝜙𝜙𝑊𝑊𝑊𝑊)

∆𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊
+ (𝑘𝑘 − 𝐷𝐷𝑊𝑊𝑎𝑎) >

𝐿𝐿𝑦𝑦𝑒𝑒𝑊𝑊
∆𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊

 

The expected total wind farm annual energy production (𝐻𝐻𝐸𝐸𝑃𝑃𝑊𝑊𝑤𝑤𝑠𝑠𝑑𝑑𝑅𝑅𝑎𝑎𝑦𝑦𝑛𝑛) can be estimated by: 

𝐻𝐻𝐸𝐸𝑃𝑃𝑊𝑊𝑤𝑤𝑠𝑠𝑑𝑑𝑅𝑅𝑎𝑎𝑦𝑦𝑛𝑛 = � 𝐻𝐻𝐸𝐸𝑃𝑃𝑊𝑊𝑈𝑈𝑅𝑅𝑈𝑈𝑈𝑈 ⋅ 𝐷𝐷𝑊𝑊𝑈𝑈𝑠𝑠𝑦𝑦𝑦𝑦𝑅𝑅𝑀𝑀𝑤𝑤(𝑘𝑘) ⋅ 𝑘𝑘𝑊𝑊𝑈𝑈𝐷𝐷𝑦𝑦𝑦𝑦𝑎𝑎𝑡𝑡𝑦𝑦𝑑𝑑(𝑘𝑘)
𝑁𝑁𝑃𝑃𝑃𝑃𝑊𝑊𝑛𝑛𝑤𝑤𝑠𝑠

𝑘𝑘=1

 

With the wind turbine derated factor (𝑘𝑘𝑊𝑊𝑈𝑈𝐷𝐷𝑦𝑦𝑦𝑦𝑎𝑎𝑡𝑡𝑦𝑦𝑑𝑑(𝑘𝑘)), accounting for the power ratio of downstream 

wind turbines respect to upstream wind turbine (𝑃𝑃𝐸𝐸𝐻𝐻𝐷𝐷𝑈𝑈𝑊𝑊𝑈𝑈), calculated by  

𝑘𝑘𝑊𝑊𝑈𝑈𝐷𝐷𝑦𝑦𝑦𝑦𝑎𝑎𝑡𝑡𝑦𝑦𝑑𝑑(𝑘𝑘) =

⎩
⎨

⎧
1 𝑘𝑘 = 1

1 + �𝑃𝑃𝐸𝐸𝐻𝐻𝐷𝐷𝑈𝑈𝑊𝑊𝑈𝑈
𝑘𝑘−1 − 1� ⋅

𝐷𝐷𝑊𝑊𝑈𝑈𝑠𝑠𝑦𝑦𝑦𝑦𝑅𝑅𝑀𝑀𝑤𝑤(𝑘𝑘) −𝐷𝐷𝑊𝑊𝑈𝑈𝑠𝑠𝑦𝑦𝑦𝑦𝑅𝑅𝑀𝑀𝑤𝑤(𝑘𝑘−1)

𝐷𝐷𝑊𝑊𝑈𝑈𝑠𝑠𝑦𝑦𝑦𝑦𝑅𝑅𝑀𝑀𝑤𝑤(𝑘𝑘)
1 < 𝑘𝑘 ≤ 𝐷𝐷𝑊𝑊𝑎𝑎

𝑃𝑃𝐸𝐸𝐻𝐻𝐷𝐷𝑈𝑈𝑊𝑊𝑈𝑈
𝑘𝑘−1 𝑘𝑘 > 𝐷𝐷𝑊𝑊𝑎𝑎
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and the expected contribution of front wind turbines to the total annual energy production (𝐻𝐻𝐸𝐸𝑃𝑃𝑊𝑊𝑈𝑈𝑅𝑅𝑈𝑈𝑈𝑈) 

approximated by  

𝐻𝐻𝐸𝐸𝑃𝑃𝑊𝑊𝑈𝑈𝑅𝑅𝑈𝑈𝑈𝑈 = 8760 ⋅ 𝑘𝑘𝑊𝑊𝑈𝑈𝑊𝑊 ⋅�𝑃𝑃𝑊𝑊𝑈𝑈(𝑣𝑣𝑤𝑤𝑤𝑤) ⋅ 𝑓𝑓𝑊𝑊(𝑣𝑣𝑤𝑤𝑤𝑤)
𝑁𝑁𝑣𝑣𝑤𝑤

𝑤𝑤=1

⋅ 𝜂𝜂𝑊𝑊𝑅𝑅𝑈𝑈𝑈𝑈(𝑃𝑃𝑊𝑊𝑅𝑅.𝑠𝑠𝑀𝑀𝑛𝑛,𝑣𝑣𝑤𝑤𝑤𝑤) 

Where 𝜂𝜂𝑊𝑊𝑅𝑅𝑈𝑈𝑈𝑈 is the equivalent efficiency of the wind farm grid connection including power converter and 

power transformer. 
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Figure 3-26 Geometric problem definition for determination of number of wind turbine rows parallel to 
prevalent wind direction 
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3.7 SOLAR PV FARMS MODELLING AND EVALUATION 

In a similar fashion as the wind farm case, the evaluation of the expected annual energy production of a 

solar PV farm allocated in each NRA land depends on the solar farm layout, which basically is defined by 

the number of PV modules with defined tilt and azimuth orientation that can be placed in the given area. 

To determine the optimal layout of a solar farm is a complex problem outside of the scope of this study. 

A simplified solar farm layout problem has been considered in this study. The main parameter definitions 

for the considered solar PV farm layout is presented in Figure 3-27.  

Given an available area with equivalent length (𝐿𝐿𝑦𝑦𝑒𝑒𝑊𝑊), equivalent width (𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊) and average orientation 

measured by the equivalent area azimuth angle (Φ𝑊𝑊) with south reference (Φ𝑊𝑊 = 0° when the equivalent 

area width alines with East-West direction), the solar farm layout is defined by the number of PV modules 

that can be allocated considering a module tilt (𝛽𝛽𝑀𝑀𝑀𝑀𝑑𝑑) and azimuth orientation (𝜓𝜓𝑀𝑀𝑀𝑀𝑑𝑑) measured from 

the south and assuming a rectangular distribution of the PV modules with a separation between PV 

 

Figure 3-27 Main parameter definitions for the considered solar PV farm layout 
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modules parallel to the module azimuth orientation (𝐷𝐷𝑆𝑆𝑃𝑃𝑃𝑃𝑀𝑀) but not separation between PV modules in 

the same row perpendicular to the module azimuth orientation.  

Figure 3-28 shows the geometric problem definition for determination of number of PV Module rows 

perpendicular to the module azimuth orientation. It can be noted that this is a similar geometric problem 

as for wind farm case, which is represented in Figure 3-26, so the problem solution introduced in section 

3.6 has been adapted to this case. First, the delta azimuth angle (Δ𝜙𝜙𝑊𝑊𝑀𝑀) between the module azimuth 

and the equivalent area azimuth angle is calculated by 

Δ𝜙𝜙𝑊𝑊𝑀𝑀 = �
|𝜓𝜓𝑀𝑀𝑀𝑀𝑑𝑑 − 𝜙𝜙𝑊𝑊| |𝜓𝜓𝑀𝑀𝑀𝑀𝑑𝑑 − 𝜙𝜙𝑊𝑊| ≤ 90°

|𝜓𝜓𝑀𝑀𝑀𝑀𝑑𝑑 − 𝜙𝜙𝑊𝑊| − 90° |𝜓𝜓𝑀𝑀𝑀𝑀𝑑𝑑 − 𝜙𝜙𝑊𝑊| > 90° 

The maximum number of PV modules that can be allocated in the equivalent area is calculated by 

𝐷𝐷𝑃𝑃𝑃𝑃𝑀𝑀 = � 𝐷𝐷𝑀𝑀𝑀𝑀𝑑𝑑𝑠𝑠𝑦𝑦𝑦𝑦𝑅𝑅𝑀𝑀𝑤𝑤(𝑘𝑘)

𝑁𝑁𝜂𝜂𝑃𝑃𝑊𝑊𝑛𝑛𝑤𝑤𝑠𝑠

𝑘𝑘=1

 

 

Figure 3-28 Geometric problem definition for determination of number of PV Module rows 
perpendicular to the module azimuth orientation. 
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Where the number of PV rows (𝐷𝐷𝑃𝑃𝑃𝑃𝑅𝑅𝑀𝑀𝑤𝑤𝑠𝑠) is calculated by 

𝐷𝐷𝑃𝑃𝑃𝑃𝑅𝑅𝑀𝑀𝑤𝑤𝑠𝑠 =

⎩
⎪
⎨

⎪
⎧𝑓𝑓𝑙𝑙𝐸𝐸𝐸𝐸𝑓𝑓 �

𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊

𝐷𝐷𝑆𝑆𝑃𝑃𝑃𝑃∗
� + 1 Δ𝜙𝜙𝑊𝑊𝑀𝑀 = 0

𝑓𝑓𝑙𝑙𝐸𝐸𝐸𝐸𝑓𝑓 �
𝐿𝐿𝑦𝑦𝑒𝑒𝑊𝑊
𝐷𝐷𝑆𝑆𝑃𝑃𝑃𝑃∗

� + 1 Δ𝜙𝜙𝑊𝑊𝑀𝑀 = 90°

𝐷𝐷𝐿𝐿𝑎𝑎 + 𝐷𝐷𝑊𝑊𝑎𝑎 − 1 0 < Δ𝜙𝜙𝑊𝑊𝑀𝑀90°

 

𝐷𝐷𝑆𝑆𝑃𝑃𝑃𝑃∗ = 𝐷𝐷𝑆𝑆𝑃𝑃𝑃𝑃 +𝑀𝑀𝑀𝑀𝑀𝑀𝑑𝑑 ⋅ cos (𝛽𝛽𝑀𝑀𝑀𝑀𝑑𝑑) 

𝐷𝐷𝑊𝑊𝑎𝑎 = 𝑓𝑓𝑙𝑙𝐸𝐸𝐸𝐸𝑓𝑓 �
𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊 ⋅ cos(Δ𝜙𝜙𝑊𝑊𝑀𝑀)− 𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑 ⋅ cos(Δ𝜙𝜙𝑊𝑊𝑀𝑀) ⋅ sin (Δ𝜙𝜙𝑊𝑊𝑀𝑀)

𝐷𝐷𝑆𝑆𝑃𝑃𝑃𝑃∗
�+ 1 

∆𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊 = ∆𝐿𝐿𝑦𝑦𝑒𝑒𝑊𝑊 = 𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊 −
𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊 ⋅ cos(𝛥𝛥𝜙𝜙𝑊𝑊𝑀𝑀)− 𝐷𝐷𝑆𝑆𝑃𝑃𝑃𝑃∗

cos(𝛥𝛥𝜙𝜙𝑊𝑊𝑀𝑀)  

𝐷𝐷𝐿𝐿𝑎𝑎∗ = 𝑓𝑓𝑙𝑙𝐸𝐸𝐸𝐸𝑓𝑓 �
𝐿𝐿𝑦𝑦𝑒𝑒𝑊𝑊
∆𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊

�+ 1 

𝐷𝐷𝐿𝐿𝑎𝑎 =

⎩
⎪
⎨

⎪
⎧ 𝐷𝐷𝐿𝐿𝑎𝑎∗

𝐿𝐿𝑦𝑦𝑒𝑒𝑊𝑊 − 𝐷𝐷𝐿𝐿𝑎𝑎∗ ⋅ ∆𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊

cos(𝛥𝛥𝜙𝜙𝑊𝑊𝑀𝑀) ≤ 𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑

𝐷𝐷𝐿𝐿𝑎𝑎∗ − 1
𝐿𝐿𝑦𝑦𝑒𝑒𝑊𝑊 − 𝐷𝐷𝐿𝐿𝑎𝑎∗ ⋅ ∆𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊

cos(𝛥𝛥𝜙𝜙𝑊𝑊𝑀𝑀) > 𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑
 

And the number of PV modules per row are calculated by 

𝐷𝐷𝑀𝑀𝑀𝑀𝑑𝑑𝑠𝑠𝑦𝑦𝑦𝑦𝑅𝑅𝑀𝑀𝑤𝑤(𝑘𝑘) =

⎩
⎨

⎧𝑓𝑓𝑙𝑙𝐸𝐸𝐸𝐸𝑓𝑓 �
𝐿𝐿𝑦𝑦𝑒𝑒𝑊𝑊
𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑

� Δ𝜙𝜙𝑊𝑊𝑀𝑀 = 0

𝑓𝑓𝑙𝑙𝐸𝐸𝐸𝐸𝑓𝑓 �
𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊

𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑
� Δ𝜙𝜙𝑊𝑊𝑀𝑀 = 90°

 

And for 0 < Δ𝜙𝜙𝑊𝑊𝑀𝑀 < 90°: 

𝐷𝐷𝑀𝑀𝑀𝑀𝑑𝑑𝑠𝑠𝑦𝑦𝑦𝑦𝑅𝑅𝑀𝑀𝑤𝑤(𝑘𝑘)

=

⎩
⎪⎪
⎨

⎪⎪
⎧𝑓𝑓𝑙𝑙𝐸𝐸𝐸𝐸𝑓𝑓 �

𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊 ⋅ cos(𝛥𝛥𝜙𝜙𝑊𝑊𝑀𝑀) − (𝐷𝐷𝑊𝑊𝑎𝑎 − 𝑘𝑘) ⋅ 𝐷𝐷𝑆𝑆𝑃𝑃𝑃𝑃∗
𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑 ⋅ cos(𝛥𝛥𝜙𝜙𝑊𝑊𝑀𝑀) ⋅ sin(𝛥𝛥𝜙𝜙𝑊𝑊𝑀𝑀) � k ≤ 𝐷𝐷𝑊𝑊𝑎𝑎

𝑓𝑓𝑙𝑙𝐸𝐸𝐸𝐸𝑓𝑓 �
𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊

𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑 ⋅ sin(𝛥𝛥𝜙𝜙𝑊𝑊𝑀𝑀)�
𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊/ tan(𝛥𝛥𝜙𝜙𝑊𝑊𝑀𝑀)

∆𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊
+ (𝑘𝑘 − 𝐷𝐷𝑊𝑊𝑎𝑎) ≤

𝐿𝐿𝑦𝑦𝑒𝑒𝑊𝑊
∆𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊

𝑓𝑓𝑙𝑙𝐸𝐸𝐸𝐸𝑓𝑓 �
𝐿𝐿𝑦𝑦𝑒𝑒𝑊𝑊 − (𝑘𝑘 − 𝐷𝐷𝑊𝑊𝑎𝑎) ⋅ ∆𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊

𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑 ⋅ cos(𝛥𝛥𝜙𝜙𝑊𝑊𝑀𝑀) �
𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊/ tan(𝛥𝛥𝜙𝜙𝑊𝑊𝑀𝑀)

∆𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊
+ (𝑘𝑘 − 𝐷𝐷𝑊𝑊𝑎𝑎) >

𝐿𝐿𝑦𝑦𝑒𝑒𝑊𝑊
∆𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊
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Once the maximum 𝐷𝐷𝑃𝑃𝑃𝑃𝑀𝑀 for the given area is estimated, then the number of strings in the solar farm 

(𝐷𝐷𝑠𝑠𝑡𝑡𝑦𝑦𝑤𝑤𝑠𝑠𝑔𝑔𝑃𝑃𝑃𝑃) can be evaluated. The maximum number of strings (𝐷𝐷𝑠𝑠𝑡𝑡𝑦𝑦𝑤𝑤𝑠𝑠𝑔𝑔𝑃𝑃𝑃𝑃.𝑀𝑀𝐺𝐺) is constrained by the 

maximum open circuit voltage of individual PV modules (𝑉𝑉𝑂𝑂𝑈𝑈𝑛𝑛𝑂𝑂) and the maximum DC voltage of the PV 

farm connection (𝑉𝑉𝐷𝐷𝑈𝑈𝑛𝑛𝑂𝑂), which normally is limited to 1000V for the silicon PV modules considered here. 

𝐷𝐷𝑠𝑠𝑡𝑡𝑦𝑦𝑤𝑤𝑠𝑠𝑔𝑔𝑃𝑃𝑃𝑃.𝑀𝑀𝐺𝐺 = 𝑓𝑓𝑙𝑙𝐸𝐸𝐸𝐸𝑓𝑓 �
𝑉𝑉𝐷𝐷𝑈𝑈𝑛𝑛𝑂𝑂
𝑉𝑉𝑂𝑂𝑈𝑈𝑛𝑛𝑂𝑂

� 

As the PV modules has a negative thermal coefficient for the pen circuit voltage, the 𝑉𝑉𝑂𝑂𝑈𝑈𝑛𝑛𝑂𝑂 can be 

estimated considering the lowest expected ambient temperature in the location of interest. On the other 

hand, the minimum number of strings (𝐷𝐷𝑠𝑠𝑡𝑡𝑦𝑦𝑤𝑤𝑠𝑠𝑔𝑔𝑃𝑃𝑃𝑃.𝑀𝑀𝑁𝑁) is constrained by the minimum operating voltage of 

individual PV modules (𝑉𝑉𝑀𝑀𝑃𝑃𝑃𝑃𝑛𝑛𝑠𝑠) and the minimum DC voltage of the PV farm connection (𝑉𝑉𝐷𝐷𝑈𝑈𝑛𝑛𝑠𝑠), which 

normally is limited by the PV inverter operation limits: 

𝐷𝐷𝑠𝑠𝑡𝑡𝑦𝑦𝑤𝑤𝑠𝑠𝑔𝑔𝑃𝑃𝑃𝑃.𝑀𝑀𝑁𝑁 = 𝑓𝑓𝑙𝑙𝐸𝐸𝐸𝐸𝑓𝑓 �
𝑉𝑉𝐷𝐷𝑈𝑈𝑛𝑛𝑠𝑠
𝑉𝑉𝑀𝑀𝑃𝑃𝑃𝑃𝑛𝑛𝑠𝑠

� 

The number of strings in the solar farm is selected to fulfil: 

𝐷𝐷𝑠𝑠𝑡𝑡𝑦𝑦𝑤𝑤𝑠𝑠𝑔𝑔𝑃𝑃𝑃𝑃.𝑀𝑀𝑁𝑁 ≤ 𝐷𝐷𝑠𝑠𝑡𝑡𝑦𝑦𝑤𝑤𝑠𝑠𝑔𝑔𝑃𝑃𝑃𝑃 ≤ 𝐷𝐷𝑠𝑠𝑡𝑡𝑦𝑦𝑤𝑤𝑠𝑠𝑔𝑔𝑃𝑃𝑃𝑃.𝑀𝑀𝐺𝐺 

Then, the number of PV modules per string (𝐷𝐷𝑀𝑀𝑀𝑀𝑑𝑑𝑆𝑆𝑡𝑡𝑦𝑦𝑤𝑤𝑠𝑠𝑔𝑔) and the string voltage limits can be evaluated: 

𝐷𝐷𝑀𝑀𝑀𝑀𝑑𝑑𝑆𝑆𝑡𝑡𝑦𝑦𝑤𝑤𝑠𝑠𝑔𝑔 = 𝑓𝑓𝑙𝑙𝐸𝐸𝐸𝐸𝑓𝑓 �
𝐷𝐷𝑃𝑃𝑃𝑃𝑀𝑀

𝐷𝐷𝑆𝑆𝑡𝑡𝑦𝑦𝑤𝑤𝑠𝑠𝑔𝑔𝑃𝑃𝑃𝑃
� 

𝑉𝑉𝑆𝑆𝑡𝑡𝑦𝑦𝑤𝑤𝑠𝑠𝑔𝑔𝑀𝑀𝑎𝑎𝑂𝑂 = 𝐷𝐷𝑀𝑀𝑀𝑀𝑑𝑑𝑆𝑆𝑡𝑡𝑦𝑦𝑤𝑤𝑠𝑠𝑔𝑔 ⋅ 𝑉𝑉𝑂𝑂𝑈𝑈𝑛𝑛𝑂𝑂 

𝑉𝑉𝑆𝑆𝑡𝑡𝑦𝑦𝑤𝑤𝑠𝑠𝑔𝑔𝑀𝑀𝑤𝑤𝑠𝑠 = 𝐷𝐷𝑀𝑀𝑀𝑀𝑑𝑑𝑆𝑆𝑡𝑡𝑦𝑦𝑤𝑤𝑠𝑠𝑔𝑔 ⋅ 𝑉𝑉𝑀𝑀𝑃𝑃𝑃𝑃𝑛𝑛𝑠𝑠 

 

The expected total solar PV farm annual energy production (𝐻𝐻𝐸𝐸𝑃𝑃𝑆𝑆𝑀𝑀𝑇𝑇𝑎𝑎𝑦𝑦𝑅𝑅𝑎𝑎𝑦𝑦𝑛𝑛) can be estimated by: 
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𝐻𝐻𝐸𝐸𝑃𝑃𝑆𝑆𝑀𝑀𝑇𝑇𝑎𝑎𝑦𝑦𝑅𝑅𝑎𝑎𝑦𝑦𝑛𝑛 = � 𝐷𝐷𝑀𝑀𝑀𝑀𝑑𝑑𝑠𝑠𝑦𝑦𝑦𝑦𝑅𝑅𝑀𝑀𝑤𝑤(𝑘𝑘) ⋅ 𝑘𝑘𝑃𝑃𝑃𝑃𝑆𝑆ℎ𝑎𝑎𝑑𝑑𝑀𝑀𝑤𝑤(𝑘𝑘)
𝑁𝑁𝜂𝜂𝑃𝑃𝑊𝑊𝑛𝑛𝑤𝑤𝑠𝑠

𝑘𝑘=1

⋅ �� 𝑃𝑃𝑀𝑀𝑃𝑃𝑃𝑃�𝐺𝐺𝑃𝑃𝑃𝑃(𝑡𝑡ℎ),𝐿𝐿𝑎𝑎𝑛𝑛𝐶𝐶(𝑡𝑡ℎ)� ⋅ 𝜂𝜂𝑃𝑃𝑅𝑅𝑆𝑆𝑅𝑅�𝑃𝑃𝑆𝑆𝑅𝑅.𝑠𝑠𝑀𝑀𝑛𝑛,𝐷𝐷𝑃𝑃𝑃𝑃𝑀𝑀 ⋅ 𝑃𝑃𝑀𝑀𝑃𝑃𝑃𝑃 ⋅ 𝑘𝑘𝑃𝑃𝑃𝑃𝑆𝑆ℎ𝑎𝑎𝑑𝑑𝑀𝑀𝑤𝑤(𝑘𝑘)�
8760

𝑡𝑡ℎ=1

� 

Where 𝑃𝑃𝑀𝑀𝑃𝑃𝑃𝑃 is the output power of a single PV module, which can be evaluated as described in section 

3.4,  𝜂𝜂𝑃𝑃𝑅𝑅𝑆𝑆𝑅𝑅 is the power electronics converter efficiency of the solar farm interconnection, which depends 

on the nominal solar farm power and the output power, and 𝑘𝑘𝑃𝑃𝑃𝑃𝑆𝑆ℎ𝑎𝑎𝑑𝑑𝑀𝑀𝑤𝑤 is the PV row self-shading factor, 

which models the effect whereby PV rows cause shading of subsequent rows. The self-shading factor is 

modelled based on the Self-shading and shadow angle definition show in Figure 3-29.  

𝑘𝑘𝑃𝑃𝑃𝑃𝑆𝑆ℎ𝑎𝑎𝑑𝑑𝑀𝑀𝑤𝑤(𝑘𝑘) = 1 − 𝑘𝑘𝑆𝑆ℎ𝑎𝑎𝑑𝑑𝑀𝑀𝑤𝑤𝑂𝑂𝑠𝑠𝑃𝑃𝑃𝑃𝑛𝑛𝑀𝑀𝑑𝑑𝑊𝑊(𝑘𝑘) ⋅ 𝑘𝑘𝑆𝑆ℎ𝑎𝑎𝑑𝑑𝑀𝑀𝑤𝑤𝑂𝑂𝑠𝑠𝑃𝑃𝑃𝑃𝑦𝑦𝑀𝑀𝑤𝑤𝐿𝐿(𝑘𝑘) 

𝑘𝑘𝑆𝑆ℎ𝑎𝑎𝑑𝑑𝑀𝑀𝑤𝑤𝑂𝑂𝑠𝑠𝑃𝑃𝑃𝑃𝑦𝑦𝑀𝑀𝑤𝑤𝐿𝐿(𝑘𝑘)

=

⎩
⎪
⎨

⎪
⎧ min �

𝐿𝐿0
𝐿𝐿1

, 1� 𝑘𝑘 > 1 𝑎𝑎𝑛𝑛𝑑𝑑 (𝜓𝜓𝑆𝑆𝑠𝑠𝑠𝑠 − 𝜓𝜓𝑀𝑀𝑀𝑀𝑑𝑑) < ∆𝜓𝜓1 

0 𝑘𝑘 = 1 𝐸𝐸𝑓𝑓 (𝜓𝜓𝑆𝑆𝑠𝑠𝑠𝑠 − 𝜓𝜓𝑀𝑀𝑀𝑀𝑑𝑑) > ∆𝜓𝜓2
𝐿𝐿0 − �𝐷𝐷0 ⋅ tan(|𝜓𝜓𝑆𝑆𝑠𝑠𝑠𝑠 − 𝜓𝜓𝑀𝑀𝑀𝑀𝑑𝑑|)− 𝐿𝐿1 − 𝐿𝐿0

2 �
𝐿𝐿1

𝐸𝐸𝑡𝑡ℎ𝑒𝑒𝑓𝑓𝐾𝐾𝑖𝑖𝐶𝐶𝑒𝑒

 

𝐿𝐿0 = 𝐷𝐷𝑀𝑀𝑀𝑀𝑑𝑑𝑠𝑠𝑦𝑦𝑦𝑦𝑅𝑅𝑀𝑀𝑤𝑤(𝑘𝑘−1) ⋅ 𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑 

𝐿𝐿1 = 𝐷𝐷𝑀𝑀𝑀𝑀𝑑𝑑𝑠𝑠𝑦𝑦𝑦𝑦𝑅𝑅𝑀𝑀𝑤𝑤(𝑘𝑘) ⋅ 𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑 

 

Figure 3-29 Self-shading and shadow angle definition (figure adapted from (Energy 2016)) 
 

DSPVM
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∆𝜓𝜓1 = atan�
|𝐿𝐿1 − 𝐿𝐿0|

2 ⋅ 𝐷𝐷0
� 

∆𝜓𝜓2 = atan�
|𝐿𝐿1 + 𝐿𝐿0|

2 ⋅ 𝐷𝐷0
� 

𝐷𝐷0 = 𝐷𝐷𝑆𝑆𝑃𝑃𝑃𝑃∗ −𝑀𝑀𝑀𝑀𝑀𝑀𝑑𝑑 ⋅ cos (𝛽𝛽𝑀𝑀𝑀𝑀𝑑𝑑) 

𝜓𝜓𝑆𝑆𝑠𝑠𝑠𝑠 = acos�
𝐶𝐶𝑖𝑖𝑛𝑛(𝛿𝛿𝑠𝑠𝑠𝑠𝑠𝑠) ⋅ 𝐾𝐾𝐸𝐸𝐶𝐶(𝜑𝜑𝐿𝐿𝑎𝑎𝑡𝑡) − 𝐾𝐾𝐸𝐸𝐶𝐶(𝛿𝛿𝑠𝑠𝑠𝑠𝑠𝑠) ⋅ 𝐶𝐶𝑖𝑖𝑛𝑛(𝜑𝜑𝐿𝐿𝑎𝑎𝑡𝑡) ⋅ 𝐾𝐾𝐸𝐸𝐶𝐶(𝐺𝐺𝐻𝐻𝐻𝐻)

𝐾𝐾𝐸𝐸𝐶𝐶(𝛿𝛿𝑠𝑠𝑠𝑠𝑠𝑠) � 

𝑘𝑘𝑆𝑆ℎ𝑎𝑎𝑑𝑑𝑀𝑀𝑤𝑤𝑂𝑂𝑠𝑠𝑃𝑃𝑃𝑃𝑛𝑛𝑀𝑀𝑑𝑑𝑊𝑊(𝑘𝑘) = �

𝐿𝐿𝑆𝑆ℎ𝑎𝑎𝑑𝑑𝑀𝑀𝑤𝑤 − 𝐷𝐷0
𝐷𝐷0

𝐷𝐷0 < 𝐿𝐿𝑆𝑆ℎ𝑎𝑎𝑑𝑑𝑀𝑀𝑤𝑤 < 𝐷𝐷𝑆𝑆𝑃𝑃𝑃𝑃∗
1 𝐿𝐿𝑆𝑆ℎ𝑎𝑎𝑑𝑑𝑀𝑀𝑤𝑤 > 𝐷𝐷𝑆𝑆𝑃𝑃𝑃𝑃∗
0 𝐿𝐿𝑆𝑆ℎ𝑎𝑎𝑑𝑑𝑀𝑀𝑤𝑤 < 𝐷𝐷0

 

𝐿𝐿𝑆𝑆ℎ𝑎𝑎𝑑𝑑𝑀𝑀𝑤𝑤 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑑𝑑 ⋅
cos(𝛽𝛽𝑀𝑀𝑀𝑀𝑑𝑑)
tan(𝛿𝛿𝑠𝑠𝑠𝑠𝑠𝑠)  
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4 RET TRENDS AND PERFORMANCE COMPARISON 

4.1 WIND TURBINES META-PARAMETRIZATION 

Correlation between the main wind turbine parameters and its size (dimensions) has been established 
based on analyzed reference database for large scale HAWT (GARCIA 2013) and created database from 
collected information for small scale wind turbines.  

Figure 4-1 shows the definition of main sizing parameters for the considered wind turbine technologies. 

Based on the observed and analyzed data, the following trends/relationships are proposed: 

The nominal power, 𝑃𝑃𝑊𝑊𝑈𝑈.𝑠𝑠𝑀𝑀𝑛𝑛, and the turbine diameter (𝐷𝐷𝑅𝑅) are related by: 

𝑃𝑃𝑊𝑊𝑈𝑈.𝑠𝑠𝑀𝑀𝑛𝑛 = 𝑘𝑘𝑃𝑃𝐷𝐷0 ⋅ 𝐷𝐷𝑅𝑅
𝑘𝑘𝜂𝜂𝑃𝑃1 

The swept area (𝐻𝐻𝑠𝑠𝑤𝑤𝑦𝑦𝑠𝑠𝑡𝑡) can be estimated as function of turbine diameter by 

𝐻𝐻𝑠𝑠𝑤𝑤𝑦𝑦𝑠𝑠𝑡𝑡 = 𝑘𝑘𝑊𝑊𝐷𝐷0 ⋅ 𝐷𝐷𝑅𝑅
𝑘𝑘𝐴𝐴𝑃𝑃1 

The nominal wind speed is approximated by:  

𝑣𝑣𝑤𝑤.𝑠𝑠𝑀𝑀𝑛𝑛 = 𝑘𝑘𝑊𝑊𝑁𝑁𝐷𝐷0 ⋅ 𝐷𝐷𝑅𝑅
𝑘𝑘𝑃𝑃𝑁𝑁𝑃𝑃1  

The cut-in and cut-out wind speed are estimated by 

𝑣𝑣𝑤𝑤.𝑤𝑤𝑠𝑠 = 𝑘𝑘𝑊𝑊𝐼𝐼𝐷𝐷0 ⋅ 𝐷𝐷𝑅𝑅
𝑘𝑘𝑃𝑃𝑊𝑊𝑃𝑃1 

𝑣𝑣𝑤𝑤.𝑀𝑀𝑠𝑠𝑡𝑡 = 𝑘𝑘𝑊𝑊𝑂𝑂𝐷𝐷0 ⋅ 𝐷𝐷𝑅𝑅
𝑘𝑘𝑃𝑃𝑂𝑂𝑃𝑃1 

For small scale wind turbines, the peak power (𝑃𝑃𝑊𝑊𝑈𝑈.𝑠𝑠𝑦𝑦𝑎𝑎𝑘𝑘) and the wind speed when peak power is reached 

(𝑣𝑣𝑤𝑤.𝑠𝑠𝑦𝑦𝑎𝑎𝑘𝑘) are estimated by 

𝑃𝑃𝑊𝑊𝑈𝑈.𝑠𝑠𝑦𝑦𝑎𝑎𝑘𝑘

𝑃𝑃𝑊𝑊𝑈𝑈.𝑠𝑠𝑀𝑀𝑛𝑛
= max �1,𝑘𝑘𝑃𝑃𝑠𝑠𝑃𝑃𝑠𝑠0 ⋅ 𝑃𝑃𝑊𝑊𝑈𝑈.𝑠𝑠𝑀𝑀𝑛𝑛

𝑘𝑘𝜂𝜂𝑝𝑝𝜂𝜂𝑃𝑃1  � 

𝑣𝑣𝑤𝑤.𝑠𝑠𝑦𝑦𝑎𝑎𝑘𝑘

𝑣𝑣𝑤𝑤.𝑠𝑠𝑀𝑀𝑛𝑛
= max �1,𝑘𝑘𝑊𝑊𝑠𝑠𝑊𝑊𝑠𝑠0 ⋅ 𝐷𝐷𝑅𝑅

𝑘𝑘𝑃𝑃𝑝𝑝𝑃𝑃𝑃𝑃1  � 



 
Deliverable 2.2 
Assessment of applicable renewable energy generation technologies on 
NRA land and assets 
  

 

 

CEDR Transnational Road Research Programme 
Call 2019 

 

76 of 109 

 

 

   
a) HAWT    b) Savonius wind turbines 

 

 
c) Darrieus troporkien wind turbines   d) Darrieus H-type / helical wind turbines 

 

Figure 4-1 Sizing parameterization definition for the considered wind turbine technologies 
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For Savonius and Darrieus-troposkien vertical axis technologies, the minimum base height is related to 

the rotor diameter by 

𝐺𝐺𝐶𝐶𝑎𝑎𝑠𝑠𝑦𝑦 = 𝑘𝑘𝐻𝐻𝐶𝐶𝐷𝐷0 ⋅ 𝐷𝐷𝑅𝑅
𝑘𝑘𝐻𝐻𝐻𝐻𝑃𝑃1 

For vertical axis technologies, the blade vertical length (𝐺𝐺𝑅𝑅) is calculated by 

𝐺𝐺𝑅𝑅 = 𝑘𝑘𝐻𝐻𝑅𝑅 ⋅
𝐻𝐻𝑠𝑠𝑤𝑤𝑦𝑦𝑠𝑠𝑡𝑡
𝐷𝐷𝑅𝑅

 

For large scale wind turbines, the turbine hub height (𝐺𝐺ℎ𝑠𝑠𝐶𝐶) can be related to rotor diameter as follows: 

𝐺𝐺ℎ𝑠𝑠𝐶𝐶 = 𝑘𝑘𝐻𝐻ℎ𝐷𝐷0 ⋅ 𝐷𝐷𝑅𝑅
𝑘𝑘𝐻𝐻ℎ𝑃𝑃1  

For small scale wind turbines, the tower high (𝐺𝐺𝑈𝑈𝑀𝑀𝑤𝑤𝑦𝑦𝑦𝑦) and 𝐺𝐺ℎ𝑠𝑠𝐶𝐶 are calculated by 

𝐺𝐺ℎ𝑠𝑠𝐶𝐶 = 𝐺𝐺𝑈𝑈𝑀𝑀𝑤𝑤𝑦𝑦𝑦𝑦 + 𝐺𝐺𝐶𝐶𝑎𝑎𝑠𝑠𝑦𝑦 +
1
2
𝐺𝐺𝑅𝑅 

𝐺𝐺𝑈𝑈𝑀𝑀𝑤𝑤𝑦𝑦𝑦𝑦 = �
𝑘𝑘𝐻𝐻𝑈𝑈𝐷𝐷0 ⋅ 𝐷𝐷𝑅𝑅

𝑘𝑘𝐻𝐻𝑃𝑃𝑃𝑃1 �𝑘𝑘𝐻𝐻𝑈𝑈𝐷𝐷0 ⋅ 𝐷𝐷𝑅𝑅
𝑘𝑘𝐻𝐻𝑃𝑃𝑃𝑃1 + 𝐺𝐺𝐶𝐶𝑎𝑎𝑠𝑠𝑦𝑦 +

1
2
𝐺𝐺𝑅𝑅� > 𝐺𝐺ℎ𝑠𝑠𝐶𝐶𝑀𝑀𝑤𝑤𝑠𝑠

max �𝐺𝐺ℎ𝑠𝑠𝐶𝐶𝑀𝑀𝑤𝑤𝑠𝑠 − 𝐺𝐺𝐶𝐶𝑎𝑎𝑠𝑠𝑦𝑦 −
1
2
𝐺𝐺𝑅𝑅 , 0� �𝑘𝑘𝐻𝐻𝑈𝑈𝐷𝐷0 ⋅ 𝐷𝐷𝑅𝑅

𝑘𝑘𝐻𝐻𝑃𝑃𝑃𝑃1 + 𝐺𝐺𝐶𝐶𝑎𝑎𝑠𝑠𝑦𝑦 +
1
2
𝐺𝐺𝑅𝑅� ≤ 𝐺𝐺ℎ𝑠𝑠𝐶𝐶𝑀𝑀𝑤𝑤𝑠𝑠

 

 

For small scale wind turbines, the output power before cut-out wind speed (𝑃𝑃𝑊𝑊𝑈𝑈.𝑀𝑀𝑠𝑠𝑡𝑡) is calculated by 

𝑃𝑃𝑊𝑊𝑈𝑈.𝑀𝑀𝑠𝑠𝑡𝑡

𝑃𝑃𝑊𝑊𝑈𝑈.𝑠𝑠𝑀𝑀𝑛𝑛
= 𝑘𝑘𝑃𝑃𝑀𝑀𝑃𝑃𝑠𝑠0 + (1 − 𝑘𝑘𝑃𝑃𝑀𝑀𝑃𝑃𝑠𝑠0) ⋅ �1−

1

1 + 𝑒𝑒−
𝑘𝑘𝜂𝜂𝑛𝑛𝜂𝜂𝑃𝑃1−𝑃𝑃𝑃𝑃𝑃𝑃.𝑃𝑃𝑛𝑛𝑛𝑛

𝑘𝑘𝜂𝜂𝑛𝑛𝜂𝜂𝑃𝑃2

� 

 

For small scale wind turbines, the wind turbine weight (𝑀𝑀𝑒𝑒𝑖𝑖𝑊𝑊ℎ𝑡𝑡𝑊𝑊𝑈𝑈) and the rotor diameter are related by 

𝑀𝑀𝑒𝑒𝑖𝑖𝑊𝑊ℎ𝑡𝑡𝑊𝑊𝑈𝑈 = 𝑀𝑀𝑒𝑒𝑖𝑖𝑊𝑊ℎ𝑡𝑡𝑊𝑊𝑈𝑈0 + 𝑘𝑘𝑊𝑊𝑦𝑦𝑤𝑤𝑔𝑔𝑡𝑡ℎ𝐷𝐷0 ⋅ 𝐷𝐷𝑅𝑅
𝑘𝑘𝑃𝑃𝑊𝑊𝑊𝑊𝑊𝑊𝑡𝑡ℎ𝑃𝑃1 

 

The wind turbine cost (𝑇𝑇𝐸𝐸𝐶𝐶𝑡𝑡𝑊𝑊𝑈𝑈) can be estimated by 

𝑇𝑇𝐸𝐸𝐶𝐶𝑡𝑡𝑊𝑊𝑈𝑈

𝑃𝑃𝑊𝑊𝑈𝑈.𝑠𝑠𝑀𝑀𝑛𝑛
= 𝑇𝑇𝐸𝐸𝐶𝐶𝑡𝑡𝑃𝑃𝑊𝑊𝑈𝑈0 + 𝑘𝑘𝑈𝑈𝑀𝑀𝑠𝑠𝑡𝑡𝑊𝑊𝑈𝑈0 ⋅ (𝑃𝑃𝑊𝑊𝑈𝑈.𝑠𝑠𝑀𝑀𝑛𝑛)𝑘𝑘𝑆𝑆𝑛𝑛𝑠𝑠𝑡𝑡𝑃𝑃𝑃𝑃1 

 

For large scale wind turbines, the turbine cost parameters have been estimated based on data reported 

in (International Renewable Energy Agency 2016), while for small scale wind turbines the parameters have 

been calculated based on collected information. 
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For small scale wind turbines, the cost of the power electronics converter (𝑇𝑇𝐸𝐸𝐶𝐶𝑡𝑡𝑃𝑃𝑅𝑅𝑊𝑊𝑈𝑈) and the cost of the 

tower and foundation (𝑇𝑇𝐸𝐸𝐶𝐶𝑡𝑡𝑈𝑈𝑊𝑊𝑈𝑈) can be modelled as follows:  

𝑇𝑇𝐸𝐸𝐶𝐶𝑡𝑡𝑃𝑃𝑅𝑅𝑊𝑊𝑈𝑈

𝑃𝑃𝑊𝑊𝑈𝑈.𝑠𝑠𝑀𝑀𝑛𝑛
= 𝑇𝑇𝐸𝐸𝐶𝐶𝑡𝑡𝑃𝑃𝑅𝑅𝑊𝑊𝑈𝑈0 + 𝑘𝑘𝑈𝑈𝑃𝑃𝑅𝑅𝑊𝑊𝑈𝑈0 ⋅ (𝑃𝑃𝑊𝑊𝑈𝑈.𝑠𝑠𝑀𝑀𝑛𝑛)𝑘𝑘𝑆𝑆𝜂𝜂𝜂𝜂𝑃𝑃𝑃𝑃1 

𝑇𝑇𝐸𝐸𝐶𝐶𝑡𝑡𝑈𝑈𝑊𝑊𝑈𝑈 = 𝑘𝑘𝑈𝑈𝑈𝑈𝑊𝑊𝑈𝑈0 ⋅ �𝑀𝑀𝑒𝑒𝑖𝑖𝑊𝑊ℎ𝑡𝑡𝑊𝑊𝑈𝑈 ⋅ 𝐻𝐻𝑠𝑠𝑤𝑤𝑦𝑦𝑠𝑠𝑡𝑡�
𝑘𝑘𝑆𝑆𝑃𝑃𝑃𝑃𝑃𝑃1 ⋅ (𝐺𝐺𝑈𝑈𝑀𝑀𝑤𝑤𝑦𝑦𝑦𝑦)𝑘𝑘𝑆𝑆𝑃𝑃𝑃𝑃𝑃𝑃2 

 

The parameters for the cost model of the power electronics converter have been fitted based on a 

combination of collected data ad reported data in (Gabriel Domingues-Olavarria 2017) while the 

parameters for tower and foundation cost model have been fitted using collected data for different types 

of towers. 

Table 5 summarizes the calculated meta-parameters for the considered small scale wind turbine 

technologies. 

Figure 4-2 and Figure 4-3 show the parameter trends for the considered small scale wind turbine 

technologies and the estimations based on the proposed models.  

 

Figure 4-4 shows the collected data for tower and foundation cost as well as the fitted models for three 

types of wind turbine towers: monotype, hydraulic and roof top towers. 
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Table 5 Small Scale Wind Turbine Meta-parameters 
  HAWT Darrieus Savonius Hybrid 

(Sav+Dar) 
𝑷𝑷𝒆𝒆𝒆𝒆𝒆𝒆 
[kW] 

𝑘𝑘𝑃𝑃𝐷𝐷0 0.1931 0.3368 0.4786 0.1263 
𝑘𝑘𝑃𝑃𝐷𝐷1 1.9572 1.9739 1.6022 2.5075 

𝑨𝑨𝒔𝒔𝑽𝑽𝒆𝒆𝒔𝒔𝒔𝒔 
[m2] 

𝑘𝑘𝑊𝑊𝐷𝐷0 π/4≈0.7854 1.3972 2.0160 0.9504 
𝑘𝑘𝑊𝑊𝐷𝐷1 2 1.8306 1.5257 2.1490 

𝒗𝒗𝑽𝑽.𝒏𝒏𝒏𝒏𝟒𝟒 
[m/s] 

𝑘𝑘𝑊𝑊𝑁𝑁𝐷𝐷0 10.9693 11.1864 12.1060 10.5139 
𝑘𝑘𝑊𝑊𝑁𝑁𝐷𝐷1 -0.0223 0.0310 0.0442 0.0804 

𝒗𝒗𝑽𝑽.𝒊𝒊𝒏𝒏 
[m] 

𝑘𝑘𝑊𝑊𝐼𝐼𝐷𝐷0 2.8346 2.8723 3.0913 2.9829 
𝑘𝑘𝑊𝑊𝐼𝐼𝐷𝐷1 -0.0046 0.0363 -0.2565 -0.1112 

𝒗𝒗𝑽𝑽.𝒏𝒏𝒐𝒐𝒔𝒔 
[m/s] 

𝑘𝑘𝑊𝑊𝑂𝑂𝐷𝐷0 46.9414 34.4153 38.2369 36.2740 
𝑘𝑘𝑊𝑊𝑂𝑂𝐷𝐷1 -0.1133 -0.1858 -0.0285 -0.1072 

𝑷𝑷𝒆𝒆𝑾𝑾.𝒔𝒔𝒆𝒆𝒑𝒑𝒌𝒌

𝑷𝑷𝒆𝒆𝑾𝑾.𝒏𝒏𝒏𝒏𝟒𝟒
 

𝑘𝑘𝑃𝑃𝑠𝑠𝑃𝑃𝑠𝑠0 1.6542 1.6006 3.5941 2.3986 
𝑘𝑘𝑃𝑃𝑠𝑠𝑃𝑃𝑠𝑠1 -0.0884 -0.1195 -0.1383 -0.1289 

𝒗𝒗𝑽𝑽.𝒔𝒔𝒆𝒆𝒑𝒑𝒌𝒌

𝒗𝒗𝑽𝑽.𝒏𝒏𝒏𝒏𝟒𝟒
 𝑘𝑘𝑊𝑊𝑠𝑠𝑊𝑊𝑠𝑠0 1.2999 1.2721 2.0649 2.0245 

𝑘𝑘𝑊𝑊𝑠𝑠𝑊𝑊𝑠𝑠1 -0.0244 -0.0489 -0.1556 -0.1994 
𝑯𝑯𝒉𝒉𝒐𝒐𝒉𝒉 
[m] 

𝑘𝑘𝐻𝐻ℎ𝐷𝐷0 -- -- -- -- 
𝑘𝑘𝐻𝐻ℎ𝐷𝐷1 -- -- -- -- 

𝑯𝑯𝑹𝑹 𝑘𝑘𝐻𝐻𝑅𝑅 -- 1 1 1 
𝑯𝑯𝒉𝒉𝒑𝒑𝒔𝒔𝒆𝒆 
[m] 

𝑘𝑘𝐻𝐻𝐶𝐶𝐷𝐷0 -- -- 0.8535 -- 
𝑘𝑘𝐻𝐻𝐶𝐶𝐷𝐷1 -- -- 0.6152 -- 

𝑯𝑯𝑾𝑾𝒏𝒏𝑽𝑽𝒆𝒆𝑻𝑻 
[m] 

𝑘𝑘𝐻𝐻𝑈𝑈𝐷𝐷0 2.6308 2.5038 -- 2.5038 
𝑘𝑘𝐻𝐻𝑈𝑈𝐷𝐷1 0.9873 0.6981 -- 0.6981 

𝑷𝑷𝒆𝒆𝑾𝑾.𝒏𝒏𝒐𝒐𝒔𝒔

𝑷𝑷𝒆𝒆𝑾𝑾.𝒏𝒏𝒏𝒏𝟒𝟒
 𝑘𝑘𝑃𝑃𝑀𝑀𝑃𝑃𝑠𝑠0 0 0.6 4.4 1.5 

𝑘𝑘𝑃𝑃𝑀𝑀𝑃𝑃𝑠𝑠1 2 5 6 0.8 
𝑘𝑘𝑃𝑃𝑀𝑀𝑃𝑃𝑠𝑠2 1 2 8 2.5 

𝒆𝒆𝒆𝒆𝒊𝒊𝑾𝑾𝒉𝒉𝒔𝒔𝒆𝒆𝑾𝑾 
[kg] 

𝑀𝑀𝑒𝑒𝑖𝑖𝑊𝑊ℎ𝑡𝑡𝑊𝑊𝑈𝑈0 0 0 8 0 

𝑘𝑘𝑊𝑊𝑦𝑦𝑤𝑤𝑔𝑔𝑡𝑡ℎ𝐷𝐷0 4.7162 30.1595 114.7895 23.2011 
𝑘𝑘𝑊𝑊𝑦𝑦𝑤𝑤𝑔𝑔𝑡𝑡ℎ𝐷𝐷1 2.3117 2.0156 1.9339 2.5599 

𝑪𝑪𝒏𝒏𝒔𝒔𝒔𝒔𝒆𝒆𝑾𝑾 
[EUR/kW] 

𝑇𝑇𝐸𝐸𝐶𝐶𝑡𝑡𝑃𝑃𝑊𝑊𝑈𝑈0 100 500 800 650 

𝑘𝑘𝑈𝑈𝑀𝑀𝑠𝑠𝑡𝑡𝑊𝑊𝑈𝑈0 1904 2805 10745 5489 
𝑘𝑘𝑈𝑈𝑀𝑀𝑠𝑠𝑡𝑡𝑊𝑊𝑈𝑈1 -0.2338 -0.2122 -0.3845 -0.2983 
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Figure 4-2 Small scale wind turbine parameters trends (part 1) 
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Figure 4-3 Small scale wind turbine parameters trends (part 2) 
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Figure 4-5 shows the calculated power curve parameters for the considered small scale wind turbine 

technologies and the estimations based on the proposed models. 

 

Figure 4-6 and Figure 4-7 show an example of calculated power curves and respective power coefficients 

for different virtual small scale wind turbines (based on different nominal power) for the four 

considered technologies.  

 

 

 

 

 

 

 
Figure 4-4 Small scale wind turbine Tower cost model 
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Figure 4-5 Calculated power curve parameters for small scale wind turbine technologies 
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Figure 4-6 Example of calculated power curves for small scale virtual wind turbines (part 1): Top: 

Darrieus technology; Bottom: HAWT technology. 
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Figure 4-7 Example of calculated power curves for small scale virtual wind turbines (part 2): (Top) 

Savonius technology; (Bottom) Hybrid (Savonius & Darrieus) technology. 
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Table 6 Large Scale Wind Turbine Meta-parameters 
  HAWT Darrieus 

Troposkien 
Darrieus 
H-Rotor 

Darrieus 
Equivalent 

𝑷𝑷𝒆𝒆𝒆𝒆𝒆𝒆 
[kW] 

𝑘𝑘𝑃𝑃𝐷𝐷0 0.0802 0.2557 0.1469 0.3441 
𝑘𝑘𝑃𝑃𝐷𝐷1 2.292 2.2129 2.2864 2.0883 

𝑨𝑨𝒔𝒔𝑽𝑽𝒆𝒆𝒔𝒔𝒔𝒔 
[m2] 

𝑘𝑘𝑊𝑊𝐷𝐷0 π/4≈0.7854 1.0331 0.9388 0.9773 
𝑘𝑘𝑊𝑊𝐷𝐷1 2 1.9493 1.9789 1.9674 

𝒗𝒗𝑽𝑽.𝒏𝒏𝒏𝒏𝟒𝟒 
[m/s] 

𝑘𝑘𝑊𝑊𝑁𝑁𝐷𝐷0 9.3327 13.5042 11.5895 15.1879 
𝑘𝑘𝑊𝑊𝑁𝑁𝐷𝐷1 0.0435 0.0340 0.0487 -0.0135 

𝑯𝑯𝒉𝒉𝒐𝒐𝒉𝒉 
[m] 

𝑘𝑘𝐻𝐻ℎ𝐷𝐷0 3.413 1.9715 2.8611 1.2845 
𝑘𝑘𝐻𝐻ℎ𝐷𝐷1 0.6958 0.7827 0.7647 0.9521 

𝑯𝑯𝑹𝑹 𝑘𝑘𝐻𝐻𝑅𝑅 -- 3/2 1 1.25 
𝒗𝒗𝑽𝑽.𝒊𝒊𝒏𝒏 
[m/s] 

𝑘𝑘𝑊𝑊𝐼𝐼𝐷𝐷0 5 5 5 5 
𝑘𝑘𝑊𝑊𝐼𝐼𝐷𝐷1 0 0 0 0 

𝒗𝒗𝑽𝑽.𝒏𝒏𝒐𝒐𝒔𝒔 
[m/s] 

𝑘𝑘𝑊𝑊𝑂𝑂𝐷𝐷0 25 25 25 25 
𝑘𝑘𝑊𝑊𝑂𝑂𝐷𝐷1 0 0 0 0 

𝑪𝑪𝒏𝒏𝒔𝒔𝒔𝒔𝒆𝒆𝑾𝑾 
[EUR/kW] 

𝑇𝑇𝐸𝐸𝐶𝐶𝑡𝑡𝑃𝑃𝑊𝑊𝑈𝑈0 560 560 560 560 

𝑘𝑘𝑈𝑈𝑀𝑀𝑠𝑠𝑡𝑡𝑊𝑊𝑈𝑈0 4732 4732 4732 4732 
𝑘𝑘𝑈𝑈𝑀𝑀𝑠𝑠𝑡𝑡𝑊𝑊𝑈𝑈1 -0.4065 -0.4065 -0.4065 -0.4065 

 

 

Table 6 summarizes the calculated meta-parameters for the considered large scale wind turbine 

technologies. 

 

Figure 4-8 shows the parameter trends for the considered large scale wind turbine technologies and the 

estimations based on the proposed/considered models. 



 
Deliverable 2.2 
Assessment of applicable renewable energy generation technologies on 
NRA land and assets 
  

 

 

CEDR Transnational Road Research Programme 
Call 2019 

 

86 of 109 

 

 

Figure 4-9 shows an example of calculated power curves and respective power coefficients for different 

virtual large scale wind turbines (based on different nominal power).  
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Figure 4-8 Large scale wind turbine parameters trends 

10
1

10
2

Rotor Diameter [m]

10
1

10
2

10
3

10
4

N
om

in
al

 P
ow

er
 [k

W
]

Darrieus H-type

Darrieus Troposkien

Model - Dar. H-type

Model - Dar. Troposkien

Model - Darrieus

Model - HAWT

10
1

10
2

Rotor Diameter [m]

10
2

10
3

10
4

Sw
ep

t A
re

a[
m

2
]

Darrieus H-type

Darrieus Troposkien

Model - Dar. H-type

Model - Dar. Trop.

Model - Darrieus

Model - HAWT

10
1

10
2

Rotor Diameter [m]

10

12

14

16

18

20

22

N
om

in
al

 W
in

d 
sp

ee
d 

[m
/s

]

Darrieus H-type

Darrieus Troposkien

Model - Dar. H-type

Model - Dar. Troposkien

Model - Darrieus

Model - HAWT

10
1

10
2

Rotor Diameter [m]

10
1

10
2

H
ub

 H
ei

gh
t [

m
]

Darrieus H-type

Darrieus Troposkien

Model - Dar. H-type

Model - Dar. Trop.

Model - Darrieus

Model - HAWT

10
1

10
2

Rotor Diameter [m]

10
1

10
2

R
ot

or
 H

ei
gh

t [
m

]

Darrieus H-type

Darrieus Troposkien

Model - Dar. H-type

Model - Dar. Trop.

Model - Darrieus

10
1

10
2

Rotor Diameter [m]

0.1

0.2

0.3

0.4

0.5

Eq
. N

om
. p

ow
er

 c
oe

ffi
ci

en
t (

k
PW

T0
)

Darrieus H-type

Darrieus Trop.

Model Darrieus

Model HAWT



 
Deliverable 2.2 
Assessment of applicable renewable energy generation technologies on 
NRA land and assets 
  

 

 

CEDR Transnational Road Research Programme 
Call 2019 

 

88 of 109 

 

 

 

 

 

 
Figure 4-9 Example of calculated power curves for large scale virtual wind turbines. 
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Regarding the expected lifetime and warranty period for wind turbines, based on the collected data for 

small wind turbines, it is observed that bigger wind turbines have longer warranty period and lifetime. 

The following models are proposed to estimate the different trends in turbine warranty period and 

lifetime for the considered wind turbine technologies: 

𝑀𝑀𝐻𝐻𝑊𝑊𝑊𝑊𝑈𝑈 = 𝑀𝑀𝐻𝐻𝑊𝑊𝑀𝑀𝐺𝐺 − (𝑀𝑀𝐻𝐻𝑊𝑊𝑀𝑀𝐺𝐺 −𝑀𝑀𝐻𝐻𝑊𝑊𝑀𝑀𝑁𝑁) ⋅ �
𝑃𝑃𝑁𝑁𝑦𝑦𝑦𝑦𝑁𝑁𝑊𝑊𝑅𝑅𝑁𝑁

𝑃𝑃𝑊𝑊𝑈𝑈.𝑠𝑠𝑀𝑀𝑛𝑛 + 𝑃𝑃𝑁𝑁𝑦𝑦𝑦𝑦𝑁𝑁𝑊𝑊𝑅𝑅𝑁𝑁
�
𝑘𝑘𝑃𝑃𝑃𝑃𝑊𝑊𝑛𝑛

  

 

𝑘𝑘𝑠𝑠𝑊𝑊𝑊𝑊 =
log �𝑀𝑀𝐻𝐻𝑊𝑊𝑀𝑀𝐺𝐺 −𝑀𝑀𝐻𝐻𝑊𝑊𝑀𝑀𝑁𝑁

𝑀𝑀𝐻𝐻𝑊𝑊𝑀𝑀𝐺𝐺 −𝑀𝑀𝐻𝐻𝑊𝑊𝑅𝑅𝑅𝑅𝑅𝑅
� 

log(2)  

 

 
Figure 4-10 Warranty period and Lifetime of small-scale wind turbines. 
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𝐿𝐿𝑃𝑃𝐿𝐿𝑊𝑊𝑈𝑈 = 𝐿𝐿𝑃𝑃𝐿𝐿𝑀𝑀𝐺𝐺 − (𝐿𝐿𝑃𝑃𝐿𝐿𝑀𝑀𝐺𝐺 − 𝐿𝐿𝑃𝑃𝐿𝐿𝑀𝑀𝑁𝑁) ⋅ �
𝑃𝑃𝑁𝑁𝑦𝑦𝑦𝑦𝑁𝑁𝐿𝐿𝑅𝑅𝑈𝑈

𝑃𝑃𝑊𝑊𝑈𝑈.𝑠𝑠𝑀𝑀𝑛𝑛 + 𝑃𝑃𝑁𝑁𝑦𝑦𝑦𝑦𝑁𝑁𝐿𝐿𝑅𝑅𝑈𝑈
�
𝑘𝑘𝑃𝑃𝐿𝐿𝑛𝑛𝑃𝑃

 

𝑘𝑘𝑠𝑠𝐿𝐿𝑅𝑅𝑈𝑈 =
log �𝐿𝐿𝑃𝑃𝐿𝐿𝑀𝑀𝐺𝐺 − 𝐿𝐿𝑃𝑃𝐿𝐿𝑀𝑀𝑁𝑁

𝐿𝐿𝑃𝑃𝐿𝐿𝑀𝑀𝐺𝐺 − 𝐿𝐿𝑃𝑃𝐿𝐿𝑅𝑅𝑅𝑅𝑅𝑅
� 

log(2)  

Figure 4-10 shows the collected data regarding warranty period and lifetime for small scale wind turbines 

as well as estimations based on proposed models. 

For large scale wind turbines, a typical warranty period of 5 years can be considered. Regarding the 

lifetime, most of the manufacturers specified a minimum lifetime of 20 years, which can be extended up 

to at least 25 years depending on environmental factors and the correct maintenance procedures being 

followed. 
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4.2 PV MODULE META-PARAMETRIZATION  

The meta-parametrization of PV modules is presented in this sub-section. First, the correlation between 

the main PV module parameters and its nominal power (𝑃𝑃𝑀𝑀𝑃𝑃𝑃𝑃𝑆𝑆𝑃𝑃𝑆𝑆) has been analized based on the created 

database from collected data for silicon crystalline PV modules. It has been observed that the module 

parameters have at least a two-dimensional correlation, and the number of series connected cells per 

module (𝑛𝑛𝑠𝑠𝑀𝑀𝑀𝑀𝑑𝑑) has been selected as additional input (besides the nominal power) for the meta-

parametrization process, meaning that a PV module can be characterized by its nominal power and the 

number of series connected solar cells. 

The PV module area (𝐻𝐻𝑀𝑀𝑀𝑀𝑑𝑑) can be estimated by 

𝐻𝐻𝑀𝑀𝑀𝑀𝑑𝑑 = 𝑘𝑘𝑊𝑊𝑃𝑃𝑁𝑁0 ⋅ 𝑃𝑃𝑀𝑀𝑃𝑃𝑃𝑃𝑆𝑆𝑃𝑃𝑆𝑆
𝑘𝑘𝐴𝐴𝜂𝜂 ⋅ 𝑛𝑛𝑠𝑠𝑀𝑀𝑀𝑀𝑑𝑑

𝑘𝑘𝐴𝐴𝑁𝑁  

The PV module dimensions, length (𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑) and width (𝑀𝑀𝑀𝑀𝑀𝑀𝑑𝑑), are determined as follows: 

𝐿𝐿𝑀𝑀𝑦𝑦𝑎𝑎𝑡𝑡𝑤𝑤𝑀𝑀 =
𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑
𝑀𝑀𝑀𝑀𝑀𝑀𝑑𝑑

= 𝑘𝑘𝐿𝐿𝑊𝑊𝑃𝑃𝑁𝑁0 ⋅ 𝑃𝑃𝑀𝑀𝑃𝑃𝑃𝑃𝑆𝑆𝑃𝑃𝑆𝑆
𝑘𝑘𝐿𝐿𝑃𝑃𝜂𝜂 ⋅ 𝑛𝑛𝑠𝑠𝑀𝑀𝑀𝑀𝑑𝑑

𝑘𝑘𝐿𝐿𝑃𝑃𝑁𝑁 

𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑 = �𝐻𝐻𝑀𝑀𝑀𝑀𝑑𝑑 ⋅ 𝐿𝐿𝑀𝑀𝑦𝑦𝑎𝑎𝑡𝑡𝑤𝑤𝑀𝑀 

𝑀𝑀𝑀𝑀𝑀𝑀𝑑𝑑 =
𝐻𝐻𝑀𝑀𝑀𝑀𝑑𝑑
𝐿𝐿𝑀𝑀𝑀𝑀𝑑𝑑
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The electrical parameters at STC are evaluated based on the equivalent cell current density and voltage 

values as follows: 

𝐽𝐽𝑆𝑆𝑈𝑈𝑆𝑆𝑃𝑃𝑆𝑆 =
𝐺𝐺𝑆𝑆𝑈𝑈𝑆𝑆𝑃𝑃𝑆𝑆 ⋅ 𝑛𝑛𝑠𝑠𝑀𝑀𝑀𝑀𝑑𝑑

𝐻𝐻𝑀𝑀𝑀𝑀𝑑𝑑
= 𝑘𝑘𝜇𝜇𝑆𝑆𝑈𝑈𝑃𝑃𝑁𝑁0 ⋅ 𝑃𝑃𝑀𝑀𝑃𝑃𝑃𝑃𝑆𝑆𝑃𝑃𝑆𝑆

𝑘𝑘𝐽𝐽𝑆𝑆𝑆𝑆𝜂𝜂 ⋅ 𝑛𝑛𝑠𝑠𝑀𝑀𝑀𝑀𝑑𝑑
𝑘𝑘𝐽𝐽𝑆𝑆𝑆𝑆𝑁𝑁  

𝑉𝑉𝑂𝑂𝑈𝑈𝑆𝑆𝑈𝑈𝑈𝑈
𝑛𝑛𝑠𝑠𝑀𝑀𝑀𝑀𝑑𝑑

= 𝑘𝑘𝑃𝑃𝑂𝑂𝑈𝑈𝑃𝑃𝑁𝑁0 ⋅ 𝑃𝑃𝑀𝑀𝑃𝑃𝑃𝑃𝑆𝑆𝑃𝑃𝑆𝑆
𝑘𝑘𝑃𝑃𝑂𝑂𝑆𝑆𝜂𝜂 ⋅ 𝑛𝑛𝑠𝑠𝑀𝑀𝑀𝑀𝑑𝑑

𝑘𝑘𝑃𝑃𝑂𝑂𝑆𝑆𝑁𝑁  

𝐽𝐽𝑀𝑀𝑃𝑃𝑃𝑃𝑆𝑆𝑃𝑃𝑆𝑆 =
𝐺𝐺𝑀𝑀𝑃𝑃𝑃𝑃𝑆𝑆𝑃𝑃𝑆𝑆 ⋅ 𝑛𝑛𝑠𝑠𝑀𝑀𝑀𝑀𝑑𝑑

𝐻𝐻𝑀𝑀𝑀𝑀𝑑𝑑
= 𝑘𝑘𝜇𝜇𝑀𝑀𝑃𝑃𝑃𝑃𝑁𝑁0 ⋅ 𝑃𝑃𝑀𝑀𝑃𝑃𝑃𝑃𝑆𝑆𝑃𝑃𝑆𝑆

𝑘𝑘𝐽𝐽𝑀𝑀𝜂𝜂𝜂𝜂 ⋅ 𝑛𝑛𝑠𝑠𝑀𝑀𝑀𝑀𝑑𝑑
𝑘𝑘𝐽𝐽𝑀𝑀𝜂𝜂𝑁𝑁  

 

 

 
Figure 4-11 PV module parameters trends (part 1) 
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𝑉𝑉𝑀𝑀𝑃𝑃𝑃𝑃𝑆𝑆𝑈𝑈𝑈𝑈
𝑛𝑛𝑠𝑠𝑀𝑀𝑀𝑀𝑑𝑑

= 𝑘𝑘𝑃𝑃𝑀𝑀𝑃𝑃𝑃𝑃𝑁𝑁0 ⋅ 𝑃𝑃𝑀𝑀𝑃𝑃𝑃𝑃𝑆𝑆𝑃𝑃𝑆𝑆
𝑘𝑘𝑃𝑃𝑀𝑀𝜂𝜂𝜂𝜂 ⋅ 𝑛𝑛𝑠𝑠𝑀𝑀𝑀𝑀𝑑𝑑

𝑘𝑘𝑃𝑃𝑀𝑀𝜂𝜂𝑁𝑁 

The thermal coefficients for short-circuit current and open-circuit voltage, 𝑘𝑘𝑤𝑤𝑀𝑀𝑀𝑀𝑑𝑑 and 𝑘𝑘𝑣𝑣𝑀𝑀𝑀𝑀𝑑𝑑, are 

estimated by 

𝑘𝑘𝑤𝑤𝑀𝑀𝑀𝑀𝑑𝑑 = 𝑘𝑘𝐼𝐼𝑈𝑈𝑃𝑃𝑁𝑁0 ⋅ 𝑃𝑃𝑀𝑀𝑃𝑃𝑃𝑃𝑆𝑆𝑃𝑃𝑆𝑆
𝑘𝑘𝑊𝑊𝑃𝑃𝜂𝜂 ⋅ 𝑛𝑛𝑠𝑠𝑀𝑀𝑀𝑀𝑑𝑑

𝑘𝑘𝑊𝑊𝑃𝑃𝑁𝑁  

𝑘𝑘𝑣𝑣𝑀𝑀𝑀𝑀𝑑𝑑 = 𝑘𝑘𝑃𝑃𝑈𝑈𝑃𝑃𝑁𝑁0 ⋅ 𝑃𝑃𝑀𝑀𝑃𝑃𝑃𝑃𝑆𝑆𝑃𝑃𝑆𝑆
𝑘𝑘𝑃𝑃𝑃𝑃𝜂𝜂 ⋅ 𝑛𝑛𝑠𝑠𝑀𝑀𝑀𝑀𝑑𝑑

𝑘𝑘𝑃𝑃𝑃𝑃𝑁𝑁  

 

 

 
Figure 4-12 PV module parameters trends (part 2) 
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The PV module cost (𝑇𝑇𝐸𝐸𝐶𝐶𝑡𝑡𝑀𝑀𝑀𝑀𝑑𝑑) is approximated by 

𝑇𝑇𝐸𝐸𝐶𝐶𝑡𝑡𝑀𝑀𝑀𝑀𝑑𝑑 = 𝑘𝑘𝑈𝑈𝑀𝑀𝑠𝑠𝑡𝑡𝑃𝑃𝑁𝑁0 ⋅ 𝑃𝑃𝑀𝑀𝑃𝑃𝑃𝑃𝑆𝑆𝑃𝑃𝑆𝑆
𝑘𝑘𝑆𝑆𝑛𝑛𝑠𝑠𝑡𝑡𝜂𝜂 ⋅ 𝑛𝑛𝑠𝑠𝑀𝑀𝑀𝑀𝑑𝑑

𝑘𝑘𝑆𝑆𝑛𝑛𝑠𝑠𝑡𝑡𝑁𝑁 

 

 
Figure 4-13 PV module parameters trends (part 3) 

0 50 100 150 200 250 300 350 400 450

Max. Power [W]

0

0.01

0.02

0.03

0.04

0.05

0.06

k
iM

od
 [%

/°C
]

Data-MonoCrystalline

N
cell

=60

N
cell

=120

Data-PolyCrystalline

N
cell

=60

N
cell

=120

0 50 100 150 200 250 300 350 400 450

Max. Power [W]

-0.35

-0.3

-0.25

-0.2

-0.15

k
vM

od
 [%

/°C
]

Data-MonoCrystalline

N
cell

=60

N
cell

=120

Data-PolyCrystalline

N
cell

=60

N
cell

=120

0 50 100 150 200 250 300 350 400 450

Max. Power [W]

0

50

100

150

200

250

300

350

C
os

t [
EU

R
]

Data-MonoCrystalline

N
cell

=60

N
cell

=120

Data-PolyCrystalline

N
cell

=60

N
cell

=120

0 50 100 150 200 250 300 350 400 450

Max. Power [W]

0

5

10

15

20

25

30

M
od

ul
e 

W
ei

gh
t [

Kg
]

Data-MonoCrystalline

N
cell

=60

N
cell

=120

Data-PolyCrystalline

N
cell

=60

N
cell

=120



 
Deliverable 2.2 
Assessment of applicable renewable energy generation technologies on 
NRA land and assets 
  

 

 

CEDR Transnational Road Research Programme 
Call 2019 

 

95 of 109 

 

The PV module weight (𝑀𝑀𝑒𝑒𝑖𝑖𝑊𝑊𝑡𝑡ℎ𝑀𝑀𝑀𝑀𝑑𝑑) can be evaluated by 

𝑀𝑀𝑒𝑒𝑖𝑖𝑊𝑊𝑡𝑡ℎ𝑀𝑀𝑀𝑀𝑑𝑑 = 𝑘𝑘𝑊𝑊𝑃𝑃𝑁𝑁0 ⋅ 𝑃𝑃𝑀𝑀𝑃𝑃𝑃𝑃𝑆𝑆𝑃𝑃𝑆𝑆
𝑘𝑘𝑃𝑃𝜂𝜂 ⋅ 𝑛𝑛𝑠𝑠𝑀𝑀𝑀𝑀𝑑𝑑

𝑘𝑘𝑃𝑃𝑁𝑁  

Figure 4-11, Figure 4-12 and Figure 4-13 show the parameter trends for the considered PV module 

technologies and the estimations based on the proposed/considered meta-parameters. 

Table 7 Silicon PV Module Crystalline Meta-parameters 
Pa

ra
m

et
er

 

M
et

a-
Pa

ra
m

et
er

 PV Si-Crystalline 
Technology 

Pa
ra

m
et

er
 

M
et

a-
Pa

ra
m

et
er

 PV Si-Crystalline 
Technology 

Mono Poly Mono Poly 

𝑃𝑃𝑆𝑆𝑈𝑈𝑈𝑈.𝑀𝑀𝑎𝑎𝑂𝑂  [𝑀𝑀] 700 500 

𝜂𝜂 𝑆𝑆
𝑈𝑈𝑈𝑈

 
[%

] 

𝑘𝑘0𝜂𝜂 14.38 11.21 

𝛾𝛾 𝑎𝑎
  

[%
] 

𝑘𝑘0𝛾𝛾𝐿𝐿 0.670 0.670 𝑘𝑘1𝜂𝜂 0.12 0.147 
𝑘𝑘1𝛾𝛾𝐿𝐿 1.2e-3 6.8e-4 𝑘𝑘𝑠𝑠𝜂𝜂 0.64 0.64 
𝑘𝑘0𝛾𝛾𝑈𝑈 0.560 0.650 ∆𝜂𝜂𝑆𝑆𝑈𝑈𝑈𝑈 2 1.8 
𝑘𝑘1𝛾𝛾𝑈𝑈 8.1e8 26e10 𝜂𝜂𝑆𝑆𝑈𝑈𝑈𝑈.𝑀𝑀𝑤𝑤𝑠𝑠 12 8 
𝑘𝑘𝑠𝑠𝛾𝛾𝑈𝑈 3.860 5.178 𝜂𝜂𝑆𝑆𝑈𝑈𝑈𝑈.𝑀𝑀𝑎𝑎𝑂𝑂 24.5 20.5 
𝛾𝛾𝑎𝑎.𝑀𝑀𝑤𝑤𝑠𝑠 0.225 0.475 

𝐿𝐿 𝑀𝑀
𝑀𝑀𝑑𝑑

  
[𝑚𝑚

] 𝑘𝑘0𝐿𝐿 0.419 0.680 
𝛾𝛾𝑎𝑎.𝑀𝑀𝑎𝑎𝑂𝑂 0.715 0.795 𝑘𝑘𝑠𝑠𝐿𝐿 0.571 0.617 

𝑇𝑇𝐸𝐸
𝐶𝐶𝑡𝑡

𝑀𝑀
𝑀𝑀𝑑𝑑

 
[€

] 

𝑘𝑘0𝑈𝑈 1.840 0.563 𝑘𝑘𝑦𝑦𝐿𝐿 0.645 0.905 
𝑘𝑘𝑠𝑠𝑈𝑈 0.543 0.341 

𝑀𝑀
𝑀𝑀
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[𝑘𝑘
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𝑘𝑘𝐺𝐺𝑈𝑈10 -1.5e-2 -1.6e-2 

𝑘𝑘 𝑃𝑃
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[𝑚𝑚

2 /
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] 

𝑘𝑘𝐺𝐺𝑈𝑈00 9.3e-4 9.1e-4 

𝑘𝑘0𝐺𝐺𝑈𝑈1 2.3e-5 2.8e-3 𝑘𝑘0𝐺𝐺𝑈𝑈0 7.3e-6 2.3e-5 
𝑘𝑘𝑠𝑠𝐺𝐺𝑈𝑈1 -0.091 -0.227 𝑘𝑘𝑠𝑠𝐺𝐺𝑈𝑈0 -0.080 -0.058 
𝑘𝑘𝑦𝑦𝐺𝐺𝑈𝑈1 2.04 0.384 𝑘𝑘𝑦𝑦𝐺𝐺𝑈𝑈0 0.891 0.439 
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 𝑘𝑘𝑃𝑃𝑊𝑊0 8.081 17.95 
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𝑀𝑀
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/°
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𝑘𝑘𝑘𝑘𝑣𝑣0 -0.368 -0.399 
𝑘𝑘0𝑃𝑃𝑊𝑊 919.4 8.48e3 𝑘𝑘0𝑘𝑘𝑣𝑣 1.5e-5 4.6e-6 
𝑃𝑃𝑃𝑃𝑊𝑊0 5 -5.55 𝑘𝑘𝑠𝑠𝑘𝑘𝑣𝑣 0.388 -0.06 
𝑘𝑘𝑠𝑠𝑃𝑃𝑊𝑊 -0.695 -1.324 𝑘𝑘𝑦𝑦𝑘𝑘𝑣𝑣 2.034 3.023 

𝑘𝑘𝑀𝑀𝑃𝑃2𝑂𝑂𝑈𝑈  [p.u.] 0.841 0.814 𝑘𝑘𝑑𝑑𝑘𝑘𝑣𝑣 -0.46 -2.483 
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Table 7 summarizes the calculated meta-parameters from the created database of collected data for 

silicon crystalline PV modules. 

Figure 4-14 shows the collected data related to linear output degradation for the analysed PV modules. 

 

Figure 4-14 Guaranty - Linear Output Degradation for analyzed PV modules 
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4.3 CASE STUDY: ROADSIDE LOCATION 

For this case study, the comparison of different RETs to maximize the annual energy production is done 

for a specific location. Figure 4-15 shows the considered roadside area for this case. The considered area 

is located at latitude: 43°20'41.31"N and longitude: 4°8'41.74"W. For example, the target area is located 

near the main road. The wind speed statistics for this location is shown in Figure 3-8. The solar radiation 

data is plotted in Figure 3-12.  

Table 8 summarizes the terrain main characteristics needed for the RET evaluation. The comparison is 

done from the technology point of view but not from the discrete generation device point of view, so a 

meta-parameterized approach as introduced in (Barrera-Cardenas 2015) is considered and the obtained 

meta-parameters for each technology are used. 

 

 

Figure 4-15 Considered roadside area (marked in blue colour) for roadside application case. Location 
Latitude: 43°20'41.31"N; Longitude: 4°8'41.74"W 
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4.3.1 SMALL SCALE WIND 

First, small scale wind energy technologies have been evaluated. Based on the meta-parameters of each 

wind turbine technology obtained in section 4.1, different virtual wind turbines (with different nominal 

power) from each technology has been evaluated and wind farm design based on methodology presented 

in section 3.6 has been carried out for each wind turbine. In this way, a design space for each wind turbine 

technology has been evaluated in terms of annual energy production and total installed cost.  

It has been considered a separation distance parallel to the prevailing wind direction of 9 rotor diameters 

for HAWT technology, 3 rotor diameters for Darrieus and hybrid type turbines and 2 rotor diameters for 

Savonius turbines. On the other hand, a separation distance perpendicular to the prevailing wind direction 

of 3 rotor diameters for HAWT technology, 2 rotor diameters for Darrieus and hybrid type turbines and 1 

rotor diameters for Savonius turbines, have been considered in this study. 

Table 8 Terrain characteristics for roadside case study 
Latitude 𝜑𝜑𝐿𝐿𝑎𝑎𝑡𝑡 43.342° Longitude 𝜆𝜆𝐿𝐿𝑀𝑀𝑠𝑠 -4.145° 
Equivalent Length 𝐿𝐿𝑦𝑦𝑒𝑒𝑊𝑊 284.9 m Equivalent Width 𝑀𝑀𝑦𝑦𝑒𝑒𝑊𝑊 19.81 m 

Total Available Area 𝐻𝐻𝑦𝑦𝑒𝑒 5643.869 m2 Terrain Orientation 
(Azimuth) Φ𝑊𝑊 30.47° 

Surface roughness 
length 𝑧𝑧0 0.03 Zero plane 

displacement 𝑧𝑧𝑑𝑑 4 m 

Average air density 𝜌𝜌𝑎𝑎𝑤𝑤𝑦𝑦 1.225 kg/m3 UTC zone ΔT𝑈𝑈𝑈𝑈𝑈𝑈  2 

Mean wind speed at 
reference high 𝑉𝑉�𝑤𝑤𝑅𝑅𝑅𝑅𝑅𝑅 6.4 m/s 

Reference high for 
wind speed 
measurement 

𝑧𝑧𝑅𝑅𝑅𝑅𝑅𝑅 50 m 

Weibull shape factor 𝑘𝑘𝑤𝑤𝑅𝑅𝑅𝑅𝑅𝑅 1.8 Prevalent wind 
orientation 𝜙𝜙𝑊𝑊𝑤𝑤𝑠𝑠𝑑𝑑 135° 
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Figure 4-16 shows the results of small-scale wind turbine technology for the specific location of this case 

study. In top of Figure 4-16 the number of wind turbines that can be installed in the terrain, the expected 

annual energy production and the total installed cost against the wind turbine nominal power is plotted 

for each turbine technology. It can be noted that the number of turbines decreases as the wind turbine 

 

 

Figure 4-16 Performance Comparison of small-scale wind technologies for roadside case study 
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nominal power increases, as it can be expected because the turbine size increases with the nominal 

power, and therefore at some point the size of the turbine excess the available width of the terrain which 

limits the use of medium/large wind turbines in this case. A lower number of wind turbines based on 

HAWT technology can be installed compared to VAWT technologies because of the higher required 

separation distances for HAWT.  

Regarding the expected annual energy production (AEP), it increases with the size of the turbine in all 

cases, showing that it is preferred to install a few big turbines than many too small turbines. However, it 

can be observed that the increment on AEP is not uniform, showing local maximums for the range of the 

considered wind turbines. The wind turbine technologies with the highest AEP are Darrieus and hybrid, 

while the lowest values for AEP are obtained with HAWT technology. This fact is linked with the limitation 

on the number of turbines that be installed for HAWT.  

On the other hand, the total installed cost for the wind farm decreases as bigger turbines are used in all 

cases, as it can be noted from Figure 4-16. HAWT shows the lowest total installed cost and Savonius 

technology shows the highest cost. The expected total installed cost for small scale wind in this case range 

between 2000 and 4000 EUR/kW, which agrees with the reported in literature (IRENA 2021) 

Finally, the AEP per unit area and capital cost per produced annual energy is plotted in bottom of Figure 

4-16. It can be noted that a clear trade-off between these two performance indices is obtained for all 

technologies. It can be observed that a capital cost of 0.5 EUR per annual kWh produced with about 0.18 

MWh per m2 annual production can be achieved when HAWT is considered, while for Darrieus technology 

an annual energy production of 0.51 MWh per m2 with capital cost of 0.8 EUR per kWh annually produced 

can be obtained, and the highest AEP of around 0.78 MWh per m2 is obtained for Darrieus-Savonius hybrid 

technology with an associated capital cost of 1 EUR per kWh. The use of Savonius technology by itself 

does not show any advantage in this case. 
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4.3.2 SOLAR PV FARMS 

The design of solar PV farms to be installed in the roadside terrain in this case study, has been done 

considering the monocrystalline and polycrystalline PV technologies. Similar approach as for small scale 

wind has been used, so the comparison has been done based on the monocrystalline and polycrystalline 

meta-parameters obtained in section 4.2, then different PV modules, based on different power ratings 

for each technology are evaluated and the solar PV farm evaluation approach, introduced in section 3.7, 

has been applied to each virtual PV module. As the evaluation of the solar PV farm does not only depends 

on the selected module, but also on the module orientation, tilt angle and distribution of the modules in 

the terrain, then additional degrees of freedom in the design have been considered for the shake of 

completeness.  

First, for each type of module (mono- or poly-crystalline with a given rated power), different separation 

distances between PV modules have been explored. Also, as previously commented in section 3.2.2, an 

optimal module orientation and tilt angle that maximize the total annual average PV irradiance can be 

obtained, however these values does not guaranty the maximum annual energy production and therefore 

different values has been explored in the design. For this example, the optimal values are 𝛽𝛽𝑀𝑀𝑀𝑀𝑑𝑑.𝑂𝑂𝑃𝑃𝑈𝑈 = 36° 

and 𝜓𝜓𝑀𝑀𝑀𝑀𝑑𝑑.𝑂𝑂𝑃𝑃𝑈𝑈=-44°, and a design space including values for tilt angle between 𝛽𝛽𝑀𝑀𝑀𝑀𝑑𝑑.𝑂𝑂𝑃𝑃𝑈𝑈 ± 10° and 

module orientation values between 𝜓𝜓𝑀𝑀𝑀𝑀𝑑𝑑.𝑂𝑂𝑃𝑃𝑈𝑈 ± 10° have been considered. 

Figure 4-17 shows the results of Si Crystalline technology for the specific location of this case study. The 

design space for monocrystalline and polycrystalline technologies are plotted along with the solutions 

that maximize the AEP for each PV module nominal power. As can be expected, the total number of PV 

modules that can be installed in the terrain decreases as the module nominal power increases, which is 

linked to the size/area of the module. A higher number of monocrystalline modules with given nominal 

power can be installed compared with polycrystalline modules with same nominal power. Also, it can be 

noted that higher AEP can be achieved when modules with higher nominal power are used. 

Monocrystalline technology will leave the highest expected AEP in all cases.  
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Figure 4-17 Performance Comparison of PV solar technologies for roadside case study 
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Regarding the capital cost, it can be noted that the installed cost per kW decreases as the module nominal 

power increases. The lowest installed costs can be obtained with polycrystalline technology for all cases, 

which clearly introduces a trade-off between AEP and cost when both technologies are considered. 

Finally, the AEP per unit area and capital cost per produced annual energy is plotted in bottom of Figure 

4-17. It can be noted that a clear trade-off between these two performance indices is obtained for both 

technologies. It can be observed that a capital cost of 0.5 EUR per annual kWh produced with about 0.3 

MWh per m2 annual production can be achieved when polycrystalline PV technology is considered, while 

for monocrystalline PV technology, an annual energy production of 0.32 MWh per m2 with capital cost of 

0.75 EUR per kWh annually produced can be obtained. 
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5 CONCLUSION 

This report reviewed the performance of different RETs and introduced a methodology for the assessment 

of applicable renewable energy generation technologies on NRA land and assets. It has been shown that 

the proposed methodology allows for the design and evaluation of renewable generation energy systems 

based on small- and large-scale wind turbines and solar PV modules. 

A database of small-scale wind turbines and solar PV modules has been created within the framework of 

this study. The collected information has been used for analyzing the different trends and correlation 

between the different device's parameters needed for the performance evaluation of RETs. It has been 

shown that the technology trends can be quantified using meta-parametrization concept.  

On the other hand, a methodology for the modelling and design of renewable energy generation systems 

based on solar and wind technologies has been proposed and adapted for evaluation of DEGS in NRA land 

and assets.  

The main RET trends have been obtained and at the same time a comparison of different RETs has been 

made. The found meta-parameters have been used together with the proposed design approach for wind- 

and solar-farms, so a general comparison including different degrees of freedom can be performed and 

therefore the selection of the most appropriate RET can be achieved in future steps. It should be 

mentioned that the optimal selection of a RET depends not only on the RET performance itself but also 

on the terrain properties and available renewable energy sources in the location of interest.  

For small scale wind turbines, it has been found that wind turbines based on Darrieus-rotor architecture, 

or a hybrid Savonius-Darrieus rotor architecture can bring some advantages in terms of allocation of 

wind turbines in terrains near the main roads.  

Regarding PV modules, monocrystalline modules show better performance in terms of power density 

and efficiency but with a higher cost compared with polycrystalline modules.  

A comparison of the different RETs considered in this report has been made for a specific application case 

with defined location and renewable energy characterization of a roadside terrain near the main road. 

The trade-off between annual energy production per unit area and capital cost per produced annual 

energy has been obtained for wind and solar technologies. For wind technologies, it has been shown that 
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Darrieus wind turbines will allow for an annual energy production of 0.51 MWh per m2 with capital cost 

of 0.8 EUR per kWh annually produced in the considered roadside location and available terrain. For solar 

PV technologies, it has been found that a capital cost of 0.5 EUR per annual kWh produced with about 0.3 

MWh per m2 annual production can be achieved when polycrystalline PV technology is considered, which 

shows the best trade-off for solar PV technologies.  

The proposed method for annual energy production and capital cost estimation can be used in 

combination with other tools including regulatory framework, environmental impact, and business 

analysis to provide a clearer picture when selection of RET for a specific location needs to be done. 
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1 INTRODUCTORY REMARKS 

1.1 PURPOSE OF THE REPORT 

This report aims to identify the Battery Energy Storage Systems (BESS), potentially applicable to 
NRA’s in the area of renewable energy production. This study will focus on the market and 
technologies available for renewables integration in the grid. This application is considered to be 
the most suitable for the purpose of integrating renewables on the road infrastructure. 

By setting out and summarising the work done to identify the applicable BESS technologies, the 
report can act as a reference resource for the project team to help the NRA’s answer the following 
questions: 

• Based on the research undertaken by the ENROAD team, what are the relevant 
technologies available in the market suitable for the integration of renewables? 

• What are the opportunities and challenges arising from each specific technology 
applications? What are the decision-making parameters to select a BESS technology 
depending on the application? 

• How developed is the European market and which technologies are being implemented? 

How are BESS being applied in the European energy market? 

• What are the estimated main costs to consider when implementing BESS? 

 

1.2 METHODOLOGY 

The methodology adopted was to carry out research and analysis at a global level and then to 
do the same exercise at European level of existing and foreseen BESS technologies and 
applications for renewables on the road infrastructure. 
Arup has based the report on public available data and its own benchmarks, when available. 
 
The analysis intends to identify potential use of BESS. How and what technologies could be 
used in the business models to be proposed for the NRAs in their aims. 
 
The results of the desktop based research was complemented by the outcomes of the 
stakeholder integration workshops held together with the NRAs and the stakeholder selected 
and invited by them.   
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2 STUDY OF AVAILABLE BATTERY ENERGY STORAGE SYSTEMS 

TECHNOLOGIES FOR RENEWABLE GENERATION  

This section of the report aims to give an overall view of the key applications for battery storage 
and the various technologies available for utility scale renewables integration in the grid.  

There is a wide range of battery and cell technologies available on the market for energy storage 
purposes. As such, depending on the application, the most appropriate technology will vary. Each 
type of battery technology has its own advantages and disadvantages. For example, energy 
density, response time and shelf life are some of the key characteristics which are used in the 
selection of a battery technology in a particular application. Figure 1 details the suitability of 
varying battery technologies across applications in fast response systems, distribution scale 
systems and large capacity grid scale systems.  
 

 

Figure 1.- Application and technology overview. (Arup, 2019) 

Technologies appropriate for grid scale applications are those which have been considered as 
part of this study due to the requirement of integration of renewables technologies on the road 
infrastructure. Other applications for stationary batteries include, for example, distributed 
batteries. These are batteries situated close to the end user of electricity, e.g., in a house or 
office building.  
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2.1 KEY APPLICATIONS FOR BATTERY STORAGE IN GRID 

Grid scale batteries may be implemented into the energy system to serve a range of functions. 

• Grid services to provide system stability e.g. frequency response and reserves, voltage 
control and reactive power, constraint management and inertia. 

• Capacity markets e.g., the integration of batteries with renewable technologies to provide 
long term security in supply of renewables. 

• Wholesale energy arbitrage e.g., storing or purchasing electricity from grid when prices 
are low and reselling back to grid when prices are higher. 
 

Table  details different storage needs within the sector of stationary battery applications. As part 
of this study, a review of technologies used within renewables integration applications will be 
considered. 

Table 1.- The need for storage. (Arup, 2019) 

Storage need Revenue stream Revenue 
stream 

Revenue 
stream 

The ability to match generation and demand. Shift 
generated energy from off peak times to when it is 
needed. Grid level and small scale domestic applications. 

Price arbitrage, 
reduction in demand 
charges 

Minutes - 
Hours 

kW - MW 

Peaking plants are needed in order to meet changes in 
supply and demand conditions. 

Storage could provide this capacity in certain circumstances 
and reduce the need for fossil fuel peaking. 

Electric supply capacity 
– power capacity 
contract and price 
arbitrage 

Hours MW 

Increase the efficiency of thermal generation by ensuring a 
constant output. Storage can provide these load following 
services. 

Load following – power 
capacity contract 

Minutes - 
Hours 

MW 

Storage can be used to reconcile momentary differences 
between supply and demand. 

Storage can both adsorb and provide energy providing a 
twofold service. 

Balancing services – 
power capacity contract 

Seconds - 

Minutes 
MW 

Storage can provide reserve capacity that can be called 
upon in the event of the usual electricity supply resources 
becoming unexpectedly unavailable. 

Electric supply reserve Hours MW 

To maintain voltage and frequency at the required levels 
following a large disturbance requires a fast response. 
Storage can provide this service. 

Regulation response 
and voltage support – 
Avoided penalties from 
system operator 

Milliseconds - 

Seconds 
kW - MW 

Energy storage used for transmission support improves 
T&D system performance by compensating for electrical 
anomalies almost instantly. 

Transmission network 
support – Avoided 
penalties from system 
operator 

Milliseconds - 

Seconds 
kW - MW 

Transmission systems are becoming congested during 
periods of peak and off-peak demand. 

Storage can be used to mitigate this issue instead of 
investment in new transmission assets. 

Asset upgrade deferral 
– Avoided cost of 
infrastructure 
investments 

Hours kW - MW 

Storage to provide energy in the event of a system failure 
until the system is restored, or alternative energy sources 
are available. 

Electric service 
reliability – Reducing 
production / operating 
losses 

Hours kW - MW 
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2.2 BATTERY TECHNOLOGIES FOR RENEWABLES INTEGRATION  

A review of global existing and planned installations with applications in renewable energy 
integration was taken to determine technologies for detailed review. Figure 2 shows the 
percentage share for different battery storage technologies in applications for renewable energy 
integration projects globally for the previous 10 year (since 2013). 

Based on the figure 2 and table 1 Arup selected the technologies for review. The technologies 
that will be reviewed in depth as part of this study are lithium-ion, flow batteries, lead-acid, 
sodium sulphur, flywheels and nickel-based batteries.  
 
 

 

Figure 2.- Global share of commissioned and planned renewables integration energy storage projects by energy 

storage technology since 2013  (BloombergNEF, 2023) 

 
 

 LITHIUM-ION  

Lithium-ion batteries are a type of rechargeable battery in which lithium ions move from the 
negative electrode to the positive electrode during discharge and back when charging. Due to 
their high energy density, they are commonly used in consumer electronic products such as smart 
phones. They are also commonly used in electric vehicles, a deployment which is expected to 
drive down cost and improve performance. The technology can be scaled up to utility scale size 
and used in grid applications such as frequency response.  Research and development is on-going 
in various other chemistries of the battery type with a view to improving performance and 
reducing the cost. Lithium-ion battery technologies comprise a range of chemical make-ups, for 
example, lithium iron phosphate (LFP), lithium manganese oxide (LMO), lithium nickel cobalt 
manganese oxide (NCM) and lithium titanate (LTO). The main two lithium-ion sub-chemistries 
used within the stationary storage market and LFP and NMC. 

 

 

Flow Batteries, 3.4%

Flywheels, 0.5%

Lead Acid, 2.5%
Lithium Ion , 92.4%

Nickel-based, 0.7%

Sodium sulphur, 0.4%
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Table 2: Summary of Li-ion technologies (Cubes, 2022) 

Chemistry  Abbreviation Typical Use 

Lithium Cobalt Oxide  LCO Mobile consumer devices, laptops, 
smartphones 

Lithium Iron Phosphate  LFP Stored energy for mission critical 
environments, EVs 

Lithium Nickle Cobalt Aluminium Oxide NCA EVs 

Lithium Manganese Oxide LMO Medical devices, power tools, 
consumer devices 

Lithium Nickel Manganese Cobalt 
Oxide 

NMC EV powertrains, power tools, 
electrical grid storage 

Lithium-ion batteries are the most widely used technology for grid energy storage purposes in 
the European and global market, having the ability to supply megawatts of power for hours at a 
time.  At the time of writing, 610 out of 723 battery storage projects listed in Europe on 
BloombergNEF databases use lithium-ion technologies as the primary energy storage technology 
in their systems (BloombergNEF, 2023). Markets for integration in the grid include frequency 
regulation, price arbitrage and renewables integration. 

 

 

Figure 3: Lithium-ion battery make-up (Source: Arup Five Minute Guide) 

Renewables integration projects  
At the time of writing, Arup has identified 80 commissioned energy storage projects in Europe 
serving the purpose of renewable systems integration. Some examples are: 
 

• GIGA Buffalo Solar Wind Energy Storage Project (BloombergNEF, 2023) 
A 24MW/48MWh storage project located in the Netherlands, developed by GIGA Storage 
BV. This project was commissioned in 2022 and is co-located with both wind and solar 
assets.  

• Enerparc Buettel Energy Storage Project (BloombergNEF, 2023) 
A 12MW/8MWh energy storage system located in Germany, commissioned in April 2023. 
This project supports a 35MW distributed generation solar PV installation.  

https://www.bnef.com/storage-assets/15987
https://www.bnef.com/storage-assets/22969
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• GRIDSERVE Clayhill Farm Energy Storage Project (BloombergNEF, 2023) 
This project is a 6MW/6MWh energy storage installation in Bedfordshire, UK, 
commissioned in 2016. The energy storage facilitates a 10MW PV plant.  

• Akuo Energy Mortella Corsica Solar Energy Storage Project (BloombergNEF, 2023) 
A 7MW/7MWh battery installation, supporting a 7MW PV plant in Corsica. This project was 
commissioned in 2015.  

 
Additionally, Arup has identified 65 projects for battery storage in the pipeline, either recently 
announced or with financing already secured. Upon review of these projects, the trends in 
upscaling of capacity can be seen within the market.  
 

• Quinbrook Fortress Energy Storage Project (BloombergNEF, 2023) 
Announced in 2020, this battery storage project will provide 150MW/300MWh of storage 
to a 350MW PV plant in Kent, England. 

• Enlight Renewable Gecama Solar Energy Storage Project (BloombergNEF, 2023) 
A 100MW/200MWh storage project in Spain, announced in January 2023. This project will 
provide energy storage to a 250 MW solar PV farm.  

• Hive Energy Bluesky300 Hybrid Solar Energy Storage Project (BloombergNEF, 
2023) 
A 100MW energy storage project will be connected to a 100MW PV plant located in Greece. 
This projected was announced in September 2022.  
 

Key findings  

Table 3.- decision-making findings. Lithium-ion. (Arup, 2019) (BloombergNEF, 2023) 

Lithium ion  

Round-trip Efficiency 88-90% 

Total identified capacity and output in Europe in 

renewable energy integration (includes 
announced, under development and 

commissioned projects) 

512 MW / 742 MWh 

Advantages 

• Very high energy density 

• Ability to tolerate large number of discharges cycles 

• High efficiency 

• Most mature energy storage technology for renewable 
energy integration purposes 

Disadvantages 
• High costs 

• Negative effects of overcharging and over discharging 

 

 FLOW BATTERY 

Flow batteries are a rechargeable battery using two liquid electrolytes, one positively charged 
and one negative, as the energy carriers. The electrolytes are separated using an ion-selective 
membrane, which under charging and discharging conditions allows selected ions to pass and 
complete chemical reactions. The electrolyte is stored in separate tanks and is pumped into the 
battery when required. The storage capacity of flow batteries can be increased by simply utilising 
larger storage tanks for the electrolyte. Several chemistries are possible for the battery. 

https://www.bnef.com/storage-assets/8327
https://www.bnef.com/storage-assets/5859
https://www.bnef.com/storage-assets/12395
https://www.bnef.com/storage-assets/22083
https://www.bnef.com/storage-assets/21233
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Like Li-ion batteries, flow batteries can comprise of a range of chemistries, the most common 
ones being vanadium redox and zinc bromine. Vanadium redox is the most commercially mature 
technology available for flow batteries.  

The modularity and scalability of flow batteries mean that they are suitable for many grid 
applications such as load balancing, standby power and the integration of renewable energy 
sources.   

 

 

Figure 4: Diagram of flow battery (Arup, 2019) 

 

Renewables integration projects  
 
The number of flow battery installations identified for renewables integration in Europe is limited. 
A total of 6 projects have been identified in state of commissioned within Europe, with each 
installation having relatively low capacities when compared to those which are installed using 
lithium-ion technologies (BloombergNEF, 2023).  
 

• REDT Cornwall Energy Storage project (BloombergNEF, 2023) 
A vanadium redox flow battery installation in the UK with a storage capacity of 1.08MWh. The 
battery was commissioned in 2017 and supports a 350kWp solar PV installation. 
• Robert Bosch & BWP Braderup-Tinningstedt Braderup Flow Battery Energy 

Storage Project (BloombergNEF, 2023) 
A 0.325MW/1MWh vanadium redox flow battery installed in Germany. This project was 
commissioned in 2014 and is located alongside a 18MW wind farm.  
• EGPE Son Orlandis Solar Energy Storage Project (BloombergNEF, 2023) 
This project is a 1.1MW/5.5MWh vanadium redox battery installation in the Balearic Islands, 
Spain. Construction for this project began in December 2021. It will support energy storage 
needs for a 3.34MW solar farm.  
 

Although the identified market for flow batteries in Europe is currently limited, there are a range 
of installations elsewhere which confirm the technical viability of the technology for renewable 
systems integration within the grid.  

https://www.bnef.com/storage-assets/7711
https://www.bnef.com/storage-assets/4771
https://www.bnef.com/storage-assets/4771
https://www.bnef.com/storage-assets/19381
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• Liaoning Datang International Wanfangdian Zhenhai Wind Energy Storage 
Project (BloombergNEF, 2023) 
A 10MW/40MWh vanadium redox Energy storage installation, commissioned in 2020 in 
China. This project serves a 100MW windfarm.  

• Hokkaido Electric Minamihayakita Substation Energy Storage Project 
(BloombergNEF, 2023) 
A 15MW/60MWh vanadium redox storage system installed in Japan in 2015. This project 
stores energy and smooths output from a utility scale solar and wind farm. 
 

Key findings 

Table 4.- Decision-making findings. Flow Battery. (Arup, 2019) (BloombergNEF, 2023) 

Flow battery 

Round-trip Efficiency 74-77% 

Total identified capacity and output in Europe in 
renewable energy integration  (includes 

announced, under development and 
commissioned projects) 

3MW / 12MWh 

Advantages 

• Less sensitive to high depths of discharge 

• Ability to tolerate large number of discharge cycles 

• Virtual unlimited capacity 

Disadvantages 
• Low energy density  

• Limited project examples in Europe 

 

 LEAD ACID 

Lead acid battery technology is the most established battery technology. There are several 
variants of the technology available. Flooded lead-acid batteries immerse the electrodes in liquid 
electrolytes and release gases upon charging. An example of this is a standard 12V car battery. 
Sealed lead acid batteries come in two forms - absorbed glass mat batteries create energy by 
immobilising electrolytes with a microfiber glass mat, while gel cell batteries have the electrolyte 
mixed with silica dust to form an immobilised gel. Sealed batteries do not require the regular 
addition of water to the cells and vent less gas than flooded lead-acid batteries. However, they 
have a longer re-charge time and shorter useful life. Advanced lead acid batteries have been 
developed and are particularly suited to energy storage applications. 

Lead acid batteries are predominantly used for starting vehicle engines as well as for backup 
power supplies and for grid energy storage. The technology is mature for use as ancillary service 
such as an Uninterruptible Power Supply (UPS), with demonstrated applications for bulk energy 
storage. Lead acid has been demonstrated as storing between 0.1 and 10 MW over a period of 
hours, but there are examples of projects which have capacities up to 50MW. The technology can 
be used in applications in grid-scale storage and distributed storage. 

 

https://www.bnef.com/storage-assets/11823
https://www.bnef.com/storage-assets/11823
https://www.bnef.com/storage-assets/3192
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Figure 5: Diagram of lead-acid technology (Arup, 2019) 

Renewables integration projects  
 
Arup has identified 3 projects in Europe (in Germany) which utilise lead-acid technology for 
renewables integration applications, the most recent being commissioned in 2019. An example 
project includes: 

• Belectric Germany Energy Storage Project (BloombergNEF, 2023) 
A 1.6MW/2MWh lead acid battery installation in Germany. This project was commissioned in 
2014 and supports a 67.8MW solar PV plant.  

 
Outside of Europe exists wider selection of lead-acid installations supporting renewables, for 
example: 

• Kazenomatsubara Shizen Energy Noshiro Energy Storage Project 
(BloombergNEF, 2023). A 9.64MW/24.1MWh installation in Japan, commissioned in 2016. 
This energy storage project supports a 39.1MW wind farm. 

• Three Gorges Group Changdu Basu Yiqing Solar Energy Storage Project Phase 
I (BloombergNEF, 2023). A 5MW/20MWh lead acid battery installation connected to a 
20MW PV plant in Tibet, China, commissioned in 2022. 

Key findings  

Table 5.- Decision-making findings. Lead Acid. (Arup, 2019) (BloombergNEF, 2023) 

Lead acid 

Round-trip Efficiency 82% 

Total identified capacity and output in 
Europe in renewable energy 

integration  (includes announced, 
under development and commissioned 

projects) 

2 MW / 2MWh (last installation in 2014, note no planned installations in 
pipeline) 

Advantages 

• End of life recycling infrastructure in place 

• Relatively efficient  

• Low self-discharge 

 

Disadvantage 
• Low energy density  

• Susceptible to high depths of discharge 

https://www.bnef.com/storage-assets/5314
https://www.bnef.com/storage-assets/5314
https://www.bnef.com/storage-assets/6424
https://www.bnef.com/storage-assets/18553
https://www.bnef.com/storage-assets/18553
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 SODIUM SULPHUR  

A sodium sulphur battery is a molten state battery constructed from sodium (Na) and sulphur 
(S). The battery casing is the positive electrode while the molten core is the negative electrode. 
The battery operates at high temperatures of between 300-350°C, while lower temperature 
versions are under development. In charging, the sodium ions are transported through the ion 
selective conductor to the anode reservoir. Discharge is the reverse of this process. Because 
sodium ions move easily across the ion selective conductor, but electrons cannot, there is no self-
discharge. When not in use the batteries are typically left under charge so that they will remain 
molten and be ready for use when needed. If shut down and allowed to solidify, a reheating 
process is initiated before the batteries can be used again. 

NaS batteries can be used for many grid applications such as: power quality applications, grid 
stabilisation and the integration of renewable energy sources. 

 

Figure 6: Diagram of a sodium sulphur battery (Arup, 2019) 

 

Renewables integration projects  
 
This type of installation is not popular in Europe, with a total of 10 identified project examples in 
grid applications. With the specific application of renewables integration, there is one identified 
project example within Europe.  

• Enercon Emden Energy Storage Project (BloombergNEF, 2023) 
A 0.8MW/5.8MWh sodium sulphur battery project commissioned in 2009 in Germany to 
support a wind farm. 

 
Outside of Europe, additional examples of installations exist but the technology uptake is still low 
with just 13 identified commissioned installations in renewables integration globally, many of 
which are located in Japan. Examples include: 
 

• Kyushu Electric Buzen Energy Storage Project (BloombergNEF, 2023) 
A 50MW/300MWh NaS  Energy storage project in Japan, commissioned in 2016. 

https://www.bnef.com/storage-assets/825
https://www.bnef.com/storage-assets/5402
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Key Findings 

Table 6.- Decision-making findings. Sodium Sulphur. (Arup, 2019) (BloombergNEF, 2023) 

Sodium Sulphur 

Round-trip Efficiency 80%-82% 

Total identified capacity and output in 
Europe in renewable energy integration  

(includes announced, under 
development and commissioned 

projects) 

3 MW / 18 MWh (last installation in 2012, note no planned 
installations in pipeline) 

Advantages 

• High energy density  

• Long life cycle  

• Quick response 

Disadvantages 
• Heating required in process  

• Safety issues with molten sodium  

 

 NICKEL BASED 

Nickel-based batteries are a type of rechargeable battery technology that use nickel-based 
compounds as their positive electrode or cathode. There are two main types of nickel-based 
batteries. There are a variety of different chemistries which make up this technology group, for 
example, nickel-cadmium (Ni-Cd), nickel-metal hydride (Ni-MH) and nickel-sodium chloride. 
Nickel sodium chloride is used within stationary storage applications, a chemistry consists of a 
nickel chloride cathode, a beta alumina separator and a liquid sodium anode. The operating 
temperature of the cell is between 270 C and 350°C. In charging, the sodium ions are transported 
through the beta alumina to the anode reservoir. Discharge is the reverse of this process. Because 
sodium ions move easily across the beta alumina but electrons cannot, there are no side reactions, 
and therefore no self-discharge. 

When not in use the batteries are typically left under charge so that they will remain molten and 
be ready for use when needed. If shut down and allowed to solidify, a reheating process is 
initiated before the batteries can be used again. 

 

Figure 7: Diagram of sodium nickel chloride battery technology (Arup, 2019) 
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Renewables integration projects  
 
Uptake of nickel based battery installations has not been popular within Europe – the most recent 
installation was commissioned in 2015 and supports a 10MW PV plant.  
 

• Enel Green Power Catania Energy Storage Project (BloombergNEF, 2023) 
This 1MW/2MWh sodium nickle chloride installation was commissioned in 2015 and supports 
a 10MW PV plant. 

 
Outside of Europe, major examples of the use of nickle based technologies for renewables 
integration is also limited. Existing commissioned installations of energy storage plants which use 
solely nickel based technology are of smaller scale, with capacities in the range of 0.1 – 2MW. 

Key Findings 

Table 7.- Decision-making findings. Nickel Based. (Arup, 2019) (BloombergNEF, 2023) 

Nickel based 

Round-trip Efficiency 85% 

Total identified capacity and output in 
Europe in renewable energy integration  

(includes announced, under development 
and commissioned projects) 

3 MW / 1 MWh (last installation in 2015) 

Advantages 

• High energy density  

• Fully recyclable  

• Long life (20 years) 

Disadvantages 
• Heat may be required 

• Unsuitable for short cycling 

 

 FLYWHEELS 

Flywheel energy storage makes use of the mechanical inertia contained within a rotating 
flywheel in order to store energy. Flywheels store electrical energy by using the electrical 
energy to spin a flywheel (usually by means of a reversible motor/generator). In order to 
retrieve the stored energy, the process is reversed with the motor that accelerated the flywheel 
acting as a brake extracting energy from the rotating flywheel. In order to reduce friction losses 
it is common to place the flywheels inside a vacuum with the actual flywheel magnetically 
levitated instead of using conventional bearings. 
 
Flywheels as energy storage devices are more suited to improving power quality by smoothing 
fluctuations in generation, as opposed to having long output durations. This is because of the 
ability of flywheels to rapidly charge and discharge. Controlling grid frequency is an important 
feature and the need for this service will increase as the penetration of intermittent generating 
units increase.  

https://www.bnef.com/storage-assets/6633
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Figure 8: Diagram of flywheel technology (Arup, 2019) 

 

Renewable integration projects 
 
Examples of flywheel installations within Europe for renewables integration is limited. This is party 
due to the technology being more suited to improving grid stability and smoothing instead of 
power storage. An example project includes: 
 

• S4 Energy and ABB Heerhugowaard Wind Energy Storage Project 
(BloombergNEF, 2023) 
Commissioned in 2022, this project combines lithium ion and flywheel technologies to 
support a wind farm. The projects features a 10MWh battery systems with a 3MW 
flywheel. 
 

Key findings 

Table 8: Decision-making findings. Flywheels. (Arup, 2019) (BloombergNEF, 2023) 

Nickle based 

Round-trip Efficiency 82% - 85% 

Total identified capacity and output in 
Europe in renewable energy integration 

(includes announced, under development 
and commissioned projects) 

4 MW / 3 MWh 

Advantages 

• Rapid response time 

• Low maintenance  

• Effectively maintains power quality  

Disadvantages 
• Requirement for precision engineered components.  

• Must be housed in robust containers 
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2.3 BATTERY LIFETIME & DEGRADATION 

The reported market benchmarks may be limited depending on the technology and commercial 
operation date they might not be representative of the current market figures. Moreover, without 
application, details on capacity and number of cycles for an installation, it is difficult to accurately 
determine degradation. Various batteries technologies do differ however in their expected lifespan 
depending on the mentioned factors. 
 
Battery lifetime refers to the length of time a battery can be used before it no longer provides 
adequate performance. This is often measured in terms of cycles, or the number of times a 
battery can be charged and discharged before its performance degrades significantly. Battery 
degradation is the gradual loss of battery capacity and performance over time due to a number 
of factors, including usage patterns, temperature, and charging and discharging rates. 
 
Between 60% and 80% remaining capacity is often considered end of the useful life as internal 
resistance and thus losses increase in older cells. 
 
For stationary batteries, such as those used in renewable energy storage systems, the financial 
considerations of battery lifetime and degradation are important. Without application, details on 
capacity and number of cycles for an installation, it is difficult to accurately determine 
degradation. Various batteries technologies do differ however in their expected lifespan, as 
detailed in Table 9. 
 

Table 9: Expected lifespan of different battery technologies. 

Battery Chemistry Expected lifespan 

Lithium Ion 10 – 15 years (Cubes, 2022) 

Flow Batteries 30 years (Power, 2020) 

Lead Acid 5 – 7 years (Cubes, 2022) 

Nickel Based (sodium nickel chloride) 15 years (ScienceDirect, 2021) 

Sodium Sulphur 15 years (Insulators, 2023) 
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3 EUROPEAN MARKET 

3.1 MARKET OVERVIEW 

Although China is the global leader in the BESS sector, investments in Europe are increasing 
significantly, with lithium-ion battery production within the continent anticipated to increase 
rapidly. Utility-scale installations in Europe are expected to scale 11-fold in the coming years, 
increasing from 3GW/4GWh in 2021 to 33GW/95GWh by 2030 (Nsitem, 2023).  

 

Figure 9: Overview of battery storage capacities for varying applications in Europe (BloombergNEF, 2023) 

In terms of existing installed capacity within Europe, the market is still very much focused on grid 
services and price arbitage applications more so than renewables integration application, as 
highlighted by the graph of installed/planned powers and capacities in Europe for varying energy 
storage applications in Figure 9. 

The integration of energy storage technologies for renewable energy applications may be 
implemented through renewable energy and storage tenders or through storage tenders within 
the capacity market. Many energy storage projects are being secured via long-term contacts 
when capacity markets exist such as UK, Italy, Ireland and France. In Portugal and Germany, 
storage projects are being secured through tender processes. 

 

 REGULATIONS AND INCENTIVES 

Europe has set out some of the world’s most ambitious decarbonisation targets. The war between 
Russia and Ukraine has accelerated this decarbonisation, after the European Commission set out 
a ‘RePowerEU’ plan to cut Europe energy dependency on Russian gas well before 2030. The 
proposed plan will double the share of variable renewables in power generation, passing 60% by 

2030. It is true, however, that whilst having ambitous climate actions plans to combat reductions 

in emissions, many european countries lack energy storage specific targets in their policies. Italy 
and Spain are the only europeans countries which have specific energy storage targets in their 
NECPs, while the UK, Greece and France have independently set energy storage targets. 
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Despite lack of energy storage specific targets in many countries across the EU, it will be 
necessary for energy storage to play a to enable Europe to achieve is decarbonisation targets 
and to cut reliance on Russian gas. Grid scale batteries will play a vital role in balancing and 
integrating renewable energy generation into the European grid. They will also aid in the 
distribution of electricity during peak times (to prevent network reinforcements). Batteries are 
also essential to meet the growing EV demand and to reduce transportation related emissions to 
meet set emission targets. 
 
A number of EU countries including Belgium, Finland, France, Germany, Italy, Poland and Sweden 
announced funding of up to €3.2 billion for battery projects until 2031. However, this focus is 
mostly on EV batteries rather than battery cells.  

 MANUFACTURERS 

China is the frontrunner in battery manufacturing with 82% of the world’s cell manufacturing. As 
of the end of 2022, 84% of the 132GWh battery manufacturing capacity within Europe was owned 
by companies headquartered in Asia.  Batteries produced in Europe are more expensive than 
those produced in China – the cost of battery production in China in 2022 was $127/kWh 
compared to $169/kWh in Europe. This means that many of the battery technologies installed 
within Europe are manufacturers outside of Europe. Key battery manufacturers globally include 
CATL (China), LG (South Korea), BYD (China) and Tesla (USA). Many of these companies also 
have factories situated within Europe, such as the Tesla Gigafactory in Berlin and an LG factory 
situated within Poland.  

 
 
 

 
In terms of battery production within Europe, the generation capacity is expected to grow in the 
coming year, thus reducing the cost of production alongside. Key european manufacturers  
include Nothvolt (Sweden), Italvot (Italy), Morrow (Norway), PowerCo (Germany/Spain) and 
ElevenEs (Serbia) (Leach, 2023). 

 

 

Figure 10: Gigafactories within Europe (EnergiGune, 2021) 
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4 TYPICAL BATTERY COSTS 

Arup has conducted this section of the report based on available public data and Arup’s most 
recent benchmarks. The reported market benchmarks are limited and may not be representative 
of current market figures. Real installations are dependent on the technology and commercial 
operation date, among other factors. 
 
 

 

Figure 11: Capital costs for battery packs for different battery technologies (Arup, 2019) (Lazard, 2018). 

 
 
The graph in Figure 11 shows costs ranges for battery packs for varying battery technologies. 
Note that costs to create benchmarks for batteries other than lithium ion is limited, mainly due 
to the lack of installations for comparison. Historical data has been used in these cases. Finance 
assessors such as Bloomberg focus their costing analysis on lithium ion due to the dominance of 
this technology within the market. With market maturity the cost of lithium-ion batteries has 
decreased significantly, particularly in China. The same cannot be said for other battery 
technologies as their lack of commercialisation means that costs are not expected to decrease to 
the same levels to that of lithium ion. 
 
Not included is the capital cost of flywheel, as this technology has a relatively high capital cost 
when considering unit cost per unit of energy stored. This is mainly due to flywheels being 
relatively unsuitable for large energy storage purposes, and instead uses for smaller, 
instantaneous power applications in the grid.  
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The cost of lithium-ion batteries has decreased steadily and significantly since 2010, with a 
average global cost of €1188/kWh in 2010 to €129/kWh in 2021, as detailed in Figure 12. An 
increase was seen however in 2022, where the price increased to €137/kWh. This was mainly 
due to supply chain impacts after the pandemic, as well as the existence of an undersupplied 
market with high demand.  
 
 

 

Figure 12: Average global cost of battery pack since 2010 

 
The cost for lithium-ion batteries can be further split into their sub-chemistries, as detailed in 
Figure 13. As previously mentioned, NMC and LFP are the sub-chemistries most commonly used 
in stationary energy storage applications. In 2023, capital costs associated with NMC has an 
approximate cost of €140/kWh, while that for LFP is €100/kWh. It is important to note that the 
prices of batteries fluctuates and is extremely sensitive to the price of raw materials such as 
lithium and cobalt. 
 

 

Figure 13.- Global average capital costs for varying lithium-ion chemistries battery packs (BloombergNEF) 
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It is important to consider other costs than the battery that would account for the total cost of 
such an installation. The costs of the battery accounts for a significant proportion of the battery 
installation cost, but other aspects in an energy storage projects such as but not limited to,  
Balance of Plant costs, construction costs… The overall cost of the installation per unit installed 
capacity therefore increases. A range of total estimated costs are included in Figure 14, based on 
data from previous Arup confidential projects. 
 

 

Figure 14.- Total CAPEX for lithium-ion installations for projects within Europe (excludes grid connection and 

transformer cost) 

 
Operational and maintenance is a key cost which should also be considered. Benchmark data for 
battery installations other than lithium-ion is limited due to a limited number of commercial 
projects globally. The operations and maintenance of an energy storage installation includes 
monitoring and control, maintenance, safety, and environmental considerations. 
 
Using information from a range of previous lithium-ion battery projects in the UK, OPEX costs 
have been reviewed to allow the calculation of a benchmark. These figures may vary depending 
on economies of scale. The estimated annual operation and maintenance cost for a battery 
installation is expected to be within the range 14.5 – 18.5 €/kWh. 
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