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ABSTRACT 
Hybrid renewable energy systems (HRES) have proven to be a more stable and feasible 

source of energy than heir single source counterparts. The benefit of HRES is their 

ability to balance the stochastic behavior of wind and solar production. As result of this, 

they have been used as stand-alone systems with great success. Optimization studies in 

the field have shown optimum sizing of the components in the system to be a key 

element in order to increase feasibility.  

 

This paper focuses on the HRES impact on internal grid design and cost. The goal of the 

thesis is to create a mathematical function and graph on the internal grid design/cost 

relation for a virtual site with varying wind speed and solar irradiation. A secondary goal 

is to analyze how much Photovoltaics (PV) in Megawatt (MW) that can be connected to 

the internal grid post realization of the wind farm and to performed this analyze on the 

two specific case projects, Site A (17.25 MW) in Sweden and Site B (51.75 MW) in 

Italy.  

 

By utilizing a case study methodology, a mathematical model was created based on two 

case projects, both with potential to be a combined Wind-PV hybrid plants provided by 

the wind developer OX2. Identifiers for the two cases studied in this thesis where 

removed with respect to OX2’s ongoing projects.  

 

Hybrid renewable energy systems is a method of increasing the utilization of a regions 

RES, the system has an increase in overall power output compared to the single RES 

alternative. However, the internal grid cost was shown to be 3.85 % more expensive Site 

A and 5.3 % in Site B. This stood in direct correlation to the HRES in Site A using 8.6 % 

more cable for its internal grid and 29.7 % more in Site B, this is highly depending 

(depending on the location of the PV array). Furthermore, the case projects showed that 

the maximum PV to be connected post realization of the farm without major curtailment 

would be 11.5% of the wind farms rated power in the case of site A and 67.6 % in the 

case of Site B. Variations in wind speed and solar irradiation were shown to have some 

impact on grid cost. However, the results pointed out that grid cost in HRES is to a 

higher degree affected by total cable length in the internal grid than fluctuation in 

available energy sources. The extent of increase in cable length, the total grid investment 

cost rises up to 53.4 % for the two case projects. 

 

Key words: Hybrid renewable energy systems, Wind power, Photovoltaics, 

Optimization, Grid design.   
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CHAPTER 1. INTRODUCTION  

The evolving solution to our day’s energy problems is an energy mix of increasing 

complexity and decentralization (Szarka, et al., 2012). Renewable energy sources (RES) 

is an emerging option to meet the increasing energy demand, but most RES are 

unreliable due to their stochastic nature of occurrence. Because of the fluctuating 

production from RES like wind and solar energy, and their common location on the 

edges of the power grid, the risk of affecting grid stability is increased.  

 

Hybrid renewable energy system (HRES) is a combination of two or more renewable 

energy sources, like in the case of this paper, wind turbine generators (WTG) and solar 

photovoltaic (PV). A HRES system is used to enhance the overall utilization of the 

system and through this ensure grid stability. This is due to the fact that often, when 

there is less solar irradiation, there is plenty of wind and vice versa. Because of this 

power production is much more stable, and the feasibility of the system increases 

(Khare, et al., 2015).  

 

With increasing utilization of the available RES the overall feasibility of the power 

system increases as well. However, not all sites with high annual wind speeds and high 

solar irradiation are feasible sites for a project (Samorani, 2014). Since renewable energy 

contributes to increased decentralization of energy resources it also increases the 

investment cost as the distance from source to transmission line increases. Because of 

this economic plays a major role in power grid investments, when dictating the level of 

feasibility in a wind power project (Mills, et al., 2009).  

 

Previous work in the field of HRES has mainly focused on pre-feasibility studies and 

optimization modeling, control aspects and reliability issues in off-grid applications such 

as (Ma, 2014) and (Ramli, 2016). The field of grid design optimization in hybrid 

facilities is therefore still an unexplored area; this thesis will serve as a new contribution 

to research concerning grid connected HRES. 

 

The din power developer OX2 is assessing new business areas in renewable energy. One 

of them is the combination of wind energy and PV arrays using the same grid connection 

point. In order to evaluate the feasibility of this new business area, a study on the grid 

design and the grid costs is needed. The two respective projects to be studied in this 

thesis have both the potential to be an combined Wind-PV hybrid plant and are therefore 
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used as benchmark cases for further analysis. Thus, the aim of this project is to create a 

mathematical function for assessing grid costs in HRES projects.  

 

This thesis utilizes the case study research method, a method used to derive a deeper 

understanding of a single or small number of “cases” set in a real-world context. The 

case study methodology is commonly used when addressing either descriptive or 

explanatory questions, as in the case of this thesis. A full description of the methodical 

framework will be provided in Chapter 3 Methodology and data. 

1.1 PROJECT GOALS AND RESERSCH QUESTIONS 

The main goal for this project is to create a mathematical function and graph on the grid 

design/cost relation for a virtual site with various wind speed and solar irradiation levels, 

showing how cost and design vary with wind speed and solar irradiation.  

 

Based on the project goal two main research questions are specified:  

 

 To what level can photovoltaic power be connected to respective case project 

using the wind power optimized grid connection?    

 How do grid cost and design vary with wind speed and solar irradiation? 

1.2 DELIMITATION OF SCOPE  

One important delamination of the scope of this thesis is the fact that both wind energy 

production and PV is highly depending on the meteorological conditions at the 

respective sites. Because of this the results is limited to the circumstances and terrain in 

the examined cases, this is a natural limitation in the methodology of choice.  

 

Another delimitation is that the calculations performed in this project will be based on 

results from already performed WindPRO simulations performed by OX2, and therefore 

no production simulations was performed during this project. Solar production will be 

calculated from irradiation data and based on the specification on a certain PV module, 

presented in section 3.2.2 Technical specification. However, a brief explanation of the 

simulations results origin and credibility will be covered in section 3.2.1 Production 

data.     

1.3 MAIN DATA SOURCES  

The main data used in this thesis was wind- and solar resource and production data for 

the specific case sites. The wind resource data and production simulation data from the 
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software WindPRO was provided by OX2. The wind power production data was 

acquired through state of the art measurements and simulation performed by OX2.Tthe 

data was presented as longtime corrected measurement series over a 20-year period with 

an average measurement over every hour.  

 

Solar irradiation data was accessed through two different open databases, SMHI open 

data base (SMHI, 2016) and NASA Surface meteorology and Solar Energy: Daily 

Averaged Data (NASA, 2016).  

1.4 TERMINOLOGY  

This section defines the specific terminology used in this thesis in order to clarify and 

guide the reader. 

1.4.1 THE STOCASTICAL BEHAVIOR OF RENEWABLE ENERGY SOURCES 

Not all renewables exhibit stochastic behaviors, Hydropower, bio fuels and renewable 

produced hydrogen gas are all fully controllable RES, and in many energy systems used 

as balancing power to counteract the stochastic behavior of other RES.  

 

When referring to the stochastic nature of renewable energy sources in this thesis, the 

author refers to the stochastic nature of wind and solar irradiation, which are the main 

components in a wind-solar hybrid system.    

1.4.2 INTERNAL GRID AND CONNECTION POINT 

In this thesis, internal grid is defined as consisting of cables including cable cabinets and 

termination connection in the wind farm/HRES, from turbines and PV all the way to the 

transmission grid substation. The substation connecting the internal grid to the 

transmission grid is in this thesis defined as the facility connection point. In this thesis 

only single connection point cases will be covered, meaning the internal grid will only 

be connected to the transmission grid through one single substation.  

1.4.3 GRID OPTIMIZATION 

The definition of grid optimization could include a variety of different aspects, in this 

paper grid optimization will be defined as the economically optimized layout for a 

specific case.  

 

Optimization of grid layouts will in this thesis include, economical optimization of cable 

dimensions in order to minimize losses and thus finding the most economical feasible 

cable dimensions over the installations entire lifespan. Furthermore, an optimization of 
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internal cable length is included in order to minimize the total length of cable being used 

in the installation, thus optimizing the installations initial investment.   

1.5 CONTENT 

Chapter one provided information regarding benefits of HRES and the gap in research 

field of internal grid optimization for HRES. Research goals and research questions have 

been presented. Declaration of the research method is illustrated and will be further 

elaborated on in Chapter 3 Methodology and data. The author highlighted the 

delamination of scope and the main data source used for this thesis.  

 

The outline of the thesis is as follows: 

Chapter one, introduction, aims to explain the benefits and need for further research on 

HRES. Research goals and research questions are included in this chapter. A 

terminology section to assist the reader was also introduced. 

 

Chapter two, literature review, will provide a few significant contributions to various 

research and guide the reader through literature relevant for this thesis. The aim of this 

chapter is build a theoretical foundation that will support further analysis and 

conclusions.  

 

Chapter three, methodology and data, will provide a methodical framework together 

with choice of method and clarification of how the study was performed. The purpose is 

to present the research approach and methodical limitations. Applicable empirical data 

will also be illustrated in this chapter. 

 

Chapter four, application of the methodology and results, Describes derived results from 

optimized investments cost associated with the different grid designs, maximum PV (in 

MW) that can be connected to each of the cases, and mathematical function showing 

how grid cost and design vary with wind speed and solar irradiation. Application of 

results is based on the methodology defined in the previous chapter.  

 

Chapter five, discussion and analysis, results from previous chapter will here be 

discussed. The aim of the analysis is to express the authors’ opinion of the results from 

grid optimization HRES.  

 

Chapter six, conclusions, will answer the main research question. Provide the limitations 

of the research and finally, recommendations for future research are discussed. 
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CHAPTER 2. LITERATURE REVIEW 

This chapters aims to build a theoretical foundation that will support further analysis by 

reviewing relevant literature. This will be done with an emphasis on grid integration and 

design as well as the structure, benefits and drawbacks of HRES.  

2.1 PREVIOUS WORK IN THE FIELD 

Previous studies in the field of HRES has mainly covered the aspect of pre-feasibility, 

optimum sizing, modeling, control aspects and reliability issues in stand-alone HRES. 

The field of grid design optimizing in wind farms is a fairly unexplored area, and 

optimizing grid design for HRES even more so. Therefore, this thesis will serve as a new 

contribution to research of HRES, and thus help fill the gap in the field.  

 

This section will discuss a few significant contributions of various researchers in the 

field of HRES. These contributions will be briefly covered here and return to during the 

latter part of this thesis, where results and conclusions will be rendered.      

 

Khare et al. (2015) provided overall description of the system as well as description of 

pre-feasibility study for stand-alone HRES in Newfoundland. Modeling and strategies 

for sizing and various cost index were also analyzed (Khare, et al., 2015). Bayod-Rujula 

et al. (2013) studied the pre-feasibility studies and size optimizations of HRES using the 

Monte Carlo Simulation Method and Particle Swarm Optimization Algorithm and 

modeling. Hybridization of renewables archives a higher feasibility rate than the non-

hybrid alternative, optimal sizing of the battery bank can in some cases lower the AEP 

losses by 40% (Bayod-Rujula, et al., 2013).  

 

Maleki et al. (2015) studied grid connection of wind-solar HRES mainly focus on 

techno-economical optimizing the size of the installation and in most case in micro grid 

or grid independent HRES. Component sizing were compared of different seasons in 

terms of the total annual cost and variation wind speed and solar irradiation as well as 

energy demand. The Monte Carlo Simulation Method provides a new method already 

present in the field of optimization into the field of HRES, showing that WTG/battery 

combinations are the more efficient solution than the WTG/PV/battery solution, thus 

making wind farms with additional battery bank a strong contender to HRES (Maleki, et 

al., 2015).  

 

Ramli et al. (2016) analyzed the potential for wind-solar hybrids systems in Saudi 

Arabia. A techno-economic energy analysis of wind-solar hybrid systems was based on a 

case study in Saudi Arabia’s western coastal area. WTG with joint battery banks are 
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important components to meet load demand during night hours in a Wind-solar hybrid 

system, since both wind and solar components contribute to the largest cost in the hybrid 

system and therefore it’s important to optimize size of the wind-solar hybrid system 

components in order to ensure feasibility (Ramli, et al., 2016).  

 
González et al. (2015) utilized the methodology of case study in order to assess optimal 

sizing of hybrid grid-connected photovoltaic-wind power systems for real hourly wind 

and solar irradiation data and electric data. Optimization was performed using Genetic 

Algorithm and Particle Swarm Optimization Algorithm together with a comprehensive 

cost assessment discounting future cost according to Net Present value metric. The result 

from this study was that an optimization algorithm that calculates optimum sizing of PV 

and wind power components in a grid-connected HRES according to a given electricity 

demand. Wind turbine efficiency improvements was shown to have a greater impact on 

the results than PV efficiency improvements. Therefore the study shows that for the 

location examined, wind power is a renewable resource with greater potential for 

optimization but is well complemented by solar resource (González, et al., 2015).  

 

Ma et al. (2014) presented a detailed feasibility study and techno-economic evaluation of 

stand-alone hybrid solar-wind system with battery energy storage on a remote island. 

Methodology of optimization was utilized and several thousands of cases in hourly basis 

was carried out, using the simulation tool Hybrid optimization Model for Electric 

Renewable (HOMER). The study shows that the studied islands existing diesel generator 

could be fully replaced with a 100 % renewable system, the results also showed that the 

proposed HRES system consisting of wind-solar and battery storage is practical and cost 

efficient solution for remote islands. Small percentage of capacity shortage and or some 

degree of unmet peak load is allowed in the system the size of the individual systems 

components could be greatly reduced (Ma, et al., 2014). 

 

Aydin et al. (2013) explore site allocation for solar–wind HRES at western turkey based 

on geological information system (GIS). The study utilizes Fuzzy logic and GIS tool in 

order to search for the best and alternative location that benefits both financial and 

ecological criteria. The study concludes that even though renewable energy sources have 

an advantage over conventional energy sources in terms of environmental impact, 

renewables is also associated with various impacts as well. The study resulted in 

developing a decision support tool for renewable site selection taking both economic 

feasibility and environmental fitness into consideration (Aydin, et al., 2013). 
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2.2 HYBRID RENEWABLE ENERGY SYSTEMS 

A hybrid power plant consists of two or more different RES (most common wind and 

solar), the idea behind the setup is to gain a more even energy production by balancing 

stochastic nature of occurrence from RES like wind and solar energy. As a result of this 

the balancing, HRES increased system efficiency as well as greater balance in energy 

supply (Khare, et al., 2015). Hybrid systems is a way of utilizing low or non-emission 

energy sources more frequently, meaning less environmental impact as well as having a 

cost-effective system with a much higher utilization (Maleki, et al., 2015).  

 

Historically, hybrid energy systems has mainly been used in small stand-alone systems, 

operating "off-grid" not connected to a distribution system. Stand-alone solutions play an 

important role in the electrification of rural areas, since grid installation costs is 

considerably higher for remote areas (Muralikrishna & Lakshminarayana, 2008). 

Therefore, a hybrid systems increased utilization of local energy resources is not only a 

way for rural electrification but also a way to lower the energy price by lowering the 

dependency for conventional fuels (Alliance for Rural Electrification, 2008). Most 

stand-alone hybrid systems today utilize a mix of renewable energy, storage and backup 

generator, where the backup generation in most cases comes from a diesel generator 

(E.ON, 2016). HRES on the other hand utilizes 100 % RES and in this case the backup 

generation can be covered by bio fuel, hydrogen gas produced by RES or hydropower.  

 

The storage component mentioned previously is most common in stand-alone HRES 

installation as the system need maximum utilization in order to avoid power shortage in 

the system. However, for grid connected HRES, this is not the case since a power grid 

consists of several power suppliers. Thus the storage component is not necessary, but 

never the less a way to further increase utilization and feasibility by stepping in when 

there is low or no production from wind and solar (Khare, et al., 2015).   

 

Since hybrid systems reduces the stochastic behavior of RES by combining the strengths 

and weaknesses of different RES and thus making them more reliable from a production 

perspective, grid connection of large scale HRES installations is starting to be a more 

frequent occurrence in the energy mix. Research on HRES has proven them to be more 

economically feasible than the single source alternative (Muralikrishna & 

Lakshminarayana, 2008). This together with the decentralization in most countries 

energy systems has led to an increase of interest in HRES.  
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2.2.1 PRE-FEASIBILITY  

As with most RES a pre-feasibility study is customarily carried out prior to installation 

of a power plant. The analysis usually includes a mapping of local climatic condition, 

availability of renewable energy sources and potential load/load demand in the region.  

 

This is a complex process for a single source power plant, making it even more complex 

for a hybrid system using two or more RES. The case of a wind-solar hybrid requires 

both wind data and solar radiation as well as a techno-economical investigation and 

dimensioning of both system components (WTG and PV array). The complexity in a 

pre-feasibility study for HRES lies in the frequency of occurrence in wind and solar 

radiation. Since the goal is to increase utilization without curtailment in production, 

energy resource mapping must be analyzed at a higher degree in HRES systems than a 

single source system (Ma, Yang, & Lu, 2014). 

2.2.2 SYSTEM DESCRIPTION  

The system layout in this study, consist of a grid-connected wind PV hybrid system 

without any kind of storage unit, as shown in Figure 1.  

 

 
Figure 1: Basic component of solar–wind hybrid renewable energy system,  Source: Khare et al (2015), 

illustration inspired by fig 1. Page 24 
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A grid-connected system has the advantage of being flexible than a stand-alone HRES 

due to its connection to the grid, which allows dispatching energy on demand instead of 

storing energy in a battery bank. In addition, grid-connected HRES requires a lower 

initial investments cost than stand-alone systems. This is the result of grid-connected 

systems fewer components, because it does not require backup generation or battery 

banks that would otherwise be necessary in order to uphold even production.  

 

This section will cover the design and characteristics of the three main components in a 

HRES, wind turbine generator and Solar Photovoltaics.  

 

 

Wind turbine generator: 

A wind turbine generator (WTG) converts the kinetic energy into mechanical energy 

using a wind turbine that transfer energy via a gearbox to a generator where mechanical 

energy is converted into electricity.  The extractable power in the wind can for a specific 

swept area, A m2 be calculated suing Equation 2.1. Where P is the power in W, ρ the air 

density in kg/m3, v wind speed in m/s and Cp the power coefficient.  

 

𝑃 =
1

2
∙ 𝜌 ∙ 𝐴 ∙ 𝑣3 ∙ 𝐶𝑝 

 (2.1) 

 

However, the total power in P is not extractable, the maximum power that could be 

extracted from the wind is indicated by Betz limit. According to Betz limit, no turbine 

can capture more than 59.3 % of the kinetic energy in the wind, resulting in a Cp, Max of 

0.59 (Wizelius, 2015). When incorporating various engineering requirements of a wind 

turbine, the real world limit is far below the Betz Limit with values of 0.35-0.45 being 

common even in the most effective WTG. Taking into account, the remaining factors in 

a WTG system only 10-30% of the wind energy is converted into usable electricity 

(RWE npower renewables, 2007). 

 

The characteristics of wind power in the power grid is the result of the variation in the 

wind, mainly the wind speed. As illustrated in Equation 1, the power content in the wind 

scales with the cube of the wind speed.  This increases the variations in the short time 

perspective, which increases the need for regulation capacity. The effect high penetration 

of wind power has on a power system is increasingly fewer conventional power plants in 

the system. Fewer conventional plants means that fewer power plants need to take on a 

larger share of total control and keep sufficient margins for this (Söder, et al., 2014).  
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Solar Photovoltaics:  

Photovoltaics (PV) is a one-step method of converting light energy into electricity, using 

a semiconducting materials exhibiting the photoelectric effect. The explanation for the 

photo electric effect relies on ideas from quantum theory, light consists of packets of 

energy called photons. The photons energy is only depending on the frequency of the 

light, and energy from a visible photon is enough to exited electrons bound in solid 

materials (Nelson, 2003). A semiconductor is such a material and has the property to 

absorb photons of light and excites electrons, when lights is absorbed by a material 

photons are given up to exited electrons with higher energy state within the material. 

These exited electrons quickly relax back into their initial stat, thus never leaving the 

material. However, in a photoelectric devise a small built-in asymmetry which pulls the 

electrons away before they relax, when the released electrons is feed into an external 

circuit the result is an electric current that can be used as electricity.   

 

A photovoltaic solar cell is design with two semiconductors an n-type and a p-type, the 

n-type semiconductor generally knows as a “donor” releases electrons upon struck by 

photons. The p-type semiconductor is knowns as an “acceptor” as they are continuously 

“accepts” free electrons, thus creating an electric current as shown in Figure 2 (NASA, 

2002).  

 
Figur 2. Illustration of the photoelectric effect in a solar cell 

Photovoltaic systems are composed of several solar cells, when several cells are 

mounted together they form a solar module, when one or more modules are combined 

they form a solar array.  

 

Specifications for solar cell or modules are usually given under standard test conditions 

(STC) which corresponds to solar radiation 1000 w/m2, under these circumstances is 

nominal power of the panel measured, further refer to as watt-peak (Wp) for which the 

nominal power of the panel is measured . Since Wp is measured during STC power is not 

the same as the power under actual radiation conditions, making the location of the PV 
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modules crucial for the production (Boxewll, 2016). Solar modules have an efficiency of 

about 10-20 % making it considerably lower than the efficiency for wind power (Eltawil 

& Zhao, 2009).  

 

By using a similar simplified method as in the wind turbine generator above the power 

output of at PV module can be calculated suing Equation (2.2). Where A is the module 

area in m2, η module efficiency and r irradiation in W/m2. 

 

𝑃 = 𝐴 ∙ 𝜂 ∙ 𝑟  (2.2) 

 

Grid interconnection of PV arrays like other RES has the advantage of increasing the 

utilization of energy at a location. However, studies have shown that for penetration 

levels of 15 % and above, cloud transients were found to cause significant power swings 

in the system (Eltawil & Zhao, 2009).  

2.2.3 SYSTEM SIZING   

As a mean to increase utilization of available energy resources at a specific site HRES is 

widely identified. As mentioned in the previous section the concept behind the system is 

the use of two or more RES to combine their strength and weaknesses to achieve an even 

higher system efficiency (Khare, et al., 2015).  

 

To effectively design and size a HRES requires an analysis of energy demand as well as 

available RES, restriction of the system and main constraints in the development area. 

The challenge in sizing HRES lies in the input data, namely meteorological data. 

Economical sizing of HRES aims to analyze the size of each individual component in 

order to achieve the highest possible AEP (González, et al., 2015). This implies that for a 

high wind speed, and medium irradiation site the size of the wind power installation 

should surpass the PV installation in size in order to maximize production.  

 

There are serval methods of sizing a HRES system, all of which includes  

The stochastic variables of weather-related data, ranging from wind speed, wind 

distribution, solar irradiation, cloudy days etc. The model itself can be either and 

advanced mathematical model such as the Monte Carlo Simulation Method or Particle 

Swarm Optimization Algorithm and modeling (Bayod-Rujula, et al., 2013). Or mixed 

integer linear programming (González, et al., 2015), in either case the goal of these 

sizing models is to find the optimum mix of wind, solar and storage capacity in the 

hybrid system.  
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2.3 GRID DESIGN AND OPTIMIZATION 

When designing a wind farm, developer first focus on finding the optimal position of the 

WTG’s, namely the positions resulting in the highest annual energy production (AEP). 

The highest AEP is achieved by optimizing the wind farm layout after best available 

wind resources taking wake affects, blocking and turbulence levels into consideration 

(Samorani, 2014).  

 

As a result of this access, roads and an internal grid has to be design and optimized 

according to the placement of the WTGs, this optimization is straightforward in a flat 

terrain, through choice of the shortest and most convenient path from WTG to 

substation. However, wind power development is most commonly performed in areas 

with a high topological complexity. Complex terrain together with protected or restricted 

areas makes grid design an optimization problem with high economic impact on a wind 

power project. Therefore, not all sites with high annual wind speeds are feasible sites for 

a project (Samorani, 2014). 

 

When developing a wind farm cables are usually laid in ditches along the farms access 

roads, or integrated into the roads, reinforced with pipes strong enough to withstand the 

load of trucks (Wizelius, 2015). This is done to lower the construction cost for the 

project as a whole, and since access roads and cables both can be calculated as a cost per 

distance access roads and grid design is preferably performed simultaneously (Scottish 

Renewables, 2015).  

2.3.1 CABLES 

Power cables are an assembly of one or more electrical conductors held together by an 

overall plastic jacket. Cables are sorted by which operational voltage they are supposed 

to be connected to, this project will include cables in the voltage levels 20 kV and 33 kV. 

 

The conductor material in power cables usually used for wind power is aluminum. Even 

though copper provides lower resistivity and therefore better power transfer capacity and 

therefore less power loss, the price difference between copper and aluminum makes 

aluminum a cheaper solution for most cases (Nutti, 2007) . When dimensioning a cable 

several aspects has to be taken into consideration. Transmitted power, transmission 

conditions and how many cables to be lied in parallel in the same tranche (Sarajcev, et 

al., 1998). 

 

Resistivity for a cable is given by Equation (2.3), were ρ is the material resistivity in 

Ohm meter, L the length in m and A the cables cross sectional area in mm2. 
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R = ρ
L

A
  (2.3) 

 

Dimension of a cable is performed with respect to worst thermal conductivity when 

environmental conditions change.  This is due to the fact that electric resistivity is 

temperature dependent, Equation (2.4) illustrates the relation between resistivity and 

temperature in a conductor. Were α is the materials temperature coefficients expressed in 

K-1, T the temperature and R0 the resistance at a specific temperature.  

 

R = R0(1 + αT)  (2.4) 

 

When installing ground cables, the insulating properties of the ground and specific 

laying conditions has to be taken into consideration. Different ground conditions offer 

different thermal conducting properties effecting the temperature of the cable, which in 

turn effete resistivity. The cable formation is also a factor effecting resistance, since the 

cables are heating each other when a current is flowing through them. This is adjusted by 

using a correction factor based on distance between each cable in the formation 

(Sarajcev, et al., 1998).  

 

The most commonly used is the trefoil and flat formation, See Figure 4. Selection of the 

information depends on several factors, e.g. accessible location, wire size, and soil 

characteristics. Generally speaking, the trefoil formation is cheaper and takes up less 

space but have instead degraded properties in terms of ground current losses (Thalin, 

2013). 

 

 
Figure 3: Illustration of the two most common cable laying conditions 
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2.3.3 GRID OPTIMIZATION AND ECONOMICAL CABLE SIZING: THE 

BASICS 

The definition of grid optimization could include a variety of different aspects, in this 

paper grid optimization will be defined as the economically optimized layout and cable 

sizing for a specific case.  

 

As when optimizing the position of WTG’s or the PV array, the main issue is to find the 

farm design resulting in the highest annual energy production (AEP) at the lowest initial 

investment cost. The same goes for the optimizing grid designs with the difference being 

that the cable optimization being executed taking the WTG placement and access roads 

into consideration. Thus, when optimizing the internal grid, the most important factors to 

take into account is total cable length, cable dimension and energy losses (Wang, et al., 

2016).    

 

The optimization of the grid is limited by several factors, WTG placement, layout of 

existing roads, permits for new roads/grid lines etc. therefore, a layout that benefits both 

financial and ecological criteria has to be designed (Aydin, et al., 2013).  

 

Ecological criteria is connected to building and environmental permits thus can be met 

by careful planning and responsiveness against environmental and local requirements. 

Economical benefits on the other hand is in this case about limiting power loss and thus 

the loss in income. The power losses in a cable a given moment in time is calculated 

using the following formula: 

 

𝑃𝑙𝑜𝑠𝑠 = 𝐼
2 ∙ (

𝜌

𝐴
) ∙ 𝑙  (2.5) 

 

Where: 

  

 I = the current in the conductor (depending on the load)  

  

 ρ = the specific resistance in the conductor 

 

 A = the cross section of the conductor 

 

 L =the length of the cable 

 

The total lifetime energy losses is calculated by multiplying power losses in equation 2.5 

by the total time of operation, as follows by equation 2.6.  
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𝐸𝑙𝑜𝑠𝑠 = (𝐼
2 ∙ (

𝜌

𝐴
) ∙ 𝑙) ∙ 𝑡𝑙𝑖𝑓𝑒 

 (2.6) 

CHAPTER 3. METHODOLOGY AND DATA 

Since no previous studies in the field of grid optimization for HRES systems was found 

during the literature review for this project, the methodology used was created for this 

specific project and based on previous optimization studies. A great deal of inspiration 

was taken from González et al. (2015) and Kheras et al. (2016), which both provide a 

detailed descriptions of optimization methodologies for stochastic time series. In this 

study, the design of a mathematical function for assessing grid cost was performed based 

on source data. For WTG’s and PV the source data consists of wind speeds and solar 

irradiation respectively. 

 

This study was performed using a case study research method, a method used to derive a 

deeper understanding of a single or small number of “cases” set in a real-world context 

(Yin, 2011). The grid optimization was based on case sites under investigation for HRES 

projects.   

 

This chapter contains a brief description of the methodological frame work and data sets 

used in this project. Furthermore, limitations and circumstances affecting the 

transparency of this thesis, such as confidential information from OX2, will be explained 

and discussed.  

3.1 DESCRIPTION OF THE METHODOLOGICAL FRAMEWORK 

As stated in section 1.2 Project goals, the main goals of this project were to design a grid 

cost relation for wind speed and solar irradiation. These goals were achieved through the 

literature review in Chapter 2 Literature review and by implementing the project 

directives listed bellow. 

 

Given the site specific requirements and conditions at both of the case projects: Site B 

(IT) and Site A (SWE), The project will: 

 

1. Design a complete internal grid, from each of the wind turbines up to the connection 

point. 

 

2. Calculate the investment cost (CAPEX) for the grid described in number 1. 
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3. Design a complete internal grid, from each of the wind turbines up to the connection 

point, including a 5 MW PV plant (demanded size from OX2) located in connection to 

the wind turbines. 

 

4. Calculate the investment cost (CAPEX) for the grid described in number 3. 

 

5. Calculate what level of PV that can be connected to the respective projects using the 

wind optimized grid connection. This is done to show how much PV (MW) that can 

connect to an existing wind farm without major curtailments in the production post 

realization of the wind farm. 

 

6. Create a mathematical function and graph on the grid design/cost relation for a virtual 

site with various wind speed and solar irradiation levels, showing how cost and design 

vary with wind speed and solar irradiation. 

3.1.1 DESIGN AND OPTIMIZATION METHODOLOGY  

The methodology for the design process was a straightforward linear step-by-step 

methodology where the HRES internal grid was designed through empirical calculations 

and economic optimization of cable dimension, number of cable terminations and cable 

cabinets.     

 

The cable dimension (measured in a cross sectional area) used in the two case projects 

were of a standard dimension for electric power projects (Mossberg, 2016). These 

dimensions are 50mm2, 95mm2, 150mm2, 240mm2, 300mm2, 400mm2, 500mm2 and 

630mm2, where 630mm2 is the upper limit for what is most common as standard in 

substations.  

 

When designing the internal grid the design has to follow a certain set of restrictions, in 

this case the internal grid design has to follow the already existing road network. The 

reason for this is the restrictions in the building and environmental impact permits 

associated with the case projects. The number of cable cabinets and the total length for 

each cable dimension will vary which in turn will affect the total investment cost of the 

design. The main goal of the optimization process is to minimize the base investment 

cost (CAPEX) by minimizing the use of large cable dimension for long distances.  

 

The process for optimizing the grid, which is based on the example from Figure 4, 

followed these specific steps:  
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The first step in optimization was to measuring the distances from each turbine to the 

next and the distance from the turbines to the substation. In addition to this, the distance 

from each turbine to the nearest road intersection was also measured.  

 

The second step consisted of determining the optimal placing of the cable cabinets, 

meaning finding the design resulting in the most economic usage of cable dimensions. 

After completing the second step cable dimensioning based on electric load calculation, 

was performed in order to establish the needed requirements for the different cable 

sections.  

 

The economic optimization was performed by discounting the present value of the 

investment as well as the value of the resistive losses in the cable itself (i.e. non-

delivered electricity). By doing this the most economic layout and cable dimensions for 

the entire lifetime of the installation is found.  

 

Figure 4 illustrates generic wind farm layout with four WTG:s located in connection to 

an existing road network. Further, on Figures 5 shows two alternative placing of cable 

cabinets, Figure 6 and 7 shows a Simplified single-phase diagram for both of the grid 

design from Figures 5. 

 

 
Figure 4: Generic illustration of wind farm layout 

In the example seen in Figure 4 there are two main placements for the cable cabinets, 

one with two cable cabinets and one with tree, see Figure 5. 
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Figure 5: illustration of two alternative placing of cable cabinets 

  

The placement of the cable cabinets represents the grid’s backbone and thus determines 

how the final grid will look. The cable dimensions are determined by electrical load and 

an economic optimization over the entire lifetime, meaning which cable dimension 

results in the least resistive losses. The simplified single-phase diagram of the two 

layouts in Figure 4 and 5 is shown in Figure 6.  
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Figure 6: Simplified single-phase diagram illustrating the layout from Figure 4 

 
Figure 7: simplified single-phase diagram illustrating the layout from Figure 5 

The difference between these two layouts is that the layout with two cable cabinets 

utilizes 2300 m of cable meanwhile the layout with three cable cabinets only utilizes 

1500 m. In the case of this simplified generic example the three cable cabinet solution is 

the most economical solution even though one extra cable cabinet is needed and the 

designs overall cable dimensions is larger.    

 

3.1.2 METHODOLOGICAL LIMITATIONS 

The two respective projects to be studied in this thesis have both the potential to be a 

combined Wind-PV hybrid plant and are therefore used as the benchmark cases for 

further analysis. Therefore, a anonymization of confidential information related to OX2 

ongoing projects and company integrity in this project.  
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This limitation may be considered as lack of transparency. However, the same study 

could have been performed for a virtual site with wind data from either WAsP, SMHI or 

other data source. The main research question for this thesis is therefore not limited by 

the confidential agreement between acting parties.  

 

When handling confidential data in a quantitative or qualitative research best practice is 

to remove identifier such as vernacular terms, names, geographical cues, etc. (Lærd 

Disertation, 2012).  

 

 According to Lærd (2012):  

“There are also a wide range of potential legal protections that may affect what research 

you can and cannot perform, how you must treated the data of research participants, and 

so forth. In other words, you don’t simply have a duty to protect the data you collect 

from participants; you may also have (in some cases) a legal responsibility to do so.”  

(Lærd Disertation, 2012).  

 

As such a removal of identifiers for the site specific of the two cases studied in this 

thesis where removed in order to uphold legal requirements stated by Swedish Law of  

Non-disclosure. 

3.2 PRESENTATION OF DATA SOURCES 

Data used in this project were gathered from several different sources, a majority of 

these sources are publicly available throughout open databases. Wind resource data and 

simulation results were provided by OX2, publicly available data is accessible through 

open data bases such as NASA Surface meteorology and Solar Energy and SMHI. 

Confidential data is data due to circumstances explained in section 3.1.1 Methodical 

limitations not publicly available.  

3.2.1 WIND AND PRODUCTION DATA 

Wind resource data as well as simulation results for the wind production were provided 

by OX2. Therefore, no simulation was performed during this project as simulation 

results already were available. Since OX2 is a well-established wind power developer 

and state of the art measurements and simulation were performed the data was 

considered reliable for further calculations. 

 

The measurement data provided by OX2 were long time correcting wind measurement 

data. This was done using Measure Correlate Predict (MCP) on short local 

measurements to calculate a 20-year wind resource series with the calibrated scaler 
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feature in WindPRO, and get the long-term estimated wind resources. The scaler handles 

partly downscaling of meso scale data by “lifting” out the meso scale terrain data, it also 

post calibrate measured data by removing metmast shadow (Sjöström, 2016).  

 

Production results for both sites was calculated using the PARK module in the software 

WindPRO, the PARK module were used together with the longtime corrected METO 

data and atlas data from the more comprehensive wind atlas model WAsP (EMD 

International A/S, 2015). Long term estimated AEP were provided as a time-series 

expressing wind speed in m/s and power in kW per hour over a 20-year period.  

 

Data used to calculate solar production were solar irradiation data from two different 

open databases, SMHI open data base (SMHI, 2016) and NASA Surface meteorology 

and Solar Energy: Daily Averaged Data (NASA, 2016). For Site A (SWE) data from 

SMHI were used and for Site B (IT) data from NASA.   

 

SMHI’s data were presented as a time series expressing irradiation as an hourly mean 

W/m2, once every hour during the time period 2013-01-01 to 2016-05-02. Measurements 

were performed at an elevation of 2 m above ground and 36 m above sea level.  

 

Data set from NASA were presented as daily averaged data over 24 h (kW/m2 per day) 

with measurements performed at 58 m elevation above ground. Measurements for this 

series were taken for the time period of 01-01-1985 through 06-30-2005.  

3.2.2 TECHNICAL SPECIFICATIONS 

For grid design and cost calculations, wind turbine generator (WTG) specification were 

taken from Vestas and PV specification from the Chinese company Ecsolar (Wuxi 

Saijing Solar Co, Ltd) 

 

The specific turbine model being used in the simulation performed by OX2 were a 

Vestas V136 with a rated power of 3.45 MW, See Table 1. 
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Table 1: Technical specification Vestas V136  

Operational data Vestas V136 

Rated power 3450 kW 

Cut-in wind speed 3 m/s 

Cut-out wind speed 22.5 m/s 

Rotor dimeter 136 m 

Sweep area  14527 m2 

Hub height 82 m 
Source: Vestas (2016) 

PV module being used for calculations were the ECS-300M72 from Ecsolar with a Watt-

peak of 300W, see table 2 

Table 2:  Technical specification ECS-300M72 

Operational data ECS-300M72 

Rated power at STC 300 Wp 

Module efficiency - ηm 15.5 % 

Cell type Monocrystalline silicon 156 mm×156 mm 

Number of cells 72 (6 ×12) 

Dimensions (length×width×depth)  1956 mm×992 mm×40 mm 

Module area 1.94 m2 
Source: Ecsolar (2016) 

The module provides excellent performance during weak light conditions such as 

mornings, evenings and cloudy days making it ideal for maximizing production in 

northern countries. The sturdy construction is able to withstand snow loads up to 5400 

Pa as well as wind loads up to 2400 Pa under extreme temperature (Ecsolar, 2016).  

 

ECS-300M72 has been used in the 1.03 MW solar power plant at Onsmyran, 10 km east 

of Västerås, Sweden (Stridh, 2016). Due to the project in Onsmyran and the research 

project performed by Mälardalens Högskola has been used as inspiration and reference 

during this thesis.  

3.2.3 ECONOMIC DATA 

For the CAPEX calculations tabulated price per cable area and length from EBR- cost 

catalog was used together with cable price list from Nexans, see Appendix A.   
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Electrical prices of respective country, WACC calculated by Energy Market Inspection 

(EI) during the time period of 2016-2019 before taxes and inflation rate is shown I Table 

3. 

Table 3: Input data for economical optimization  

Input data for economical optimization of cable 

Electrical price Sweden1 216.6 SEK / MWh 

Electrical price Italy2 800 € / MWh 

WACC3 4.75 % 

Installation life span 20 years 

Source: Energimakrnadsinspektionen (2015), NordpoolSpot (2016) 

3.3 DESCRIPTION OF MODELS 

The following section describe each calculation model used throughout this project.  

3.3.1 CALCULATION THE PRODUCTION 

Production calculations for the wind farms and solar arrays was based on the irradiation 

and met mast data see Chapter 3.2.1 Wind and production data, together with the 

technical specification for the turbine and the PV module.  

 

In both cases data sets were managed by sorting numerical quantities into bins through 

an off-set and loop with a conditional statement (if- then construction), this gave a 

frequency of occurrence in hours for each quantity.  

 

AEP was calculated by multiplying power output at a given time with frequency of 

occurrence and then summing hourly power output for the entire operational time.  

The number of full-load hours were then calculated by dividing AEP with rated power, 

which then could be used in order to calculate the utilization, factor through Equation 

(3.1) where h is the number of full-load hours and εp the utilization factor.   

 

𝜀𝑝 =
ℎ

8760
  (3.1) 

 

Given the full-load hours and utilization factor the power loss utilization factor εf, can be 

calculated in three ways, namely using the empirically obtained Equations (3.2) - (3.4).  

 

                                                 
1 According to nordpoolspot, 2016-05-11. 
2 Specified price set by OX2, (Sjöström, 2016). 
3 Before taxes 
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𝜀𝑓 = 0.13 ∙ 𝜀𝑝 + 0.87 ∙ 𝜀𝑝
2  (3.2) 

 

𝜀𝑓 =
2 ∙ 𝜀𝑝

2

1 + 𝜀𝑝
  (3.3) 

 

𝜀𝑓 =
𝜀𝑝

1 − 𝜀𝑝
  (3.4) 

 

The power loss utilization factor is derived from the utilization of the grid (full-load 

hours), the factor is then multiplied with the numbers of hours in a year in order to gain 

the power loss utilization in hours. This represents the utilization of the resistive losses 

transformed into heat in the cable, as mentioned earlier in section 2.3 Grid design and 

optimization.   

 

Because of the results from these three methods differ in accuracy, common practice is 

to use a mean value of εf from Equation (3.2) - (3.4) to calculate the power loss 

utilization in hours. The number of power loss utilization hours is then used to capitalize 

the worth of the cable losses, this is alter used to determine the economically optimized 

cable dimensions. Equation (3.2) – (3.4) are in-house equations provided by Norconsult 

and used during grid design calculations (Mossberg, 2016) 

3.3.2 PRESENT VALUE ANALYSIS  

Investment cost were calculated based on economical optimization of cable dimension 

and the use of tabulated cable costs in EBR and Nexans cable catalogue. The economical 

optimization together with load calculations based on voltage level in the cable were 

performed in order to evaluate a cable both economically optimized and capable of 

handling the load.  

 

The parameter sought to optimize in this thesis is the cost of the HRES. The 

consideration of the lifecycle perspective is currently gaining importance in HRES 

optimization (Abbes D. Martinez A, 2014), and is therefore used as a metric to evaluate 

the system design is this thesis. The chosen objective function in this thesis is the present 

value, in the case of present value method the cost metric is calculated by adding the 

discounted present value over the installation lifetime and subtracting the discounted 

present cost over the lifetime of the system.  

  

When evaluating a HRES investment power loss in the cables can be used as a measure 

of value to verify if the investment is economically justifiable or not. The calculation 

takes into account the investment entire lifecycle, inflation, income growth and the cost 
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of capital (WACC). This WACC includes a prediction of inflation and can be used as a 

discount rate for a project's projected cash flows (Mohsen Soleimani-Mohseni, 2014).  

 

If the cost C is inflated at an annual rate i, the cost Cj in year j becomes: 

 

The net present value (NPV) is defined as a sum of all relevant present value (J.F. 

Manwell, 2009), weighted average cost of capital (WACC), r, is set to 4.75 % by Energy 

Market Inspection (EI). The present values of future costs, Cj, evaluated at year j is:  

 

 

Thus, the NPV of a cost C for n years is: 

 

𝑁𝑃𝑉 = ∑𝐶𝑗  ∙ (1 + 𝑟)
−𝑗

𝑁

𝑗=0

 

 

(3.8) 

3.3.3 GRID-COST FUNCTION 

The goal of this thesis was to development of the mathematical function and graph 

illustrating grid design/cost relation for a virtual site with various wind speed and solar 

irradiation levels. This was performed based on max rated amps and grid component 

prices from EBR, component prices was also compered through cable developer Nexans 

cost catalog.  

 

Variations in wind speed and solar irradiation affects the power output from turbines and 

PV array, this has already been covered briefly in previous chapters. As produced power 

fluctuates, so do the current in the cables distribution power from the source to the grid, 

as shown in Equation (3.9). Where P is the nominal power from WTG and PV array in 

W, U the cable operating voltage in V and I the nominal current in A. 

 

 

Cable dimension can be calculated by determining the load factor on the specific cable, 

load factor is a percentage rate of how much nominal current a cable is capable of. This 

loading factor is calculated by dividing operational current with rated current (maximum 

amperes for the cable) as shown in Equation (3.11).  

𝐶𝑗 =  𝐶 ∙ (1 + 𝑖)
𝑗  (3.6) 

𝑃𝑟𝑒𝑠𝑒𝑛𝑡 𝑣𝑎𝑙𝑢𝑒 =  𝐶𝑗 ∙ (1 + 𝑟)
−𝑗  (3.7) 

𝐼 =
𝑃

𝑈 ∙ √3
 

 (3.9) 
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𝐿𝑜𝑎𝑑 𝑓𝑎𝑐𝑡𝑜𝑟 % =
𝐼

𝐼𝑟
  (3.11) 

 

The load factor is used to avoid exceeding the maximum capacity of the cable, if the 

load factor where to be greater than 100 % the cable is over loaded and thus under 

dimensioned. When overloading the cable the cable “burns of” this is due to the thermal 

limitations in the conductor, and since damaged cables cannot transfer the power this 

results in a blackout.  In some cases cables can be allowed to overloaded for short 

amounts of time. However, in this thesis a maximum allowed load factor is 100 %. 

 

The design/cost function was created in two steps. The first step was to create a function 

describing the cost/km cable, taking number of terminations connectors and cable 

cabinets into consideration. Equation (3.12) illustrates the calculation the total 

investment cost/km for a specific cable dimension including termination connectors and 

cable cabinets. 

 

 

Were KCable is the cable price per km, L the length in km, KCC the cable cabinet price and 

KCT represents the cable termination price. NCC and NCT respectively represents number 

of cabinets and termination used for a specific cable length.  

 

The second step was to create a mathematical condition for which cable dimension the 

cost/km function should apply to depending on the load factor. Equation (3.12) 

illustrates a condition connecting Equation (3.11), were K(I) is the cost function from 

Equation (3.11) for all current levels belonging to a cable dimension, I is the actual 

current and I1 the maximum rated current for the cable.  

 

 

𝐾(𝐼) =

{
 
 

 
 
 𝐾1(𝐼),               𝐼 < 𝐼1

.
𝐾𝑖(𝐼),   𝐼𝑖 ≤ 𝐼 < 𝐼𝑖+1

.
𝐾𝑛(𝐼),             𝐼 < 𝐼𝑛 

 

 

 (3.12) 

 

The condition states that when actual current is larger than the maximum rated current 

the K(I) function applies for the next cable dimension in Appendix A and when 

exceeding this the next after that and so on.  

𝐾(𝐼) = 𝐾𝐶𝑎𝑏𝑙𝑒 ∙ 𝐿 + 𝐾𝐶𝐶 ∙ 𝑁𝐶𝐶 + 𝐾𝐶𝑇 ∙ 𝑁𝐶𝑇  (3.12) 
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For example: 

 

A cable with a cross section are of 50 mm2 handles a maximum of 185 A, thus the cost 

condition calculates for EBR prices for a 50 mm2. Should the current rise to 188 A the 

condition statement I < I1 and K(I) is then calculated for next cable dimension in 

Appendix A, in this example 95 mm2. 

 

By following the conditions set in Equation (3.12), cost could be calculated with respect 

to fluctuations in production, changes in cable length and numbers of cable cabinets and 

terminations.  

3.3.4 CALCULATING MAXIMUM PV INSTALATION 

Each grid design has a limit to its transmission capacity, meaning there’s a limit to how 

much power the cables in the grid can handle before exceeding 100 % load factor and 

break.  

 

The maximum amount of PV (MW) that could be connected to the HRES internal grid is 

determined through using Equation (3.5) calculating the operational current in the cables 

post connection of the PV array. Since the power output from the PV array is depending 

on the total arrays total area, as seen in section 2.2.2 System description, Equation 2.2. 

Thus, the maximum amount of PV (MW) that could be connected is calculated by 

increasing PV installation until reaching the rated current of the connecting cable. Since 

the connecting cable is the limiting factor to how much PV that can be connected to the 

HRES grid the location of the PV array in the grid is a critical factor.   
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CHAPTER 4. APPLICATION OF THE METHODOLOGY AND 

RESULTS 
 

This chapter will cover the case-study data for the two HRES projects as well as 

mathematical results from this thesis. The results will later be summarized and discussed 

in chapter 5 before drawing a final conclusion of the studies in chapter 6.  

4.1 SITE A 

Site A is located in a flat terrain with low complexity, wind resources at the location is 

good with an average yearly wind speed of 8 m/s and roughly 1900 solar hours/year.   

4.1.1 ENERGY PRODUCTION 

The following results are based on calculation for 5 Vestas V136 WTG and a PV array 

consisting of 16667 ECS-300M72 modules with a rated power of 5 MW.  

 

Wind power production calculation were based on mean wind measurements for a 20-

year period at 82 m, Table 4 show the production results as a mean over these 20 years.  

 
Table 4: Summary of production data wind power Site A 

Production data wind power Site A 

AEP 85.5 GWh 

Full-load hours 4955 h 

Power loss utilization 3372 h 

Factor of operation 98.68 % 

 

PV production were calculated using a measurement series over 3 years from SMHI 

open database. Table 5 shows the production results for the PV array, as in the case of 

the wind power production these results are calculated to a mean over the 3 years of 

measurement. 

Table 5: Summary of production data PV Site A 

Production data PV Site A 

AEP 5.6 GWh 

Full-load hours 1127 h 

Power loss utilization 377 h 

Factor of operation 82.17 % 
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4.1.2 GRID DESIGNS 

Two grid designs were created for Site A the first one an exclusive PV plant and the 

second including a 5 MW PV plant. Both design was calculated with an operational 

voltage of 20 kV for connection to the substations 20 kV transformer. 

 

The Design including a PV plant ended up using 29.7 % more cable than the design 

excluding PV plant, this was also reflected in the total investment cost as the design 

including a PV plant also were 25.3 % more expensive.   

4.1.3 PV CAPACITY 

For Site A OX2 has decided to place the PV array in the southern node of the wind farm, 

connecting to last WTG in the cable radial. The connecting through this point allows a 

maximum PV installation of 2 MW, which means that the combined power output from 

the last WTG and the PV array cannot exceed 5.045 MW.  

 

The level of PV post realization of the wind farm is therefore limited by the connecting 

cables capacity and the level of solar irradiation with respect to wind speed. Maximum 

solar irradiation for Site A is roughly 900 W/m2, peak production is achieved during the 

summer part of the year resulting in a normal distribution of solar irradiation over the 

year, see Figure 8 and Figure 9.  

 

 
Figur 8: Average yearly solar irradiation Site A, Source: SMHI (2016) 
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Figure 9: Zoomed in version of the first 1001 hours from Figure 8, Source: SMHI (2016) 

In order to determine the maximum size of the PV array the average wind production for 

the last WTG in the radial was plotted as a times series together with the production for 

the PV array, See Figure 10.  

 
Figure 10: Zoomed in version of cumulative WTG 5 and a 5 MW PV array production, the black line symbolizes 

maximum cable capacity.   
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For complete figure, see Appendix B. 5MW PV- Site A. This resulted in major production 

curtailment and g overload of the cable at several hours at a time.  

 

By iteratively plot the PV production as a function of irradiation data from SMHI the 

maximum level of PV to be connected to Site A without any production curtailment was 

calculated to 2 MW, see Figure 11. 

 
Figure 11: Zoomed in version of cumulative WTG 5 and a 2 MW PV array production, the black line symbolizes 

maximum cable capacity. 

For complete figure, see Appendix C. 2 MW PV- Site A. Increasing the level of PV to 

more than 2 MW will only result in greater curtailment during midst of summer when 

solar production is at its peak.  

 

Connecting a 2 MW PV array post realization of the wind farm would increase AEP 

with 2679 MWh and thus the total production of the farm by 47.8 %, Table 6 gives a 

summary of the production from a 2 MW PV array. 
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Table 6: Summary of production data 2 MW PV Site A 

Production data 2 MW PV Site A 

AEP 2679 MWh 

Full-load hours 1340 h 

Power loss utilization 478 h 

Factor of operation 82.17 % 

 

4.2 SITE B 

Site B is located in a terrain with medium complexity, wind resources at the location is 

slightly lower than for Site A with an average yearly wind speed of 6 m/s and roughly 

2300 solar hour/year. 

4.2.1 ENERGY PRODUCTION 

The following results are based on calculation for 15 Vestas V136 WTG and a PV array 

consisting of 16667 ECS-300M72 modules with a rated power of 5 MW. Modeling of 

maximum PV connected to the wind power optimized grid were performed using the 

same PV modules as in the production calculations.  

 

The design is based on economical optimization of cable dimensions, taking the 

capitalized value of losses into consideration, meaning the cable dimension being both 

least expensive and generating the least amount of losses. Because of this the following 

design would still be possible with lesser cable dimensions, but result in greater thermal 

losses. In the case of Site B with the electrical price being much higher than in the case 

of Site A, this will result in over dimensioned cables from a power capacity perspective. 

In return this will result in lesser losses and making the grid more receptive to additional 

power from a PV array.     

 

As in Site A, production calculation was based on wind measurements for a 20-year 

period at 82 m hub height, Table 7 show the production results as a mean over these 20 

years.  
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Table 7: Summary of production data wind power Site B 

Production data wind power Site B 

AEP 141.5 GWh 

Full-load hours  2734 h 

Loss of utilization  1339 h 

Factor of operation  89.53 % 

 

PV production were calculated using a measurement series over a 20-year period from 

NASA Surface meteorology and Solar Energy: Daily Averaged Data. Table 8 shows the 

production results for the PV array, as in the case of the wind power production these 

results is calculated to a mean over the entire measurement series. 

 

 
Table 8: Summary of production data PV Site B 

Production data PV Site B 

AEP 7.6 GWh 

Full-load hours 1528 h 

Power loss utilization 574 h 

Factor of operation 93.5 % 

 

4.2.2 GRID DESIGNS 

Two grid designs were created for Site B the first one exclusive PV plant and the second 

one including a 5 MW PV plant. Both designs was calculated with an operational 

voltage of 33 kV for connection to the substations 150 kV transformer. 

 

The Design including a PV plant ended up using 8.6 % more cable than the design 

excluding PV plant, this was also reflected in the total investment cost as the Design 

including a PV plant also were 3.8 % more expensive.   

 

4.2.3 PV CAPACITY 

AS in the case with Site A OX2 has chosen to place the PV array for Site B in the end of 

cable radial number two, north-east of the last WTG in the radial.  

The PV array connects to the grid line which has the capacity to handle a total of 15050 

kW, thus making the grid design in Site B ideal for connecting additional power in the 

form of a PV array.  
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In the case of Site B, solar data was only available as an average daily irradiation 

(kW/m2 per day), as a result the power peaks is not visible in the average yearly solar 

irradiation shown in Figure 12. Maximum solar irradiation for Site B reaches a mean of 

600 W/m2/day, as this is a mean over the day the peak production is most likely in the 

size of 1000 W/m2.  

 

 
Figur 12: Average yearly solar irradiation as a mean value over 24h Site B, Source: NASA (2016) 

Due to relatively low wind speed in the area and the suggested cable dimension, Site B is 

capable of an additional connection of 5 MW PV without any curtailment in the 

production, See Figure 13 .For complete figure, See Appendix D. 5 MW PV-Site B.   

 
Figure 13: Zoomed in version of cumulative WTG 22 and a 5 MW PV array production, (the black line that 

symbolizes maximum cable capacity is far outside the scale of this graph).   
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Repeating the iterative methodology used for Site A, resulted in a maximum of 35 MW 

PV array could be connected without curtailment in production, See Figure 14. For 

complete figure, See Appendix E. 35 MW PV-Site B.  

 
Figur 14: Zoomed in version of cumulative WTG 22  and a 35 MW PV array production, the black line symbolizes 

maximum cable capacity.   

Connecting a 35 MW PV array post realization of the wind farm would increase AEP 

with 11.37 GWh and thus the total production of the farm by 8 %, Table 9 gives a 

summary of the production from a 35 MW PV array. 

 
Table 9: Summary of production data 35 MW PV Site B 

Production data 35 MW PV Site B 

AEP 11.37 GWh 

Full-load hours 325 h 

Loss of utilization 165 h 

Factor of operation 93.5 % 

 
Since the data series from NASA was average irradiation over 24 h, production and 

precise sizing of the PV array in Site B less precise than the case of Site A. This will be 

subject for further discussion in Chapter 5. Discussion and Analysis. 
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4.3 GRID -COST RELATION 

Based on wind data the grid-cost results for seven cable dimension with respect to 

nominal power output was plotted using the function in Equation (3.11).Results is 

shown in Figure 15, according to the arguments and formulas in 3.3.3 Grid-cost 

function. 

 

The grid-cost relation figures is to be interpreted as follows:  

 

Each cable dimension I represented by a line, depending on the cable dimension the 

maximum capacity of the cable varies. However, the load on the cable does not affect 

the price of a specific cable dimension. In Figure 15 the 95 mm2 cable dips down to a 

cost of zero SEK at 9550 kW, the reason for this is that the cables has reached its 

maximum voltage at this level and no cable dimension upholding the argument 

presented in Equation (3.11) were found in the data base. The Figures purpose is to give 

an overview on how price is effected by stepping up in cable dimension and power load.  

 

All of the presented grid-cost figures in this section was obtained through using the cost 

function and the mathematical conditions presented in section 3.3.3 Grid cost function.  

 

 
Figure 15: Results per cable dimension from cost evaluation algorithm based on wind data from the entire 

wind farm+ 5MW PV in  Site A.  
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As could be read from Figure 15, the grid cost is increasing with increased power output 

from the HRES.  

 

The grid-cost relation displays a strong connection between grid cost and power 

production energy intense regions, meaning that wind speed and irradiation has a large 

impact on the total grid cost. However, cable length were proven to affect it even more. 

The main different between Site A and Site B accept installed power where sheer 

distance to the connection point. This resulted in in location of the HRES in relation to 

the distribution grids connection point having a much greater impact on grid cost than 

variation in wind speed and solar irradiation. As illustrate when calculating for a 

imaginary connection point the double distance for Sita A , see Figure 16 and Figure 17 

the impact on total cost is far higher for the imaginary connection point with the double 

total cable lengths than for the double install capacity with no changes being done to the 

grid design.  

 

 
Figure 16: Results per cable dimension from cost evaluation algorithm based on wind data from the entire 

wind farm+ 5MW PV and double total cable length in  Site A.  
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Figure 17: Results per cable dimension from cost evaluation algorithm based on wind data from the entire 

wind farm+ 5MW PV and double installed capacity in  Site A 

The difference in cost from extending the cable distance to the connection point and 

increasing the installed capacity ranges from 52.2 % for the lowest ranking cable up to 

53.4 %, as seen in Figures 15-17. The grid cost impact can therefore be said to be 50 % 

more affected by distance to connection point than increasing of installed power 

capacity.  

CHAPTER 5. DISCUSSION  
 

The main goal for this project was to create a mathematical function and graph on the grid 

design/cost relation for a virtual site with various wind speed and solar irradiation levels. 

This was to be performed throughout using case study methodology, for two case projects 

both with the potential to be HRES power plants.  

 

Hybrid energy systems main strength is to combine and balance otherwise stochastic RES 

and increase the utilization of energy in a specific region as well as increase the overall 

feasibility of the system. Studies performed showed HRES had increased feasibility and 

lesser environmental impact as well as having a cost-effectiveness with a much higher 

utilization (Maleki, et al., 2015).  

 

The common problem with RES under investigation is the public acceptance and the 

process involved with environmental and building permits. This has resulted in developers 

being most unwilling to give away details of ongoing projects due to the heated “Not in 
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my back yard” debate a public acceptance of RES in general. Raw data used this thesis 

was provided from the industry and from real sites under investigation for HRES projects. 

Identifier such as vernacular terms, names, geographical cues, etc. was removed in order 

to uphold confidentiality against the wind developer OX2. This were terms agreed on in 

order to access real production data from real sites under investigation for HRES projects. 

The price of lack in transparency was paid in order to achieve a result based on real site 

data, which could contribute to the HRES reaches field.   

 

Both data on Wind resources and component prices was provided by the industry the 

accuracy and assurance of these being extracted through state of the art methods increase 

the value of the results. However, data set from publicly available sources where used to 

some extent. For solar data measurements from both SMHI and NASA were used 

depending on which data source could provide data for a certain location. In the case of 

NASA the data where not presented as a time series with a mean measure mean for every 

hour which was the case with SMHI. Since NASA irradiation measurements were means 

over an entire day the power peaks on a hour basis was not as prominent as if the 

measurements series from SMHI.   

 

In this thesis, the research method used was the case study methodology and was based 

on two representative cases. However, it would have been preferable to performed this 

study on several more cases an much more in to depth with irradiation measures 

performed on the exact location for the PV array.   

 

The process of optimizing complex systems like a HRES includes several major 

parameters and could be perfected and elaborated on even further than what’s been done 

in this thesis. Previous studies in the field has shown that by using more advanced 

mathematical simulation methods like the Monte Carlo Simulation Method and Particle 

Swarm Optimization Algorithm. However, these two methods just as any simulation tool 

needs qualitative in data in order to produce a representative result. In the case of this 

thesis the two case projects is still in a pre-study face, where qualitative in data is scares 

and complemented with open source data which are not as accurate as if one where to 

perform long measurements exactly on the location for the HRES.  

 

The results in this studies showed that grid cost is far more affected by the location and 

distance to grid connection point than it is by increased production. Not that wind speed 

and solar doesn’t have a grid cost impact on the contrary, increasing total power on the 

grid as well as distance to grid connection points will increase the total grid cost.  
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This results point towards locating HRES facility’s in close proximity to transmission grid 

connection point will have a much greater impact on overall grid cost than the extra 

dimensioning being a result of increased production. Which brings us back to what was 

stated in chapter 2.3.3 Grid optimization. Namely, when optimizing the internal grid the 

most important factors to take into account is total cable length, cable dimension and 

thermal losses in the cables.  

 

The grid design, permit limitations and availability of road network on a HRES location 

is determining factors in the final grid cost. Of course, available RES on the project 

location is a factor that to a high degree determines feasibility but sheer palming together 

with grid design and placing of HRES components has based on this thesis a greater impact 

on the total cost. Based on the two case sites in this study the maximum PV to be connected 

post realization of the farm without major curtailment would be between 11.5-67.6 % of 

the wind farms rated power. Larger wind farms with greater distance to the connection 

point utilizes larger cable dimensions in order to minimize thermal losses in the cables and 

is therefore more suitable for handle extra PV without major curtailment. 

 

In addition to the size and geographical location of the HRES the electrical prices on the 

location was proven to be an effecting factor since higher electrical price both increase the 

revenue on every produces kWh and also lowers the revenue on every kWh lost. Thus 

making HRES projects amore viable option in countries with high electrical prices (which 

can be said for most RES).   

CHAPTER 6. CONCLUSIONS 
 

Hybrid renewable energy systems is a method of increasing the utilization of a regions 

RES, the system has an increase in overall power output compared to the single RES 

alternative. However, the grid cost was shown to be 3.85 % more expensive Site A and 

5.3 % in Site B. This stood in direct correlation to the HRES in Site A using 8.6 % more 

cable for its internal grid and 29.7 % more in Site B, this is highly depending on the 

location of the PV array.  

 

The factor determining the total PV in MW that could be connected post realization of a 

wind farm is highly depending on the wind farms size. As a result of economic 

optimization in regions with high electrical prices the internal grids tend to be somewhat 

over dimensioned in terms of power transfer capacity. Making HRES projects even more 

feasible in regions with high electrical prices, this because of high electrical increase the 

value of every kWh lost. Based on the two case sites in this study the maximum PV to be 
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connected post realization of the farm without major curtailment would be 11.5% of the 

wind farms rated power in the case of site A and 67.6 % in the case of Site B.  

 

Grid-Cost relation for a virtual site with various wind speed and solar irradiation levels, 

resulted in a new mathematical relation being developed based on the two case sites. 

This relation, connected the varying wind and irradiation to the fluctuation in rated 

current and thus connecting it to the cable cost per km. The results showed that grid cost 

is affected by increasing wind speeds and solar irradiation. Increases in overall 

production and sudden the power peaks places high demand on the cables capacity, 

which interns results in more expensive cables. Even though HRES has a more regular 

and predictable AEP than wind or solar energy produces on its own. The total 

investment cost will be higher for a HRES than a single source power plant.  

 

The factor proven to affect the grid cost the most were the total cable length, shown to 

increase the total grid investment cost up to 53.4 %. This shows that grid cost in HRES 

power plants is increased drastically with increasing cable lengths.  

 

Further research:  

Wind-solar hybrid utilization is increasing day by day and has shown a great deal of 

growth in the last decades. With development of new technology in the field of Hybrid 

energy systems, new problems arises. These problems will be compensated by future 

research in the field.  

 

The following gives some idea for further research in the field:   

 

 HRES increase utilization but still have the problem of being hard to predict and 

optimize when based on RES with stochastic nature.  

 The field of grid optimization of HRES is far from exhausted, further 

development of optimization algorithms and models are still a fairly unexplored 

area.  
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APPENDIX A. CABLE PRICE LIST, NEXAN AND EBR  
 

 

EBR 

 

 
  

cable type (dim,sheat,voltage) MaxAmp. Price Price Price Price

A SEK/km Installation SEK/km Cable cabinets Termination connection

3x1x50,25,33 185 219000 185000 9746 22050

3x1x95,25,33 275 276000 187000 9746 22050

3x1x150,25,33 355 321000 189000 9746 22050

3x1x240,35,33 455 366000 191000 9746 22050

3x1x300,35,33 510 429000 207000 9746 22050

3x1x400,35,33 600 477000 209000 9746 22050

3x1x500,35,33 670 522000 210000 9746 22050

3x1x630,35,33 745 585000 212000 9746 22050

3x50,25,33 170 135000 145000 9625 22050

3x95,25,33 240 156000 147000 9625 22050

3x150,25,33 310 200000 152000 9625 22050

3x240,35,33 400 247000 154000 9625 22050

3x300,35,33 450 280000 155000 9625 22050

3x50,25,22 170 121000 117000 9003 20950

3x95,25,22 240 135000 123000 9003 20950

3x150,25,22 310 177000 124000 9003 20950

3x240,35,22 400 210000 126000 9003 20950

3x300,35,22 450 255000 127000 9003 20950

3x1x50,25,22 185 168000 146000 9108 20950

3x1x95,25,22 275 201000 154000 9108 20950

3x1x150,25,22 355 267000 155000 9108 20950

3x1x240,35,22 455 327000 158000 9108 20950

3x1x300,35,22 510 375000 159000 9108 20950

3x1x400,35,22 600 414000 168000 9108 20950

3x1x500,35,22 670 456000 170000 9108 20950

3x1x630,35,22 745 519000 172000 9108 20950
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NEXAN 

 

  

cable type (dim,sheat,voltage) MaxAmp. Price Price Price Price

A SEK/km Installation SEK/km Cable cabinets Termination connection

3x1x50,25,33 185 219 000   219 000                    9746 22050

3x1x95,25,33 275 276 000   276 000                    9746 22050

3x1x150,25,33 355 321 000   321 000                    9746 22050

3x1x240,35,33 455 366 000   366 000                    9746 22050

3x1x300,35,33 510 429 000   429 000                    9746 22050

3x1x400,35,33 600 477 000   477 000                    9746 22050

3x1x500,35,33 670 522 000   522 000                    9746 22050

3x1x630,35,33 745 585 000   585 000                    9746 22050

3x50,25,33 170 135 000   135 000                    9625 22050

3x95,25,33 240 156 000   156 000                    9625 22050

3x150,25,33 310 200 000   200 000                    9625 22050

3x240,35,33 400 247 000   247 000                    9625 22050

3x300,35,33 450 280 000   280 000                    9625 22050

3x50,25,22 170 121 000   121 000                    9003 20950

3x95,25,22 240 135 000   135 000                    9003 20950

3x150,25,22 310 177 000   177 000                    9003 20950

3x240,35,22 400 210 000   210 000                    9003 20950

3x300,35,22 450 255 000   255 000                    9003 20950

3x1x50,25,22 185 168 000   168 000                    9108 20950

3x1x95,25,22 275 201 000   201 000                    9108 20950

3x1x150,25,22 355 267 000   267 000                    9108 20950

3x1x240,35,22 455 327 000   327 000                    9108 20950

3x1x300,35,22 510 375 000   375 000                    9108 20950

3x1x400,35,22 600 414 000   414 000                    9108 20950

3x1x500,35,22 670 456 000   456 000                    9108 20950

3x1x630,35,22 745 519 000   519 000                    9108 20950
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APPENDIX B. 5 MW PV- SITE A 
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APPENDIX C. 2 MW PV- SITE A 
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APPENDIX D. 5 MW PV- SITE B 
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APPENDIX E. 35 MW PV- SITE B 

 

0

2000

4000

6000

8000

10000

12000

14000

16000
1

1
0

1
9

2
8

3
7

4
6

5
5

6
4

7
3

8
2

9
1

1
0

0

1
0

9

1
1

8

1
2

7

1
3

6

1
4

5

1
5

4

1
6

3

1
7

2

1
8

1

1
9

0

1
9

9

2
0

8

2
1

7

2
2

6

2
3

5

2
4

4

2
5

3

2
6

2

2
7

1

2
8

0

2
8

9

2
9

8

3
0

7

3
1

6

3
2

5

3
3

4

3
4

3

3
5

2

3
6

1

kW

Day

30 MW PV-

PV

wind


