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Abstract 

The use and integration of renewable energy sources into business operations is becoming more common 

and their integration in the maritime industry will be essential in the future. Making this change 

voluntarily while being one of the leaders in the industry can further strengthen a company's reputation 

and competitive position, and also access to subsidies and funding can also be improved. 

Through a comprehensive analysis of technological developments, and economic considerations, this 

thesis aims to provide useful insights into the implementation of renewable energy systems in shipyard 

environments. In this thesis, different solar and wind power systems were analysed under different 

scenarios, where electricity price, system price, system size and system location were variables.  

In addition to economic considerations, the social aspect of sustainability must be taken into account 

when designing renewable energy systems. Ultimately, the decision to invest in renewables reflects a 

commitment to both environmental sustainability and long-term business success in an increasingly 

environmentally aware world. 

The economic results did not reveal a situation where immediate investments are required, with the 

majority of results generating a payback time of more than 10 years. The results show that traditional 

horizontal wind power is more profitable than silicon solar panels or vertical wind power. However, the 

profitability of wind power is significantly affected by wind speed and only a slight change in wind 

speed could have a decisive impact on the final results. The values of levelized cost of energy for silicon 

solar panels were slightly below 10 cents/kWh regardless of the orientation or the angle of the panels, 

but with wind power values below 5 cents/kWh was reached.  
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Nomenclature 

Abbreviation      Explanation 

Wh      Watthour 

PV       Photovoltaics 

TFSC       thin film solar cells 

α-Si       amorphous-silicon  

CdTe       cadmium telluride 

CIGS       copper indium gallium selenide 

TCO       transparent conducting layer 

PSC       perovskite solar cell 

HTL       hole transporting layer 

ETL       electron transporting layer 

BIPV       building-integrated photovoltaics 

HAWT      horizontal-axis wind turbine 

VAWT      vertical-axis wind turbine 

BIWT       building-integrated wind turbine 

AWE       airborne wind energy 

PCM       phase change materials 

VAT       Value-added tax 

PVGIS      Photovoltaic Geographical Information System 

LCOE       levelized cost of energy 

NPV       net present value 
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1 Introduction 

In recent years, various industries have invested in sustainability and its integration into 

business operations. This is driven by the need to reduce the negative impacts of climate change 

and reduce dependence on limited fossil fuel resources. The maritime sector, which is known 

for its significant contribution to global emissions and pollution, will also face the challenge of 

integrating sustainability sooner or later in the form of regulations. Shipyards play a huge role 

in the maritime sector and their dependence on fossil fuels causes considerable environmental 

and economic damage. Therefore, the transformation of shipyard operations through the 

integration of renewable energy systems would contribute to the sustainability and resilience of 

the maritime sector. By doing this voluntarily whilst being a leader in the sector, the company's 

reputation and competitive position would be even stronger and access to subsidies could be 

easier. 

This thesis is done for Meyer Turku as a commission and is part of the NEcOLEAP project. 

Meyer Turku is one of the biggest and most advanced shipbuilding companies in the world. 

About 15% of the world’s cruise construction industry is accounted for by Meyer Turku. The 

NEcOLEAP research and development project aims to secure the competitiveness of the 

Finnish shipbuilding industry and a high level of cruise ship expertise and knowledge for the 

future. This will be achieved by bringing together members of industry, universities, and 

research institutes to develop sustainable and innovative technology solutions on a global scale. 

[1] 

Renewable energies can be divided into solar energy, wind energy, hydro energy, marine 

energy, geothermal energy, and bioenergy. This thesis focuses on the first two and consists of 

two parts. Chapters 2,3 and 4 focus on the theoretical part, with a comprehensive review of the 

current and future potential of renewable energy sources and energy storage possibilities. 

Chapter 5 covers the case analysis of Meyer Turku and the implementation of a renewable 

energy system. The main goal of this thesis is to build a comprehensive literature review on 

these renewable energy systems and to answer the following research question: How is energy 

management structured within the shipyard, considering both consumption and production? 

What systems could be implemented to enhance energy production within the shipyard? What 

are the potential economic, and social benefits of transitioning towards renewable energy 

systems at shipyards? 
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2 Solar power 

Solar energy is one of the largest, most efficient, and environmentally friendly renewable 

energy sources for electricity production. Solar energy is not only abundant but also the most 

common permanent energy source on our planet. Its applications go beyond its direct 

exploitation and include indirect methods such as wind, hydro, and biomass. [2] This chapter 

will focus primarily on its direct exploitation and the many ways in which it can be harnessed. 

In addition to its prevalence, solar energy is most evenly distributed around the world. As shown 

in Figure 1, solar irradiation varies across latitudes and climatic conditions, peaking at the 

Tropic of Cancer and Capricorn. In the context of this thesis, it's crucial to distinguish between 

irradiance and irradiation. Irradiance refers to the momentary power of the sun measured in 

watts per square meter (W/m²) falling on a surface at any given moment. Whereas, irradiation 

represents the total amount of solar energy, measured in watt-hours per square meter (Wh/m²), 

received by a surface over a specified period. 

 

Figure 1. Solar irradiation across the world [3]. © 2024 PVGIS. 

The global potential of solar power is enormous. The solar power in Earth's orbit can be 

calculated using the following equation.  

𝑃 (𝑠𝑜𝑙𝑎𝑟 𝑝𝑜𝑤𝑒𝑟) = GSC (𝑠𝑜𝑙𝑎𝑟 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡) ∗ 𝜋 ∗ 𝑟2(𝐸𝑎𝑟𝑡ℎ 𝑟𝑎𝑑𝑖𝑢𝑠) 

The solar constant is the amount of total solar radiation per unit area, measured from a surface 

perpendicular to the Sun's rays at about the same distance as the Earth is from the Sun. The 

average solar constant between 2003 and 2020 was 1360.883 𝑊/𝑚2 [4]. The Earth's equatorial 

radius is 6378.140 km, its polar radius is 6356.755 km and the global average is generally 

considered to be 6 371 km [5]. 
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𝑃 = 1360.883 
𝑊

𝑚2
∗  𝜋 ∗ (6 371 000 𝑚)2 

𝑃 =  173 534 517 181 502 099 W =  174 000 TW   

There is approximately 174 000 TW of solar power in Earth's orbit, but only 51% of this reaches 

the Earth's ground level. The remaining 49% is either reflected by the atmosphere, clouds, and 

Earth's surface, or absorbed by the atmosphere and clouds. [6] Consequently, the actual solar 

power available at ground level is approximately 85 000 TW. 

In 2022, global energy consumption reached approximately 177 000 TWh [7]. In terms of 

power, this equates to 20.20 TW. During the same year, solar energy production reached a new 

record of almost 1 300 TWh. In terms of power, this equates to 0.15 TW. Solar energy is 

therefore about 4 200 times greater than global energy consumption and about 566 000 times 

greater than current solar energy production. Essentially, solar power provides more energy to 

Earth in a few hours than the planet consumes in an entire year. 

Figure 2 illustrates the amount of Earth's surface area that would need to be covered with solar 

panels and associated equipment to meet the energy needs of the entire planet. It's important to 

note that this estimation solely considers the total energy output by the panels and doesn't 

address the synchronization of production with consumption at any given moment or account 

for the spacing required between the panels. The approximate area needed is around 500 000 

km2.  

 

Figure 2. The amount of Earth's surface area (yellow) that would need to be covered with solar panels and associated 

equipment to meet the energy needs of the entire planet. Reproduced under CC BY 4.0 license from ref. [9]. 
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Concentrating solar-thermal power and photovoltaics (PV) are the two primary categories of 

solar energy technologies. Solar photovoltaics are used to directly convert sunlight into energy, 

while solar thermal collectors are used to heat water, air, or other fluids depending on the 

application. Concentrating solar-thermal power uses a variety of methods to capture solar 

thermal energy for use in thermal processes associated with electricity generation [10]. 

2.1 Concentrating solar power 

Although the principle of concentrated solar power is relatively simple, it has been studied for 

several decades. At its core lies the utilization of mirrors, which serve to redirect, concentrate, 

and capture solar radiation, converting it into heat. This thermal energy can then be utilized to 

power generators or heat engines, thereby generating electricity. Solar collectors can be divided 

into two categories: stationary and sun-tracking. Stationary collectors are non-concentrated 

which means that incoming radiation is intercepted and absorbed in the same area. Sun-tracking 

collectors are concentrated, which means that they utilize optical elements to concentrate 

radiation in the receiving area. This involves tracking the sun throughout the day so that the 

solar radiation can be concentrated as accurately as possible at any given moment. [10] 

The main types of stationary solar collectors are flat plate collectors and compound parabolic 

collectors while the main types of tracking collectors are parabolic trough collectors, parabolic 

dish collectors, heliostat field collectors, and linear Fresnel reflectors [11].  

The flat-plate collector operates within a single level, resembling a box. It consists of a 

transparent lid, several pipes, and highly insulating materials. Inside the flat plate collector is a 

dark surface with a high absorption capacity. Solar energy is absorbed by this surface and 

transferred to the circulating liquid within the pipes. The liquid inlets and outlets are located at 

the corners of the collector, facilitating the flow. In contrast, a compound parabolic collector 

takes the form of a sharply bent reflecting plate, resembling a parabolic shape. This design 

enables light rays to be reflected multiple times within the collector, eventually reaching its 

bottom surface. Consequently, these collectors can capture solar radiation from various angles, 

enhancing their efficiency. [11] 

The parabolic trough collector system consists of several sheets bent into a slightly parabolic 

shape and made of reflective material. The receiver is mounted in the linear focus of the long 

modules i.e., focus of parabola. Typically, the receiver consists of a black metal tube coated 

with a selective material and enclosed within a glass tube to minimize heat loss via convection. 
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To enhance transmittance, the glass tube is often coated with an anti-reflection coating. Thermal 

energy collected by the receiver is then transferred via a heat transfer fluid passing through it, 

supplying power generation systems. Additionally, parabolic trough collectors can be 

integrated with solar cells. These cells are typically mounted at the bottom of the parabolic 

shape, where they absorb solar flux, further enhancing energy capture efficiency. [10], [11] 

In Nordic countries, where solar intensity is comparatively lower, stationary collectors and 

parabolic troughs are the only viable options as they are capable of efficiently producing heat 

within the temperature range of 50-300°C. Other types of collectors require a higher solar 

intensity to be profitable. Regular flat-plate collectors are most common but based on studies 

and calculations carried out in Potsdam, northeast Germany, 2021 [12] and Aalborg, northern 

Denmark, 2013 [13],  the annual expected yield of parabolic collectors would be up to 500 

kWh/m2 at temperatures of 50-100 °C. This exceeds the output of a regular flat-plate collectors. 

However, it is worth noting that parabolic collectors need direct sunlight to work optimally. 

Since almost half of the sunlight in southern Finland is diffused, parabolic collectors may not 

achieve significant popularity in Finland [14].  

2.2 Photovoltaics 

2.2.1 Working principle  

The photovoltaics involves the use of solar cells to generate electricity directly via the 

photovoltaic effect. Solar cells are based on semiconductors and as the name suggests, 

semiconductors are materials that do not naturally conduct electricity but are not insulators 

either. Figure 3 illustrates the difference in band gap between conductors, semiconductors, and 

insulators. 



 
 

7 

 

 

Figure 3. Differences in band gaps between insulators, semiconductors, and conductors. 

In conductors, the lack of a band gap leads to an overlap of conductive and valence bands, 

which allow unrestricted electron movement. The amount of band overlap directly correlates 

with the material's conductivity. In contrast, insulators exhibit significant band differences, 

preventing electron excitation from the valence to the conduction band. Semiconductors, with 

a less bandgap, allow for electron excitation through solar radiation, or photons. When photons 

elevate an electron to the conduction band, the following electrons fill the vacancy, generating 

an electric current as photons create electron-hole pairs. The separated electron and hole move 

to the negative and positive poles, respectively. The band gap size affects the voltage, with 

larger gaps correlating to higher voltages while the current is related to the number of electrons 

excited by the photons. [15] 

The charge separation occurs in the p-n junction, which is formed when p- and n-type 

semiconductors are in contact with each other, resulting in homojunction (same material layers) 

or heterojunction (different materials). P-n junctions in homojunction solar cells rely on doping, 

where impurity atoms are added to the lattice. Doping with boron or phosphorus alters the band 

gap, creating donor and acceptor states for efficient charge transfer. As a result of doping p-

type semiconductors have higher density of holes in the valence band and n-type 

semiconductors have higher electron density in the conduction band. When a p-n junction is 

formed, the higher electron concentration of the n-type semiconductor compared to the p-type 

semiconductor causes the diffusion of negative carriers from the n-type semiconductor to the 

p-type semiconductor and vice versa, holes diffuse from the p-type to the n-type. Charge 

diffusion occurs until thermal equilibrium is achieved, creating a depletion area, and generating 
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an electric field. This electric field facilitates charge drift towards the n-side for electrons and 

the p-side for holes, establishing equilibrium when drift and diffusion currents are equal. [15], 

[16] 

 

Figure 4. p-n junction and electric field. The blue circles are positively charged donors and the red circles are negatively 

charged acceptors. The black circles are electrons, and the orange circles are holes. The electric field is generated when 

equilibrium is achieved. 

Examining the absorption and transfer mechanism, photons with energy equal to or greater than 

the semiconductor's band gap create electron-hole pairs in an excited state. Insufficient photon 

energy remains unexploited and may result in excess energy release through thermalization, 

heating the material lattice. Subsequently, the electron-hole pair diffuses or drifts towards the 

collection electrode. Collected charges recombine, vaporising energy as heat. Alternatively, 

recombination can emit photons, leading to new electron-hole pairs in direct bandgap materials 

with high purity. This process, responsible for charge transport, differs from diffusion or drift 

processes, offering insights into the complexities of semiconductor behaviour in harnessing 

solar energy for electricity generation. [17] 

In heterojunction cells, a junction is formed between semiconductors with varying band gaps. 

One widely used heterojunction configuration combines hydrogenated amorphous silicon with 

crystalline silicon, often known as SHJ or silicon heterojunction. This heterojunction silicon 

cell forms its junction by depositing layers of crystalline silicon and hydrogenated amorphous 

silicon using plasma-enhanced chemical vapor deposition. The hydrogenated amorphous 

silicon layers are doped with opposite charges, transforming into charge-selective contacts. 
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These contacts play a crucial role in enabling the targeted transfer of specific charge carriers 

while effectively blocking the transfer of opposing charges. This surface passivation reduces 

recombination and significantly improves the open circuit voltage. Remarkably, silicon 

heterojunctions, especially when paired with homojunction passivated emitter rear locally-

diffused solar cells, have demonstrated excellent performance among silicon-based 

photovoltaics. [17] 

Solar cells can be divided into three different generations; first-generation solar cells are based 

on silicon materials; second-generation solar cells are thin films, and third-generation solar cells 

consist of new materials. The efficiency and stability of the first-generation solar cells are good, 

but they require tough production conditions, such as high temperatures and high vacuum, 

therefore their fabrication costs are high. The second-generation solar cells have lower costs 

but also lower efficiencies. The third-generation solar cells have promising prospects.  

2.2.1.1 Efficiency and losses  

 

Figure 5. The fill factor, which determines the maximum power from solar cell. 

The efficiency of solar cells can be measured using four parameters: short circuit current (iSC), 

open circuit voltage (VOC), the power entering the panel (PIN, PSUN), and the fill factor (FF). 

The fill factor is calculated by dividing the multiplication of the maximum power point voltage 

(VMP) and current (iMP) by the multiplication of the short circuit current and open circuit voltage.  

𝐹𝐹 =  
𝑉𝑀𝑃 ⋅  𝑖𝑀𝑃

𝑉𝑂𝐶 ⋅ 𝑖𝑆𝐶
 

𝜂 =  
𝑃𝑀𝐴𝑋

𝑃𝐼𝑁
 =  

𝑖𝑆𝐶 ⋅  𝑉𝑂𝐶 ⋅  𝐹𝐹 

𝑃𝑆𝑈𝑁
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The cell efficiency is not to be confused with the panel efficiency. The panel efficiency can be 

calculated by dividing the nominal power of the panel (PNOM) by the surface area (A) of the 

panel multiplied by 1000 W/m2. 

𝜂 =  
𝑃𝑁𝑂𝑀

𝐴 ⋅  1000 
𝑊

  𝑚2 
 
 

Non-absorption and thermalization, previously discussed, stand out as the primary sources of 

power loss in solar cells. Additional types of losses include optical losses, such as reflection, 

transmission, and area loss, and collection losses such as bulk and surface recombination. 

Reflection losses are caused by interfaces within the cell, and their impact can be mitigated 

through effective surface design. Techniques such as texturing the front surface, the use of anti-

reflection coatings, or light trapping can help minimize these losses. Transmission losses, due 

to cell thickness, can be addressed by increasing thickness to enhance absorption, although this 

approach comes with compromises such as higher material consumption and challenges 

collecting charges from deeper layers. Area losses result from shading by top contacts while 

bulk recombination refers to the recombination of an excited electron and a hole in the bulk of 

semiconductors, and the probability of this is affected by the distance of the p-n junction. 

Surface recombination, which occurs mainly at the front surface, involves recombination of the 

excited electron at the cell interface or surface. [18] 

2.2.2 Silicon solar panels 

Silicon solar panels dominate the current global production of solar panels with 90% share of 

it. There are two different types of silicon solar panels which are mono-crystalline (single-

crystalline, mono c-Si, mono-Si) and poly-crystalline (multicrystalline, poly-Si, mc-Si). Mono-

Si panels are more efficient since they are made from one piece, and they have high life span, 

but they are also more expensive. Poly-Si panels are manufactured by casting and it’s cheaper 

to manufacture and they are also more common. Poly-Si on the other hand have lower efficiency 

and have less uniform look as they have lower purity of silicon.  

Silicon solar cells are wafer-based which means that the cells are fabricated on semiconducting 

wafers, and they can be handled without an additional substrate. Typically, the solar panel 

modules are covered with protective glass for safety and for mechanical stability. Silicon solar 

cell’s structure consists of three main components: front contact, silicon cell and back contact. 

The front contact is responsible for the current collection. The silicon cell component is 
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responsible for the photovoltaic effect and charge separation and the back contact completes 

the electrical circuit.  

Silicon solar cells use only one band gap and are therefore unable to use the entire solar 

spectrum. William Shockley and Hans J. Queisser calculated in 1961 that the maximum 

theoretical efficiency of crystalline silicon solar cell would be 30%[19]. This calculation was 

made by assuming that a single semiconductor and p-n junction constitute a solar cell, without 

sunlight concentration and that charge carries mobility would be infinite. The solar cell would 

also be a blackbody so it would absorb all incident radiation [19], [20]. This maximum 

theoretical efficiency would be achieved at band gap 1.1 eV or ~1130nm. The maximum 

theoretical efficiency for silicon solar cell would be ~33% according to modern version of SQ 

limit where the thickness is considered, the absorption due to charge carries and auger 

recombination and the surface of the silicon is optimized (light trapping) [15], [21], [22].  

Commercial silicon solar panels have efficiencies of 18-21 % and 15-18% for mono-Si and 

poly-Si, respectively. The efficiency of solar panels or modules should not be confused with 

the efficiency of cells, as the efficiency of cells is always higher. There will be small gaps 

between the panels, resulting in a lower efficiency percentage. 

2.2.3 Flexible/thin films panels 

Thin film solar cells (TFSCs) constitute a pivotal technology in the solar energy landscape, 

comprising multiple layers of distinct materials. Among the most widely commercialized 

TFSC, three stand out prominently: amorphous-silicon (α-Si), cadmium telluride (CdTe), and 

copper indium gallium selenide (CIGS). These materials offer the advantage of minimum 

material usage and improving efficiencies, thanks to their direct bandgap properties that enable 

the utilization of thin materials. Despite their promising features, TFSCs possess a lower 

absorption coefficient compared to their crystalline counterparts, absorbing less light per 

thickness. The structure of TFSC is composed of substrate, transparent conducting layer (TCO), 

window layer, metal contact or back contact layer, and absorber. Every component material has 

unique physical and chemical characteristics that have an impact on the performance of the cell. 

[23]  

α-Si, a versatile material, finds application on various metallic and non-metallic substrates. 

Depending on the architecture—whether p-i-n or n-i-p—α-Si cells are deposited onto 

transparent conductive oxide or fabricated with a glass substrate. The substrate's properties 
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significantly influence the structural characteristics of the cell. [24] In particular, substrates 

must remain inert, mechanically stable, and possess a thermal expansion coefficient matching 

the deposited layers. The use of TCOs, often zinc oxide-based, enhances electrical conductivity 

and transparency. α-Si cells can incorporate single or double-layer TCOs through 

microstructure modifications, impacting its overall performance. In amorphous silicon thin-film 

solar cells, silicon nitride (SiNx) or a-SiC:H (hydrogenated amorphous silicon carbide) is 

usually used as the window layer [25]. These provide suitable bandwidth characteristics and 

optical properties to ensure efficient transmission of light while forming a suitable interface 

with the absorber layer. The back contact is typically made on an n-type semiconductor layer 

and a double-layer reflector of ZnO and Ag or Al layers is commonly used. The ZnO layer will 

enhance the back reflection as well as cell performance due to its optical and electrical 

characteristics [26].   

CdTe, another widely commercialized TFSC material, is often produced in a superstrate 

configuration, allowing flexibility [27]. The choice of substrate material depends on the 

deposition temperature, with borosilicate glass or thin metallic foils used for high-temperature 

deposits and soda-lime glass for lower temperatures. In CdTe thin-film solar cells, these double-

layer TCO or bilayers are mostly used. In these bilayers, the properties of two different TCO 

layers can be combined, and usually one layer is highly conductive, and the other layer is much 

thinner but highly resistive. Cadmium sulfide has traditionally been used as the window layer 

material in CdTe thin-film solar cells. Cadmium sulfide has the appropriate bandwidth, good 

optical transparency and electrical properties needed for efficient performance. However, 

cadmium sulphide is highly hazardous, so environmentally friendly alternatives such as zinc-

based compounds such as ZnS [28], ZnSe [29] or ZnO are constantly being researched, but a 

fully suitable alternative has not yet been found [30]. Most common and most efficient CdTe 

solar cells are manufactured by using Cu-based materials as the back contact, but different 

materials and especially Cu-free materials are searched for all the time [31], [32]. 

CIGS, a material under active development, exhibits both superstrate and substrate structures. 

Notably, CIGS cells based on the substrate structure demonstrate superior performance due to 

the interdiffusion of CdS during high-temperature film growth, contributing to increased solar 

energy efficiency [25], [33]. These bilayer TCOs are also used in CIGS cells since they are the 

most functional ones. The CIGS cells also use cadmium sulphide and zinc oxide as the window 

layer. Molybdenum serves as a commonly used material for back contacts, offering inertness 

during deposition conditions, high thermal stability, and corrosion resistance. Challenges 
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persist, particularly under high argon pressure during molybdenum deposition, leading to 

optical and electrical issues [34]. 

While α-Si solar cells have dominated the consumer electronics market since the early 1980s, 

the performance and development of CIGS and CdTe solar cells show promising signs of 

overcoming crystalline Si technology. Despite this, the thin-film solar cell sector is currently in 

a slight downturn due to the low manufacturing costs of the corresponding crystalline silicon 

technology. The expected increase in the market share of thin-film technologies is based on the 

assumption that production costs will remain lower than those of crystalline silicon. Challenges 

related to thermal reliability and material availability may affect their role in the growth in 

demand for PV technology. In addition, cutting-edge thin-film technology based on perovskites 

is gaining attention thanks to improved stability and reliability. The development of thin film 

technology balances cost competitiveness with continuous technological development. [23], 

[25] 

2.2.4 Perovskite panels 

Among all solar cells used in photovoltaic systems, perovskite solar cells (PSC) had the 

quickest rate of performance growth with almost 22 percentage points in 13 years [35]. 

Perovskite is a titanium oxide mineral composed of calcium titanate (CaTiO3) and it was 

discovered by German mineralogist Gustav Rose in 1839 but it is named after Russian 

mineralogist Lev Perovski. Perovskite is also referred to all compounds with the same crystal 

structure as CaTiO3 with the general formula of ABX3. The A stands for cation, B as metal 

cation and X for the halogen anion. Perovskite has unique structural properties, tuneable 

bandgap, high absorption coefficient, high charge carriers’ mobility and long electron-hole 

diffusion length [36].  

Perovskite solar cell structure consists of an electrode, hole transporting layer (HTL), perovskite 

absorber layer, electron transporting layer (ETL) and transparent conductive oxide. The 

architecture can be regular/standard (n-i-p) or inverted (p-i-n). [37] In regular architecture, the 

ETL is deposited first on top of the TCO which is usually fluorine-doped tin oxide or indium 

tin oxide. In inverted architecture, the HTL is deposited first on top on indium tin oxide. The 

first publication using perovskite materials in solar cell applications was made in 2009. 

Miyasaka et al. used TiO2 as ETL and CH3NH3PbI3 as absorber layer [38]. Four years later 

inverted architecture structure was invented [39]. Today, the PCE of a cell made either way is 
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more than 20%. However, n-i-p type of PSC have the record efficiency for single junction cells 

[40].  

The main operating principle of standard perovskite solar cells consists of three phases. Firstly, 

the charge generation will occur in perovskite absorber layer. The active material is excited by 

a photon and creates electron-hole pair. Then the charge separations will occur to the charge 

selective layers. Finally, the ETL transfers the electrons and block the holes from the perovskite 

layer to the back contact and the HTL transfers the holes to reach the TCO layers and blocks 

the electrons. The wire will connect the electrodes creating an external circuit. [41] 

Both electron and hole transporting materials (HTM) need to be developed to improve the 

performance of PSCs even more. For electron transporting materials (ETM) it is necessary to 

create metal oxides with improved mobilities, fewer surface flaws and better band alignment. 

Additionally, for flexible and large-scale PSCs, experimenting with various deposition 

techniques is required to create a suitable metal oxide ETM. The development of organic ETMs 

is on the rise and looks promising, but there is a lot of work to do in terms of simpler 

manufacturing methods, higher mobility and durability. [42] Spiro-OMeTAD is the most 

frequently utilized small molecule for HTMs. However, it has complicated synthesis process 

and expensive price, so it is necessary to create alternatives with comparable qualities. Stability, 

simplicity of synthesis, and high purity are desirable attributes. Furthermore, it would be ideal 

to construct organic HTMs devoid of dopants that exhibit good performance [41].  

PSCs have great potential, are developing quickly, and have received a lot of scientific interest 

in the last ten years. However, problems with commercialization are posed by the coating 

methods for large area perovskite films, the measurement standards for stability and cell 

lifetime. In addition, the toxicity of lead and possible solutions to it are also a major concern. 

[43] 

2.2.5 Bifacial panels 

An innovative innovation in solar panel design is the bifacial solar panels. Bifacial solar panels 

are a type of photovoltaic module that can capture sunlight from both the front and back of the 

panel. Working principal of bifacial panels allows them to produce more electricity than 

traditional (monofacial) panels. Unlike conventional solar panels that solely absorb sunlight 

from their front surface, bifacial panels utilize both direct sunlight and reflected light, thereby 

enhancing their energy output. By converting reflected light, such as that from surrounding 
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surfaces like the ground or nearby structures, into electricity, bifacial panels leverage what is 

known as the albedo effect. This is particularly useful in environments with reflective surfaces 

such as snow, sand, or light-coloured roofs. Studies have shown that bifacial panels can 

significantly increase energy production, especially in places with high albedo.  

Bifacial solar panels offer a promising solution for aligning PV production with fluctuating 

power demands. In regions like the Nordic countries, where the sun rises early in the east and 

sets in the west during summer, strategically orienting bifacial panels in a south-north direction 

can optimize electricity generation to match with peak demand periods in the morning and 

evening [44]. 

As the solar industry progresses and technology advances, the popularity of bifacial panels has 

grown. However, broader acceptance in the global solar market requires a deeper 

comprehension of the technology, further development of solar cell technology, and 

establishment of industry standards. To facilitate widespread adoption, efforts must focus on 

making the technology more accessible and economically appealing [45].  

2.2.6 Tandem panels 

Tandem solar panels are one the latest inventions in PV industry that are rapidly gaining 

traction. The fundamental idea behind tandem solar cells is to stack multiple layers of 

semiconductor materials on top of each other, with each layer optimized to absorb a specific 

range of wavelengths. Unlike conventional solar cells, which are limited by a single bandwidth, 

tandem solar cells exceed the limitations imposed by the Shockley-Queisser limit. Tandem solar 

panels improve efficiency and performance by reducing heat and absorption losses. The use of 

two different semiconductor materials is not mandatory but is often used to optimize bandgap 

tunability. [46] This allows a more precise tailoring of the semiconductor characteristics to the 

solar spectrum. As a result, tandem solar panels are more flexible and efficient in harnessing 

solar energy over a wider wavelength range.  

The tandem solar cells are typically divided into two types: monolithic and multi-junction, also 

referred to as are two-terminal and four-terminal types, respectively. The main difference 

between these types is how the semiconductor layers are connected and fabricated. In 

monolithic solar cells the layers are grown on top of each other in a single, continuous structure 

and are connected in series.  In multi-junction cells the semiconductor layers are however 

separate and have their own terminals. [46] 
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The monolithic solar cells require more precise compatibility of materials and efficient charge 

transport between layer while in multi-junction cells allow more flexibility in choosing 

materials and optimizing each layer for its specific wavelength range. The monolithic cells are 

simpler to fabricate as they have continuous structure and can be fabricated similarly to 

traditional single-junction cells. However, optimization of each layer for specific wavelength 

range is more challenging. In multijunction cells it’s easier to optimize each layer to get broader 

range of solar spectrum but the fabrication is more complex. In monolithic configurations, the 

current is limited by the subcell with the lowest current, while the device's total voltage is the 

sum of its subcells’ voltages. In multi-junction configurations, the presence of multiple 

transparent electrodes can lead to additional reflection and parasitic absorption. Both 

configurations face challenges related to material compatibility, such as lattice constraints and 

other properties need to align. [46]–[48] 

Most effective tandem solar cells mainly feature a combination of perovskite and silicon, 

offering efficiencies exceeding 30%. Notably, the record efficiency of 33.9% for dual-junction 

cells has been achieved in a monolithic configuration. Perovskite has emerged as a prime 

candidate for the top cell in tandem panels due to its bandgap falling within the range of 1.5-

1.7 eV, making it compatible with various materials such as crystalline silicon, CIGS [49], 

organic [50] and even with itself [51] in both monolithic and multi-junctional configurations 

[52]. Ongoing research explores tandem solar panels incorporating all organic [53], 

CIGS/Silicon [54], polymer-CIGS [55] and CIGS/SWCNT (single wall carbon nano tube) cells 

[56]. Triple junction tandem panels are also being investigated with different materials [57].   

The material selection is the most important aspects as each material have different bandgap 

and properties, which requires the compatibility and suitability of the chosen materials. Tandem 

solar panels could be used in situations where space is limited and where higher energy 

production is needed in a limited area. The tandem solar cells have the potential to become cost-

effective and scalable for the whole industry.  

2.2.7 Building-integrated photovoltaic 

Building-integrated photovoltaic (BIPV) is a technology that seamlessly integrates solar power-

generating components into building structures. BIPV is intended to be an integral part of the 

building's envelope as opposed to adding solar panels as an afterthought with a mounting 

system. This integration not only harnesses solar energy, but also has the dual purpose of 

contributing to the architectural and aesthetic aspects of the building. There are primarily four 
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different integration styles or elements for BIPV: roofs, facades, windows and external devices. 

In roofs, panels can either cover the entire roof or only part of it. In facades, solar panels can be 

integrated into the outer walls of the building, acting both as a cladding and as an energy 

generator. The windows can be fitted with transparent solar cells or solar films, thus making 

them energy-generating surfaces. parapets, balustrades, canopies, or solar shading devices can 

act as an external device while enhancing the building's energy efficiency and aesthetic appeal. 

[58] 

Different technologies that are utilized in BIPV include solar shingles or tiles, customised solar 

modules, and solar glass. Solar shingles are designed to resemble traditional roofing materials 

but contain photovoltaic cells to generate electricity [59]. Customisable solar modules are 

designed in a way that makes them versatile and can be integrated into various building 

elements and even for vertical installation. Solar energy glass refers to glass panels designed to 

collect sunlight and convert it into electricity. These glass panels can be integrated into 

windows, skylights, and other transparent surfaces. Solar energy glass can take different forms, 

such as transparent solar cells, solar coatings, or thin-film photovoltaic technologies. The main 

characteristics of these solar energy glasses include transparency, versatility, aesthetics, and 

energy efficiency [60]. In addition, a selective solar harvesting window based on transparent 

photovoltaic and transparent solar absorbers has been developed. This system captures thermal 

energy for heating interior spaces in winter and reduces indoor cooling needs in summer 

through vented air circulation [61]. 

The benefits of BIPV include aesthetics, space utilization, reduced environmental impact and 

energy efficiency. BIPV enables the design of visually attractive and architecturally integrated 

solar energy solutions while utilizing the space available on the building surface. Although 

BIPV systems typically operate at an efficiency of around 15%, they still play a significant role 

in reducing greenhouse gas emissions by partially meeting the energy demand of the building. 

However, BIPV systems also present challenges, in terms of cost, installation complexity, 

maintenance and efficiency. The initial investment in BIPV systems tends to be higher than for 

traditional building materials, requiring careful design to integrate them seamlessly, and can 

complicate maintenance procedures. Despite continuous improvements, the efficiency of BIPV 

technologies is lower individual solar panels. [58], [62] 
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2.2.8 Recycling 

Implementing the three Rs - reduce, reuse, and recycle - provides a sustainable and 

environmentally friendly approach to managing end-of-life solar panels. Reducing the materials 

used in solar panels minimizes the amount of potential waste, while the overall lifetime of the 

components can be extended by reusing panels and recovering spare parts from other sources. 

However, when panels reach the end of their life cycle, recycling becomes a necessity. [63] 

Recycling of solar panels is crucial for the sustainability of the sector, especially given the 

projected number of end-of-life panels. It is estimated that by 2050, around 80 million tonnes 

of PV modules will need to be recycled, and by 2030, 8 million tonnes are expected. This figure 

represents about 10% of the global e-waste expected to be generated during this period [64]. 

However, current recycling processes are neither adequate nor cost-effective, highlighting the 

need for more efficient methods to recycle or reuse these panels and materials. 

The design of existing photovoltaic panels focuses on longevity and weather resistance, which 

makes dismantling challenging. These panels are tightly manufactured and consist of different 

components such as a frame, cover glass, encapsulants, cells, backing plate and junction box. 

The encapsulants are heated to form a sealing compound, which further increases the difficulty 

of material recovery. Therefore, optimizing the recycling processes in photovoltaic technology 

remains a major challenge [65]. 

Currently, silicon and CdTe panels are recycled using three main methods: mechanical, thermal, 

and chemical processes. The most frequently applied method is mechanical processes and can 

be categorized into cutting, peeling, fragmenting treatment, and contactless fragmenting 

treatment [66]. The main goal of mechanical treatment is to physically separate the materials 

without causing the encapsulation layers to break. Shredding, crushing, milling, and grinding 

are all fragmenting treatment methods. The advantages of mechanical processes include the 

absence of chemicals, low energy consumption, low processing costs and easy access to 

equipment. However, the processes generate dust and noise, cannot handle toxic substances, 

and recovering valuable materials with sufficient quality is a challenge. 

Heat treatment aims to break down the capsule polymers into volatile molecules, thereby 

eliminating the adhesive properties of the panel. This degradation occurs at high temperatures 

by pyrolysis or combustion [67]. Heat treatment allows the collection of very pure materials 

and the clean separation of solar cells and glass. However, it requires significant energy 

consumption, involves high investment and operating costs and can produce toxic emissions. 



 
 

19 

 

Chemical processing also targets encapsulants and can use organic or inorganic solvents, which 

can be accelerated by high temperatures or microwaves. Like thermal treatment, chemical 

processes allow the collection of high-purity valuable materials and the clean separation of solar 

cells and glass. However, solvents are expensive, polluting and potentially hazardous. In 

general, thermal, and chemical treatment allow the collection of the higher purity and higher 

value materials but are more expensive and more environmentally damaging than mechanical 

treatment [66], [67].  

 

 

 

Figure 6. Recycling process of PV panels. Reproduced from refs. [66] and [68] with permissions from Elsevier and Copyright 

Clearance Center. 

Majority of the recycling revenue comes from the minority materials by mass such as silver, 

silicon and copper. However, the purity of these materials significantly impacts their value. 

Materials must reach high purity levels to be reused in panels; for instance, silicon typically 

requires a grade of 6N, or 99.9999%. [65] This level of purity is considerably more expensive, 

approximately eight times the cost of materials with 99% purity [69]. To obtain such high-

purity materials from used panels, several EU-funded projects have been initiated. One of the 

projects aim to develop a recycling plant which could recover up to 98% of the mass of the used 
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panel with a minimum purity of 98%. One projects goal is to have a plant which will be able to 

process up to 5 000 tonnes of panels annually by 2023 and the third project concentrates on 

reusing the waste from wafer production.  

Despite these efforts, studies on the economic feasibility of recycling plants give a discouraging 

message. Recycling plants often struggle to make a profit, as the recycling process often costs 

more than the revenue generated from the materials [70], [71]. Thus, reusing panels is often 

more cost-effective than removing components, recycling materials, and buying new ones [72]. 

An alternative approach could be to redesign PV panels to use more sustainable materials or to 

make them easier to dismantle [73]. However, such redesign efforts will take time to ensure 

that the new design matches the efficiency of existing designs.   

2.2.9 Sustainability 

Compared to conventional fossil fuels like coal and natural gas, solar panels have significantly 

lower carbon emissions, with reductions of up to 95%. On average, solar panels emits 

approximately 20-80 g CO2/kWh, depending on factors such as the panel type and installation 

method. In contrast, coal emits around 1000 g CO2/kWh, while natural gas emits around 450 g 

CO2/kWh. [74], [75] 

The ecological sustainability of solar panels can be assessed through a life cycle assessment, 

which typically considers measurements of amount of greenhouse gas emissions and energy 

payback time. Greenhouse gas emissions are measured from product manufacture to the end of 

the product lifespan and often the recycling is also included to these calculations. In particular, 

the manufacturing phase accounts for up to 80% of total emissions and includes the extraction 

of materials, their possible production and processing, and the assembly of the panel itself. 

While the use of solar panels has minimal environmental impact, emissions from panel 

transportation contribute to main of the remaining emissions, with variability depending on the 

location. The energy payback time of solar panels is heavily influenced by solar radiation levels 

at the installation site. Higher radiation levels result in increased energy production and 

subsequently shorter payback times. Furthermore, different panel types exhibit varying 

environmental impacts, with monocrystalline panels generally associated with higher emissions 

and CdTe thin-film panels with lower. Additionally, installation methods also influence final 

emissions and payback times. [74], [76], [77] 
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3 Wind power 

Wind energy is actually a second form of renewable energy as it relies on the Sun. As the sun 

heats the Earth's surface unevenly, the temperature changes, causing pressure differences that 

ultimately lead to air movement. As warmer air rises and moves towards the poles, cooler and 

denser air flows over the Earth's surface towards the equator, creating a cycle. This movement 

of air from high to low pressure areas is commonly referred to as wind [78]. The wind direction 

is influenced by a number of factors, including the Coriolis effect, pressure differences, local 

topography, land and sea winds, and global wind patterns. Together, these factors create 

complex and constantly changing wind patterns worldwide [79]. Thus, certain geographical 

locations, such as hilltops, mountain valleys and coastal areas, are typically the best places to 

harness onshore wind energy because of their exposure to prevailing winds.  

Harnessing wind energy into electricity through turbine blades is based on the same 

aerodynamic principles that give lift to the wings of an aeroplane or the blades of a helicopter 

rotor. As the wind flows over the blades, it creates a low-pressure air pocket underneath each 

blade, causing motion towards the low-pressure area and starting the rotor spinning. This 

aerodynamic phenomenon is called lift. The lift force exceeds the wind force in front of the 

blades, called drag. The combined effect of lift and drag leads to the rotation of the rotor, which 

is coupled to the generator either directly or through a gearbox. The use of a gearbox allows a 

physically smaller generator as the gears in the gearbox accelerate the rotation. This rotation 

converts the aerodynamic force into electricity. Wind turbines therefore convert wind energy 

into electricity by harnessing the aerodynamic forces acting on the rotor blades. [79] 

Wind power is experiencing a significant rise, as illustrated in graph 1, and is poised to become 

increasingly influential in the near future. Yearly, the cumulative installed wind power capacity 

continues to grow steadily and providing 2160 TWh of electricity in 2022. This corresponds to 

7.6% of global electricity consumption, underlining the growing importance of wind power in 

the global energy landscape [80].  
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Graph 1. Cumulative installed wind power capacity worldwide from 2008 to 2022 [81]. 

There are different forms of wind turbines but all of them are categorized distinctly by two 

types: horizontal-axis wind turbines (HAWTs) and vertical-axis wind turbines (VAWTs). 

Furthermore, the turbines can be categorized based on their size and capacity to small-scale 

wind turbines, medium-scale wind turbines and utility-scale wind turbines. The small-scale 

wind turbines are used in residential or small commercial applications while the medium-scale 

wind turbines are often used for community or industrial applications. The utility-scale wind 

turbines are primarily used in specific wind farms for grid-connected power generation. Both 

HAWTs and VAWTs can be found in small-scale and medium-scale applications, but utility-

scale turbines primarily use HAWTs due to their efficiency. 

Wind turbines can also be classified based on their working principle, with two primary types: 

drag-based and lift-based [82]. Drag-based turbines exhibit simplicity in design but tend to have 

lower efficiency, while lift-based turbines are more intricate, extracting greater energy per unit 

swept area due to the perpendicular force direction [83], [84]. Advancements in wind turbine 

technology continue to occur, including innovations in materials, design, and efficiency, 

making wind energy an increasingly viable and sustainable source of electricity [85]. 

3.1 Wind turbines 

3.1.1 Horizontal-axis wind turbines  

Horizontal-axis wind turbines are more traditional in design and to some extent resemble 

historic windmills. As the name suggests, these turbines feature a horizontal-axis of rotation, 
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aligning the main rotor shaft parallel to the wind direction. HAWTs are the dominant type of 

modern wind turbine, commonly found both onshore and offshore, and operate based on lift 

forces. 

The main components for horizontal-axis wind turbine include tower, rotor hub, rotors blades 

and nacelle. The nacelle includes essential components such as gearbox, main rotor shaft, 

generator, yaw system and pitch system. Usually, HAWTs consist of two or three blades 

attached to the rotor hub, capturing the wind's kinetic energy, and converting it into rotational 

motion. The rotor hub acts as the central connection point for the blades, connecting them to 

the main rotor shaft, which runs horizontally and is connected to the gearbox. The gearbox 

increases the rotational speed by using low-speed shaft and high-speed shaft with the generator 

subsequently converting this rotational energy into electrical power. The generators can be 

either synchronous or asynchronous generator. The yaw system adjusts the turbine’s orientation 

to face the wind and therefore maximizing energy capture and the pitch system regulates the 

rotor speed by modifying the blades angle in relation to the wind.  The tower supports the entire 

turbine structure and elevates the rotor to higher altitudes where wind speeds are stronger and 

more consistent. [85] Tower types can be categorized into five main types: tubular steel towers, 

Guyed towers, and lattice towers, hybrid towers, and concrete towers. The decision of the tower 

type is determined by structural, aerodynamic, and budgetary factors [86].  

The main differences between a larger scale and smaller scale turbines are the yaw system and 

the generator. Smaller turbines don’t have an active yaw system, but a passive tail that turns the 

turbine in the winds direction. Smaller turbines also use a direct drive transmission while larger 

turbines use geared transmission [79]. 

Another factor influencing the turbine design is the rotor placement which can be either upwind 

or downwind. The upwind turbines are the most common type, with the rotors facing into the 

wind and the generator and other components positioned upwind of the tower. In contrast, the 

rotors of the downwind turbines are facing away from the wind, and the generator is located 

downwind of the tower. In downwind turbines, the orientation of the rotor means that no yaw 

system is required. 

The advantages of HAWTs include their efficiency, reliability, scalability, and mature 

technology. Most commercial wind developments worldwide exclusively rely on HAWT due 

to their superior overall performance, with a typical power coefficient ranging from 40% to 

50%. However, challenges such as high maintenance costs, decreased performance in low and 
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unstable winds, and noise generation hinder their use in urban areas. Despite these challenges, 

ongoing advancements in technology continue to enhance the efficiency and reliability of 

HAWTs. As the global demand for sustainable energy solutions increases, HAWTs will likely 

continue playing a crucial role in harnessing wind power. 

3.1.2 Vertical-axis wind turbines 

Vertical-axis wind turbines (VAWTs) are a distinctive category of wind turbines, different from 

the common HAWTs. Unlike their horizontal counterparts, VAWTs have the rotor axis oriented 

vertically to the ground, which offers both unique advantages and challenges to harnessing wind 

energy. These turbines are able to generate electricity from winds of any direction, have a low 

cut-in wind speed and have a design where the main rotor shaft is positioned transversely to the 

wind, with key components located at the turbine's base.  

VAWTs can be categorized into two main groups: the Savonius and the Darrieus models. The 

Savonius turbine, invented by Finnish engineer Sigurd Savonius in the 1920s, operates based 

on drag force [87], [88]. It consists of two hollow half cylinders connected to a central rotating 

shaft, facing opposite directions. While the Savonius turbine doesn’t offer optimal aerodynamic 

performance, it excels in low wind speed conditions. Over the years, the Savonius turbine has 

been developed to enhance its efficiency, with advancements in rotor and blade design, blade 

overlap, and the number of blades. Modern Savonius turbines typically feature a helical design 

with curved blades forming a symmetrical S-shape. Variations include straight bucket, helical 

bucket, and multi-stage turbines. These turbines are commonly utilized in smaller-scale 

applications due to their self-starting design, simple construction, cost-effectiveness, and 

reliability in low wind speed conditions. However, Savonius turbines face challenges such as 

limited scalability and lower efficiency rates compared to other VAWTs, with a power 

coefficient typically only in around 0.20 [84], [89]. Despite these challenges, Savonius turbines 

remain a viable option for specific applications where low wind speeds prevail. 

French engineer G.J.M. Darrieus invented and patented his own design of wind turbine in 1926, 

though the patent wasn’t granted until 1931 [90]. These turbines, known as Darrieus turbines, 

are based on the lift force enabling them to extract more energy from the wind per unit swept 

area compared to Savonius turbines.  

There are many different designs of Darrieus turbines, but they all have the same working 

principle. The blades move forward in a circular path through the air creating a net forward 
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force due to the relative motion between the wind flow direction and the blade. This forward 

force generates a positive torque on the rotor, with the only force acting on the blades being 

tension [91]. The design of Darrieus turbines ensures minimal bending stress on the blades, 

facilitating the construction of larger-scale turbines [84]. 

The most well-know Darrieus turbine design is the eggbeater shape (Φ-configuration). It is 

characterized by two or more curved blades that resemble an eggbeater. Despite its potential 

for large-scale energy production and having multiple over 100 kW rated turbines, the 

commercial production has been challenging due to difficulties in manufacturing and high costs 

[92]. Attempts to improve and optimize the design have not yet delivered significant benefit. 

Another Darrieus turbine design is the Giromill, featuring straight blades instead of curved 

ones. The Giromill may have two or more blades, with two-bladed designs resembling the letter 

H, also known H-rotor or H-bar design. Variable pitch blades are more effective than fixed 

ones, potentially addressing starting torque issues, although their construction is complex and 

reduces profitability and cost-effectiveness for small-scale applications [93]. 

The Darrieus-Masgrowe turbine, also known as Masgrowe H-rotor, divides the turbine into two 

levels, each with two or three wings with offset by 90 degrees. While this design may reduce 

self-starting torque problems, further study is required regarding its feasibility and structural 

stability, as it has only been tested on small-scale prototypes [84]. 

One interesting Darrieus variant is twisted or helical three bladed turbine. It is based on 

computational fluid dynamics simulations and experiments following promising results. The 

turbine is designed to start in less windy conditions as its twisted blades reduce flow separation 

providing a positive lift at zero angle of incidence. The twisted blades also can increase the 

efficiency by increasing the projected area. However, challenges in manufacturing and 

scalability persist, with the current power coefficient remaining too low for widespread 

feasibility [93].   

One potential solution for vertical-axis wind turbine is a hybrid design of both Savonius and 

Darrieus turbines. By leveraging both drag and lift forces, this hybrid turbine could offer 

improved efficiency and self-starting capacity, addressing the shortcomings of each individual 

design [94]. The hybrid design presents an opportunity to enhance the performance and 

versatility of VAWTs, potentially increasing their competitiveness in the renewable energy 

sector. 
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VAWTs, with their capacity to capture wind from diverse directions, offer simplicity in 

mounting and maintenance. However, despite their urban suitability and adaptability to 

complex wind environments, VAWTs are less common in large-scale electricity generation 

when compared to HAWTs. 

3.1.3 Building-integrated wind turbines 

Building-integrated wind turbines (BIWTs) are designed to be integrated directly into the 

architecture of buildings or other structures to capture wind energy and generate electricity. The 

concept behind building-integrated wind turbines is to make use of available wind resources in 

urban or suburban environments where traditional wind turbines may not be practical [95], [96]. 

BIWT can be integrated with four primarily locations: on top of the building, on the side of the 

building, between the buildings or inside the building.  

Despite being in the development phase, notable projects such as The Bahrain World Trade 

Centre and the Strata SE1 building in London have been completed. However, these projects 

highlight the importance of careful design when integrating wind energy with buildings. 

For example, the Strata SE1 have three 19 kW HAWT integrated on top of the building. While 

initially projected to generate 50 MWh of electricity annually, these turbines remain inactive 

due to excessive noise and vibration [97]. In contrast, the Bahrain World Trade Centre 

successfully integrates three 225 kW HAWTs between its two towers, effectively harnessing 

wind energy. However, the positioning of the building plays a crucial role, as a different 

orientation could have resulted in a 14% increase in wind energy production [98]. 

On the other hand, there are also successful projects, such as The Pearl River Tower in 

Guangzhou, China. The building features has four VAWT within its structures. The location 

has very predictable wind patterns and the tower capitalizes on dominant winds from the south 

or north. Specifically designed openings in the building facilitate wind flow, enabling the 

turbines to generate an impressive 30,000 kWh of electricity annually [99], [100]. 

One potential design for BIWT is the Crossflex turbine. The turbine is developed version of the 

traditional Darrieus vertical-axis wind turbine. The Crossflex turbine features multiple Darrieus 

turbines stacked within a frame, with the shaft positioned at the ends. Notably, the turbine 

blades are flexible, enhancing efficiency while minimizing bending stress. Additionally, the 

absence of blade tips reduces noise emissions. However, the turbine isn’t designed to be 

scalable, but its modular nature offers potential for deployment in different environments. [101] 
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3.1.4 Recycling 

The recycling the wind turbine face a serious problem as the wind power industry has been 

growing faster in the last decade. The older generation wind turbines are approaching their end 

of life and while up to 85% of the turbines mass can be recycled, the main problem is recycling 

the blades [102]. While the mast, made of steel, is easily recyclable, and the nacelle contains 

components like gears, generators, and electronics that can be broken down and recycled, the 

blades pose challenges due to their size and complex composite nature. Turbine blades are 

typically made from fiberglass-reinforced polymer composites, comprising materials such as 

polyester resin, epoxy resin, polyvinyl chloride, and fibres like glass and carbon. These blades 

feature a highly rigid structure and boast a high strength-to-weight ratio [103]. 

Wind turbine recycling shares similarities with solar panel recycling, utilizing the same three 

main processes: mechanical, thermal, and chemical treatments. However, the exact processes 

differ due to variations in component materials between wind turbines and solar panels. 

In mechanical treatment, turbine blades are transformed into smaller pieces through cutting 

methods before undergoing decomposition via grinding, crushing, shredding, and milling. The 

resulting end product can be separated into resins and fibres, which can then be reused as 

reinforcing material for concrete. While this approach offers advantages such as high treatment 

capacity, low cost, and versatility for different materials, it also leads to deterioration of 

mechanical characteristics and limited opportunities for remanufacturing due to impurities in 

the end materials [103]. 

The thermal treatment can be divided into pyrolysis, fluidized bed oxidation and hybrid 

treatment such as microwaved pyrolysis. In pyrolysis the composite is heated to high 

temperatures (450-1000°C) in unoxidized space, converting the resin into gas or vapour while 

the fibres remain inert for retrieval. While pyrolysis offers the advantage of being inexpensive 

and straightforward, it is sensitive to process parameters and can result in significantly 

weakened fibre strength. The fluidized bed oxidation involves heating the composites to slightly 

lower temperatures (450-550°C) in a highly oxidized space, causing the polymer matrices to 

undergo combustion and separate the fibres. While this method produces high-quality 

recovered fibres, it suffers from low economic viability, deteriorated mechanical 

characteristics, and low efficiency [103]. The microwaved pyrolysis uses microwave radiation 

to break down the resin matrix of composite wastes. The composites internally absorb 

microwave energy while increasing the rate of disintegration and decreasing processing time 
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[104]. However, the technique is only at lab scale, so the feasibility and effectiveness remain 

uncertain at commercial scale [105].  

In chemical treatment the fibres are recovered when polymeric resin is broken into oils. The 

primarily idea is to decompose the polymer matrices to recover both fibres and other degradated 

products. The solvolysis and the use of subcritical or supercritical fluids are most applied 

chemical recycling methods. While these methods offer complete segregation of fibres and 

resins, they generate high costs, are energy-intensive, and have negative environmental impact 

[103], [105].  

Currently, mechanical treatment is the only method operating at a commercial or industrial 

scale, while thermal and chemical treatments remain at lab or pilot scale. Ongoing research 

primarily focuses on the microwaved pyrolysis and chemical treatment methods [106], [107]. 

In addition to recycling, wind turbine parts can also be reused and sold. However, they are 

typically dismantled and recycled, with recycling costs varying from 10 000 € to 80 000 € 

depending on turbine size and the number of turbines dismantled simultaneously. Repurposing 

the site for new wind projects, known as repowering, involves renewing foundations and 

permits while utilizing existing infrastructure such as electricity wires, roads, and accurate wind 

data [108]. 

3.1.5 Sustainability 

Wind power can be recognized as one of the cleanest energy sources, having greenhouse gas 

emissions of around 5-10 g CO2/kWh for onshore wind power and approximately 15 g 

CO2/kWh for offshore wind power [77]. Similar to solar panels, the primary environmental 

emissions associated with wind power come from the manufacturing process, including the 

collection of raw materials and the production of turbine components. For onshore turbines, 

manufacturing phase accounts for approximately 70% of total emissions, whereas for offshore 

turbines, this share is around 35% [109], [110]. Emissions from starting and assembling the 

turbine at the chosen location constitute just over 10% for onshore turbines and 25-30% for 

offshore turbines, with offshore foundation construction being particularly emission and energy 

intensive. Transport emissions account slightly below 10% for onshore turbines and around 

15% for offshore turbines, with variability depending on the location as it affects the 

construction and transportation.  
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The energy payback time for wind turbines is notably short, typically half a year up to a year 

for onshore turbines and slightly longer for offshore turbines. However, this is dependent on 

the wind speed at the selected location. Moreover, both environmental emissions and energy 

payback time are influenced by the size of the turbines, with smaller turbines generally 

exhibiting shorter payback periods and lower emissions. [111] Overall, wind power emerges as 

a highly favourable energy option with minimal environmental impact and rapid energy 

payback, particularly when considering advancements in turbine technology and location 

optimization. 

3.2 Emerging technologies 

3.2.1 Kite turbines 

Kite turbines, also known as airborne wind energy (AWE) systems or airborne wind turbines 

(AWTs), are unique and innovative approach to harnessing wind energy. Operating as airborne 

systems, they utilize the movement of a tethered kite to generate electricity. While various 

designs and configurations exist, the fundamental principle remains consistent, leveraging the 

wind's force on a tethered flying object to produce power. 

The design and structure of kites varies significantly among the companies. Some operate 

somewhat autonomously, adjusting their position in the sky to optimize energy capture 

(autonomous kites) and some designs use tethered wings or foils that fly in a circular or figure-

eight pattern to generate power (tethered wings or foils) [112]–[114]. Typically, kite turbines 

consist of a kite or similar airborne structure connected to the ground by a tether. The kite is 

equipped with turbines or generators that capture the energy as it moves through the air, with 

the tether transmitting the generated electricity back to the ground.  

One of the primary motivations behind the development of kite turbines is their ability to reach 

higher altitudes where winds are stronger and more consistent compared to ground-level winds. 

This results in higher energy density and requires less building material compared to 

conventional wind turbines. Additionally, kite turbine systems can be transported and deployed 

easily to different locations. 

Despite the advantages, kite turbines face significant challenges, particularly related to control, 

stability, and safety. Effective operation relies heavily on precise control and stability 

mechanisms to ensure safe and efficient energy generation. Safety concerns also arise due to 
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the systems operating in airspace, necessitating designs to prevent collisions with other airborne 

objects [115]. 

While kite turbines present an exciting and promising concept, they are still in the early stages 

of development, and challenges related to control, safety, and reliability need to be addressed 

before they can become widespread. Kite turbines have the potential to for various applications 

which include off-grid locations, disaster relief and challenging environment. Researchers and 

companies continue to explore and refine this technology, aiming to unlock its full potential as 

a viable solution for airborne wind energy generation. 

3.2.2 Resonant wind generator 

The resonant wind generators exploit a natural phenomenon called vortex shedding. The vortex 

shedding is a rhythmic pattern of fluid movement that occurs when air or water passes by an 

object at specific speeds determined by the object's size and shape. This flow generates vortices 

at the rear of the object, which periodically detach from either side of it [116]. The object starts 

to oscillate and harness energy when the frequency of the vortexes is the same as the object’s 

natural resonance frequency.  

Company called Vortex Bladeless has been developing this kind of technology with numerous 

different parties [117]. Their model consists of a fixed base and a cylindrical mast connected 

by a carbon rod. The mast oscillates freely perpendicular to the wind direction. Inside of the 

mast is copper coils and on the inner parts of the mast is permanent magnets. Despite the 

oscillations, internal components avoid collision while generating electricity through 

electromagnetic induction between the coils and magnetic field. Notably, this technology 

eliminates the need for a shaft or gearbox. The magnets also serve as a tuning system, adjusting 

the mast's apparent elasticity and widening the wind speed range for oscillations, thereby 

enhancing system efficiency [118]. 

Although still in development, this technology offers compelling advantages such as low 

maintenance, silent operation, and minimal impact on wildlife. It’s safer, simpler design also 

promises easier installation and operation. While ongoing development efforts are required 

before commercialization, the potential of resonant wind generators to diversify wind turbine 

options and advance wind energy is significant. 



 
 

31 

 

4 Energy storage 

Energy storages are becoming increasingly important and play a key role in meeting growing 

energy demand, especially in the context of renewable energy sources. The temporary and 

variable nature of renewable energy sources, such as solar and wind power, underlines the 

urgent need for efficient energy storage solutions. Enhancing grid stability, integrating 

renewable energy, and improving reliability are the main motivations behind the development 

of energy storages [119].  

Energy storage systems operate by capturing and storing surplus electricity generated from 

renewable sources, such as solar panels or wind turbines, or excess thermal energy. When 

demand spikes or renewable sources cannot meet power requirements, stored energy is released 

back into the grid. This dynamic process manages demand variability and the intermittency of 

renewables, ensuring a steady and reliable electricity supply. The important characteristics of 

energy storage include the storage capacity, charging and discharging rating power, round trip 

efficiency, response time, lifetime, reliability, and environmental impact. [120] 

Energy storage technologies can be categorized into various types: mechanical (pumped hydro, 

compressed air energy storage and flywheel), electrical (magnetic superconductors), chemical 

(hydrogen and power-to-gas), electrochemical (batteries and supercapacitors) and thermal 

(phase change energy storage). This thesis focuses on three of these technologies: batteries, 

hydrogen and phase change materials, with each chapter examining their principles, 

applications, advantages, and associated challenges. 

4.1 Battery 

Battery storage technology is essential in the renewable energy sector, mitigating the 

intermittency of sources like solar and wind power by storing electrical energy for later use. 

Batteries are divided into two categories based on their chargeability: primary and secondary 

batteries.  Primary batteries can release stored energy only once, such as basic alkaline batteries 

which are found in a lot of household appliances, whereas secondary batteries can be discharged 

and recharged multiple times.  

The battery is essentially composed of five different components: cathode, anode, separator, 

enclosure, and electrolyte. The cathode and anode constitute the positive and negative sides of 

the cell, respectively, with a separator positioned between them to prevent short circuits. The 
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enclosure, also known as the battery casing or housing, serves as the protective outer shell that 

contains and protects the internal components of a battery. Lastly, the electrolyte facilitates the 

flow of electric current by enabling the transport of ions between the anode and the cathode. 

[121], [122] 

The battery storage working principle is based on a redox (reduction-oxidation) reaction. The 

oxidation occurs in the anode electrode, and it releases electrons into the external circuit and 

forms positive ions during the electrochemical reaction. The reduction occurs in the cathode 

and the electrons from the external circuit combine with positive ions. During discharge, 

electrons flow from the anode to the cathode through an external circuit, while ions move 

internally from the anode to the cathode through the electrolyte. This creates a potential 

difference between the anode and the cathode, allowing electrons to flow and creating an 

electric current. During charging, the external electrical supply forces the electrons to be 

released from the cathode to the anode, while the ions move from the cathode to the anode 

through the electrolyte. [123] 

The external energy is therefore stored in the battery as chemical energy in the anode and 

cathode materials, which have different chemical potentials. The choice of electrode materials 

directly affects the cell voltage, as by calculating the Gibbs free energy change of the overall 

electrochemical reaction, the theoretical battery voltage can be obtained. Battery cells are 

combined into packs to achieve higher voltage and capacity, with cells connected either in 

parallel or in series [124]. 

Battery storage systems offer numerous advantages in the field of energy management: They 

contribute to grid stability by providing a buffer against variations in supply and demand, thus 

enabling a more reliable and stable electricity supply. They also facilitate the integration of 

renewable energy sources. Another benefit of battery storage is its ability to provide backup 

power in emergency situations, which increases the resilience of the grid and ensures 

continuous power supply to critical facilities or during power outages. Battery storage systems 

also help manage peak loads by discharging stored energy during periods of high demand, 

reducing the strain on the grid and potentially lowering electricity costs.  

While battery storage systems are scalable and allow for tailoring to specific storage needs, 

increasing storage capacity usually requires increasing the number of cells, which can increase 

physical size, costs, and system complexity. However, continued advances in battery 

technology, such as the development of lithium-ion batteries, sodium-ion batteries and flow 
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batteries, are aimed at improving efficiency, reducing costs and improving overall performance, 

making battery storage an increasingly viable solution for energy management and storage 

[119]. 

4.1.1 Lithium 

A lithium-ion (Li-ion) battery is a secondary type of battery that has become one of the most 

widely used energy storage technologies in various applications, from consumer electronics to 

electric vehicles and renewable energy systems. It has gained popularity due to its high energy 

density, relatively light weight, and ability to hold a charge for an extended period.  

Like many other battery chemistries, Li-ion batteries need anodes and cathodes that conduct 

electricity and ions to work. They also need electrolytes and separators that are electrically 

insulating but ionically conductive. The working principle of Li-ion battery is the same as 

described in previous chapter. The lithium-ions move between the cathode and anode via 

electrolyte during charging and discharging cycles, while the electrons move in the external 

circuit. [123] 

Various combinations of materials are used in Li-ion cells to optimize performance and 

characteristics. Three primary types of cathodes are layered transition-metal oxides, spinels, 

and olivines. Layer oxides as lithium cobalt oxide (LiCoO2) has often highest capacity but also 

cost and safety concerns. Spinels as lithium manganese oxide (LiMn2O4) can reach high power 

densities with lower cost and safety disadvantages but can be affected by poor electronic 

conductivity and structural stability problems. Olivines as lithium iron phosphate (LiFePO4) 

has much better safety and cycle life than its counterparts. However, it also has much smaller 

holding capacity and specific energy [121], [122].  

The development of anodes has been severely overshadowed in recent times, as the 

development of lithium batteries has been limited by cathode materials. Anodes are cheaper, 

more stable and have a higher specific capacity. Currently, carbon-based materials such as 

graphite and hard carbon are primarily used as anodes, but lithium titanate spinel structure is 

also an alternative.  

The electrolyte typically consists of a mixture of organic solvents containing a dissolved lithium 

salt, such as lithium hexafluorophosphate (LiPF6). However, safety concerns related to 

electrolyte stability and flammability remain significant challenges. Several options as non-
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flammable electrolyte additives, inorganic electrolytes, and solid or polymer electrolytes are 

being developed but none has yet been proven to be successful [122].  

Lithium-ion batteries offer several advantages, including high energy density, relatively low 

self-discharge rate, high efficiency, wide application range and lack of the memory effect. 

However, they also face challenges, regarding their relatively high price and potential safety 

concerns, particularly if the battery is damaged or subjected to extreme conditions. Continuous 

research and development aim to improve the performance, safety, and cost-effectiveness of 

lithium-ion batteries for various applications.  

4.1.2 Sodium-ion 

A sodium-ion (Na-ion) battery is a secondary type of battery that has attracted attention as an 

alternative to lithium-ion batteries, primarily due to the abundance of sodium salts, making 

them a potentially cost-effective and sustainable alternative. While research into sodium-ion 

batteries began in the 1980s, the developments in lithium-ion batteries diverted attention 

elsewhere [125]. However, the interest in sodium-ion batteries recovered in the 2000s and since 

2010s the developments has been rapid, but research is still largely in laboratories and there are 

only few products on the market [126]. 

The structure and working principle of sodium-ion batteries closely resemble those of lithium-

ion batteries, comprising anodes, cathodes, electrolytes, separators, and enclosures. During 

discharge, the sodium ions are extracted from the anode material and move to the cathode 

through the electrolyte. The electrons move from the anode to the cathode via an external circuit 

generating current. In charging the external power applies voltage to the battery which causes 

the detachment of sodium ions from the cathode material. The sodium ions move via electrolyte 

to the anode and at the same time, the electrons move from the cathode to the anode through 

the external circuit. 

Despite similarities, sodium-ion batteries exhibit differences in characteristics due to the 

elemental disparities between sodium and lithium. Sodium's higher relative atomic mass, ion 

radius, and redox potential enable its use in electrolyte solvents, salts, and separators. However, 

these factors also result in lower theoretical capacity, slower reaction kinetics, and increased 

risk of structural collapse during the electrochemical cycle compared to lithium-ion batteries 

[125]. 
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The cathode materials control the capacity of the batteries since their theoretical specific 

capacity is low. The anode influences the reaction's kinetic performance, and the electrolyte 

influences the stability and safety of the batteries. The cathode materials can be divided into 

two groups: layered materials, such as Sodium cobalt oxide (NaxCoO2), and open-structure 

materials [127]. The layered materials can have anion-dense or quasi-dense structure. The open-

structure materials can be divided into polyanionic compounds, such as sodium iron phosphate, 

and metal-organic compounds, such as Prussian blue and its analogs [128]. The layered 

materials have larger energy storage per unit volume, but the open-structure materials are 

cheaper. A commercially suitable anode material has not yet been found, but different materials 

such as hard carbon and various titanates are being developed. The electrolyte typically 

comprises sodium salt, solvent, and additives. Key properties of a good electrolyte include 

thermal and chemical stability, a wide electrochemical window, and high ionic conductivity. 

Glass fibre is commonly used as a separator due to its compatibility with the electrolyte, but it 

has mediocre mechanical properties [126]. 

Overall, sodium-ion batteries have the potential to be a large-scale stationary energy storage 

system for renewable energy grids. Their advantages include low cost, abundance of raw 

materials, high recyclability, and safety. These factors make them well-suited for the next 

generation of large-scale energy storage solutions. However, ongoing research efforts should 

prioritise improving various aspects of sodium-ion batteries, particularly focusing on 

addressing challenges related to the electrode-electrolyte interface and mitigating the risk of 

structural collapse during the redox reaction. By enhancing performance, extending the life 

cycle, ensuring safety, and improving charging and discharging rates, sodium-ion batteries can 

become more competitive in the market, ultimately accelerating their commercialization and 

widespread adoption. 

4.1.3 Flow battery 

Flow batteries, also known as redox flow batteries, are a type of secondary battery system that 

stores energy in liquid electrolyte solutions contained in external tanks. Unlike traditional 

batteries, flow batteries utilize liquid electrolytes instead of solid electrodes for energy storage. 

The key components of a flow battery include electrolyte tanks, a cell stack, pumps, and ion-

selective membranes [129].  

The electrolyte tanks hold different electrolyte solutions called anolyte and catholyte, which 

flow through the anode and cathode, respectively. The cell stack, consisting of several cells 
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connected in series or parallel, converts energy. Pumps circulate the electrolytes to the stack, 

where the ion-selective membrane separates the solutions, preventing short circuits. During 

discharge, the anolyte undergoes oxidation at the porous electrode, producing electrons that 

travel to the cathode through an external circuit, where reduction takes place. Continuous flow 

is maintained by circulating both solutions between their storage tanks. The power rating 

depends on the number of cells and electrode surface area in the cell stack, while the energy 

capacity is determined by the size of the electrolyte tanks [130], [131].  

The choice of electrode and electrolyte materials is crucial for flow batteries. The flow battery’s 

corrosive environment restricts the possible electrode materials. The electrode should have a 

high porosity, surface area, and electrochemical stability as well as small electronic resistance. 

Common materials include carbon-based substances like graphite, though research constantly 

explores alternatives like metal oxides. The electrolyte affects the overall effectiveness of the 

battery, and the flow batteries are often categorized by the used electrolytes such as vanadium, 

zinc-bromine, or iron-chromium. The aqueous flow batteries are most studied as they are cost-

effective, easy and are not flammable or explosive. However, the voltage is limited by the 

electrochemical potential window of water. Organic solvents and ionic liquids are being 

developed to overcome this limitation. Nevertheless, they tend to be expensive, prone to 

combustion, volatile and exhibit limited conductivity. One other option is hybrid-flow batteries 

which can deposit and dissolve materials at one or both electrodes leading to higher energy 

density. The most common aqueous electrolyte used is vanadium and the most common hybrid 

is zinc-bromine.  [130] 

Flow batteries offer flexibility, long cycle life, safety, power independent of the energy capacity 

and low self-discharge rates, making them suitable for grid energy storage and renewable 

energy integration. The safety and the decoupled power and energy are the most relevant 

advantages. This allows the high flexibility, and they can be easily customised to suit different 

applications in terms of response time, such as designing for fast power distribution or longer-

term energy storage [131]. However, their limitations include high price and low specific and 

volumetric energy [132]. Developing a high energy and power density system while reducing 

costs is crucial for their widespread adoption. 
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4.2 Hydrogen 

Hydrogen energy storage plays a pivotal role in addressing the intermittent nature of renewable 

energy sources, providing a reliable means to store excess energy generated during peak 

production periods. The versatility of hydrogen as an energy carrier extends beyond electricity 

generation as it can serve as a clean fuel for various sectors, including transportation and 

industry, and helping to reduce greenhouse gas emissions. However, the production of 

hydrogen is necessary to obtain it as it is highly uncommon in the Earth’s atmosphere and 

practically absent as a free molecule (H2) on the surface or underground [133]. There are several 

methods for producing hydrogen, including steam methane reforming, electrolysis, direct solar 

water splitting, and biological processes. Steam methane reforming is the most common 

industrial method. The methane (CH4) reacts with steam (H2O) producing hydrogen and carbon 

monoxide.  

CH4 + H2O ⇒ CO + 3 H2 

The rest is produced by electrolysis. In electrolysis, the water (H2O) is split into hydrogen (H2) 

and oxygen (O2) using electricity.  

2 H2O ⇒ 2 H2 + O2 

Direct solar water splitting involves using semiconductors to harness solar energy and for the 

electrolysis of water, splitting it into hydrogen and oxygen. Biological processes, on the other 

hand, involve certain microorganisms, like algae, which can produce hydrogen through 

photosynthesis, offering a natural method for hydrogen production. 

Once the hydrogen is produced it can be stored in various ways. The large divide is between 

physically or via another material. Physically it can be stored as compressed gas, cryogenic 

liquid, or cryo-compressed hydrogen. Through another material it can be stored by chemical 

sorption or physical sorption. Chemical sorption involves storing hydrogen within solids, 

forming metal hydrides, such as magnesium-based or complex hydrides while in physical 

sorption the hydrogen is stored on the surfaces of solids, such as carbon structures, zeolites or 

organic polymers. 

Storing hydrogen as gas or liquid requires high pressure or low temperatures due to its low-

density mass (0.089 kg/m3). Compressed gas storage is the most common method, requiring 

pressures between 350 and 800 bars. The storage vessels are commonly made from steel and 
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aluminium but also carbon fibre is used to reinforce the vessel [134]. Another method for 

storing hydrogen as gas is in underground caverns. These caverns can be filled with hydrogen 

during periods of excess energy production and released during times of high energy demand 

[135]. 

Cryo-compressed hydrogen storage combines aspects of gas and liquid storage but is affected 

by heat loss and energy consumption during liquefaction.Liquid hydrogen storage allows for 

higher energy density but requires cryogenic temperatures and causes energy losses during 

liquefaction [136]. Cryo-compressed hydrogen storage combines aspects of gas and liquid 

storage but is affected by heat loss and energy consumption during liquefaction. The hydrogen 

is compressed at cryogenic temperatures which has a higher storage density than either of the 

systems as individuals [137].  

Each storage method has its advantages and challenges. Solid state storage system has potential 

to be one of the most feasible hydrogen storage systems but face challenges in storing and 

releasing large quantities at low temperatures [135]. Underground caverns offer large storage 

capacity, with fast response time and multi-purpose use but require suitable geological 

conditions [138]. Vessel storage achieves high energy densities but faces challenges in material 

compatibility and energy consumption [134]. Liquid hydrogen storage offers higher energy 

densities but suffers from energy losses during liquefaction [136]. Overall, hydrogen energy 

storage systems act as a critical enabler for the widespread adoption of renewable energy, 

offering a sustainable solution to the challenges of grid reliability and energy demand 

fluctuations. 

4.3 Phase change energy storage  

Phase change energy storage or latent heat storage, is a highly efficient method for storing 

thermal energy, offering high energy densities and effective energy release during phase 

changes. This technology involves utilizing phase change materials (PCMs) that transition 

between solid and liquid states to store and release thermal energy. The transformation is also 

known as melting-solidification cycle [139].  

During the charging process, thermal energy is added to the system, causing the PCM to 

transition from solid to liquid. Conversely, during the discharge process, the stored energy is 

released as the PCM transitions back to its solid state [140]. PCMs are selected based on their 
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compatibility with the desired application scenario and offer a suitable, affordable, and effective 

solution for thermal energy storage. 

There are various types of PCMs, including organic, inorganic, and eutectic materials, each 

with distinct properties and working temperatures. The organic materials can be divided into 

paraffins and non-paraffins. The inorganic materials can be divided into salt hydrates and 

metallics and the eutectics are a combination of two or more organic and inorganic materials. 

[141] 

The desired properties include high thermal conductivity, high density, non-corrosive, cost 

effective and availability. The paraffins are chemically stable, have a high heat of fusion and 

have good availability but are costly and have low thermal conductivity. The non-paraffins are 

mainly fatty acids and have similar properties as paraffins with have better phase transitions but 

are mildly corrosive. The salt hydrates have high thermal conductivity, high density, and good 

availability but are corrosive and have a high degree of supercooling. Supercooling is a 

phenomenon where a liquid remains in a liquid state even though its temperature is below its 

normal freezing point. The metallics consist of metal alloys and metal eutectics. They offer 

advantages such as high heat storage capacity per unit volume and good thermal conductivity. 

However, they can be costly to produce and have a lower heat storage capacity per unit weight 

[141], [142].  

Phase change materials find applications in building applications [143], [144], solar energy 

storage [145], [146], temperature control in electronics and electric vehicles [147]. In building 

applications, the phase change materials can be embedded into building materials where they 

can absorb surplus heat during the day and release it during cooler periods while contributing 

to the energy efficiency. In solar energy systems the PCMs can absorb and store the heat energy 

for later use and in electronics and electric vehicles, PCMs can be utilized to control the 

temperature preventing overheating and improving efficiency.   

Energy storage based on PCMs is an interesting and promising technology for managing 

thermal energy effectively in various applications, but challenges remain, particularly regarding 

operating temperature ranges and material compatibility. Ongoing research focuses on 

developing new and improved materials, optimizing performance, and expanding the range of 

applications for phase change energy storage technology. 
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5 Case study 

5.1 Site analysis 

5.1.1 Consumption profile 

To assess the potential of a renewable energy system, it's crucial to understand the electricity 

consumption patterns. Graph 2 provides an overview of the average electricity consumption per 

hour, showing variations on a monthly and yearly basis. 

 

Graph 2. Average electricity consumption hourly [148]. 

The average consumption profile chart reveals significant seasonal variations, with electricity 

consumption peaking during the winter months compared to the summer months.  Additionally, 

there are noticeable consumption spikes around 8 o’clock which is followed by a slight decrease 

in consumption during the working day. Another slight spike in consumption is observed 

around 17 o’clock and after this peak, consumption drops significantly and remains relatively 

stable throughout the nighttime hours. It's important to note that this chart represents the average 

of hours throughout the month, so weekend hours also contribute to the averages.  

Furthermore, graph 3 illustrates two typical work weeks during the year, one in January and 

another in July. The daily consumption profiles are similar to those in graph 2, but with 

decreased consumption levels on weekends, falling even below the nighttime levels of 
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weekdays. This analysis helps define the base load and provides valuable insights for assessing 

the potential of renewable energy systems. 

 

Graph 3. Electricity consumption hourly [148]. 

The base load refers to the minimum level of electricity demand that is consistently maintained 

over time, representing the constant need for electricity. Understanding the base load is crucial 

for designing energy systems and determining the extent of self-sufficiency without the need 

for energy storage. Typically, the base load occurs during periods of low demand, such as 

nighttime or weekends. As illustrated in graph 2 and 3, the base load varies throughout the year, 

with higher base loads observed during the winter months compared to the maximum 

consumption levels in the summers. This variation reflects seasonal changes in energy demand 

due to factors such as heating requirements during colder months. The annual baseload is 

therefore the minimum consumption during the minimum period. This information provides 

valuable insights for sizing renewable energy systems and optimizing energy production to 

meet base load requirements efficiently. 

5.1.2 Location 

The area of Meyer Turku property is over 1 km2 and is located on the border of Turku and 

Raisio, in the neighbourhood of Perno. The nearest residential area in the east is less than a 

kilometre away as well as in the north, and the headquarters of the Coastal Fleet is nearby in 

the southeast.  
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Figure 7. Area of Meyer Turku, red lines represent property boundaries. Copyright (2024) under CC BY 4.0 license from ref. 

[149]. 

5.2 Electricity price 

The price of the electricity is also an important aspect of the design renewable energy system.  

 

Graph 4. Average of Day-ahead hourly prices [€/MWh] during years 2019-2023 [150]. 

From the graph 4 can be seen the average Day-ahead prices from years 2019-2023. The figure 

describes the hourly and seasonal variation. Typically, there are two price spikes during the 

day, in the mornings around 8 o’clock and in the afternoon around 17 o’clock. Prices tend to 

decrease between these spikes before dropping in the evening. The yearly variation is 
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significant, with a notable "energy crisis" between the end of 2021 and 2022, resulting in 

substantially higher prices. Prior to and after the crisis, prices ranged from 50 to 100 €/MWh 

(5-10 cents/kWh), while during the crisis, averages reached around 300 €/MWh (30 

cents/kWh). These values are tax-free, although Finland imposes a 24% electricity tax, except 

for a period from December 1st, 2022, to April 30th, 2023, when the tax was reduced to 10% 

due to rising electricity prices [151].  

The total price of electricity in Finland comprises three components: the price of electrical 

energy, the network service charge, and electricity tax (including the security of supply fee), 

plus VAT [152]. While taxes and network service charges are fixed, the price of electrical 

energy can be controlled. It can either be fixed price, ensuring consistency or then day-ahead 

price where the price fluctuates hourly.  

The network service costs include both fixed charges and electricity transmission costs, with 

the latter varying throughout the year. During winter weekdays (November 1st to March 31st, 

Monday to Saturday, 7 o’clock to 22 o’clock), the charge is 1.13 cents/kWh (VAT 0%), while 

for the rest of the time, it's 0.454 cents/kWh (VAT 0%). The level of electricity taxes depends 

on the usage category, with the industry falling into the reduced tax category 2, resulting in a 

rate of only 0.063 cents/kWh (VAT 0%). [153] 

This information is valuable for assessing the feasibility of a renewable energy system since it 

allows for more accurate calculations. When electricity is self-produced, transmission costs can 

be disregarded, reducing the overall expenses. Additionally, the fixed basic charge imposed by 

the local electricity network company, Turku Energia, remains constant regardless of electricity 

consumption and should therefore be excluded from the calculations. 

For solar power, since most of the production occurs outside of wintertime (about 4% of the 

yearly solar power is produced during wintertime), the transmission fee is a weighted average 

of the regular transmission fee and the winter transmission fee. This weighted average is 

calculated based on the proportion of solar power generated during each period, resulting in a 

yearly transmission fee of 0.481 cents/kWh (VAT 0%). 

For wind power, the calculation is a bit more complex. By dividing the sum of wind power 

generation during wintertime by the sum of wind power generation throughout the year, the 

percentage of wind power generated during wintertime can be determined. With this percentage 

(24% in this case), the weighted average of transmission fee can be calculated for wind power, 
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which results in 0.616 cents/kWh (VAT 0%) for the yearly calculations. These calculations 

allow for a more accurate assessment of the savings achieved by producing energy from solar 

and wind sources compared to relying on grid transmission. 

For electricity produced for own use, it must still be taxed, but at a lower rate. During winter 

days (December 1st to end of February, Monday to Friday, 7 o’clock to 21 o’clock), the tax rate 

is 0.896 cents/kWh (VAT 0%), and for other times, it is 0.255 cents/kWh (VAT 0%) [153]. For 

solar power, since only 1% of the yearly potential solar energy is produced during winter days, 

the weighted average tax rate is calculated accordingly, resulting in 0.261 cents/kWh (VAT 

0%).  

For wind power, the percentage of power generated during winter days is determined by 

dividing the sum of wintertime wind power generation by the sum of wind power generation 

throughout the year. With this percentage (12% in this case), the weighted average tax rate for 

wind power is calculated to be 0.332 cents/kWh (VAT 0%) for the yearly calculations. These 

calculations provide insight into the tax implications for producing energy for own use from 

solar and wind sources during different periods of the year. 

When assessing the profitability and payback duration of solar and wind power systems, it's 

vital to consider these factors in the calculations. Essentially, the calculations contrast the 

benefits of producing one's own energy with the cost of purchasing energy from the grid. This 

involves using a fixed and/or Day-ahead price as a reference point. Revenues are multiplied by 

this price (z), to which the transmission and electricity tax is added, and then the tax on self-

generated electricity is subtracted. 

Predicting price fluctuations is challenging, and numerous factors influence them, including the 

number and power of systems. According to the Finnish grid operator Fingrid [154], Finland 

could have seven gigawatts of solar power in operation by 2030 and according to Finnish Wind 

Power Association and Sweco, there are 404 wind power projects in the pre-screening or design 

phase with a combined capacity of 134 453 MW by the end of 2023 [155]. According to Motiva, 

a state-owned sustainable development company at the end of 2023, Finland had a total of 1 

601 operational wind turbines with a capacity of 6 949 MW, which corresponded 18% of 

Finland’s electricity consumption in 2023 [156]. Additionally, the Energy Agency, an expert 

agency under the Ministry of Economic Affairs and Employment, estimated that by the end of 

2022, approximately 635 MW of solar power generation capacity had been connected to the 

electricity grid, which corresponded 0.6% of Finland’s energy production in 2022 [157]. This 
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represents a significant increase in energy production, and the full extent of its effects remains 

uncertain.  

5.3 Production profile 

5.3.1 Solar power 

Currently, Meyer Turku has a 546.5 kWp solar system installed on the roof of a warehouse 

[148]. The rated output of a solar panel, known as Wp or watt peak, indicates its maximum 

power output under standard conditions of 25 °C solar cell temperature and 1 000 W/m2 solar 

irradiance. However, the panel can produce more or less than the rated output based on the 

irradiance. In southern Finland, a 1 kWp solar system typically generates between 800-1000 

kWh of electricity annually, depending on factors like orientation, slope, temperature, and 

overall system efficiency [158]. 

The current solar system consists of 1584 modules, each with a power rating of 345 Wp and 

dimensions of 1956 × 992 mm. There are eight inverters with a total power capacity of 860 kW. 

The panels are oriented to an azimuth angle of 0 degrees and a slope of 20 degrees, with 40 cm 

spacing between modules. The system occupies 6500 m2 of space on a roof that is 7600 m2 in 

total implying that the whole roof space is fully utilized by the existing solar panel system.  

The current solar panel system produces around 450 000 kWh annually, but its efficiency is 

lower than expected, with the potential to generate 550 000 kWh per year according to 

photovoltaic geographical information system, PVGIS [3]. The overall losses amount to almost 

34%, which is significantly higher than typical losses for a solar panel system. Notably is good 

to remember that every system will produce less than its fully potential.   

The energy output of the panel can be calculated with irradiance:  

𝐸 =  𝐺𝐻𝐼 ⋅ 𝐴 ⋅  𝜂 ⋅ (1 − 𝑋) 

where, GHI is the global horizontal irradiance which is the total short-wave irradiance received 

by a surface horizontal to the earth's surface, including both direct normal irradiation and 

diffused horizontal radiation. A indicates the area of the panel, while 𝜂 represent the efficiency 

of the panel. The variable X includes system losses due to inverters, wiring, reflection, shading, 

and temperature. It's worth noting that temperature plays a significant role in determining the 

extent of temperature loss. Additionally, the orientation and slope of the panels have a 

considerable influence on the amount of irradiance received. 
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The azimuth, or orientation, represents the angle of the PV modules relative to the direction due 

South. A value of -90° indicates East, 0° corresponds to South, and 90° signifies West. Slope 

refers to the angle of the PV modules from the horizontal plane, typically for a fixed (non-

tracking) mounting configuration. Irradiance data is sourced from PVGIS with database ERA 

5 [3], a free web application provided by the EU that offers information on solar radiation and 

photovoltaic system energy production across many regions worldwide. 

According to PVGIS - ERA 5, the optimal azimuth angle and slope for achieving the highest 

yearly irradiation in Meyer Turku are 46° azimuth and 2° slope, resulting in an irradiation of 

1347 kWh/m2. Comparatively, the difference in yearly irradiation between this optimal 

combination and, for instance, azimuth 25° and slope 20° is approximately 9%. 

Table 1. Irradiation (kWh/m2) in Turku with different slopes and orientations [3]. 

                   Slope       

 

Azimuth 

10° 20° 30° 40° 45° 

-90° 1040 1026 1012 991 977 

-45° 1125 1184 1226 1244 1243 

-25° 1149 1228 1282 1310 1312 

0° 1160 1249 1311 1344 1347 

25° 1151 1233 1290 1319 1322 

45° 1129 1193 1238 1259 1259 

90° 1046 1038 1028 1010 997 

 

However, optimizing for the highest yearly irradiation may not always be the most desirable 

approach. In Turku, solar elevation angles are positive for 50% of the year, with an average of 

21°. This means that to accommodate multiple rows of solar panels on a flat surface, significant 

gaps between the rows would be necessary to prevent shading. However, with a slope of 10° or 

20°, the required spacing would be smaller. 

Aligning solar panel production with consumption is crucial for maximizing profits. Given the 

significant consumption in Meyer, this factor can be de-emphasised. Additionally, Day-ahead 

prices fluctuate throughout the day and are influenced by the overall production and 

consumption. For instance, if everyone orients their panels at azimuth 0°, solar energy 

production would be high, leading to a decrease in electricity market prices and potentially 
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reducing profits. Therefore, maximizing overall production is not the sole consideration when 

designing a suitable PV system. 

Various factors must be considered during PV system design, including the electricity and PV 

system prices, which are often influenced by system power and efficiency, as well as energy 

losses. As discussed in previous chapter the future electricity prices are difficult to forecast as 

the production will increase significantly. Swanson's Law offers a formula for forecasting solar 

panel prices. According to this law, the price of solar panels decreases by 20% each time the 

cumulative capacity of solar panels doubles.  

Taking these factors into account, smartest way to estimate systems payback time and economic 

feasibility is to have changing parameter on electricity cost, systems total investment and 

azimuth angle of the panels. Payback time represents the duration required for the system to 

recoup its initial investment. It is calculated by dividing the initial cost by the annual profits 

generated by the system.  

𝑇𝑃𝑎𝑦𝑏𝑎𝑐𝑘 =  
𝐶𝑡𝑜𝑡𝑎𝑙 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡

𝐶𝑌𝑒𝑎𝑟𝑙𝑦 𝑠𝑎𝑣𝑖𝑛𝑔𝑠 − 𝐶𝑌𝑒𝑎𝑟𝑙𝑦 𝑒𝑥𝑝𝑎𝑛𝑠𝑒𝑠
 

The yearly sales are calculated by dividing the hourly production E (W) by 1000, then 

multiplying it by sum the of various components: the variable electricity price (parameter z), 

electricity tax (0.063 cents/kWh), transfer tax (0.481 cents/kWh), and self-generated electricity 

tax (-0.261 cents/kWh). This resulting value is subsequently divided by 100 to convert into 

euros.  

Sales (€) =  
𝐸

1000
⋅ (𝑧+0.063+0.481−0.261) 

𝑐𝑒𝑛𝑡𝑠

𝑘𝑊ℎ

100
 

 

The yearly profits are determined by adding up the total sales for the year and deducting the 

corresponding expenses. The economic viability of the project can also be evaluated using 

metrics such as levelized cost of energy (LCOE), and net present value (NPV). Additionally, 

the project's reputation gain should be considered as another aspect of its feasibility. LCOE 

quantifies the cost of solar power production over a specified period, typically the warranted 

lifespan of the system. NPV assesses the profitability of the system by calculating the net 

present value of its future cash flows, considering factors such as the discount rate and 

operational years.  
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The LCOE is affected by the factors related to the production of the system such as the system 

losses, panel efficiency, orientation, and slope. The LCOE is calculated by dividing the total 

life cycle cost of the system by the total electricity produced over the life of the system. This 

takes into account the initial cost (I0), the annual maintenance cost (MT), the energy produced 

(E) and the degradation rate (y). 

𝐿𝐶𝑂𝐸 =  
𝑇𝑜𝑡𝑎𝑙 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 𝑐𝑜𝑠𝑡𝑠

𝑇𝑜𝑡𝑎𝑙 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 𝑜𝑢𝑡𝑝𝑢𝑡
 =  

𝐼0 + ∑ 𝑀𝑇
𝑛
𝑡=1

∑
𝐸

(1 + 𝑦)𝑡
𝑛
𝑡=1

 

The net present value of a project is calculated by calculating the net present value of the system 

for each year, adding them together and subtracting the initial investment. To calculate the 

annual NPV, the annual cash flows are divided by the discount factor. This coefficient is 

determined by adding one to the discount rate (r) and multiplying it by the power of the year of 

operation (t). 

𝑁𝑃𝑉 = −𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 + ∑
𝐶𝑎𝑠ℎ 𝑓𝑙𝑜𝑤

(1 +  𝑟)𝑡

𝑛

𝑡=0

  

The payback time, LCOE and NPV will be calculate for two different panel systems with 

different slopes. The chosen slope angles are 20 and 30 degrees and aim to maximize the overall 

output given the limited roof space. Graphs 5 and 6 show payback times for different system 

combinations with 20 and 30 degree slope angles. 

The calculations are based on panels with dimensions of 2 m x 1 m, a power output of 350 W 

and an efficiency of 18%. Considering the common yearly degradation rate of 0.5% for modern 

solar panels, yearly expenses amount to 2% of the system price, with system losses estimated 

at 30%, derived from current PV systems. The price of PV system is around 1100 €/kWp but 

the costs are experiencing a slight downward trend, prompting the selection of three system 

prices for this study: 1100 €/kWp, 1000 €/kWp and 900 €/kWp. Azimuth angles for these panels 

are chosen as -45°, 0° and 90°. It's noted from Table 1 that the differences between positive and 

negative angles of the same azimuth angle are negligible. This approach allows for the analysis 

of multiple angles simultaneously. 
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Graph 5. Payback time of solar panels with different azimuth angles and electricity prices at slope 20°. 

Graph 5 illustrates that with an electricity price of 10 cents/kWh, the systems would achieve a 

minimum payback time of 12.5 years. Conversely, all the different systems would exhibit 

payback times under 20 years if the electricity price exceeds 18 cents/kWh. 

 

Graph 6. Payback times of solar panels with different azimuth angles and electricity prices at slope 30°. 
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Graph 6 illustrates that with an electricity price of 10 cents/kWh, the systems would achieve a 

minimum payback time of 11 years. Conversely, all the different systems would exhibit 

payback times under 10 years if the electricity price exceeds 18 cents/kWh. As shown in graphs 

5 and 6, the payback times of these systems are dominantly dependent on the system price rather 

than the panel orientation or slope. However, it's noteworthy that systems with a 30-degree 

slope tend to exhibit shorter payback times. The LCOE values from table 2 reflect these findings 

accordingly. The LCOE values of the different systems are mainly below 10 cents/kWh, 

indicating that the electricity produced by the systems would cost less than 10 cents/kWh. 

Table 2. LCOE of silicon solar panels with different slope and azimuth angles and different system prices. 

LCOE (€/kWh) 
Slope 

20° 30° 
                                                 azimuth angle  
 
system price (€/kWp) 

-45° 0° 90° -45° 0° 90° 

900 0.07 0.07 0.08 0.07 0.06 0.08 
1000 0.08 0.08 0.09 0.07 0.07 0.09 
1100 0.09 0.08 0.09 0.08 0.08 0.10 

 

The NPV calculations are done with the same parameters and dimension as those used for 

calculating the payback time. Two discount rates are considered: 3% and 8%. The 3% discount 

rate reflects a scenario similar to investment in a bank, while the 8% rate reflects investment in 

alternative means. 

Table 3. Electricity prices, where solar panel system keeps its face value after 25 years of operation. 

Electricity price 
(€/kWh) where 

PV system has kept 
its face value  

Slope 20° Slope 30° 

r = 3% r = 8% r = 3% r = 8% 

            azimuth angle  
 
system  
price (€/kWp) 

-45° 0° 90° -45° 0° 90° -45° 0° 90° -45° 0° 90° 

900 0.16 0.15 0.17 0.24 0.23 0.26 0.14 0.13 0.17 0.22 0.21 0.26 

1000 0.18 0.16 0.19 0.27 0.26 0.29 0.16 0.15 0.19 0.24 0.23 0.29 

1100 0.19 0.18 0.21 0.3 0.28 0.32 0.18 0.17 0.21 0.27 0.25 0.32 

 

NPV values offer a different perspective compared to payback periods and LCOE values, as 

they assess the profitability of the system and its potential increase in value over time. The table 

3 describes what the electricity price needs to be in order that the system would keep its nominal 
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value after its lifetime. With a discount factor of 3%, the nominal value of the system is achieved 

with electricity price of 16-20 cents/kWh, which varies according to different system prices and 

azimuths. With a discount factor of 8 %, the range increases to 22-32 cents/kWh. This means 

that in 25 years the value of the system would be the same as today if the electricity price were 

as described above. If the electricity price falls, the system will not reach its nominal value, 

whereas if the price rises, the system will prove to be profitable. 

At present, silicon solar panels are at the edge of the profitability of renewable energy 

production, given the current system and electricity prices and their yields. The low irradiation 

with low electricity prices brings a challenge to profitability. Meyer has more than 20 000 

square metres of roof area, but only a fraction of this area - only a few thousand square metres 

- has a roof that is strong enough to support the weight of the solar system [148]. This means 

that a significant proportion of buildings and halls would require major renovation work to 

accommodate such solar energy systems. 

CIGS thin-film panels could be an alternative for solar energy production on roofs where the 

weight of silicon solar panel systems is not suitable. However, it is important to note that the 

price of these CIGS thin-film panels is significantly higher than that of silicon solar panels. The 

cost of a CIGS thin-film panel system is generally three to four times higher than that of a 

silicon solar panel system. 

On these roofs, with a pitch of about 5 degrees and an azimuth angle of 0-45 degrees, the 

difference in solar radiation efficiency between these azimuth angles is minimal, about 20 

kWh/m2. Therefore, the choice of azimuth angle doesn’t have a significant impact on energy 

production, especially on roofs with such a low pitch. The example CIGS panels have 

dimension of 3 m x 0.5 m, power output of 250 W and efficiency of 17%. The payback period 

for these panels exceeds 70 years at an electricity price of 10 cents/kWh and a system price of 

3 000 €/kWp. Even with a higher electricity price of 20 cents/kWh, the payback period would 

still be beyond 20 years. In Finland, the feasibility of these systems depends on the availability 

of substantial financial support to help mitigate high investment costs. Without such support, 

the large-scale deployment of CIGS panels would be economically impossible under current 

market conditions. 
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5.3.1.1 Noteworthy 

The high loss percentage of the current panel system could be affected by dust accumulation 

on the panel. Dust accumulation in solar panels is a crucial factor that can significantly affect 

their efficiency and thus affect the accuracy of our calculations. In Finland, it usually rains 

regularly, which helps to clean the panels, but in areas such as shipyards, dust is constantly 

present due to the traffic. Without regular cleaning, dust accumulation can significantly reduce 

the output of solar panels. It is therefore essential to take this factor into account when assessing 

the feasibility and performance of solar panel installations, especially in environments such as 

shipyards where dust levels are high. 

Also, it’s worth remembering that these calculations are only estimates for different prices and 

scenarios and may not necessarily be accurate in every scenario. In reality, the prices of systems 

and panels may change in different ways than Swanson's law predicts. 

5.3.2 Windpower 

The wind data used in the calculations are from the Finnish Meteorological Institute [159]. Two 

different measurement sites have been used: Artukainen and Rajakari. Artukainen, located on 

the mainland about 3 km from Meyer, and Rajakari, located on an islet about 8 km from Meyer. 

The weather stations measure wind speeds every hour throughout the year. Although neither 

location fully reflects the conditions at Meyer and Meyer does not have wind data, the wind 

data from Artukainen and the average of both locations are used in the calculations. This causes 

a margin of error in these calculations, but these calculations are indicative. This approach is 

also based on the assumption that Meyer's actual wind speed is somewhere close to the average 

of these measurements. The wind data from Artukainen have yearly average of 2.89 m/s while 

data from Rajakari have average of 5.63 m/s.  

The power output P (W) of a wind turbine can be calculated by: 

𝑃 =  
1

2
 ⋅ 𝐶𝑃 ⋅ 𝜌 ⋅ 𝜂 ⋅ 𝐴 ⋅ 𝑣3 

, where Cp is the power coefficient, 𝜌 is the density of air (
𝑘𝑔

𝑚3), A is the rotor swept area (m2) 

and v is the wind speed (
𝑚

𝑠
). The power coefficient, known also as efficiency, has a theoretical 

maximum value of 
16

27
 studied by Albert Betz [160]. The density of the air is dependent on the 

temperature of the air and therefore it also needs to be calculated. It can be calculated by: 
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𝜌 =  
𝑝 ⋅  𝑀

𝑅 ⋅  𝑇
 

, where p is the air pressure (kPa), M is the molecular mass of the air ( 
𝑔

𝑚𝑜𝑙 
 ), R is the gas 

constant ( 
𝐽

𝑚𝑜𝑙 ⋅ 𝐾
 ), and T is the air temperature (K). The wind speed at different height can be 

calculated by: 

𝑊1  = 𝑊0 ⋅ ( 
𝑧1

𝑧0
)𝑎 

, where W1 represent the wind speed at the desired heigh, W0 represent the wind speed at 

measured height, z1 is the desired height, z0 indicates the height of the measured location and a 

is the wind shear coefficient, which is generally considered to be 
1

7
. The wind power output can 

also be determined by utilizing the power curve of the wind turbine. This involves categorizing 

the entire year's wind data based on wind speed and calculating the proportion for each category. 

Subsequently, the proportion is multiplied by the corresponding power output for each 

category, and these values are summed up to obtain the total output. However, for this thesis, 

the output will be calculated directly from equations rather than using this method. 

As well as for the solar power system, various factors must be taken into account during the 

design of wind turbines. These include electricity and wind turbine system prices, which are 

often influenced by factors such as system power, efficiency, and wind speeds. As discussed in 

previous chapters, forecasting future electricity prices is challenging due to anticipated 

significant increases in production. Furthermore, wind power already plays a significant role in 

Finland's energy production, meaning that fluctuations in wind speeds have a substantial impact 

on Day-ahead prices. The price of a utility-scale horizontal wind turbine is close to 1€/1W and 

the price increases as the wind turbine sizes decreases [161]. The medium-scale horizontal wind 

turbine prices range from 1.75€/W to 3 €/W and the exact price depends on the manufacturer, 

efficiency, and size. Currently, efficiencies for medium-scale horizontal turbines are 

approximately around 40 %. 

Given these considerations, the most effective approach to estimating the payback time and 

economic feasibility of wind turbine systems is to have changing parameters on electricity cost, 

wind speed as well as the system size and price. Similar economic assessment metrics used for 

PV systems, LCOE and NPV, will be applied. The estimation will focus on medium-scale 

HAWTs and small to medium-scale VAWTs. The utility-scale wind turbines are not suitable 
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for the site due to space constraints. By analysing these factors comprehensively, we can 

determine the viability of wind turbine systems for the given location. 

Four different sizes of HAWTs are assessed: 20 kW, 30 kW, 50 kW, and 100 kW. The turbines 

have same the efficiencies but different sizes of rotors and masts. The 20 kW and 30 kW 

turbines have the same price category of 2-3 €/W, the 50 kW have a price category of 1.75-2.5 

€/W and the 100 kW have price category of 1-2 €/W.  

Table 4. Specifications of the turbines. 

 Rotor blade (m) Mast height (m) Efficiency (%) 

20 kW 5 20 40 

30 kW 7.8 30 40 

50 kW 8.6 30 40 

100 kW 12.5 40 40 

 

The yearly sales calculations are done the same way as for PV system. The yearly sales are 

calculated by dividing the hourly production E (W) by 1000, then multiplying it by sum of 

various components: the variable electricity price (parameter z), electricity tax (0.063 

cents/kWh), transfer tax (0.616 cents/kWh) and self-generated electricity tax (-0.332 

cents/kWh). This resulting value is subsequently divided by 100 to convert into euros.  

Sales (€) =  
𝐸

1000
⋅ (𝑧+0.063+0.616−0.332) 

𝑐𝑒𝑛𝑡𝑠

𝑘𝑊ℎ

100
 

The yearly profits are calculated by summing the yearly sales up and reducing the yearly 

expanses of it.  The payback time, LCOE and NPV are calculated the same way as with PV 

systems.  
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Graph 7. Payback times of different size wind turbines with different wind speeds and different electricity prices. 

The payback times varies considerably between the different systems. Larger wind turbines 

tend to be more profitable than smaller ones, mainly because wind speeds are steadier and 

higher at greater altitudes. Moreover, energy production increases significantly due to the cubic 

relationship between wind speed and power output. Additionally, larger wind turbines often 

have a lower cost per unit of energy produced compared to smaller ones, further contributing 

to their profitability. 

Both the LCOE values and payback times highlight the significant influence of wind speeds 

and system sizes on the results. LCOE values calculated using wind speeds from Artukainen 

suggest that most systems are not economically feasible. However, when incorporating the 

average wind speeds from Artukainen and Rajakari, nearly all systems become financially 

viable. This highlights the critical importance of accurate wind speed data and careful 

consideration of system sizes in assessing the economic viability of wind turbine installations. 
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Table 5. LCOE of HAWT with different turbine sizes, prices, and wind speeds. 

LCOE (€/kWh) 
Turbine size 

20 kW 30 kW 50 kW 100 kW 
                  Price of the system (€/W) 
 
Wind speed location 

2 3 2 3 1.75 2.5 1 2 

Artukainen 0.21 0.31 0.11 0.17 0.13 0.19 0.07 0.13 
Average of Artukainen and 

Rajakari 0.08 0.12 0.05 0.07 0.05 0.08 0.03 0.05 

 

The NPV calculations are done solely using average wind data, primarily as the Artukainen 

wind speeds indicate that most systems are not economically feasible. 

Table 6. Electricity price (€), where wind turbine system keeps its face value after 30 years of operation.  

Electricity price (€/kWh) where 
WT system has kept its face value 

Turbine size 
20 kW 30 kW 50 kW 100 kW 

                            Price of the system (€/W) 
 
Discount factor 2 3 2 3 1.75 2.5 1 2 

3% 0.15 0.22 0.10 0.13 0.10 0.14 0.05 0.10 
8% 0.24 0.34 0.15 0.22 0.16 0.24 0.08 0.16 

 

Table 6 shows the electricity price which corresponds to the point where the system reaches its 

nominal value. Below this limit, the system becomes economically profitable. From an 

investor's point of view, investing in a 100 kW turbine at a system price of 1 €/W is considered 

a most profitable investment. For example, at an electricity price of 10 cents/kWh, the value of 

the system increases by 248% and 61% with discount rates of 3% and 8% respectively. With a 

discount factor of 8%, the other systems would not be economically viable, while with a 

discount factor of 3%, half of the systems would maintain their nominal value after 30 years if 

the electricity price remained at 10 cents/kWh. As prices fall, systems become economically 

viable, while as they rise, the systems don’t maintain their nominal value. 

The analysis of the economic feasibility of VAWT provides a straightforward result as it won’t 

be a viable option for production at this time. At current prices of 3-7.5 €/W and efficiencies of 

30%, the payback period and LCOE of VAWTs are extremely high, making them an unviable 

option. The prices and efficiencies of VAWTs would have to be significantly improved to make 
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them a viable option for electricity generation in this location. At present, it is more cost-

effective to rely on the grid than to generate electricity independently with VAWTs. 

Table 7.  LCOE of VAWT on different turbine sizes, system prices and wind speeds. 

LCOE (€/kWh) 
Turbine size 

5kW 7.5kW 
                  Price of the system (k€/kW) 
 
Wind speed location 

3 5 7.5 3 5 7.5 

Artukainen 0.37 0.62 0.93 0.64 1.07 1.61 
Average of Artukainen and Rajakari 0.14 0.23 0.35 0.23 0.38 0.58 

 

From table 7 can be seen the different LCOE values with different system combinations. Even 

with the smallest LCOE value of 0.14 €/kWh, achieved with a 5kW turbine, system price of 3 

€/W, and wind speed from the average of the measuring points at Artukainen and Rajakari, 

VAWTs remain an unviable option.  

While emerging wind power systems show promise, they are still in the development phase, 

making their efficiencies and feasibility uncertain. However, companies like Kitemill estimate 

that their airborne wind turbine solution could potentially produce energy at costs below 0.10 

€/kWh. Nonetheless, this remains an estimation, and further research and development are 

needed to determine the true viability of these innovative systems. 

5.3.2.1 Wind turbine location 

It can be said that the larger wind turbines that were examined are feasible, but the main problem 

is the site and its location. Turbines need hundreds of metres of safety clearance to the nearest 

obstacles. The necessary space is first needed to find and then comes second problem which is 

the location. The coastal fleets base locates in the nearby as well as residential apartments. 

There has been put a law by the Finnish Government which has defined limit values for the 

noise from wind turbines. These limits are 45 dB for the housing in the daytime and in nighttime 

40 dB [162].  According to the wind association noise from utility-scale wind turbines is lower 

that these limits from distance of 700-1000 metres [163]. This means that the turbines could be 

built if suitable space is available and the space in question is to be used for renewable energy 

production and not for the expansion of the shipyard. This requires further investigation in any 

case and is one of the next things to be done alongside the wind speed measurements at Meyer's 

Turku site. 
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5.3.2.2 Noteworthy 

It's crucial to understand that these calculations serve as a tool for considering the profitability 

of wind power in the specific location. The wind speed measurements may not be entirely 

accurate as it was not possible to acquire the exact wind data. The variability in wind turbine 

system prices is combination from multiple manufacturers. If the decision to invest in wind 

power is made and detailed planning initiated, it will necessitate to make also new and more 

comprehensive calculations. These calculations should include the exact wind speed at the 

actual location and then compare it with the pricing and stated output of the selected 

manufacturer's turbine. 

5.3.3 Energy aid 

Business Finland is aiding projects that promote new technology, its commercial utilization, 

and the regulation capacity of the power system, as well as energy savings through energy 

efficiency [164]. However, there are no specific guidelines regarding what constitutes a new 

technology. While solar and wind power have been on the market for over a decade, they may 

still be considered new in terms of ongoing advancements and innovations, especially with 

regards to emerging technologies such as thin film solar panels. Similarly, VAWTs have been 

around since the 1950s, but their utilization has historically been lower compared to HAWTs. 

Thus, VAWTs could still be considered a new or emerging technology, particularly if there are 

ongoing developments or increased adoption rates. While projects involving new technology 

may be eligible for support from Business Finland, it's important not to overly rely on this aid 

in calculations. Instead, it should be considered as a potential factor but not the sole determinant 

of feasibility. 

5.4 Energy storage, energy independence and sustainability 

In terms of renewable energy storage, its benefits are currently limited. In the absence of a clear 

solution for efficient energy storage, the potential benefits of storage are negligible, given the 

current limited electricity production. However, when production volumes reach the current 

base load, it becomes recommended to explore the feasibility and profitability of energy storage 

investments. It is likely that this will not become a pressing issue for some time, and as the 

plans advance, there will be opportunities to conduct these feasibility studies. The benefits of 

the energy storage at that time are hard to forecast and it’s anticipated that energy storage 

solutions will continue to evolve, necessitating a more comprehensive study in the future.  
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Achieving full energy independency at Meyer Turku is not possible at present or near future. 

However, efforts can be made to increase the share of self-generated electricity. Currently, this 

number stands at around 0.5%, and there is a lot of room for improvement. Therefore, the focus 

should not be only increasing the energy production but also reducing overall energy 

consumption. 

It should be noted that increasing the shipyard's own renewable energy sources will not affect 

Meyer Turku's greenhouse gas emissions, as Meyer Turku is committed to its future promises 

and has only used certified carbon neutral electricity since 2018. In addition, from 2023 

onwards, all district heating used at the shipyard have also been carbon neutral. 
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6 Conclusion 

The purpose of this thesis was to create a comprehensive literature review on renewable energy 

and energy storage systems. The purpose was also to clarify the current energy management 

within the shipyard as well as estimate the feasibility of implementing renewable energy 

systems at the shipyard.  

The amount of renewable energy is increasing and the ways to produce it are more diverse than 

ever. New production systems are being explored and developed, as are ways of storing 

harnessed energy. However, the low price of electricity in Finland poses a challenge to the 

adoption of renewable energy in business. In this thesis, different solar and wind power systems 

were analysed under different scenarios, where electricity price, system price, system size and 

system location were variables. 

Solar energy systems with different azimuth and slope angles alongside different system prices 

produced LCOE values of 0.10 €/kWh or less. Payback times varied significantly, with the 

configuration of a slope of 30 degrees, azimuth of 0 degrees, and system price of 900 €/kWp 

achieving a payback time of 11 years at an electricity cost of 10 cents/kWh. The CIGS thin 

films panels proved to be too expensive to invest without substantial subsidies. As anticipated 

the HAWTs outperformed the VAWTs with HAWTs producing LCOE values ranging from 

0.03 €/kWh to 0.21 €/kWh, whereas VAWTs produced LCOE values over 0.21 €/kWh, with 

some exceeding 1€/kWh. Notably, four different-sized turbines achieved payback times under 

10 years at an electricity cost of 10 cents/kWh, with the most profitable configuration being 

100 kW turbine with a system price of 1€/W and average wind speed from Artukainen and 

Rajakari. In PV systems, the system price had the largest impact, while in wind power, turbine 

size and wind speed had the largest impact. 

In summary, it is possible to use renewable energy sources in a shipyard, as long as a suitable 

location is found. Although the implementation of a large-scale solar energy system is currently 

impractical due to the poor condition of the buildings and roofs, it could be considered in the 

context of future renovation projects. Alternatively, the integration of wind turbines is a viable 

investment option, although it requires further studies to determine the exact location and wind 

speed. Overall, both solar and wind energy offer promising opportunities to reduce dependence 

on conventional energy sources in the yard. 
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Renewable energy sources are paving the way for a greener tomorrow and integrating them into 

the maritime sector could prove to be a valuable asset in an evolving world. In this transition, 

companies need to consider their desired payback period and the value placed on the social 

aspect of sustainability. 

The essential point is how much companies are willing to invest in sustainability and the 

importance they attach to the social dimension, including the image of a greener company. By 

prioritising sustainability initiatives and adopting renewable energy solutions, companies could 

reduce their environmental footprint and improve their reputation while also appealing to those 

who value corporate social responsibility. Ultimately, the decision to invest in renewables 

reflects a commitment to both environmental protection and long-term business success in an 

increasingly environmentally aware world. 

In the context of this work, the next step is to find out why the system losses of existing solar 

panels are so high. On a more general level, questions related to Meyer Turku's consumption 

should be addressed, such as why the current base load is so high and where exactly it is 

consumed? How this could be reduced and how the energy efficiency of the yard could be 

improved? As regards energy efficiency, it would be particularly useful to investigate waste 

heat recovery and heat storage. 
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