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Sammendrag 

Dette studiets hovedmål er å utforske potensialet en økt utnyttelse av solenergi vil kunne ha for 

reduksjon i klimagassutslipp relatert til strømforbruk i norsk landbruk. For å kunne undersøke 

dette potensialet er det designet flere solcelleløsninger og solvarmeanlegg for et melkefjøs 

lokalisert ved Mære landbruksskole i Trøndelag fylke. Systemene er deretter gjenskapt i en 

programvare for simulering av resultater knyttet til løsningene. Den potensielle reduksjonen i 

forbruket av kjøpt elektrisitet er deretter multiplisert med flere forskjellige utslippsfaktorer for 

å estimere den mulige nedgangen i klimagassutslipp. 

Etter at systemløsningene er gjenskapt i simuleringsprogramvaren Polysun, er resultatene fra 

de forskjellige modellene sammenlignet med hverandre basert på et sett med forhåndsbestemte 

indikatorer for systemytelse. I tillegg er det utført en kort parametrisk studie av både solcelle- 

og solvarmeanleggene. Resultatene fra studien antyder at solcelleanleggene er følsomme for 

antagelser rundt helningsvinkelen og antatte energitap, mens resultatene fra solvarmeanleggene 

er sterkt påvirket av rørdimensjonene i solkretsen, helningsvinkelen til solfangerne og 

kompleksiteten i systemoppsettet. 

Solcelleanleggene er designet for å dekke omtrent 30 % av det årlige strømforbruket, men den 

endelige dekningsgraden på sitt høyeste ble 26,9 % (53 831,9 kWh). Av de ulike foreslåtte 

systemløsningene er det mest effektive solcelleanlegget i stand til å redusere 

klimagassutslippene fra 997 til 13 091,4 kg CO2-ekvivalenter, avhengig av den gjeldende 

utslippsfaktoren til elektrisitetsblandingen. Selv om det opprinnelig ikke var gode løsninger for 

solvarmeanleggene, ble de i stand til å redusere strømforbruket til varmtvannsanlegget i fjøset 

etter at resultatene fra den parametriske studien ble brukt for å optimalisere systemløsningene. 

De nye solvarmeanleggene resulterte i en reduksjon i strømforbruket fra 1 113 til 3 123 kWh, 

noe som tilsvarer fra 21 til 759,5 kg CO2-ekvivalenter. Bare ett av solvarmeanleggene klarte å 

oppnå den planlagte soldekningsgraden på 50 %. 

Sett i en større nasjonal sammenheng med utgangspunkt i de totalt 7 600 melkegårdene i Norge, 

hadde disse installert både det beste foreslåtte solcelleanlegget og solvarmeanlegget, ville det i 

beste fall være mulig å redusere dagens klimagassutslipp relatert til strømforbruk i norsk 

landbruk med om lag 105 266 tonn CO2-ekvivalenter. Dette utgjør i så fall ¼ av utslippene fra 

strømbruk i jordbruk, skogbruk og fiskeri i Norge i 2017.  
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Abstract 

This study's main objective is to study the potential an increased utilization of solar energy 

could have on greenhouse gas emissions related to electricity consumption in Norwegian 

agriculture. To be able to investigate this potential, several photovoltaic system solutions and 

solar water-heating system solutions were designed for an existing milk barn located at Mære 

Agricultural School in Trøndelag-county. The solutions are then recreated in a simulation 

software. The potential reduction in consumed imported electricity is then multiplied with 

several different emission factors to estimate the possible decline in greenhouse gas emissions. 

After the system solutions are created in the simulation software Polysun, the results from the 

different models are compared against each other based on a set of predetermined indicators for 

system performance. Also, a short parametric study is performed on both the photovoltaic 

system solutions and the solar water-heating systems. The results from the study indicate that 

the photovoltaic systems are sensitive towards assumptions made on factors such as the 

inclination angle and potential energy losses, while the results from the solar water-heating 

systems were strongly affected by the pipe dimensions in the solar circuit, inclination angle of 

the solar collectors and the complexity of the system layout. 

The photovoltaic system solutions are designed to cover about 30 % of the annual electricity 

consumption, but the resulting coverage ratio was at highest 26.9 % (53 831.9 kWh). Based on 

the proposed system solutions, the most competent photovoltaic system is able to reduce the 

amount of greenhouse gas emissions somewhere between 997 to 13 091.4 kg CO2 equivalents, 

depending on the emission factors of the currently used electricity mix. The solar water-heating 

systems, though not initially efficient solutions, became capable enough to reduce the electricity 

consumption of the hot water system in the barn after the results from the parametric study was 

used to optimize the system solutions. These new solar water-heating systems resulted in a 

reduction in electricity consumption by 1 113 to 3 123 kWh, which is equal to about 21 to 759.5 

kg CO2 equivalents. The simulation results shows that only one of the system solutions are able 

to reach the planned solar fraction of 50 %. 

In conclusion, if all 7 600 milk farms in Norway choose to implement both the best case 

photovoltaic system solution and solar water-heating system solution, it might reduce the 

current greenhouse gas emissions related to electricity consumption in Norwegian agriculture 

around 105 266 tons of CO2 equivalents, similar to ¼ of the emissions from electricity usage in 

agriculture, forestry and fisheries in 2017.  
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1 Introduction 

1.1 Background 

The Norwegian government pledged in 2016, under the Paris agreement, to reduce the country's 

greenhouse gas emissions with 40 % by 2030, compared to 1990. According to (Øvrebø, 2020), 

the total greenhouse gas emissions were about 51.5 million tons of CO2 equivalents in 1990, 

and this suggests that the annual emission level must be below 30.9 million tons CO2 

equivalents by 2030. To compare, the greenhouse gas emissions in 2018 were about 52 million 

tons CO2 equivalents, according to (Øvrebø, 2020), indicating that we are still far from reaching 

the goal. To be able to accomplish the greenhouse gas emission goal set by the Norwegian 

government, all Norwegian sectors have to do their part in reducing their greenhouse gas 

emissions. 

(Miljøstatus, 2019) explains that the Norwegian agriculture sector was responsible for 8.6 % of 

the country's total greenhouse gas emissions in 2018. This amount is equal to approximately 

4.5 million tons of CO2 equivalents, and the majority of these emissions were methane gas and 

nitrous oxide gas from livestock and manure. According to (Miljøstatus, 2019), the greenhouse 

gas emissions linked to energy consumption for space heating and both fuel-driven and electric 

machinery in Norwegian agriculture are not included in the account for greenhouse gas 

emissions in the agricultural sector but rather the Norwegian energy sector. 

(Miljødirektoratet, 2019) observed that the total greenhouse gas emissions associated with 

energy use in agriculture, forestry and fisheries, in 2017, were about 0.4 million tons of CO2 

equivalents. If the greenhouse gas emissions are assumed to be approximately the same in 2018, 

then the actual greenhouse gas emissions related to agriculture would be somewhere between 

4.5 to 4.9 million tons of CO2 equivalents. 

Even if the direct greenhouse gas emissions in the farming agriculture sector are relatively 

marginal compared to methane and nitrous oxide gases, the reduction of these emissions is still 

the main focus of this master thesis. 
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1.2 Objective 

The main objective of this master thesis is to study the effect a potential increase in solar energy 

utilization could have on the greenhouse gas emissions from Norwegian agriculture. The first 

step towards accomplishing this goal will be to design a photovoltaic system and solar water-

heating system for the milk barn at Mære Agricultural School. The second step will be to 

determine, through extensive simulations, the amount of energy consumption that it is possible 

to replace with renewable solar energy. 

By generalizing the results from the simulations and by mapping out other agricultural buildings 

with similar energy consumption as the milk barn, it is possible to estimate the total effect it 

could have if more buildings installed similar active solar systems. 

Due to time restrictions, the main focus of this master thesis is the photovoltaic systems, and 

while the solar water-heating systems will still be described and simulated, it will not be as 

detailed as the photovoltaic system and will function more as a feasibility study. 

This paper is a continuation of the project work conducted in the latter half of 2019. 

 

1.3 Outline 

Chapter 2 to 4 & Chapter 6 to 7 contains a comprehensive literature review of relevant theory 

about energy consumption in Norwegian agriculture, weather and solar conditions effect on 

solar energy harvesting, and components in photovoltaic systems and solar water-heating 

systems. The literature study is a continuation of the research performed during the project work 

in the latter half of 2019. In Chapter 6 & 7, the basic concept behind photovoltaics and solar 

collectors are briefly explained, before delving deeper into each system’s relevant components. 

At the end of each of the subchapters in Chapter 6: Designing a photovoltaic system, an 

appropriate system component for the milk barn is suggested. These suggestions are based on 

the literature review and actually existing products. The focus of Chapter 7: Designing a solar 

water-heating system is to gather information regarding solar water-heating systems, making it 

possible to perform a feasibility study on its potential for the milk barn. 

In Chapter 5: The milk barn at Mære Agricultural School, the milk barn at the school is 

described, with special consideration given to the energy consumption, energy systems, 

technical equipment, hot water demand and the already existing photovoltaic systems at the 

school. 
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In Chapter 8: Methodology, the method for determining the system performances of the solar 

energy systems is presented, as well as how the results from the simulations will be generalized. 

In Chapter 9: Polysun simulations, the simulation software Polysun is described, and the 

relevant parameters from the literature review and the main features of the simulation models 

are also presented. 

In Chapter 10: Results, the results from the simulations are presented in an orderly fashion, and 

the potential effect on the total agricultural greenhouse gas emission is also explained. 

In Chapter 11: Discussion, the results from the previous chapters are discussed, and a relatively 

short parametric study is also performed. 

In Chapter 12: Conclusion, the most suitable energy system solution for the milk barn with 

consideration to the main purpose of this master thesis is presented. 

In Chapter 13: Further work, the potential next steps for the results presented in this paper are 

presented. 

In Chapter 14: References, an extensive list of all references used during the writing of this 

master thesis is presented. 

In Chapter 15: Attachments, an extensive list with all the attachments relevant for this study is 

presented. 
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2 Energy usage and CO2 emissions in agriculture 

It could be argued that agriculture is one of the most important industries worldwide. Among 

other things, it is responsible for providing and maintaining food security in a world where the 

population is continuously growing. According to (Chena et al., 2020), the usage of new 

technologies and more modern machinery have increased in farming during the last decades. 

This would suggest that the energy consumption related to agriculture should have increased, 

but as stated by (Eurostat, 2019), the energy consumption in European agriculture has actually 

been reduced. This can possibly be contributed to several factors, such as phasing out of small-

scale farms and more energy-efficient equipment. According to (Eurostat, 2019), the 

consumption was reduced by 15.4 % from 1997 to 2017. This corresponds to a decrease in 

greenhouse gas emissions from the original amount of 29 million tons of CO2 equivalents in 

1997 to 25 million tons of CO2 equivalents in 2017. 

(Eurostat, 2019) also presents an overview of the evolution of the fuel share in EU agriculture 

from 1997 to 2017 (See Figure 1). In 1997, the percentage of renewable energy and biofuels 

was about 4 %, and this percentage increased to 10 % by 2017. During the same period, oil and 

petroleum products have remained dominant, with an estimated share of 53 % in 2017.  

 

 

Figure 1: Approximate evolution of fuel types utilized in EU-agriculture, EU-28, 1997-2017. 

Source: Based on values from (Eurostat, 2019) 
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According to (Saunders et al., 2006), all energy consumption in agriculture can generally be 

broken into either direct or indirect energy usage. All usage is considered direct if it is linked 

to the farming operations, while it is considered indirect if it is related to producing the tools 

and equipment used during these farming operations. An example of direct energy usage is the 

fuel used to make the tractor run, while an example of indirect energy usage is the energy 

consumed when producing the tractor. Figure 2 shows some of the inputs into farming 

operations that are considered direct and indirect. 

 

 

Figure 2: Direct and indirect inputs related to farming operations. 

Source: Based on (Chen et al., 2015; Saunders et al., 2006)  

 

In the next subchapter energy consumption and greenhouse gas emissions related to Norwegian 

farms will be presented. Unfortunately, both values are seldom provided by Norwegian sources, 

and to be able to study both greenhouse gas emissions and energy consumption, some emission 

factors will be presented in Table 1 and Table 2. The purpose is to use these factors later to 

calculate the energy consumption from greenhouse gas emissions and vice versa. 
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(Miljødirektoratet, 2019) provides the following equation for converting energy consumption 

into CO2 equivalents: 

 

 𝐹𝑒𝑙,𝐶𝑂2
= 𝐸𝑒𝑙 ∙ 𝑓𝑒𝑙 ∙

𝑡𝑜𝑛

106𝑔
 [2.1] 

 

Where 𝐹𝑒𝑙,𝐶𝑂2
 is the CO2 emissions related to the electricity consumption [ton CO2 equivalents], 

𝐸𝑒𝑙 is the electricity consumption [kWh], and 𝑓𝑒𝑙 is the electricity emission factor [g CO2 

equivalents/kWh]. Equation 2.1 can also be changed to portray fuel consumption: 

 

 
𝐹𝐹,𝐶𝑂2

= 𝐸𝐹 ∙ 𝑓𝐹 ∙
𝑡𝑜𝑛

106𝑔
 [2.2] 

 

Where 𝐹𝐹,𝐶𝑂2
 is the CO2 emissions related to the fuel consumption [ton CO2 equivalents], 𝐸𝐹 is 

the energy consumption from burning the fuel [kWh], and 𝑓𝐹 is the fuel emission factor [g CO2 

equivalents/kWh]. 

 

Table 1: Emission factors for the Norwegian, Nordic and European electricity mix. 

Electricity mix 
Emission factor: 

[g CO2/kWh] 
Source: 

Norway 2018 18.9 (NVE, 2019) 

Nordic 2017 61.5 (NPRO, 2018) 

European 2016 295.8 (EEA, 2018) 

 

Table 2: Emission factors for different fuel types. 

Source: (Andersson & Sand, 2018) 
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2.1 Norwegian agriculture 

As explained by (Bondelaget, 2017), Norwegian agriculture is characterized by small farms, 

located across the whole country. Its structural development is regulated by the state, and this 

is accomplished through legislation and economic instruments. According to (Orlund, 2018), 

around 3 % of the total landmass area in Norway is agriculture land. These cultivation areas are 

located all across Norway in almost every municipality. Table 3 shows the development in the 

number of farms in Norway from 2005 to 2016, and it also shows the number of milk producers 

and amount of milk production. According to (Melk.no, 2019), there were around 7 600 milk 

farms in Norway at the beginning of 2019. Of these 7 600 farms, about 1 500 were located in 

Trøndelag, 1 200 in Rogaland and 1 000 in Oppland. A considerable challenge for the farmers 

in Norwegian agriculture is the long winter season, which, as stated by (Orlund, 2018), results 

in a much lower yield compared to other countries in Europe. 

 

Table 3: Facts on Norwegian agriculture. 

Source: (Orlund, 2018) 

 

 

According to (Lien et al., 2018), the energy consumption in Norwegian farming agriculture was 

3.37 TWh in 2016, and they also assumed that the energy usage would increase by 0.2 % every 

year towards 2035. If their assumption is correct, then the energy consumption would be 3.390 

TWh in 2019. (SSB, n.d.) lists some of the electricity consumptions in Norwegian agriculture, 

excluding the electricity usage for greenhouses, and discovered that the total usage was about 

0.98 TWh in 2014. If it is assumed that this electricity consumption also increases with 0.2 % 

every year, then the electricity consumption in Norwegian agriculture, excluding greenhouses, 

would be 0.988 TWh in 2019. 
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If the Norwegian electric mix for 2019 is used with Equation 2.1, then the estimated greenhouse 

gas emissions for the electricity consumption was about 18 673.2 tons of CO2 equivalent in 

2019. If the Nordic electricity mix was used instead, then the greenhouse gas emissions would 

be 60 762 tons of CO2 equivalents. 

In 2017, a more comprehensive and detailed study on the energy consumption of agriculture in 

Trøndelag-county was conducted by (Andersson & Sand, 2018). The purpose of the study was 

to determine the energy consumption associated with more energy-intensive farm types, 

specifically milk, pig, chicken and egg production. 

According to (Andersson & Sand, 2018), milking farms ordinarily use diesel and electricity in 

their production cycle. They explain that the reason for this is that the process of milking and 

feeding requires several large pieces of equipment, which all demands considerable quantities 

of electricity. (Andersson & Sand, 2018) states that milk production is also characterized by 

little demand for heating, unlike the pig farms, which require considerable amounts of 

electricity for equipment and also have a high heating demand. 

(Andersson & Sand, 2018) explains that chicken farms have the highest utilization of fossil 

fuels for covering heating needs, but that they have a limited diesel and electricity need. Egg 

production farms only require heat while the chicken is still in its growth phase but require little 

energy after this. Table 4 presents the energy consumption for the different production farms in 

Trøndelag. The greenhouse gas emissions displayed on the far right are only estimations 

performed by (Andersson & Sand, 2018). Figure 3 shows the percentage share of the energy 

consumption and CO2 emissions related to the different farm types. 

 

Table 4: Energy consumption and estimated CO2 emissions for different farm types in Trøndelag. 

Source: (Andersson & Sand, 2018) 
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Figure 3: The energy and emission percentage share of the different farm types. 

Source: Based on values from (Andersson & Sand, 2018) 

 

According to (Andersson & Sand, 2018), greenhouse gas emissions from Norwegian 

agriculture were about 4.5 million tons of CO2 equivalents in 2016. They concluded that 16.1 

% of the total Norwegian agriculture domain is located in Trøndelag, based on other sources, 

and assumes that the greenhouse gas emissions are proportional to the agricultural area. If this 

assumption is correct, then Trøndelag is accountable for about 724 500 tons of the total CO2 

equivalents. If it also is assumed that the estimates in Table 4 are somewhat correct, then 4.64 

% of the CO2 emissions are due to energy consumption.  
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3 Renewable energy in agriculture 

According to (Bondelaget, n.d.), there are great opportunities for both producing and utilizing 

renewable energy in Norwegian agriculture. The renewable energy produced at the farms can 

be either used on-site or supplied to society through the power grid or in the shape of fuel. 

(Reynolds & Wenzlau, 2012) lists several possibilities such as utilizing active solar energy 

through either solar collectors or photovoltaics, utilization of kinetic energy from small or 

cooperatively owned wind or water turbines and utilizing free solar energy through careful 

building design meant to maximize the use of natural daylight. 

In addition to the renewable energy sources mentioned above by (Reynolds & Wenzlau, 2012), 

(Chel & Kaushik, 2011) states that other renewable energy sources in agriculture are biomass, 

biofuels and geothermal heat. 

All of these renewable energy sources and their role in agriculture are briefly explained in the 

subchapters below. 

 

3.1 Solar energy 

According to (Norsk Solenergiforening, n.d.-a), the earth annually receives about 15 000 times 

more energy from the sun then what is consumed. There are several benefits associated with 

harvesting solar energy. Among other things, the sun is a free, sustainable and environmentally 

friendly energy source, and it is possible to utilize this energy both passively, through dark 

surfaces and large windows, or actively, through solar collectors or photovoltaics. 

As stated by (SEIA, 2018), photovoltaics and solar collectors work very differently. 

Photovoltaics convert sunlight into electricity, while solar collectors harvest thermal energy 

from the solar irradiance and use it to heat water or provide cooling. 

Some benefits and drawbacks with the utilization of solar energy in agriculture are stated by 

(Union of Concerned Scientists, 2008) and (Renewable Resources Co, 2016). According to 

them, solar energy offers the opportunity to save money, reduce pollution and greenhouse gas 

emissions, and increases the buildings self-reliance. The drawback, on the other hand, is that 

solar energy systems often have a high initial investment cost, and the profitability of the 

installed system therefore heavily depends on the actual placement of the solar energy system. 

Active solar energy utilization in the form of solar collectors and photovoltaics is the main focus 

of this master thesis. 
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3.2 Wind energy 

Wind is a free and abundant, as well as a clean, renewable energy source, similar to the sun. It 

is also, according to (Energy.Gov, n.d.-a), one of the fastest-growing energy sources in the 

world today. Electricity is generated by having wind flow through turbines, converting the 

kinetic energy of the wind into usable electricity. For optimal energy production, the wind 

turbines should be located in areas that experience large amounts of wind. 

Benefits and drawbacks with wind energy are presented by (EnergyInformative, 2015) and 

(Energy.Gov, n.d.-a). Advantages with wind systems are that they are cost-effective, 

sustainable, have a vast electricity generation potential, and can be built on already existing 

farms. Unfortunately, wind turbines can sometimes create significant noise, and not everyone 

finds them aesthetically pleasing. The turbines can also sometimes cause harm to local wildlife. 

(Herbert et al., 2009) declares that wind turbines can be a beneficial addition to structures that 

previously have installed photovoltaic systems, as wind is often available through all the 

seasons, whereas solar energy is not.  

According to (AWEA, n.d.), farmers in some countries have the opportunity to lease their land 

to wind companies for a stable income, especially as turbines do not restrict farming operations. 

 

3.3 Geothermal energy 

According to (Energy.Gov, n.d.-b), geothermal energy is clean and sustainable energy, obtained 

in the form of relatively constant temperatures in the ground. This thermal energy can be 

withdrawn without using significant amounts of fossil fuels, with equipment such as heat 

pumps.  

As explained by (Energy.Gov, n.d.-b), the benefit of geothermal energy is that it is available all 

through the year. The system also has a minimal visual impact on the environment, but as a 

result, are often better suited for new buildings, as (Herbert et al., 2009) states, due to the 

extensive excavation involved. The most prominent drawback with geothermal systems is their 

high investment costs. 

(Nguyen et al., 2015) explains that geothermal energy has the potential to reduce the required 

energy and fuel consumption associated with greenhouse heating. The thermal energy can also 

be used for agro-industrial processes and soil heating.  
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3.4 Hydro energy 

Hydro energy is the conversion of hydropower into electricity, and as (USGS, n.d.) states, 

hydropower is one of the most widely used renewable energy sources in the world. (WVIC, 

n.d.) explains that similar to energy based on wind, electricity is generated by having water 

flow through a turbine, converting the kinetic energy into mechanical energy. This mechanic 

energy is then transformed into electricity by a generator. 

According to (USGS, n.d.), the benefits of hydro energy is that no fuel is needed, leading to 

minimal pollution, the operation and maintenance cost is relatively low, and the technology has 

been proven reliable over time. Some of the drawbacks, as stated by (USGS, n.d.), are the high 

investment costs, intervention in nature, and sometimes changes in the water quality. (Osborn 

et al., 2017) explains that three components have been identified for harnessing hydro energy 

in agriculture. These first are on-farm pressurized irrigation systems, while the second and third 

are conduit drops on irrigation ditches and existing agricultural dams. As (Osborn et al., 2017) 

mentions, one example of on-farm pressurized irrigation systems is micro-hydropower plants.  

(Clean Green Energy Zone, 2016) states that the benefits of micro-hydropower plants are, 

among other things, their reliability and relatively high efficiency. They also do not require 

reservoirs, and it is possible to integrate the solution into the local power grid. 

 

3.5 Bioenergy 

Briefly explained, bioenergy is all form of renewable energy obtained from biological sources. 

According to (USDA, n.d.), these sources include wood, grass, corn, soybeans, forest or 

agricultural residues. 

As explained by (EESI, n.d.), bioenergy is often a common term including both energies from 

biomass and biofuels. (Klimasmart Landbruk, 2017) further elaborates by mentioning the farms' 

opportunity to produce and use the biomass on-site, for generating thermal and electric energy, 

as well as supply biomass to society, increasing the overall use of renewables. (McFarland, 

2017) mentions some benefits with biomass, such as their high availability, relatively low cost, 

and the opportunity to reduce the amount of garbage on landfills, as waste is considered as 

biomass. 
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According to (Lehman & Selin, 2008), biofuels are manufactured from biomass, and similar to 

biomass, biofuels are relatively cost-effective and environmentally friendly. (EIA, 2019) further 

explains that biofuels can be combined with other fossil fuels to produce cleaner and more 

environmentally friendly fuels than just pure gasoline and diesel. 

(McFarland, 2017) also provides a few drawbacks associated with biofuels, as they are often 

not as efficient as traditional fossil fuels. Also, even if bioenergy is considered carbon-neutral, 

it is not entirely clean energy, as the usage of human and animal waste increase the amount of 

methane gas in the atmosphere. Overreliance of bioenergy can also lead to deforestation.  
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4 Harvesting of solar energy 

Solar energy is radiation from the sun, and when harnessed through the means of solar collectors 

or photovoltaics, can generate either heat or electricity. All solar radiation is split into diffuse 

and direct radiation from the sun. 

(DSG, 2010) explains that diffuse radiation is the share of solar radiation that reaches the 

surface of the earth, after first having been separated from the direct solar beam, by either 

molecules or particles in the atmosphere (See Figure 4). Direct radiation, on the other hand, is 

the amount of solar radiation that directly hits the surface of the earth. 

The sum of these two radiation types is also known as global solar irradiance. 

 

 

Figure 4: Types of irradiance. 

Source: Based on a figure by (Brown, 2018a) 

 

Figure 5 is based on an estimate from (Zijdemans, 2014), and the illustration shows the 

expected amount of global solar irradiance, on a surface located in the south of Norway and 

angled directly towards the sun, at different sky conditions. As further explained by (Zijdemans, 

2014), during sunny days, the global solar irradiance will primarily consist of direct radiation, 

while on cloudy days, the consistency will mainly be diffuse radiation. 
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Figure 5: The expected amount of global solar irradiance during different sky conditions. 

Source: Based on a figure by (Zijdemans, 2014) 

 

4.1 Influence of orientation and inclination angle  

As stated by (DSG, 2010), several factors determine the amount of solar energy that it is 

possible to harvest. These factors include the location of the solar harvesting system, the system 

solution, and conditions such as shading, orientation and inclination angle. 

The angle corresponding to the orientation of the system is known as the azimuth angle. 

(Honsberg & Bowden, n.d.-b) explains this angle to be the compass direction in which the 

sunlight is received. An azimuth angle of 0o corresponds to due south, while 90o and 180o 

correspond to due east and north, respectively.   

The inclination angle is the angle between the equatorial plane of the earth and the surface plane 

of the solar collector or photovoltaic module. According to (Zijdemans, 2014), we differentiate 

between optimal and recommended inclination angle. The optimal angle is the fixed inclination 

angle that would result in the highest amount of radiated energy during the year, while the 

recommended inclination angle is the angle that would contribute more solar energy during 

periods when it can be used. As explained by (Zijdemans, 2014), this is because the optimal 

angle may lead to excess electricity or heat production during periods where it is simply not 

necessary, but deficit production during periods when the additional energy is needed. 

Both the azimuth angle and the inclination angle can be seen in Figure 6. 
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Figure 6: Azimuth and inclination angle of a thermal collector or photovoltaic module. 

Source: Based on a figure by (Brownson, n.d.). 

 

To be able to optimize the solar energy system, the azimuth and inclination angle should be 

chosen wisely. This is further confirmed by (Sørensen et al., 2017), who states that if the 

majority of energy consumption takes place during winter, then the harvesting system should 

have a much steeper inclination angle, as the sun is lower on the horizon. The azimuth angle 

should be decided based on the time of day with the highest energy consumption. 

As an example, consider a solar energy system located in the northern hemisphere. If the 

majority of energy consumption takes place before noon, then the azimuth angle should be 

somewhere between - 90o (East) and 0o (South), as this is the orientation of the sun in the 

morning. 

If the optimal global solar irradiance is known, at a particular location, then it is possible to 

estimate the global solar irradiance for a specific azimuth and inclination angle, by using the 

correction factors, introduced in Table 5, with the following equation: 

 

 𝐼𝐸 = 𝐼𝑂𝑝𝑡 ∙ 𝑓𝑎 ∙ 𝑓𝑏 [4.1] 
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Where 𝐼𝐸 is the estimate of the global solar irradiance at a specific azimuth and inclination angle 

[W/m2], 𝐼𝑂𝑝𝑡 is the global solar irradiance at the optimal azimuth and inclination angle (at the 

same location) [W/m2], and 𝑓𝑎 and 𝑓𝑏 is the correction factor of the azimuth and inclination 

angle, respectively. 

  

Table 5: Typical correction factors for different azimuth and inclination angles. 

Source: (Zijdemans, 2014) 

 

 

4.2 Global solar irradiance and climate in Norway 

(Norsk Solenergiforening, n.d.-b) estimates that Norway annually gets approximately 1 500 

times more energy from the sun than what is consumed. According to them, the annual amount 

of solar energy on a horizontal plane in Norway is commonly between 700 and 1 000 kWh/m2. 

These numbers are heavily dependent on the actual system's location in the country. Table 6 

provided by (Zijdemans, 2014), reinforces the quantities presented by (Norsk 

Solenergiforening, n.d.-b), as they are within the range of 700 to 1 000 kWh/m2. 

Table 6 also shows the annual radiated energy for large Norwegian cities such as Oslo, Bergen 

and Trondheim, and it also shows the optimal inclination angle at all of these locations. 
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Table 6: The amount of solar energy during a year for different inclination angles and cities. 

Source: (Zijdemans, 2014) 

 

 

As indicated by Table 6 and Figure 7, the cities and locations in Norway have some differences 

in the average daily amount of radiated solar energy. A probable cause for the variations in 

average daily solar radiation is the fact that the Norwegian environment consists of areas with 

several distinct climates. According to (Climates to travel, n.d.), the Norwegian environment 

consists of maritime climates, continental climates, mountain climates and Baltic climate. 

As explained by (Climates to travel, n.d.), Norway's mainland climate is more temperate than 

what the country's northern position first would indicate, and this is probably because of the 

ocean currents delivering heat to mainland Norway. 

 

 

Figure 7: The daily average global solar radiation for Norway during January and July. 

Source: Used with permission from (Zijdemans, 2014), see Attachment A.10 
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4.3 Conditions for solar harvesting at Mære Agricultural School 

(European Commission, 2020) can be used to map out the average monthly global solar 

irradiance on a horizontal plane located at Mære Agricultural School. The monthly average 

values, obtained through the tool, can be seen in Figure 8, and the included monthly global solar 

irradiance are from the period 2013 to 2016, as newer results are unavailable in the tool. Based 

on the average results in the figure, it is possible to assume that May is the month with the 

highest potential for solar harvesting. 

 

 

Figure 8: Average monthly global solar irradiance on a horizontal plane at Mære Agricultural School. 

Source: Based on values from (European Commission, 2020) 

 

Another indicator of the solar conditions at Mære is the average number of peak sun-hours the 

area experience annually. Peak sun-hours is explained by (Honsberg & Bowden, n.d.-a) to be 

the number of hours each year where the average global irradiance is 1 000 W/m2. It should be 

noted that peak sun-hours are determined by taking the total daily, monthly or annual global 

solar irradiance and dividing the total value on 1000 W/m2. The result is the number of hours 

with equivalent global irradiance to 1000 W/m2. 

Table 7 displays the average monthly and the total number of peak sun-hours at Mære from 

2013 to 2016. The table also includes peak sun-hours for global solar irradiance hitting a 

horizontal plane and a plane with an inclination angle of 26o, which is the angle of the south-

facing roof of the milk barn. 
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Table 7: The average monthly and total amount of peak sun-hours for Mære. 

Source: (European Commission, 2020) 

 

 

(European Commission, 2020) also makes it possible to determine the optimal inclination angle 

for each month (see Figure 9). The red line in Figure 9 indicates the fixed inclination angle of 

the south-facing roof on the milk barn. 

 

 

Figure 9: Optimal inclination angle during the year for Mære. 

Source: Based on values from (European Commission, 2020) 

 

The last thing to point out is the climate at Mære. As explained by (Dannevig, 2019), Trøndelag 

experiences vast differences in local climates all over the county. As an example, the north-

west region of Trøndelag is characterized by a maritime climate, while the south-east region is 

characterized by a continental climate. According to (Climate-Data.org, n.d.), Mære 

experiences a Continental Subarctic Climate, which is further explained by (Britannica, 2009) 

to be a climate dominated by long and cold winters, and with few sunny days during the year. 
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The outdoor temperature at Mære Agricultural School has been mapped out by the Norwegian 

Institute for Bioeconomy (NIBIO), as they have installed several temperature sensors at farms 

located all over Norway. Their measurements for 2019 can be seen in Figure 10. 

 

 

Figure 10: The daily average outdoor temperature at Mære Agricultural School in 2019. 

Source: Based on measurements from NIBIO 
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5 The milk barn at Mære Agricultural School 

This chapter consists of information gathered during the project work in the latter half of 2019, 

with some additions of new information. Most of the text has been reworked and rewritten for 

this master thesis, but in some sections, the wording may be similar to the project work. 

According to the administration at Mære Agricultural School, the milk barn was built during 

the period 2015 to 2016 and stood finished in May 2016. About 134 animals inhabit the barn, 

and the animal stock consists of calves, heifer and cows. The location of the milk barn, in regard 

to the rest of the school, can be seen in Figure 11. Google maps estimate that there are about 

300 meters from the milk barn to the remaining buildings of the school. 

 

 

Figure 11: Satellite picture of Mære Agricultural School and the milk barn. 

Source: Retrieved from Google Maps 

 

It should be noted that the design and building phase of the milk barn was not completely hassle-

free, as an old church from the latter half of 1100 is located near the milk barn. According to 

(Steinkjer Kommune, 2015), the church is automatically protected by the Norwegian Cultural 

Heritage Act due to its age. This Norwegian Act also puts comprehensive restrictions on all 

neighboring buildings. Therefore, all changes done on the facade or outfacing parts of the 

construction must be approved by the Norwegian antiquities’ organization. 
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5.1 Mære Agricultural School 

Mære Agricultural School is located in Trøndelag-county, in Steinkjer municipality. 

(Steinkjerleksikonet, n.d.) explains that the school was built in 1895 as an educational 

institution centered around teaching agriculture and housewife duties. In 1916, the housewife 

part of the school was moved to Stjørdal, and the school primarily started focusing on teaching 

students about agriculture. In 1990, Mære Agriculture School was implemented into the 

Norwegian high-school system. 

Today, the school consists of several different buildings with various functions. All the main 

buildings at the school are displayed in Figure 12. 

 

 

Figure 12: Buildings located at Mære Agricultural School. 

Photo: Mære landbruksskole. 

Published with permission from Mære Agricultural School (see Attachment A.11) 

 

5.1.1 Energy consumption at Mære Agricultural School 

According to NTE (see Attachment A.4), the total energy consumption at Mære Agricultural 

School was around 3.4 GWh in 2018. As they state, this annual consumption has been relatively 

stable during the last ten years, as can be seen in Figure 13. The trendline suggests that the 

overall energy consumption at the school is steadily decreasing. 

The annual energy consumption is separated into electricity, bio, propane/oil and heat storage, 

and can be seen in Table 8. 
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Figure 13: Annual total energy consumption at Mære Agricultural School. 

Source: NTE (see Attachment A.4) 

 

Table 8: Annual energy consumption at Mære Agricultural School (separated into type of energy source). 

Source: NTE (see Attachment A.4) 

 

 

The table above shows that both bio and propane/oil, as an energy source, was phased out by 

2017 and replaced with an increased share of heat from the local heat storage. The table also 

shows that electricity consumption at the school has remained relatively stable during the period 

from 2015 to 2018. 
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5.2 Building description of the milk barn 

The milk barn at Mære Agricultural School is split into two distinctly separate sections. The 

livestock inhabits one of the sections, while the other section is meant for long periods of 

occupancy by people. The livestock section is known as the "Cold barn", as the building 

structures are uninsulated and there is also no form of space-heating. In the other part the 

building, the walls are insulated, and the areas are heated by a hydronic floor heating system. 

The floor plan of the building can be seen in Figure 14, while Figure 15 displays 3D illustrations 

of the building. 

 

 

Figure 14: Schematic of 1st and 2nd floor at Mære milk barn. 

Source: Mære landbruksskole. 

Published with permission from Mære Agricultural School (see Attachment A.11) 

 

The "Cold barn" consists of only one floor, while the heated section of the barn has two. In 

addition to livestock, there are also several large pieces of technical equipment inside the "Cold 

barn". These pieces of equipment include machines for mixing food for the animals, delivering 

the food, cow milking, and a robot for cleaning after the animals. The technical room is also 

found in the "Cold barn". 

The 1st floor of the heated zone consists primarily of wardrobes with showers, while the 2nd 

floor has two meeting rooms and three bathrooms. 
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Figure 15: 3D-illustration of the (a) 1st floor and (b) 2nd floor at the milk barn. 

Source: Mære landbruksskole. 

Published with permission from Mære Agricultural School (see Attachment A.11) 

 

The total 1st floor area of the milk barn is about 1 305 m2, while the 2nd floor has around 82 

m2. The building has a length of 53 m and a width of 22.6 m. It also has a height of 8.8 m at 

its highest point and 3.2 m at its lowest. The roof surface area is approximately 1 337 m2, 

equally divided between the south- and north-facing roof. 

  

5.3 Existing energy systems at the milk barn 

5.3.1 Hot water system 

The hot water system found in the milk barn is displayed in Figure 16. The heat pump that is 

seen on the left side of the figure is an air-to-water heat pump of the type aroTHERM VWL 

85/2 A-230V (see Attachment A.12). The pump preheats the water inside the 300-litre storage 

tank before it is either sent to the floor heating system or transferred to the water heater. In 

addition to the heat pump, an electric heating element is connected to the middle of the storage 

tank. The storage tank also utilizes heat recovery from a 6000-litre storage tank for milk, 

extracting water at the base of the tank and returning it at the center of the storage tank. 
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Figure 16: The existing hot water system at the milk barn. 

Source: Mære landbruksskole. 

Published with permission from Mære Agricultural School (see Attachment A.11) 
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Figure 17: The electric boiler, storage tank and water heater at the milk barn. 

Photos: Dan Remi Antonsen. 

 

5.3.2 Electrical equipment inside the barn 

As already mentioned, numerous large pieces of equipment are found inside the milk barn. The 

most prominent of which are the milking robot, feeding machine, feed mixer, feed hoppers and 

the cleaning robot. Table 9 displays the estimated operation hours for the equipment during the 

day, as well as the installed effect. The number of operation hours was determined through 

correspondence, but the established power of the machines was estimated based on similar 

products from the same supplier. 

 

Table 9: The effect and operation hours of large pieces of electric equipment inside the milk barn. 

Source: Mære Agricultural School 
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5.4 Energy consumption at the milk barn 

Unlike most of the other buildings located at Mære Agricultural School, the milk barn is not 

connected to the local heating network. As the majority of the machines and tools inside the 

barn are electric, it assumed that the energy consumption at the milk barn is entirely based on 

electricity. 

The annual electricity consumption at the milk barn is presented in Table 10. Based on the 

values for 2018, the milk barn was responsible for 5.89 % of the total energy consumption of 

the school that year. The milk barn was not finished before May 2016, explaining the low 

electricity consumption that year. 

 

Table 10: Annual electricity consumption at the milk barn in the period 2016-2019. 

Source: Attachment A.4 & NTE 

 

 

The estimated energy consumption related to the necessary heating of water for space heating 

and domestic hot water was calculated in the report on the opportunities for renewable energy 

on Mære Agricultural School (see Attachment A.1). The estimated water consumption by 

livestock can be seen in Table 11, and the corresponding energy need can be seen in Table 12. 

The second table also shows the estimated energy consumption related to space-heating in the 

heated section of the milk barn, as well as energy-savings by the utilization of the air-to-water 

heat pump and heat recovery from the milk tank. 

If the estimated energy consumption for water heating is removed from the annual electricity 

consumption, then the results suggest that the remaining consumption of about 170 000 kWh is 

due to the electricity demand of the lighting and the remaining pieces of electrical equipment. 
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Table 11: Estimated amount of necessary water for the livestock. 

Source: Attachment A.1 

 

 

 

 

Table 12: Calculated net energy need for heating of water. 

Source: Attachment A.1 
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5.4.1 Current energy costs 

In Norway, the general electricity cost includes both electricity and grid importing 

charges. Table 13 shows the monthly and total electricity cost for the milk barn in the period 

from 2018 to 2019. By dividing the total monthly electricity costs with monthly usage, it is 

possible to determine the average monthly expense per kWh imported. These values are 

presented to the right in the table.  

 

Table 13: The monthly and total electricity and grid costs for the milk barn in 2018 and 2019. 

Source: NTE 
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5.5 Existing photovoltaic systems at Mære Agricultural School 

There are currently two existing photovoltaic systems already installed at Mære Agricultural 

School (see Attachment A.2 & A.3). One of these systems is installed on the roof of the 

boarding house (Figure 12 K), while the second system is installed on the roof of the cattle barn 

(Figure 12 E). The photovoltaic system on the boarding house consists of 216 photovoltaic 

modules, with an individual peak power of 270 Wp, which results in a total system power of 

58.3 kWp. In comparison, the photovoltaic system at the cattle barn consists of 120 photovoltaic 

modules, with a total installed system power of 34.8 kWp. All excess energy produced from 

both photovoltaic systems is delivered to the grid. 

The photovoltaic system at the boarding house is further elaborated in the subchapter below. 

 

5.5.1 The photovoltaic system on the boarding house 

As previously mentioned, the photovoltaic system consists of 216 modules (58.32 kWp), each 

with an inclination angle of 43o and an azimuth angle of 0o (facing directly south). The 

photovoltaic modules are connected to four SolarEdge string inverters. All of these inverters 

have 3 MC4 pair inputs, meaning that a maximum of three strings can be attached to each of 

the inverters. 

Figure 18 displays the monthly electricity production of the system, while Figure 19 shows the 

daily. 

 

 

Figure 18: Monthly energy production (as of 11.05.2020). 

Source: NTE & SolarEdge 
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Figure 19: Daily energy production in 2018. 

Source: NTE 
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6 Designing a photovoltaic system 

According to (Norsk Solenergiforening, n.d.-c), photovoltaic modules have traditionally been 

used to generate electricity onsite on cabins and cottages in Norway. These traditional systems 

were usually very modest and ordinarily not attached to the Norwegian power grid. (Norsk 

Solenergiforening, n.d.-c) also explains that even though this was the tradition, photovoltaic 

systems have become much more common on the envelope surface of both commercial and 

residential buildings in Norway. And unlike the modest photovoltaic systems utilized on cabins, 

these systems are often connected to the grid, presenting the owner with the opportunity to 

export surplus electricity production. 

Numerous significant factors have to be considered when designing photovoltaic systems from 

scratch. This is due to, as (Pearsall, 2017) explains, the fact that photovoltaic systems can have 

abundant different system configurations, and in the center of all this is the photovoltaic 

modules. In addition to these modules, each system also consists of several large and small 

components, often known under the commonly used term Balance-of-System components 

(BOS).  

The necessary BOS components vary strongly with the photovoltaic system type. 

(EnergyInformative, n.d.-a) presents the three main types of photovoltaic systems, as well as 

benefits and the necessary BOS components. The three main system types are: 

• Grid-tied systems 

• Stand-alone systems 

• Hybrid systems 

All of the required BOS components can be seen in Table 14, and Figure 20 shows how the 

different system components operate together in a hybrid photovoltaic system. 

 

Table 14: Necessary Balance-of-System components for each type of photovoltaic system. 

Source: (EnergyInformative, n.d.-a) 
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Figure 20: Illustration of a hybrid photovoltaic system and the relationship of its individual components. 

Source: Based on a figure from (Vekony, 2019) 

 

The main characteristics of each photovoltaic system type are that grid-tied systems are 

connected to the local power grid, while stand-alone systems are not. Since the latter is not 

attached to any power grid, batteries are sometimes utilized to store the excess energy 

generation. Hybrid systems are photovoltaic systems that are connected to the power grid and 

also attached to battery storage. 

In the following subchapters, the technology and characteristics for all of the necessary system 

components for designing a photovoltaic system will be presented. A suitable system 

component for the photovoltaic system at the milk barn will also be chosen at the end of each 

subchapter. The main focus is a grid-tied system, but information and components regarding 

battery storages will be also be presented. 
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6.1 Photovoltaic modules 

As previously alluded to, a photovoltaic module is the main component of any photovoltaic 

system. This system component is responsible for converting sunlight into Direct current (DC) 

electricity in a process known as the photovoltaic effect. According to (Afework et al., 2018), 

the conversion process takes place in photovoltaic cells, and all photovoltaic modules consist 

of several arrays of these cells. A common framework of a photovoltaic cell is depicted in 

Figure 21. As can be seen in the figure, a cell is built up with several different layers of material, 

where each layer fulfills a specific purpose. Arguably, the most crucial layer in any photovoltaic 

cell is the semiconductor layer, as this is where the conversion takes place. 

 

 

Figure 21: Framework of a photovoltaic (PV) cell. 

Source: Based on a figure by (Sheir.org, n.d.) 

 

6.1.1 Photovoltaic cell parameters 

The amount of electricity a photovoltaic cell, and therefore module, can convert from sunlight 

is dependent on several characteristics of the photovoltaic cells. (Smets et al., 2016) states that 

the parameters that affect the performance the most are the Peak power (PMax), Short-circuit 

current (ISC), Open-circuit voltage (VOC) and the fill factor of the cell. The size of these 

characteristics in the photovoltaic cell is commonly determined under Standard Test Conditions 

(STC). 
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Standard Test Conditions (STC) 

As explained by (Dutta, 2018), Standard Test Conditions are fixed conditions, applied to 

photovoltaic modules after they have been produced, to determine the performance of the 

photovoltaic modules. The idea behind using the same circumstances for all of the photovoltaic 

modules is that it becomes more straightforward when comparing the performance of various 

module products from different manufacturers. 

The Standard Test Conditions are: 

• Irradiance = 1000 W/m2 

• Module temperature = 25 oC 

• Air mass = 1.5 

 

Peak power (PMax) 

According to (Skaugen & Romundstad, 2017), peak power is the obtained power of the 

photovoltaic module when examined under STC. It is commonly considered as the highest 

possible output from the photovoltaic module.  

In practice, photovoltaic modules rarely produce power that is equivalent to the modules peak 

power, as stated by (Skaugen & Romundstad, 2017). The main reason behind this is external 

factors such as time of day, weather and geographical location. In addition to these factors, the 

generated power is also dependent on the module’s inclination angle, surface temperature and 

efficiency. 

According to (Smets et al., 2016), peak power is usually provided by the manufacturer of the 

photovoltaic module, but this is not always the case. If it is not provided, then it is possible to 

calculate the peak power by the following equation: 

 

 𝑃𝑀𝑎𝑥 = 𝐼𝑀𝑃𝑃 ∙ 𝑉𝑀𝑃𝑃 [6.1] 

 

Where 𝑃𝑀𝑎𝑥 is the peak power [Wp], 𝐼𝑀𝑃𝑃 is the current at the maximum power point [A], and 

𝑉𝑀𝑃𝑃 is the voltage at the same point [V]. The maximum power point is the point on the IV 

curve that results in the highest power output (see Figure 22). 
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Based on the information provided by (Honsberg & Bowden, n.d.-d), the IV curve can in brief 

terms be explained as a graphical illustration of the current-voltage relationship in a 

photovoltaic cell. 

 

 

Figure 22: IV Curve. 

Source: Based on a figure by (Honsberg & Bowden, n.d.-d) 

 

Short-circuit current (ISC) & open-circuit voltage (VOC) 

According to (Honsberg & Bowden, n.d.-f), the short-circuit current is the electrical current 

going through the photovoltaic cell when the voltage across the photovoltaic cell is 0 V, and it 

is also the highest possible current running through the photovoltaic cell. 

While, as explained by (Honsberg & Bowden, n.d.-e), the open-circuit voltage is the highest 

possible voltage achievable in a photovoltaic cell. This voltage level is achieved when the 

photovoltaic module is open-circuit, and the current flowing through the photovoltaic cell is 0 

A. 

The relationship between the short-circuit current and the open-circuit voltage can be seen in 

the graph in Figure 22. 
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Fill Factor (FF) 

A photovoltaic cell's Fill Factor (FF) is a measure of the quality of that cell, as stated by (Smets 

et al., 2016). It can be mathematically represented as the ratio between the peak power (𝑃𝑀𝑎𝑥) 

of the photovoltaic cell and the product of the short-circuit current (𝐼𝑆𝐶) and open-circuit voltage 

(𝑉𝑂𝐶), as seen in the equation below: 

 

 
𝐹𝐹 =

𝑃𝑀𝐴𝑋

𝐼𝑆𝐶  ∙  𝑉𝑂𝐶
=

𝐼𝑀𝑃𝑃 ∙  𝑉𝑀𝑃𝑃

𝐼𝑆𝐶  ∙  𝑉𝑂𝐶
 [6.2] 

 

FF can also be expressed graphically as the ratio between square A (𝐼𝑀𝑃𝑃 ∙  𝑉𝑀𝑃𝑃) and B (𝐼𝑆𝐶 ∙

 𝑉𝑂𝐶), which is why (Honsberg & Bowden, n.d.-c) states that FF is a measure of the "squareness" 

of the photovoltaic cells. Both square A and B are seen in Figure 23. 

 

 

Figure 23: Example of a photovoltaic cell with a high Fill Factor. 

Source: Based on a figure by (Honsberg & Bowden, n.d.-c) 
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Conversion efficiency 

According to (Honsberg & Bowden, n.d.-g), the conversion efficiency is defined as the ratio 

between the maximum possible generated power and the incident power, or simply put, the 

ratio between the output electricity of the photovoltaic module and the input solar energy from 

the sun. Of all the parameters associated with photovoltaic modules, this is the parameter that 

is most frequently used when comparing the performance of different modules. 

The conversion efficiency can be calculated with the following equation: 

 

 
𝜂𝑃𝑉 =

𝑃𝑀𝑎𝑥

𝑃𝐼𝑛
 [6.3] 

 

Where 𝑃𝑀𝑎𝑥 is the Peak Power [WP], which can be calculated with Equation 6.1, and 𝑃𝐼𝑛 is the 

solar input power on the surface of the photovoltaic modules [W]. 

The solar input power can also be expressed as: 

 

 𝑃𝐼𝑛 = 𝐼𝑆 ∙ 𝐴𝑃𝑉 [6.4] 

 

Where 𝐼𝑆 is the solar irradiance hitting the surface of the photovoltaic module [kWh/m2], and 

𝐴𝑃𝑉 is the surface area of the photovoltaic module [m2]. 

Equation 6.3 can also be combined with Equation 6.1, 6.2 and 6.4 to make the following 

equation: 

 

 
𝜂𝑃𝑉 =

𝐼𝑀𝑃𝑃  ∙  𝑉𝑀𝑃𝑃

𝐼𝑆  ∙  𝐴𝑃𝑉
 =

𝐼𝑆𝐶  ∙  𝑉𝑂𝐶  ∙  𝐹𝐹

𝐼𝑆  ∙  𝐴𝑃𝑉
 [6.5] 

 

As shown above, there are several ways to calculate the conversion efficiency based on 

measurements with STC on the photovoltaic modules. It is often not necessary to calculate these 

values, as the conversion efficiency is almost always presented with the other properties by the 

manufacturer. 
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6.1.2 Available technologies for photovoltaic modules 

The majority of the technologies and module products available on the market can be separated 

into either crystalline silicon or thin-film technology products. The products each have their 

benefits and drawbacks. It is therefore necessary to consider factors and limitations specific to 

the building and desired system characteristics before choosing a product. 

According to (Glunz et al., 2012), crystalline silicon modules have been the dominant type of 

photovoltaic modules since it was first introduced in the 1950s. Crystalline silicon modules are 

subdivided into either Monocrystalline silicon (Mono-Si), Polycrystalline silicon (Poly-Si) or 

ribbon silicon modules. Of these three, Mono-Si and Poly-Si cells are usually the most common. 

(Breeze, 2016) explains that Mono-Si cells are constructed from pure silicon crystals, while 

Poly-Si cells are assembled from fragments of several different silicon crystals. (Sendy, n.d.-b) 

states that Mono-Si cells have the highest efficiency of the bunch at around 22 %, while Poly-

Si cells usually have a conversion efficiency between 14 to 16 %. Both products based on 

Mono-Si and Poly-Si usually last somewhere around 25 years. 

According to (Breeze, 2016), photovoltaic cells based on thin-film technology are the main 

competitor to crystalline silicon cells. The main reason for this is that the process of 

manufacturing thin-film cells is both more manageable and more affordable than it is for 

crystalline silicon cells. The major drawback with thin-film products, on the other hand, is that 

they have lower efficiencies compared to crystalline silicon cells. The three most common thin-

film technologies are amorphous silicon, CdTe and CIGS, with CdTe as the main alternative, 

as it is more efficient than amorphous silicon and more affordable to manufacture than CIGS. 

(Sendy, n.d.-b) estimates that the commercialized thin-film products have an efficiency of 

around 10 to 15 %. 
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6.1.3 Connection principles 

When designing a photovoltaic system, the electrical characteristics of the photovoltaic 

modules must either be below or match the maximum inputs of the inverters and, if used, charge 

controllers. As explained by (Rogers, 2018), this concern especially applies to the maximum 

voltage across the photovoltaic system, as a too high system voltage may irreparably damage 

system components. 

(Pop, n.d.) suggests that the maximum voltage for a grid-tie inverter should be minimum 75 V 

and maximum 750 V. For hybrid systems, the maximum voltage should be able to handle back-

up loads and the DC power delivered from the modules simultaneously. There are of course 

inverters designed to handle larger system voltages than 750 V. 

The consideration of maximum system voltage should come early in the design process, as one 

possible way to reduce or increase this voltage is by connecting photovoltaic modules in series 

and parallels. According to (Brown, 2019), the process of wiring together photovoltaic modules 

is known in the solar industry as "stringing", and two or more modules connected in a series is 

known as a "string". 

The benefits and drawbacks with series and parallel connections are described in the 

subchapters below. 

 

Series 

(Solar Reviews, 2018) explains that the connection between photovoltaic modules is called a 

series when each of the photovoltaic modules only connects to the next module, basically 

creating a line. Figure 24 shows the wiring principle for photovoltaic modules in a series. One 

can consider photovoltaic modules somewhat similar to batteries in the way that the 

photovoltaic modules have to be wired from the positive terminal of the first module to the 

negative terminal of the second. 

Photovoltaic modules are usually connected in series to keep the maximum electric current 

through the system constant, no matter the number of photovoltaic modules added to the series. 

According to (UnderstandSolar, 2017), the benefit of using series connections is that a more 

modest wiring-thickness is required, resulting in smaller expenses. The main drawback is that 

the current running through the series will only be as high as the current running through the 

most unfavorable module. 
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What this essentially means is that if one module is shaded, soiled or damaged, then this will 

affect the production of the entire photovoltaic series. 

 

 

Figure 24: Photovoltaic modules connected in series. 

Source: Based on a figure by (Parked In Paradise, 2020) 

 

(Rossing, 2011) provides the following equations for calculating the maximum voltage, current 

and power in a photovoltaic system where the modules are wired in series: 

 

 𝑉𝑛,𝑠 ≈ 𝑛𝑠  ∙ 𝑉𝑂𝐶 [6.6] 

 

Where 𝑉𝑛,𝑠 is the maximum voltage across the photovoltaic modules in the series [V], 𝑛𝑠 is the 

number of modules in the series, and 𝑉𝑂𝐶 is the open-circuit voltage of each individual module 

[V/module]. It should be noted that the equations presented above and below require that all 

photovoltaic modules are the same type and product. Meaning that the open-circuit voltage, 

peak power and short-circuit current are the same for all photovoltaic modules in the system.  

As previously mentioned, the maximum current for the whole series is equal to the short-circuit 

current of one of the photovoltaic modules. 
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The maximum peak power of the photovoltaic system can be calculated with: 

 

 𝑃𝑛,𝑠 ≈ 𝑛𝑠  ∙ 𝑃𝑀𝑎𝑥 [6.7] 

 

Where 𝑃𝑛,𝑠 is the maximum peak power of the photovoltaic modules in series [Wp], and 𝑃𝑀𝑎𝑥 

is the peak power of a single photovoltaic module in series [Wp/module]. 

 

Parallel 

According to (Brown, 2019), the process of wiring photovoltaic modules in parallels is a little 

more complicated than for an ordinary series connection. In a photovoltaic system where the 

photovoltaic modules are attached in parallel, all of the positive terminals of the modules are 

wired together, and all the negative terminals are wired together (see Figure 25). 

 

 

Figure 25: Photovoltaic modules connected in parallel. 

Source: Based on a figure by (Parked In Paradise, 2020) 
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As explained by (UnderstandSolar, 2017), a benefit with parallel-connected photovoltaic 

modules is that no matter how many strings are attached in parallel, the system voltage remains 

the same as if it was only one photovoltaic module. The electrical current, on the other hand, 

increases with each additional parallel module. 

In addition to the advantage described above, (Brown, 2019) suggests that the main benefit with 

parallel-connected photovoltaic modules is that even if some of the photovoltaic modules are 

partially shaded, the electricity production from the remaining modules remains mostly 

unaffected. (UnderstandSolar, 2017) explains that one of the principal drawbacks with parallel 

connections are the need for thicker cables for handling the increased electric current. 

(Rossing, 2011) also provides equations for calculating maximum peak power, current and 

voltage in parallel-connected photovoltaic systems: 

 

 𝐼𝑛,𝑝 ≈ 𝑛𝑝 ∙ 𝐼𝑆𝐶  [6.8] 

 

Where 𝐼𝑛,𝑝 is the maximum current through the parallel-connected photovoltaic system [A], 𝑛𝑝 

is the number of modules wired in parallel, and 𝐼𝑆𝐶  is the short-circuit current for each of the 

photovoltaic modules [A/module]. For the parallel-connected photovoltaic system, the 

maximum voltage across the system is equal to the open-circuit voltage of one photovoltaic 

module. 

The following equation is used for determining the maximum peak power of the parallel-

connected photovoltaic system: 

 

 𝑃𝑛,𝑝 ≈ 𝑛𝑝 ∙ 𝑃𝑀𝑎𝑥 [6.9] 

 

Where 𝑃𝑛,𝑝 is the maximal installed peak power delivered by all the photovoltaic modules in 

parallel [Wp], and 𝑃𝑀𝑎𝑥 is the peak power of one single photovoltaic module used in the system 

[Wp/module]. 
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Series-parallel connection 

According to (Renogy, n.d.), a series-parallel connection is a connection principle, which 

utilizes both of the previously introduced connection types. Larger photovoltaic systems may 

obtain electric currents and voltages, which are significantly higher than the designed limits for 

both the charge controller and the inverters. This connection principle introduces creative 

approaches to avoid going above these limits. The number of photovoltaic modules in the 

parallel series must be equal. If they are not, the result is large losses of power. 

The following formula can be used to determine the maximum peak power of the system: 

 

 𝑃𝑡𝑜𝑡 ≈ 𝑛𝑠 ∙ 𝑛𝑝 ∙ 𝑃𝑀𝑎𝑥 [6.10] 

 

Where 𝑃𝑡𝑜𝑡 is the total installed peak power of the system [WP], and as previously mentioned, 

𝑛𝑠 is the number of photovoltaic modules in series, 𝑛𝑝 is the number of photovoltaic modules 

in parallel, and 𝑃𝑀𝑎𝑥 is the peak power of one single photovoltaic module used in the system 

[Wp/module]. Equation 6.6 and 6.8 can be used to determine the maximum voltage and current 

through the system, respectively. 

A series-parallel connected system can be seen in Figure 26. 

 

 

Figure 26: Series-parallel connected photovoltaic modules. 

Source: Based on a figure by (Brown, 2019) 
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6.1.4 The cost of PV Modules 

There are several different photovoltaic modules on the market, and the cost of these products 

varies considerably with the peak power, efficiency, utilized technology and the manufacturer. 

(Schachinger, 2020) maps the monthly EU spot prices of photovoltaic modules, and in February 

2020 the average consumer should expect to pay 0.26 €/Wp (or 2.51 NOK/Wp) for general 

mainstream crystalline modules, and 0.34 €/Wp (or 3.72 NOK/Wp) for all black modules with 

a peak power between 200 to 340 Wp. It should be noted that these prices are tax-free and for 

customs-cleared photovoltaic modules. 

There is little information available on labor charges related to the installation of photovoltaic 

modules, but (EnergyInformative, n.d.-b) estimates that the total expense associated with 

installing a complete photovoltaic system is roughly 10 % of the total photovoltaic system 

component costs. If the price of the complete system is 100 000 NOK, then one should be 

expected to pay an additional 10 000 NOK in labor expenses, resulting in a total system cost of 

110 000 NOK. 

 

Enova 

According to (Enova, 2020b), it is possible to receive 10 000 NOK in support for privately 

installing photovoltaic systems, with additional 1 250 NOK per kWp up to 15 kWp. What this 

means is that it is possible to reduce the total cost of the photovoltaic modules with a maximum 

of 28 750 NOK. 

It should be noted that the constant rate of 10 000 NOK is going to be reduced to 7 500 NOK 

from July 1st, 2020. 
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6.1.5 Determining the required area for photovoltaic modules 

The following simplified approach and equations are based on information provided by 

(SunPower, n.d.). There are several steps one must go through when determining the necessary 

ground, facade or roof area for photovoltaic modules, and the first step is usually to determine: 

• How much energy does the building consume on an average yearly basis? 

• How much surface area is available for the photovoltaic modules? 

• What are the solar conditions and peak sun-hours at the desired location? 

• What are the peak power and relative efficiency of the photovoltaic modules 

considered? 

The next step is to estimate how much of the annual energy demand that should be covered 

with a photovoltaic system. Depending on the size of the annual consumption and the available 

surface area, the coverage rate could be either very high or low. 

When the designer has decided on a coverage rate, the following equation can be used to 

determine the necessary installed power to cover such a demand: 

 

 

𝑃𝐷𝑒𝑚𝑎𝑛𝑑 =  
𝐶𝑅 ∙

𝐸𝑌𝑒𝑎𝑟

365 𝑑𝑎𝑦𝑠
 ∙  1000

𝑊
𝑘𝑊

 

𝑇𝑃𝑒𝑎𝑘−ℎ𝑜𝑢𝑟
 

[6.11] 

 

Where 𝑃𝐷𝑒𝑚𝑎𝑛𝑑 is the necessary amount of power that must be installed to cover the desired 

energy consumption [Wp], 𝐶𝑅 is the planned coverage ratio [-], 𝐸𝑌𝑒𝑎𝑟 is the annual energy 

consumption of the building [kWh], and 𝑇𝑃𝑒𝑎𝑘−ℎ𝑜𝑢𝑟 is the number of average daily sun peak-

hours [h]. 

The necessary number of solar modules can then be calculated with: 

 

 
𝑛𝑃𝑀  =

𝑃𝐷𝑒𝑚𝑎𝑛𝑑

𝑃𝑀𝑎𝑥
 [6.12] 

 

Where 𝑛𝑃𝑀 is the required number of photovoltaic modules to cover the 𝐶𝑅 percent of the 

annual energy consumption, and 𝑃𝑀𝑎𝑥 is the peak power of the chosen photovoltaic modules. 
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Photovoltaic modules infrequently experience conditions where they can produce electricity at 

peak power for longer periods, and there are also energy losses linked to different components 

in the photovoltaic systems. A safety factor can therefore be introduced to Equation 6.11 to 

increase the likelihood of covering enough energy demand. 

 

6.1.6 Photovoltaic modules for the milk barn 

The following information is provided for the milk barn at Mære Agricultural School: 

• The annual energy demand was 200 647 kWh in 2019. 

• The available roof surface area is about 1340 m2, with 670 m2 facing south. 

• The annual peak sun-hours at Mære, with an inclination angle of 26o, is on average 1 

013.6 hours, with a daily average of 2.77 or 2 hours and 47 minutes. 

The peak sun-hours was roughly estimated for Mære, at an inclination angle of 26o, by using 

the interactive tools provided by (European Commission, 2020). 

By using the information presented above in combination with Equation 6.11, the necessary 

electricity production per daily peak sun-hour, to cover 100 % of the annual energy 

consumption, is 198 454 W. 

 

Photovoltaic module products 

The extensive photovoltaic module database provided by (ENF Solar, 2020) was used to find 

relevant photovoltaic modules for the milk barn. Table 15 shows several photovoltaic modules, 

and their respective performance, technology, short-circuit current, open-circuit voltage, 

efficiency, peak power and temperature coefficient for 𝑃𝑀𝑎𝑥. 

Equation 6.12 was used to find the number of photovoltaic modules necessary to cover 15, 30, 

50 or 100 % of the annual energy demand. The number of modules was then multiplied with 

the dimensions of the different products presented in Table 15 to try to determine the necessary 

roof surface area. The results of these calculations can be seen in Figure 27. The required 

number of photovoltaic modules for each of the coverage ratios and products are presented in 

Table 16.  
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Table 15: Possible photovoltaic module products. 

Source: (ENF Solar, 2020) 

 

 

The red line in the figure indicates the maximum available south-facing roof area (670 m2). As 

the graph clearly shows, it is not possible to cover 100 % of the energy demand with 

photovoltaic modules, as there is not enough south-facing roof area available. 

In this master thesis, the focus will be to try to cover about 30 % of the annual energy 

consumption with solar energy. 

 

 

Figure 27: Necessary south-facing roof area to cover 15, 30, 50 or 100% of the annual energy demand. 

 



Designing a photovoltaic system 
 

51 

 

Table 16: Required number of modules to cover 15, 30, 50 or 100 % of the average 

annual energy consumption. 

 

 

The PERC 300W 60 CELLS photovoltaic modules are chosen for the milk barn. This 

photovoltaic module was preferred based on its implemented technology (Mono-Si), relatively 

high efficiency, and low open-circuit voltage. For aesthetic symmetry on the roof of the 

building, ten rows of photovoltaic modules should be placed horizontally along the width of the 

roof. Unfortunately, it is not possible to have 198 photovoltaic modules equally divided into 

ten rows. The number of photovoltaic modules is therefore increased from 198 to 200, with 20 

modules on each row (see Figure 28). These photovoltaic modules will account for 325.4 m2 of 

the available roof area. 

The installed peak power of the photovoltaic system, independent on the connection method, is 

60 kWp. 

The optimal connection method for these 200 photovoltaic modules will be discussed in 

Chapter 6.2.3: Choosing solar inverters for the milk barn. The reason for this is that the 

remaining Balance-of-System components have limitations related to the DC voltage and 

current delivered from the photovoltaic modules. 

 

Figure 28: Illustration of the possible photovoltaic module layout on the south-facing roof. 
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Cost of photovoltaic modules for the milk barn 

If the information presented in Chapter 6.1.4: The cost of PV Modules is combined with the 

information on the photovoltaic module system described above, then it is possible to estimate 

the cost of all these photovoltaic modules. Based on the information in Chapter 6.1.4: The cost 

of PV Modules, and the fact that PERC 300W 60 CELLS photovoltaic modules are all black, 

an investor should expect a price of about 3.72 NOK/Wp with a total charge of 223 200 NOK 

(excluding tax). 

 

6.2 Solar inverter 

The central objective of solar inverters is to convert the DC electricity produced by the 

photovoltaic modules into usable Alternating Current (AC). As such, the inverters are a 

necessary component in any photovoltaic system, since household appliances and technical 

equipment run on AC. 

(Norton et al., 2011) explains that the performance of the inverters depends on the inverters 

point of work, threshold of operation, output waveform, harmonic distortion, frequency, MPPT 

tracker(s) and the transformer. Based on the inverters output waveform, there are mainly three 

available inverter types. These are inverters with sine wave, modified sine wave or square wave 

output. 

The difference between the output waveforms can be seen in Figure 29. 

 

 

Figure 29: The three main output waveforms available from inverters. 

Source: Based on a figure by (Kansagara, 2018) 
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According to (Norton et al., 2011), the advantage with sine wave inverters is that most pieces 

of electrical equipment that are available, commercially, are intended for sine wave operation. 

The modified sine wave inverters are also able to operate a vast number of electric appliances, 

but square wave inverters can generally only operate quite simplistic types of equipment. 

Briefly explained by (Detjen, 2018), Maximum Power Point Tracker (MPPT) is a technology 

found in most modern solar inverters. The purpose of MPPT is to optimize the power output 

during unfavorable solar conditions. 

 

6.2.1 Solar inverter products 

According to (EnergySage, 2020b), there are three main kinds of inverter products available for 

photovoltaic systems on the market. These products are: 

• String inverters 

• Power optimizers 

• Micro-inverters 

(EnergySage, 2020b) explains that power optimizers and micro-inverters are also known as 

Module-Level Power Electronics (MLPEs). These are further defined by (Brown, 2018b) to be 

devices that are incorporated into the photovoltaic system to achieve higher performance during 

normal and certain unfavorable conditions, as well as providing other system benefits. 

 

String inverters 

String inverters are also known as centralized inverters and are, according to (EnergySage, 

2020b), the far more commonly installed inverter product. As a result, the vast majority of 

products available on the market today are string inverters. They are also more affordable than 

micro-inverters. (Zipp, 2013) lists several benefits with string inverters, and among the 

beneficial properties listed are their reliability, accessibility and high efficiency. They are 

therefore well-suited for residential and small commercial systems. 

According to (EnergySage, 2020b), special consideration must be given to the surrounding area 

as the main drawback with string inverters are the effect the photovoltaic module with least 

favorable conditions has on the remaining photovoltaic modules. This effect can be considered 

as a bottleneck, where the production of each photovoltaic module can only be as high as the 

production at the most shaded, soiled or damaged photovoltaic module. 
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An illustration of a single string inverter installed in a photovoltaic system is shown in Figure 

30. 

 

 

Figure 30: Photovoltaic modules attached to a string inverter. 

Source: Based on a figure by (Solar Tribune, n.d.) 

 

String inverters + Power optimizers 

As stated by (EnergySage, 2020b), power optimizers are additional pieces of equipment that 

can be installed with string inverters in photovoltaic systems. The required number of power 

optimizers in a photovoltaic system varies with the type of optimizer, as some power optimizers 

can be attached to more than one photovoltaic module. At most, one power optimizer for each 

of the photovoltaic modules (see Figure 31). Unlike the string inverter which converts DC 

electric energy into AC, power optimizers "conditions" the DC electricity and sends it to the 

string inverter. Power optimizers can therefore be seen as DC to DC converters. 

(EnergySage, 2020b) further explains that power optimizers increase the performance of the 

string inverter(s) in the photovoltaic system and that they also lessen the bottleneck effect that 

partial shading or soiling can have on the total electricity production. Installing power 

optimizers with a string inverter can be considered a compromise between only having string 

inverters or micro-inverters, as it is less costly than micro-inverters, but also not as effective. 
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Figure 31: String inverter combined with power optimizers. 

Source: Based on a figure by (Solar Tribune, n.d.) 

 

Micro-inverters 

According to (EnergySage, 2020b), micro-inverters, similar to power optimizers, are installed 

at the actual location of the photovoltaic modules (see Figure 32). But, unlike power optimizers, 

which as mentioned can be seen as DC to DC converters, micro-inverters convert DC electricity 

into AC. (EnergySage, 2020b) states that the most prominent advantage with micro-inverters is 

their ability to cancel out the negative impacts of partial shading. Since the DC into AC 

conversion happens at each photovoltaic module, the bottleneck difficulty does not take place. 

In principle, this means that the electricity production at each photovoltaic module becomes 

almost independent of the other modules. 

(Sendy, n.d.-a) states that an additional benefit with micro-inverters is that they usually arrive 

with preinstalled monitoring software, making it possible to observe the production of every 

single photovoltaic module. By utilizing monitoring software, it is also easier to determine 

technical errors with the photovoltaic modules. It should be noted that this additional feature is 

also often included with power optimizers. 

According to (EnergySage, 2020b), the single most prominent drawback with micro-inverters 

is that they are expensive. Since several of them are required for one system, the total cost of 

these micro-inverters quickly becomes very steep. 
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Figure 32: Micro-inverters. 

Source: Based on a figure by (Solar Tribune, n.d.) 

 

6.2.2 Factors determining the location of the string inverter(s)  

According to (Contrino, n.d.), a usual rule of thumb is to install string inverters as close to the 

existing grid equipment as possible. The general location can be both inside and outside the 

building, but it should be easily accessible for maintenance. Also, the string inverter should not 

be located in direct sunlight and should therefore either be installed indoors or at a shaded 

location outside. 

(SolarEdge, n.d.) explains that there should be at least a 20 cm clearance above and below the 

string inverter. Also, there should be 10 cm available space to the left and right of the inverter, 

but if two inverters are placed next to each other, the distance should be minimum 20 cm 

(see Figure 33). The distances can also be enlarged, allowing for easier access to the inverter 

fans during maintenance. 

  

 

Figure 33: Recommended string inverter clearance when installing one or multiple string inverters. 

Source: Based on a figure from (SolarEdge, n.d.) 
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According to (Contrino, n.d.), a final important consideration is the installed height of the string 

inverter. The inverter should be installed at a reasonable height above ground level, to avoid 

damaging the inverter during a flood or rising water level incident. 

 

6.2.3 Choosing solar inverters for the milk barn 

It is crucial to consider the electrical characteristics of the photovoltaic modules when choosing 

an inverter system solution for the milk barn. The properties associated with the PERC 300W 

60 CELLS photovoltaic modules were presented in Table 15 in Chapter 6.1.6: Photovoltaic 

modules for the milk barn. 

What was not mentioned in Chapter 6.1.6: Photovoltaic modules for the milk barn, was that the 

open-circuit voltage and short-circuit current is highly dependent on the operating temperature 

of the photovoltaic module. What this means is that even if the open-circuit voltage for the 

photovoltaic module is 39.9 V during STC, it can actually be much higher, which is also the 

case for the short-circuit current. 

The solar inverters have to be able to handle these voltage and current levels during high and 

low operating temperatures. Because if they are not, the inverter may be damaged and has to be 

replaced by a new, adding to additional costs and unnecessary photovoltaic system problems.  

The datasheet for the various photovoltaic modules often contains temperature coefficients for 

both the open-circuit voltage and short-circuit current, and these coefficients indicate that the 

open-circuit voltage increases with decreasing operating temperature, while the short-circuit 

current increases with increasing operating temperature. 

(Brown, 2019) provides the following formula for calculating the open-circuit voltage at 

different operating temperatures: 

 

 

𝑉𝑂𝐶,𝑜𝑝𝑒𝑟 = (1 − ((𝑇𝑆𝑇𝐶 − 𝑇𝑜𝑝𝑒𝑟) ∙
𝑇𝐶𝑉𝑂𝐶

100
)) ∙ 𝑉𝑂𝐶,𝑆𝑇𝐶 [6.13] 
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Where 𝑉𝑂𝐶,𝑜𝑝𝑒𝑟 is the open-circuit voltage of the photovoltaic module [V] at operation 

temperature 𝑇𝑜𝑝𝑒𝑟 [oC], 𝑇𝑆𝑇𝐶 is the standard test condition temperature [oC], 𝑇𝐶𝑉𝑂𝐶
 is the open-

circuit voltage temperature coefficient of the module [%/oC], and 𝑉𝑂𝐶,𝑆𝑇𝐶 is the open-circuit 

voltage at standard test conditions [V]. 

The information presented by (Brown, 2019) can also be used to determine the short-circuit 

current at different operating temperatures: 

 

 

𝐼𝑆𝐶,𝑜𝑝𝑒𝑟 = (1 − ((𝑇𝑆𝑇𝐶 − 𝑇𝑜𝑝𝑒𝑟) ∙
𝑇𝐶𝐼𝑆𝐶

100
)) ∙ 𝐼𝑆𝐶,𝑆𝑇𝐶 [6.14]  

 

Where 𝐼𝑆𝐶,𝑜𝑝𝑒𝑟 is the short-circuit current of the photovoltaic module [A] at an operating 

temperature of 𝑇𝑜𝑝𝑒𝑟 [oC], 𝑇𝐶𝐼𝑆𝐶
 is the short-circuit current temperature coefficient of the 

module [%/oC], and 𝐼𝑆𝐶,𝑆𝑇𝐶 is the short-circuit current at standard test conditions [A]. 

As the simulation software used in this master thesis uses an operating temperature limit of -10 

and 70 oC, the maximum open-circuit voltage and short-circuit current will be calculated for 

these values. The results of using Equation 6.13 and 6.14 with these operating temperatures can 

be seen in Table 17. If the maximum DC voltage input into the string inverter is 1000 V, then 

the maximum number of photovoltaic modules in series should not exceed 22, when accounting 

for operating temperature. 

 

Table 17: Maximum short-circuit current and open-circuit voltage. 

 

 

Due to the size of the photovoltaic system, it would be difficult to find a single string inverter 

which meets the electric conditions required to convert DC electricity from 200 photovoltaic 

modules into AC. Three different solar inverter system will therefore be introduced to the 

photovoltaic system at the milk barn, and later compared using the simulation software Polysun. 
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System 1: Delta Solar Solution and SMA Solar Technology 

According to (Delta Solar Solutions, 2020), the company known as Delta Solar Solution was 

founded in 1971. They specialize in solar inverters for residential, commercial and large-scale 

photovoltaic systems. Their main headquarter is located in Taiwan, but they also manufacture 

solar inverters for China, Europe, Japan, Singapore, Thailand and the U.S. 

A suitable photovoltaic string inverter for the photovoltaic modules at the milk barn is the 

M50A Grid PV Inverter (see Figure 34). The inverter is manufactured by Delta Solar Solutions 

and is according to them (see Attachment A.6), a perfect fit for large-scale photovoltaic systems 

built in the agriculture sector. Unfortunately, due to restrictions with the string inverter, 

specifically regarding the maximum input current of 50 A per MPP Tracker, the single string 

inverter is not enough to convert all the DC power, delivered from the photovoltaic modules, 

into AC power. 

The M50A Grid PV Inverter is a relatively large string inverter, and it is therefore possible to 

attach 176 PERC 300 W 60 CELL photovoltaic modules at most. Figure 35 shows how the 

photovoltaic modules should be connected to the string inverter, with four strings of 22 modules 

in each MPP Tracker. 

 

 

Figure 34: The two string inverters utilized in system solution 1. 

Source: Attachment A.6 & (Europe - Solar Store, 2020b)  
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Ordinarily, the additional string inverter should be chosen from the same manufacturer, as there 

is no guarantee that the two different components will work together, but in this case, the more 

modest string inverters produced by Delta Solar Solutions are not able to handle the 70 oC short-

circuit current of 11.787 A per string. The additional string inverter is therefore provided by the 

German company SMA, with the specific product being the Sunny Tripower 4.0 (see Figure 

34). 

According to Attachment A.6, the product has two MPP Trackers, which can handle short-

circuit currents up towards 18 A. For this system solution, two strings will be attached to the 

inverter, one in each MPP Tracker. As shown in Figure 35, both series will consist of 12 

photovoltaic modules each. 

 

 

Figure 35: A schematic of the number of photovoltaic modules and strings inserted into each inverter. 

 

Based on the information provided in Chapter 6.2.2: Factors determining the location of the 

string inverter(s), the string inverters should be installed inside the technical room of the milk 

barn. This location will protect the string inverters from direct sunlight and harsh weather 

conditions from the outside, and it will also be easy to perform regular maintenance. 

Their actual placement inside the technical room should be carefully considered, but a possible 

option is presented in Figure 36. 
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Figure 36: The location of the string inverters inside the technical room. 

 

The cost of the two string inverters varies somewhat with the supplier contacted to order the 

product, but according to (RenuGen, 2020) & (Europe - Solar Store, 2020b), the M50A Grid 

PV Inverter costs 38 830 NOK, and the SMA Sunny Tripower 4.0 inverter costs 11 700 NOK, 

respectively. 

 

System 2: SMA Sunny Tripower 10.0 PV Inverter 

In addition to the Sunny Tripower 4.0 Inverter introduced for the previous system solution, 

SMA also manufactures inverter models meant for larger photovoltaic systems, such as the 10.0 

model (see Attachment A.7). The exterior design is quite similar to the 4.0, but it can handle a 

more substantial amount of inputted DC power. 

The 10.0 model has two MPP Trackers, Tracker A and B, where input A can handle two strings, 

while B can only handle one. The maximum inputted DC voltage for the inverter is 1000 V, 

and the maximum short-circuit currents for Tracker A is 30 A and 18 A for Tracker B, while 

the highest DC input power for the 10.0 inverter model is 15 kWp. 

As the total peak power of the photovoltaic modules is 60 kWp, a total of four string inverters 

are necessary to convert sufficient DC power, with a total of 50 photovoltaic modules attached 

to each inverter. 
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To be able to take full advantage of the MPP Trackers in the Sunny Tripower 10.0, the string 

inputted into Tracker B should consist of as many photovoltaic modules as possible, as the 

electricity generation of the two other inputs into Tracker A is dependent on each other. The 

string inputted into B should therefore have 22 photovoltaic modules, while the two strings 

attached to input A should have 14 modules each. 

The layout of this system can be seen in Figure 37. 

 

 

Figure 37: Illustration of the layout of the four string inverters and their corresponding inputs. 

 

Similar as for the first system solution, the cost of Sunny Tripower 10.0 PV Inverter can be 

found on websites that specialize in selling photovoltaic system components. According to 

(Europe - Solar Store, 2020c), the cost of a single Sunny Tripower 10.0 PV Inverter is about 18 

850 NOK, making the total cost of four inverters approximately 75 400 NOK. 

 

System 3: Altenergy Power (AP) Systems YC1000 3-Phase Micro-inverter 

There are only a couple of manufacturers that specialize in producing micro-inverters for the 

inverter market. According to (APSystems, 2020), the American company Altenergy Power 

Systems were founded in Silicon Valley, California in 2010, and the company is today the 

world's third-largest merchant of Module Level Power Electronics (MLPE). As mentioned in a 

previous chapter, both micro-inverters and power optimizers are commonly known as MLPEs. 
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One micro-inverter model manufactured by AP Systems is the YC1000 3-Phase Micro-inverter, 

and this inverter can be attached to either 3 or 4 photovoltaic modules, depending on the 

preferences of the buyer. The wiring schematic for the micro-inverters connected to four 

photovoltaic modules can be seen in Figure 38. A slight disadvantage with these micro-inverters 

is that a maximum amount of 12 micro-inverters can be utilized in each electrical circuit. 

Five circuits should, therefore, be installed in the photovoltaic system. Each would consist of 

10 micro-inverters connected to a total of 40 photovoltaic modules. The micro-inverters have a 

maximum input current of 14.8 A from each photovoltaic module, and the maximum DC input 

voltage is 60 V. 

 

 

Figure 38: Wiring schematic for YC1000 3-Phase Micro-inverters. 

Source: Based on a figure in Attachment A.8 

 

As stated in the literature review, and also by studying micro-inverter products on the Internet, 

the general cost of micro-inverter systems is far more expensive than regular string inverter and 

power optimizer systems. The main reason is that the micro-inverter system requires numerous 

micro-inverters, often one for each photovoltaic module. There is little, if any, information 

about the cost of the YC1000 3-Phase Micro-inverter for the European market. According to 

(A1 Solar Store, 2020), the YC1000 3-Phase Micro-inverter, made for the American market 

(277/480V), cost about 3 065 NOK per micro-inverter. 

It will be assumed that the product for the European market costs about the same. 
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6.3 Power meter 

Power meters, also more commonly known as utility meters, are briefly explained by (Vekony, 

2019) to be devices that measure the electricity consumption in the building. A power meter 

can also be combined with a grid-tied photovoltaic system, monitoring both the amount of 

electric energy consumed in the building and also help to determine the amount of surplus 

generated electricity exported to the power grid. The reason for this is, as (O'Neill, 2018) 

explains, that some power meters are bi-directional, meaning that they can measure both the 

electricity exported to the grid, as well as the electricity imported from the power grid. 

(Bushong, 2015) mentions that a benefit with power meters is that they make it easier to observe 

and analyze the performance of the photovoltaic system, giving the system owner an advantage, 

as it will be quicker to discover photovoltaic system malfunctions. 

According to (Bushong, 2015), most solar inverters come installed with internal power meters, 

but that these meters are often not revenue-grade, meaning that the accuracy of the meters 

usually is below 2 %. (Bushong, 2015) therefore suggests that an external power meter should 

be installed along the AC cable between the solar inverter and the main distribution panel, to 

get more accurate readings. 

 

6.3.1 Smart power meters 

In addition to traditional power meters, a concept known as smart power meters has been 

developed for monitoring. According to (Infinite Energy, 2019), smart meters can be installed 

inside the switchboard of the building. Here, the "smart power meter" monitors the amount of 

electricity that is being imported from, and exported to, the power grid. The meter then sends 

and extracts information from the solar inverter, through a data cable connection, presenting all 

relevant system data on one single monitoring platform in real-time. 

An additional benefit with these meters, (Infinite Energy, 2019) points out, is that they give an 

increased data overview, which can assist the system owner in finding potential ways to save 

energy and reduce the utility bill. 
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6.4 The Norwegian power grid 

As explained by (Statnett, 2018), all generated electricity must be used the same second that it 

is produced. It is therefore crucial that there is always a balance between the amount of electric 

energy consumed and the amount generated. In Norway, the state-owned company Statnett is 

responsible for providing this energy balance. 

The power grid could be considered the backbone of the Norwegian power system, as it 

functions as the link between the electricity producer and the consumers and it is therefore 

deemed a crucial infrastructure in any modern society. 

According to (Olje- og energidepartementet, n.d.), the Norwegian power grid consists of three 

network levels. These levels are: 

• The transmission network 

• The regional network 

• The distribution network 

The transmission network is briefly explained by (Olje- og energidepartementet, n.d.). 

According to them, the transmission network, which is also known as the central network, 

connects the energy producers with the consumers in a nationwide grid system. The 

transmission network consists of several international interconnections, and in Norway the 

network has a high voltage level, commonly between 300 to 420 kV. In some parts of the 

country, the transmission lines may have a voltage level of 132 kV. 

According to (Olje- og energidepartementet, n.d.), the regional network usually works as an 

interconnection between the central transmission network and the distribution network, where 

the voltage level in the interconnection network is between 33 kV to 132 kV. 

The last network level is the distribution network. This network-level consists of local power 

grids, which usually deliver power to the smaller end-users. According to (Olje- og 

energidepartementet, n.d.), the distribution network has a voltage level of up to 22 kV, but there 

is a distinction made between high-voltage and low-voltage distribution networks. The 

separation is at 1 kV, and the low-voltage distribution grid is usually 230 V or 400 V for 

delivering electricity for general consumption. 

An illustration of the three grid networks and their voltage level can be seen in Figure 39. 
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Figure 39: The different Norwegian grid levels and their corresponding voltages. 

Source: Based on a figure by (NVE, 2018)  

 

6.4.1 Types of low voltage distribution networks 

According to (Rosvold, 2018), low voltage distribution networks are divided into three system 

types: 

• Insulated-Terra (IT) 

• Terra-Terra (TT) 

• Terra-Neutral (TN) 

These three system types are named after their relationship with the ground. 

(Rosvold, 2018) explains that in IT systems, the distribution transformer's neutral point is 

insulated from the ground, while it is grounded in TT systems. In TN systems, the neutral point 

of the distribution transformer is passed on to the consumer. The IT and TT systems only have 

access to a voltage of 230 V, while the TN systems have access to two voltage levels, 230 V 

and 400 V. 

The voltage level of 230 V is commonly used to power ordinary electrical household appliances 

and lighting, while 400 V is more ordinarily used to power and operate larger pieces of 

equipment. (Rosvold, 2018) states that all new electrical installations in Norway are built as TN 

systems, and at the same time, older IT systems are being converted into TN. 
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6.4.2 Nord-Trøndelag Elektrisitetsverk (NTE) 

According to (NTE, 2020), NTE is the Norwegian power company responsible for producing 

and supplying power to consumers located in Trøndelag. Their main office is located in 

Steinkjer in Trøndelag-county, and according to (Rosvold, 2019), NTE's power plants have an 

average annual power production of about 3 900 GWh. 

In 2019, NTE and TrønderEnergi jointly established the company Tensio AS, with the sole 

purpose to manage the network services in Trøndelag. 

 

The Plus Customer Scheme 

(Tensio, 2020) explains that NTE and Tensio AS provides some of their customers, known as 

Plus Customers, the opportunity to export excess generated electricity from privately owned 

energy systems to the power grid. This agreement does not only apply for owners of 

photovoltaic systems but also owners of wind turbines and small hydropower plants. 

According to (Tensio, 2020), all network costumers can, in principle, be upgraded to take 

advantage of their Plus Customer Scheme. The most crucial requirement is that the customer 

establishes a privately-owned energy production system. Tensio AS has set an upper export 

limit of 100 kWh of excess production each hour, where all exported energy above this limit 

will come with an additional grid cost. 

These following requirements are demanded from their customers for them to be allowed to use 

the Plus Customer Scheme: 

• The customer must have installed an automatic power meter. 

• The power generating system must be connected to the grid by an approved electrician. 

• The production plant must not reduce the voltage quality of the distribution network. 

• An agreement on the payment of exported excess production must be made between the 

electricity provider and the owner of the production plant. 

(Tensio, 2020) also explains that all Plus Customers must pay for the production system 

equipment and installer themselves. Also, the grid company may expect the customers to pay 

for additional construction fees, or part of the expenses related to the process of strengthening 

the network due to increased power flow. The grid company covers the costs of the necessary 

measuring devices, and the customer does not need to pay a grid fee for the electricity exported 

to the grid, only the electricity imported. 
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Mære Agricultural School 

Through e-mail correspondence with NTE, it was discovered that the majority of the buildings 

at Mære Agricultural School was connected to the old IT network (230 V), but that the 

greenhouse at the school is connected to the TN network (400 V). It was also believed by the 

correspondent from NTE that the new milk barn is connected to the TN network. 

Based on the information presented above, it is not unlikely that this is the case, as the barn 

contain several large pieces of equipment, as well as the fact that the building is relatively new 

compared to the other buildings at the school. 

Mære Agricultural School already has an arrangement with the grid company and NTE for the 

existing photovoltaic systems at the school. The understanding is that NTE buys the excess 

energy production from the school with a price based on the hourly electricity spot price. The 

money earned by selling and exporting excess power during the month is automatically 

subtracted from the monthly electricity and grid costs for the building. 

 

6.5 Battery bank 

Photovoltaic systems may experience prolonged periods during the day where the photovoltaic 

modules generate more electric energy than the appliances and equipment consume. The excess 

electricity can either be exported to the power grid or stored on batteries, with the purpose to 

be of later use. 

According to (Spiers, 2012), batteries are commonly more employed in stand-alone 

photovoltaic systems, but they may also be installed in grid-tied systems, basically transforming 

it into a hybrid photovoltaic system. 

(Spiers, 2012) also emphasizes that batteries have three primary uses in photovoltaic systems. 

Their main purpose is of course to store quantities of electric energy for later usage, but storage 

batteries can also sometimes stop large voltage fluctuations, as these could potentially damage 

the system. In addition to the two previous usages, storage batteries can also function as a buffer 

store to reduce the mismatch between available power from photovoltaic modules and power 

demand from the load. 

In this master thesis, the main focus will be on the batteries ability to store electric energy. 
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6.5.1 Battery types 

According to (EnergySage, 2020a), various significant battery specifications should be 

examined and assessed before choosing a potential battery storage solution for the photovoltaic 

system. These specifications are: 

• Capacity: The total amount of electricity that can be stored in the battery. 

• Power ratings: The highest amount of electric energy that the battery can deliver.  

• Depth of Discharge (DoD): Specifies the amount of the battery's capacity that one can 

utilize. 

• Round-trip efficiency: The amount of energy that can be used compared to the amount 

of energy it took to store it. 

• Warranty: The amount of time the manufacturer will guarantee that the battery will last.  

(Wholesale Solar, 2018) lists some of the most commonly used battery types in photovoltaic 

systems on the market today. These include flooded lead-acid (FLA), sealed lead-acid (SLA) 

and lithium-ion batteries. According to (EnergySage, 2020a), lithium-ion batteries are more 

expensive and have a higher Depth of Discharge than traditional lead-acid batteries. Of these 

three types, (Vekony, 2020) estimates that lithium-ion batteries have a technical lifespan 

between 11 to 15 years, while the lead-acid batteries last between 5 to 7.5 years. 

As photovoltaic systems often last about 25 years, the owner should expect to replace the 

batteries at least once during the lifespan of the photovoltaic system. 

 

6.5.2 Attaching battery storage to a grid-tied photovoltaic system 

According to (Taylor-Parker, 2019), there are primarily three ways to attach battery storage to 

grid-tied photovoltaic systems. These three methods are: 

• AC coupling 

• DC coupling 

• Storage-ready Inverter 

The first two can be employed on already existing photovoltaic systems, as well as new, but the 

third is primarily used on new photovoltaic systems. 
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AC coupling 

The basic premise of grid-tied photovoltaic systems is that they implement inverters meant for 

grid connection (Grid-tie inverters), and as a result, require a continuous link to the power grid 

to operate. According to (Taylor-Parker, 2019), the reason for this is that the grid-tie inverters 

continually sense both the voltage and frequency of the power grid, and should these parameters 

exceed a predetermined range, then the inverter will shut off. In these cases, an AC coupling 

may be a sound solution for attaching battery storage. 

The complete AC coupling process is explained by (Taylor-Parker, 2019). In brief, the battery 

storage is added to the photovoltaic system by pairing an off-grid inverter with the grid-tie 

inverter, as mentioned in the introduction, and then connecting the battery storage with the off-

grid inverter (see Figure 40). The off-grid inverter will then function as a second power source, 

tricking the grid-tie inverter into not shutting down. The photovoltaic system will then be able 

to charge the batteries, and also provide electricity to equipment and household appliances 

during periods with a power outage. 

(Taylor-Parker, 2019) also mentions that the basic guideline for sizing the off-grid inverter is 

to use an inverter with at least 25 % higher nameplate capacity than the grid-tie inverter. 

 

 

Figure 40: A grid-tied photovoltaic system attached to a battery storage through an AC coupling. 

Source: Based on a figure by (Taylor-Parker, 2019) 
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In addition to the information presented above, (Taylor-Parker, 2019) also lists several benefits 

and drawbacks of the AC coupling. One of the advantages of AC coupling is that it is one of 

the simplest methods to employ when planning to connect battery storage during the retrofitting 

of an existing system, and especially if the system already has installed micro-inverters. A 

drawback with AC coupling is that the sizing of the battery storage must be done carefully and 

correctly, as an undersized inverter or battery bank can result in lower photovoltaic system 

performance. 

 

DC coupling 

According to (Taylor-Parker, 2019), DC coupling is primarily done on stand-alone photovoltaic 

systems, but can also be used on grid-tied systems. For this method, the photovoltaic modules 

are directly connected to the battery bank through a charge controller and battery inverter. 

A schematic illustration of a DC coupling can be seen in Figure 41. 

 

 

Figure 41: A grid-tied photovoltaic system attached to a battery storage through an DC coupling. 

Source: Based on a figure by (Taylor-Parker, 2019) 

 

(Taylor-Parker, 2019) also mentions that the solar charge controller must be manually switched 

ON, for the batteries in the system to charge. If the switch is turned to OFF, then the storage 

batteries will stop charging and start sending the generated electricity to the household 

appliances or the power grid instead. 
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(Taylor-Parker, 2019) explains that the benefits with DC coupling compared to AC coupling is 

that the method generally works for a broader range of off-grid inverters and battery storage 

sizes. The main problem with DC coupling is that the switch on the charge controller has to be 

flipped manually for the batteries to start charging. The system will still provide backup power, 

but the batteries won't recharge until the solar charge controller switch is turned to ON. 

Additional benefits and drawbacks with AC and DC coupling are provided by (Naked Solar, 

2020) and can be seen in Table 18. 

 

Table 18: Benefits and drawbacks with AC and DC coupling. 

Source: (Naked Solar, 2020) 

 

 

Storage-ready Inverter 

As explained by (Taylor-Parker, 2019), some string inverters have been specially manufactured 

with hybrid photovoltaic systems in mind. These inverters are often a more superior solution 

than just employing either AC or DC couplings. The major drawback with the storage-ready 

inverters is that they are far more expensive than traditional inverters and can therefore be a 

very costly solution. 

Figure 42 shows an illustration of a photovoltaic system that uses a Storage-Ready inverter. 
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Figure 42: A grid-tied photovoltaic system attached to a battery storage with a storage-ready inverter. 

Source: Based on a figure by (Taylor-Parker, 2019) 

 

6.5.3 Calculating the necessary size of a battery storage system 

There are several possible approaches for determining the required size of battery storages. 

These approaches may vary from estimates based on simplifications, to complex analysis of 

real factors that affect the capacity of the batteries. (Wholesale Solar, 2018) provides a method 

that utilizes simplifications and assumptions, but at the same time considers a couple of external 

factors, such as ambient temperature. The complete Wholesale Solar approach can be seen in 

Attachment A.9, and it will be the method used in this master thesis for determining the battery 

sizes. 

The first step in determining the required battery storage size is to map out the average daily 

energy consumption for the building. When this is obtained, the value should be multiplied with 

the inefficiency factor of the battery type, and the number of coherent days’ worth of energy 

the battery should be able to store. These values are provided by (Wholesale Solar, 2018), who 

states that the efficiency factor is commonly 80 % for lead-acid batteries and 95 % for lithium-

ion batteries. The equation for adding the inefficiency factor is: 

 

 
𝐶𝐵 =

𝑛𝑏  ∙  𝐸𝐷

𝜂𝑏𝑎𝑡𝑡𝑒𝑟𝑦
 [6.15] 
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Here, 𝐶𝐵 is the necessary storage capacity [kWh], when the inefficiency of the batteries have 

been considered, 𝑛𝑏 is the number of coherent days the batteries should be able to provide back-

up energy, 𝐸𝐷 is the average daily energy consumption [kWh], and 𝜂𝑏𝑎𝑡𝑡𝑒𝑟𝑦 is the efficiency of 

the battery type. 

The next step is to take the Depth of Discharge into account. According to (Wholesale Solar, 

2018), the Depth of Discharge is ordinarily 50 % for lead-acid batteries and 80 % for lithium-

ion batteries. The equation for incorporating the Depth of Discharge is: 

 

 
𝐶𝐷𝑜𝐷 = 𝐶𝐵  ∙  

1

𝐷𝑜𝐷
 [6.16] 

 

In the equation above, 𝐶𝐷𝑜𝐷 is the necessary battery capacity when both the inefficiency of the 

batteries and the Depth of Discharge is accounted for [kWh], 𝐶𝐵 is calculated with Equation 

6.15, and 𝐷𝑜𝐷 is the Depth of Discharge [-]. 

In the fourth step, the inefficiencies of the inverter and the charge controller are incorporated 

into the calculations. (Wholesale Solar, 2018) estimates that these two components usually have 

a combined efficiency of between 90 to 95 %. The following equation can then be used to 

account for these inefficiencies: 

 

 
𝐶𝐼,𝐶𝐶 =

𝐶𝐷𝑜𝐷

𝜂𝐼 ∙ 𝜂𝐶𝐶
 [6.17] 

 

Where 𝐶𝐼,𝐶𝐶 is the necessary battery capacity when both the inverter and charge controller is 

taken into consideration [kWh], 𝐶𝐷𝑜𝐷 is the capacity requirement calculated with Equation 6.16, 

𝜂𝐼 is the efficiency of the inverter, and 𝜂𝐶𝐶  is the efficiency of the charge controller. It should 

be noted that these efficiencies are rarely constant but are treated as such in these equations. 

The fifth step is to account for the effect of ambient temperature in the planned battery storage 

location, as also the temperature affects the capacity of the batteries. Several temperature 

multipliers are provided by Wholesale Solar (see Attachment A.9) and can also be seen in Table 

19. 
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The ambient temperature can be accounted for by using the following equation: 

 

 𝐶𝑡𝑜𝑡 = 𝑇𝑀  ∙  𝐶𝐼,𝐶𝐶 [6.18] 

 

Where 𝐶𝑡𝑜𝑡 is the minimum total capacity necessary to store 𝑛 days’ worth of energy [kWh], 

𝑇𝑀 is the temperature multiplier, here provided by Wholesale Solar, and 𝐶𝐼,𝐶𝐶 is the capacity 

calculated with Equation 6.17. 

 

Table 19: Temperature multipliers for calculating battery capacity at different ambient temperatures. 

Source: Attachment A.9 

 

 

The calculated minimum capacity of the required battery bank, obtained by using the equations 

above, should have the unit kWh. One thing to consider is that some battery manufacturers 

frequently promote their battery storages rated in ampere-hours (Ah). It is possible to convert 

the calculated value into ampere-hours by dividing it in the nominal system voltage (usually 

12, 24 or 48 V). According to (Wholesale Solar, 2018), a nominal system voltage of 24 or 48 

V are ordinarily used for larger photovoltaic systems, as they require larger battery capacities 

and also large inverters. 

The next step of the sizing is to choose an actual battery for the photovoltaic system. The 

minimum capacity, calculated above into Ah, should then be divided on the ampere-hour rating 

of the preferred battery product. The result is the required number of batteries that has to be 

connected in parallel to obtain the desired minimum capacity. The equation for calculating the 

necessary amount of battery units connected in parallel is: 
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𝑛𝑏,𝑝 =

𝐵𝑠𝑦𝑠𝑡𝑒𝑚

𝐵𝑏𝑎𝑡𝑡𝑒𝑟𝑦
 [6.19] 

 

Where 𝑛𝑏,𝑝 is the number of batteries in parallel, 𝐵𝑠𝑦𝑠𝑡𝑒𝑚 is the calculated required battery 

capacity for the storage system [Ah], and 𝐵𝑏𝑎𝑡𝑡𝑒𝑟𝑦 is the capacity of the desired battery product 

[Ah]. 

The number of required parallel connections have been calculated, but it remains to determine 

the required number of batteries in series. The required amount can be determined by dividing 

the nominal system voltage by the battery voltage and then round upwards to the closest whole 

number. The following equation can be used to determine the necessary amount of batteries in 

series: 

 
𝑛𝑏,𝑠 =

𝑉𝑠𝑦𝑠𝑡𝑒𝑚

𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦
 [6.20] 

 

Where 𝑛𝑏,𝑠 is the necessary number of batteries connected in series, 𝑉𝑠𝑦𝑠𝑡𝑒𝑚 is the nominal 

system voltage [V] and 𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦 is the nominal battery voltage [V]. 

In the last step of the battery sizing procedure, the required number of battery units in parallel 

is multiplied with the calculated number of units in series (see Equation 6.21). The result is the 

required total amount of batteries for the photovoltaic system (𝑛𝑏,𝑡𝑜𝑡). 

 

 𝑛𝑏,𝑡𝑜𝑡 = 𝑛𝑏,𝑠 ∙ 𝑛𝑏,𝑝  [6.21] 

 

6.5.4 Designing a battery storage solution for the milk barn 

Before calculating the necessary capacity of a battery bank system for the milk barn, the 

potential for batteries should be determined first. The photovoltaic modules, introduced in 

Chapter 6.1.6: Photovoltaic modules for the milk barn, is expected to have an inclination angle 

of 26o and an azimuth angle of 0o. If it is also assumed that the modules have a constant 

efficiency of 18.3 %, then (European Commission, 2020) can be used to determine the average 

hourly electricity production each month. The results of these estimations can be seen in Figure 

43, were also the average hourly energy consumption is included. 
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As mentioned, the daily average energy consumption at the milk barn was included in Figure 

43. This was achieved by going through all of the energy consumption data for these months, 

creating an hourly average. The standard deviation was also calculated and is included in the 

figure. By comparing the estimated hourly electricity production and calculated hourly 

consumption, it is possible to predict the hourly surplus generation for a worst-case, average-

case and best-case scenario (see Table 20). Best-case is when the building's energy consumption 

is equal to the average usage minus the calculated standard deviation, meaning that the energy 

usage is as low as possible, while the worst-case scenario is when the standard deviation is 

added to the consumption, resulting in max hourly energy consumption. 

The months of November and December are not included in the figure due to limited 

measurements. 

 

Table 20: Estimated daily surplus energy production based on measured energy consumption in 2019. 

Source: (European Commission, 2020) & Mære Agricultural School 

 

 

The table above implies that one should anticipate a total annual surplus electricity production 

of 5 036.2, 8 198.2 and 12 948.7 kWh, for the worst-, average- and best-case scenario, 

respectively. 
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Figure 43: Energy consumption vs. potential energy production at the Milk barn. 

Source: (European Commission, 2020) & Mære Agricultural School 
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Determining the necessary amount of batteries for the milk barn 

If the energy consumption for the milk barn in 2019 is taken as the basis (199 672 kWh), then 

the average daily energy consumption is about 547 kWh. By applying the information and 

equations provided in this chapter, the required minimum battery capacity for either one, two- 

or three-days’ worth of energy storage can be calculated. Table 21 shows these calculated 

battery capacities when it is assumed that the inverter and the charge controller have a combined 

efficiency of 95 % and that the ambient temperature for the batteries will be 16 oC, resulting in 

a temperature multiplier of 1.11. 

 

Table 21: Calculated battery capacity required for storing 𝒏 days’ worth of back-up power. 

 

 

The photovoltaic system presented in Chapter 6.1.6 & 6.2.3 has a much higher nominal system 

voltage than the standard 48 V. To attempt to determine how much a battery storage solution 

for the milk barn could be expected to cost, it will be assumed in this subchapter that the nominal 

system voltage is 48 V, even with the 200 photovoltaic modules and the average daily energy 

consumption of 547 kWh. 

For the lithium-ion batteries, presented in Table 21, the required total capacity becomes 18 459, 

36 917 or 55 313 Ah for one, two- or three-days’ worth of autonomy, and 35 063, 70 125 or 

105 105 Ah for lead-acid batteries. Table 22 shows several battery products provided by 

Wholesale Solar. The products consist of different technologies, ampere-hour ratings and 

battery voltages, and the corresponding cost for a single battery is also provided in the table. 

Table 23 shows the required total number of batteries in series and parallel, as well as the total 

cost, for all of the products introduced in Table 22, but only for one day’s worth of autonomy. 
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Table 22: Available battery products based on technology, nominal voltage, ampere-hour and cost. 

Source: (Wholesale Solar, 2020a; Wholesale Solar, 2020c; Wholesale Solar, 2020d) 

 

 

Table 23: Required number of batteries for storing one day’s worth of autonomy. 

 

 

In addition to the traditional batteries produced for nominal system voltages of 24 and 48 V, 

there have also been manufactured battery units for nominal system voltages of 400 V. One 

such battery product is manufactured and distributed by LG Chem, and according to (Europe - 

Solar Store, 2020a), the lithium-ion product RESU 10H has an ampere-hour rating of 63 Ah 

and a cost of 55 150 NOK per battery unit. 
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If it is now assumed that the nominal system voltage of the photovoltaic system is 400 V, then 

the required battery capacity can be calculated to be 2 215 Ah for one day’s worth of autonomy. 

The battery storage system would then only need one battery unit in series and 36 units in 

parallel, resulting in a total of 36 batteries. The total cost of all these batteries is 1 985 400 

NOK, which is considerably more affordable than the other battery options presented in Table 

23. 

Due to the expensive nature of battery storage systems, as well as the option to become a Plus 

Customer to NTE, battery storages will not be considered suitable for the photovoltaic system 

for the milk barn. One of the most crucial components for any photovoltaic system attached to 

batteries, the charge controller, will still be explained in the following subchapter, but no 

product will be chosen for the actual photovoltaic system. 

 

6.6 Charge controller 

As mentioned in the subchapter above, charge controllers are an additional photovoltaic system 

component traditionally found in stand-alone or hybrid photovoltaic systems that utilize battery 

storage. 

(altE Store, n.d.) explains that the primary function of charge controllers is to manage the 

produced electricity going into the battery storage from the photovoltaic system. The charge 

controller controls the power flow, ensuring that the batteries do not overcharge during periods 

with energy production. Charge controllers also obstruct the power flow from returning to the 

photovoltaic system during the night, which would drain the batteries. 

According to (altE Store, n.d.), the additional features of charge controllers are: 

• Its ability to disconnect depleted batteries from the load system until the batteries are 

sufficiently recharged.  

• Its ability to turn lights that are connected to the load system ON or OFF, based on if it 

is dusk or dawn. 

• Its ability to display the voltage level of the batteries, state of charge and the amount of 

electricity coming from the photovoltaic modules. 

Charge controllers are not always required for battery storage in photovoltaic systems, but as 

(Qazi, 2017) mentions, systems without charge controllers run the risk over overcharging their 

batteries, reducing both the batteries lifespan and their performance. 
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6.6.1 Type of charge controllers 

Based on the information provided by (altE Store, n.d.), there are principally two charge 

controller products available on the market. The main difference between these two products is 

the technology implemented into the charge controller. The products are known as Pulse Width 

Modulation (PWM) and Maximum Power Point Tracking (MPPT). 

 

PWM charge controller 

According to (Marsh, 2019), charge controllers based on Pulse Width Modulation are the most 

conventional type of charge controller available on the market. These controllers operate by 

slowly diminishing the amount of power going into the battery storage as it nears its maximum 

capacity. Then when the battery is fully charged, the PWM controller continues to supply small 

amounts of power steadily to the battery storage to keep it topped off. 

(Marsh, 2019) also explains that PWM charge controllers require the battery storage and the 

photovoltaic system to have matching system voltages. Traditionally, PWM charge controllers 

are not suitable for larger photovoltaic systems, as it is challenging to deliver matching voltages 

in these systems. PWM controllers are therefore more suited for smaller photovoltaic systems 

where both the photovoltaic system and the storage system have relatively low voltages. 

 

MPPT charge controller 

MPPT charge controllers, unlike its PWM counterpart, are an excellent fit for larger 

photovoltaic systems. As explained by (Marsh, 2019), the main difference between the PWM 

and the MPPT charge controllers is that the MPPT controllers coordinate their power input to 

collect the maximum power available from the photovoltaic system, and it also adjusts the 

output power from the system to match the batteries. Similarly, to PWM charge controllers, the 

MPPT charge controllers decrease the amount of energy flowing into the battery storage as it 

approaches full capacity. 

According to (Marsh, 2019), MPPT charge controllers are more complex than regular PWM 

charge controllers, and as a result, is by far the more expensive option. But, as stated by (Qazi, 

2017), MPPT charge controllers have a faster charge time, higher performance and offer overall 

better battery management compared to regular PWM charge controllers and can sometimes be 

worth the additional expense. 
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6.6.2 The charge cycle of modern charge controllers 

The charge cycles of most modern charge controllers are fully explained by (Qazi, 2017). Each 

cycle usually consists of three steps or phases. The different voltage levels described in each of 

the steps below apply for a 12 V battery and are in this part only used as an example. 

• The first stage is known as the bulk stage, and in this stage, the battery voltage rises 

until it approaches a voltage level between 14.4 to 14.6 V, which is known as the bulk 

level. While the battery voltage rises to this level, it draws a maximum current from the 

photovoltaic system. When the bulk level is reached, the battery is about 80 to 90 % 

fully charged. 

• The next stage is known as the absorption stage. Here, the battery voltage is kept at the 

bulk level, while the amount of current into the battery is gradually reduced. This stage 

usually lasts approximately one to three hours. 

• The final step in the charging cycle is known as the float stage. In this stage, the voltage 

is slowly reduced until it reaches a float level of about 13.4 to 13.7 V. When the voltage 

reaches this level, it is almost 100 % charged. The charge rate at this level must not 

exceed the self-discharge rate, as this will result in overcharging. 

 

6.6.3 The cost of charge controllers 

Similar to inverters and batteries for photovoltaic systems, there is no standard cost associated 

with charge controllers. The price depends on the manufacturer of the equipment, technology 

used, nominal battery bank voltage and also the maximum output current. Table 24 displays 

several different charge controller products sold by Wholesale Solar. 

As mentioned in Chapter 6.5.4: Designing a battery storage solution for the milk barn, no 

charge controller will be chosen for the photovoltaic system designed for the milk barn at Mære 

Agricultural School, as there will be no batteries attached to the system. 
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Table 24: Costs of several different charge controller products. 

Source: (Wholesale Solar, 2020b) 

 

 

6.7 Energy losses in photovoltaic systems 

During the planning and designing of a photovoltaic system, considerable care and attention 

should be given to the system components, to reduce the chance of mismatching, and to the 

actual placement and orientation of the photovoltaic modules. This is important because 

photovoltaic modules already have a relatively low performance, and it is essential to reduce 

the possible energy losses as much as possible. 

(Ekici & Kopru, 2017) explains that all energy losses in photovoltaic systems are either due to 

environmental factors or due to the components. (Ekici & Kopru, 2017) mentions that 

environmental factors can be shading from nearby obstructions, soiling or snow covering the 

photovoltaic modules, while factors contributed to components can be due to inefficiencies of 

the photovoltaic modules, cables and inverters. 

 

6.7.1 Photovoltaic system component losses 

Module nameplate rating losses 

Module nameplate rating losses is explained by (Aurora Solar, 2019) to be energy losses related 

to inadequate or faulty listed information concerning the stated performance of the photovoltaic 

modules at Standard Test Conditions, compared to the actual performance of the photovoltaic 

modules. A comprehensive study on the evolution of these losses was performed by (Lopez-

Garcia & Sample, 2018). During their research, they studied reports on 992 photovoltaic 

modules selected from the period 1982 to 2014. They found that the average 𝑃𝑀𝑎𝑥 divergence, 

based on the literature, was about -3.15 %. 
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According to (Aurora Solar, 2019), these losses have declined considerably, and new 

photovoltaic modules usually have an accurate description in the datasheet, making the losses 

closer to 0 %. 

 

Mismatch losses 

Mismatch losses are explained by (Koirala et al., 2014) to be losses that occur due to a mismatch 

between the produced electricity by two or more photovoltaic modules connected inside an 

array. One of the causes for mismatch can be partial shading of the photovoltaic modules. 

According to (Aurora Solar, 2019), industry research suggests that mismatch losses usually 

range from 0.01 to 3 %. They state that they always assume a mismatch loss of 0 % when either 

micro-inverters or power optimizers are installed in the photovoltaic system. 

 

Light-Induced Degradation 

(Aurora Solar, 2019) explains that Light-Induced Degradation (LID) is a phenomenon where 

the photovoltaic modules continuous exposure to sunlight, for a few days after installation, 

permanently reduces the efficiency of the new photovoltaic modules. LID affects some module 

types more than others, and according to (Lindroos & Savin, 2016), most of the crystalline 

silicon modules are affected by it. (Sopori et al., 2012) studied the effect of LID on crystalline 

silicon cells, and they observed that the energy losses due to LID were about 0.5 %. 

(Aurora Solar, 2019) on the other hand, states that the energy loss due to LID is about 1.5 % 

for most of the monocrystalline modules and 0.5 % for most polycrystalline modules. 

 

Thermal losses 

According to (Aurora Solar, 2019), when the photovoltaic cell temperature increases, the 

efficiency of the cell drops. Most crystalline silicon modules usually have a temperature 

coefficient between -0.30 to -0.45 %/oC, and the temperature coefficient shows the estimated 

decline in photovoltaic module efficiency for each increase in temperature. 

(Sabri & Benzirar, 2014) provides the following equation for calculating the effect of increasing 

temperature on the efficiency of the photovoltaic module: 
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𝜂𝑃𝑉 =  𝜂𝑃𝑉,𝑆𝑇𝐶 ∙  (1 +

𝛽𝑃𝑉

100
∙ (𝑇𝐶 − 𝑇𝑆𝑇𝐶)) [6.22] 

 

Where 𝜂𝑃𝑉 is the efficiency of the photovoltaic module, 𝜂𝑃𝑉,𝑆𝑇𝐶 is the efficiency of the 

photovoltaic module at Standard Test Conditions, 𝑇𝐶 is the cell temperature [°C], 𝑇𝑆𝑇𝐶 is the 

temperature at Standard Test Conditions [°C], and 𝛽𝑃𝑉 is the module’s efficiency temperature 

coefficient [%/oC]. 

 

Cable losses 

According to (PVPerformance, n.d.), cable losses are energy losses, which can mostly be 

contributed to the ohmic resistance inside the cables that interconnect the photovoltaic 

components and strings. (Aurora Solar, 2019) explains that these losses usually are about 2 %, 

which is further reinforced by (Ekici & Kopru, 2017), who also suggests that the cable losses 

regularly are about 2 %. 

 

Inverter losses 

The efficiency of the inverter principally describes how well the inverter converts DC electricity 

into AC. As stated by (Mertens, 2014), the inverter efficiency varies based on the amount of 

capacity connected to the inverter, and also the size of the inverter compared to the size of the 

photovoltaic module system. According to (Mertens, 2014), energy losses related to the DC-

AC power conversion is between 5-10 % for high-quality sine wave inverters. 
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6.7.2 Losses due to environmental factors 

Shading 

It is difficult to estimate potential energy losses due to shading, as numerous factors determine 

the effect of the shading. According to (Deline, 2010), the impact shading has on the 

photovoltaic system depends on which type of photovoltaic module that is utilized (fill factor, 

bypass diode placement, etc.), the severity of the shading and also the string configuration. 

(Masters, 2004) calculated that a complete shading of one single cell in a 36-cell photovoltaic 

module has the potential to reduce the power with over 75 %. Careful consideration should 

therefore be given to the actual location of the photovoltaic system to avoid complete or even 

partial shading altogether. One possible solution is to install bypass diodes at every cell in the 

photovoltaic module, but as (Masters, 2004) points out, few manufacturers do this as it is highly 

impracticable, though they do sometimes install bypass diodes around photovoltaic modules to 

protect the arrays from the effect of partial shading. 

It is possible to calculate potential energy loss due to partial shading on a photovoltaic array, 

where each of the photovoltaic cells are connected to a bypass diode. The following equation 

is provided by (Mertens, 2014), and is a simplification that can be used when bypass diodes are 

included in the photovoltaic module: 

 

 
𝑃𝑀𝑃𝑃2 − 𝑃𝑀𝑃𝑃1

𝑃𝑀𝑃𝑃1
 ≈

(𝐶𝑇 − 𝐶𝑆)  ∙  𝐼𝑀𝑃𝑃 ∙ 𝑉𝑀𝑃𝑃 − 𝐶𝑇 ∙ 𝐼𝑀𝑃𝑃 ∙ 𝑉𝑀𝑃𝑃

𝐶𝑇 ∙ 𝐼𝑀𝑃𝑃 ∙ 𝑉𝑀𝑃𝑃
=  −

𝐶𝑆

𝐶𝑇
 [6.23] 

 

Where 𝑃𝑀𝑃𝑃1 is the Maximum Power Point if no cells are shaded [W], 𝑃𝑀𝑃𝑃2 is the maximum 

power point during partial shading [W], 𝐶𝑇 is the total number of cells in the module, and 𝐶𝑆 is 

the number of shaded cells. 

If a total number of 36 cells are used, and only one of the cells is shaded, then by using Equation 

6.23, the energy loss should be about 2.78 %, which is a significant reduction from a 75 % loss 

for a module without bypass diodes, introduced by (Masters, 2004). 

Figure 44 illustrates the potential effect partial shading may have on the performance of a single 

photovoltaic module with 36 cells, and without bypass diodes. 
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Figure 44: The effect of one shaded cell on the power of the photovoltaic module. 

Source: Based on a figure by (Mertens, 2014) 

 

In addition to shading from trees and nearby buildings, the photovoltaic modules can also shade 

each other. The phenomenon is commonly known as self-shading and is according to (Mertens, 

2014) a consequence of poor photovoltaic system design (see Figure 45). 

Self-shading is not a problem with building-integrated modules, but rather photovoltaic 

modules with fixed tilt angles, located near each other, on a relatively flat area. (Mertens, 2014) 

states that the minimum distance between the photovoltaic modules can be determined with the 

following formula: 

 

 
𝑑𝑚𝑖𝑛 = 𝑏 ∙

𝑆𝑖𝑛(𝛾𝑠 +  𝛽)

𝑆𝑖𝑛(𝛾𝑠)
 [6.24] 

 

Where 𝑑𝑚𝑖𝑛 is the minimum distance between the photovoltaic modules [m], 𝑏 is the width of 

the photovoltaic module [m], 𝛾𝑠 is the angle of the sun [⁰], and 𝛽 is the fixed inclination angle 

of the photovoltaic module [⁰] (see Figure 45). 

According to (Mertens, 2014), if the goal is to avoid self-shading at all costs, then 𝛾𝑠 should be 

chosen based on the actual inclination angle of the sun on the 21st of December (Northern-

Hemisphere). Unfortunately, this is often not possible due to limitation with the available 

installation area. 
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Figure 45: Self-shading of photovoltaic modules. 

Source: Based on a figure by (Mertens, 2014) 

 

Snow 

Several studies have been made on the effect of snow accumulation on photovoltaic modules. 

(Pawluk et al., 2019) presents and summarizes the findings of several of these studies. The 

source also provides information regarding the inclination angle of the photovoltaic modules, 

the annual amount of snow, system location, and if snow sliding obstructions were installed for 

the photovoltaic modules. 

Out of the studies presented by (Pawluk et al., 2019), three were done on locations with similar 

winter conditions as Norway. Two of these investigations were conducted on a photovoltaic 

system located in the city of Truckee, in the county of California. 

The first study was conducted in 2010 by (Powers et al., 2010), while the second was performed 

the following year by (Townsend & Powers, 2011). The studies were conducted on photovoltaic 

modules with inclination angles of 0, 24 and 39o. (Powers et al., 2010) observed that the 

electricity production of the photovoltaic modules was reduced by 18, 15 and 12 %, 

respectively, compared to regularly cleaned photovoltaic modules during the same conditions 

and inclination angles. 

In 2011, (Townsend & Powers, 2011) witnessed an increased production loss of 26 %, 17 % 

and 13 %, compared to the year before. They reasoned that the rise in production losses was 

due to an increase in the amount of snowfall from the previous year.   
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The last study was conducted by (Heidari et al., 2015), and was performed on a photovoltaic 

system installed in the city of Calumet in Michigan, USA. The study began in October 2013 

and lasted for one whole year. The photovoltaic modules were adjusted, in pairs, to have the 

same inclination angle. The tilt angles used in the research were 0, 15, 30 and 45o, and one 

module in each pair was installed with snow sliding obstruction. The observed annual electricity 

production losses for the photovoltaic modules, with and without snow sliding obstruction, are 

presented in Table 25. 

 

Table 25: Estimated generation losses due to snow in Michigan, USA. 

Source: (Heidari et al., 2015) 

 

 

Soiling 

Soiling, similar to snow accumulation during winter, shades the photovoltaic modules, resulting 

in lower photovoltaic system performance. According to (Maghami et al., 2016), shading due 

to soiling can be classified into two categories, which are Soft and Hard shading. Soft shading 

is shading that occurs due to air pollution, while Hard shading is shading due to dust 

accumulation on the modules, which blocks out the sunlight. 

A figure provided by (Maghami et al., 2016) shows the dust intensity level for Norway is about 

two. Unfortunately, few studies have been conducted on dust and soiling on Norwegian 

photovoltaic systems. A possible approximation is therefore to examine studies performed on 

several photovoltaic systems in countries with the same dust intensity classification as Norway. 

Spain is one of these countries, but with a higher level of annual dust. In Málaga, Spain, 

(Zorrilla-Casanova et al., 2011) studied the effect of dust accumulation on photovoltaic 

modules, installed with a tilt angle of 30o. During their research, they observed that the average 

photovoltaic system loss, due to dust deposition, were about 4.4 %. 
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A similar study, based on the same location and inclination angle, was performed by (Piliougine 

et al., 2008). In their research, they observed that the losses in the photovoltaic system due to 

dust accumulation were about 6 %. Both studies also noted that the photovoltaic system losses 

increased during lengthy periods with little to no rainfall. (Zorrilla-Casanova et al., 2011) 

observed a monthly system loss of 15 % during dry months with unfavorable weather 

conditions, and (Piliougine et al., 2008) noted a system loss of 16 % for similar conditions. 

Special care, as well as routine cleaning, should be given to photovoltaic modules mounted near 

areas meant for farming or construction sites, as the dust accumulation related to specific tasks 

performed on these locations may considerably reduce the performance of the modules. 

All of the different types of losses presented in the subchapters above are summarized in Figure 

46. 

 

 

Figure 46: Energy losses that occur in photovoltaic systems. 

Source: Created with Sankeyflowshow.com 
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6.8 Estimated total cost of the photovoltaic systems 

By combining the costs of the photovoltaic modules and the different inverter systems, 

presented in Chapter 6.1.6 & 6.2.3, it is possible to estimate the total investment cost of the 

photovoltaic system. All the relevant expenses from these chapters are displayed in Table 26. 

The installation cost is added to the investment cost by assuming it is 10 % of the total 

component costs (see Chapter 6.1.4: The cost of PV Modules).  

It should be mentioned that these investment costs are only estimates and do not include 

expenses related to cables, plugs and other electrical components, which are all required for 

installing a complete photovoltaic system. 

 

Table 26: Total estimated investment cost of photovoltaic systems. 
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7 Designing a solar water-heating system 

Photovoltaic systems are not the only way to utilize solar energy, as solar energy can also be 

utilized through the use of solar collectors. In this master thesis, these systems will be referred 

to as solar water-heating systems. (Greenmatch, 2019) explains that these systems convert solar 

radiation into useable thermal energy, with the intention of heating water for domestic and 

commercial purposes. Solar water-heating systems can be used to heat domestic hot water and 

also water meant for hydronic space-heating. 

According to (Evangelisti et al., 2019), these types of water-heating systems have gained a 

considerable amount of attention during the last decade. This is primarily due to the high system 

performance, but also due to the solar water-heating system's ability to deliver low-cost 

domestic and industrial heating. (Streicher, 2016) mentions that the solar thermal energy market 

is, to a great extent, dominated by China, while the European market share has been 

considerably lessened since 2008. According to (Streicher, 2016), this reduction has been  

caused by the fact that even though the investment cost for solar thermal systems have been 

relatively steady over the years, the European prices for photovoltaic systems has 

simultaneously decreased, making them more affordable.   

 

 

Figure 47: A direct (open-loop) solar water-heating system. 

Source: Based on a figure by (Kalogirou, 2014b)  
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(Kalogirou, 2014b) explains that there are currently two central types of solar water-heating 

systems available today, and that these systems are commonly differentiated based on how the 

water inside the storage tank is heated with the thermal energy from the solar collectors. 

According to (Kalogirou, 2014b), if the water inside the storage tank is directly heated through 

the solar collectors, indicating no separation between the solar circuit and the storage tank, then 

the solar water-heating system is known as a direct or open-loop system (see Figure 47). 

 

 

Figure 48: A indirect (closed-loop) solar water-heating system. 

Source: Based on a figure by (Kalogirou, 2014b) 

 

(Kalogirou, 2014b) explains that if the water inside the storage tank is heated with solar energy 

through a heat exchanger, then the solar water-heating system is known as an indirect or closed-

loop system (see Figure 48). According to (Kalogirou, 2014b), if the solar circuit is a closed-

loop, then the most commonly used heat transfer fluid is a mixture of water and ethylene glycol. 

This is to hinder the fluid from freezing in the circuit, making the closed-loop system a suitable 

solution for areas which experience longer periods with low ambient outdoor temperatures. Due 

to the nature of an open-loop system, the only possible heat transfer fluid is pure water, making 

the system unsuitable for colder areas. 

Solar water-heating systems are, in addition to being categorized into direct- and indirect 

systems, classified based on how the heat transfer fluid is transported through the solar circuit. 

According to (Kalogirou, 2014b), the heating system is known as passive if the circulation of 

the heat transfer fluid occurs due to natural convection, but if the fluid is pumped through the 

circuit by a circulation pump, then the system is known as an active system. 
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Now that the different classifications have been introduced, it is crucial to get an overview of 

the various components in a solar water-heating system. According to (EnergySage, 2019), 

these system components are: 

• Solar collectors 

• Storage tank 

• Heat exchanger (if indirect system) 

• Controller system(s) 

• Auxiliary heat source 

The structure of this chapter is very similar to Chapter 6: Designing a photovoltaic system, 

where relevant literature for some of the components are introduced first, and in some cases, 

appropriate parameters for the simulation model for the milk barn will also be determined. As 

the main purpose of this chapter is not to design a solar water-heating system for the milk barn, 

but rather to gather the necessary information to perform a feasibility study on the possibility 

of such a system at the milk barn, this chapter will not be as detailed as the previous chapter. 

 

7.1 Solar thermal collectors 

The solar collector could be considered as one of the most vital elements in any solar energy 

system planned for water-heating. (Kalogirou, 2014a) explains that solar collectors are in 

essence heat exchangers that convert solar radiation into thermal energy (usable heat). The 

energy is then "collected" or absorbed by the heat transfer fluid running through pipes inside 

the solar collector, carrying the usable heat to the storage tank. 

Even though the concept of utilizing solar energy to heat water with a solar collector may sound 

relatively new, the technology has existed for over 100 years, as can be seen in Figure 49, which 

shows an advertisement for solar-water heaters dated as far back as 1896 and 1902. Solar 

collectors are not only used to heat water intended for either tap or a combination of tap water 

and space-heating, as explained by (Streicher, 2016). They can also be used for heating of 

swimming pools, district heating, process heating and thermal cooling, as well as electricity 

production in solar thermal power plants. 
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Figure 49: Advertisements for a Solar-Water Heater dated back to 1896 (left) & 1902 (right). 

Source: (Perlin, 2013; Streicher, 2016) 

 

Unlike the older simpler models that existed 100 years ago, there are several different solar 

collectors available today, where the technology ranges from simple to complex. According to 

(Evangelisti et al., 2019), non-concentrating solar collectors are the primary collectors used for 

heating of domestic hot water and water intended for space-heating, in both residential and 

commercial buildings. Concentrating solar collectors, on the other hand, are typically used in 

larger solar power plants. 

Figure 50 shows some of the solar collectors mentioned by (Evangelisti et al., 2019). 

 

 

Figure 50: Various solar collectors. 

Source: Based on a figure by (Evangelisti et al., 2019) 
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Both (Kalogirou, 2004), and to some degree (Kalogirou, 2014b), mentions that flat-plate 

collectors, evacuated tube collectors and compound parabolic collectors are frequently used in 

modern indirect solar water-heating systems, as can be seen in Table 27. Due to the aesthetic 

limitations of the milk barn (see Chapter 5: The milk barn at Mære Agricultural School), 

compound parabolic collectors will not be considered in the feasibility study. 

 

Table 27: System types, circulation types and thermal collectors for solar water-heating systems. 

Source: (Kalogirou, 2004; Kalogirou, 2014b) 

 

 

7.1.1 Flat-plate collector 

Flat-plate collectors (FPC) are according to (Evangelisti et al., 2019) one of the most studied 

technologies for solar energy to produce domestic hot water. The construction of the FPC is 

further described by (Kalogirou, 2014a), who explains that the solar radiation passes through a 

transparent cover on the surface of the FPC, hitting the dark absorber surface within. The FPCs 

are structured to have as low conduction loss as possible. This is achieved by insulating all the 

sides, as well as the surface beneath the absorber plate. 

Figure 51 shows the different energy gains and losses associated with the FPC. It should be 

noted that the arrow signifying the thermal power output, represents the energy carried from 

the solar collector to the storage tank (not including heat loss in the pipes). 

According to (Zijdemans, 2014), the main benefits with FPCs are their robust construction and 

long technical lifespan, usually lasting between 30 to 50 years. Another advantage with FPCs 

is that snow typically slides off the surface of the solar collector easily, thereby helping to avoid 

snow accumulation. FPCs also have a wider assortment of colors and forms, compared to other 

solar collector types, making it possible to choose aesthetically pleasing products. 
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One of the most prominent shortcomings of the FPCs, according to (Zijdemans, 2014), is the 

lower performance compared to evacuated tube collectors. FPCs are also usually installed in a 

permanently fixed position, meaning that special care should be given to both the orientation 

and inclination of the solar collectors, to ensure optimal harvesting of solar energy. According 

to (Kalogirou, 2014a), if the solar collector system is placed in the Northern Hemisphere, the 

collectors should be facing directly south, and the optimal inclination angle is usually equal to 

the latitude of the location, with variations of roughly 10 to 15o. 

 

 

Figure 51: A schematic of a flat-plate collector and the heat transfer phenomena. 

Source: Based on a figure by (Evangelisti et al., 2019) 

 

7.1.2 Evacuated tube collector 

According to (Kalogirou, 2014a), conventional flat-plate collectors are usually developed for 

sunny and warm climates, which results in a low performance during periods with unfavorable 

solar conditions and cold ambient temperatures. Evacuated tube collectors (ETC), on the other 

hand, work differently than flat-plate collectors and are according to (Kalogirou, 2014a) usually 

a better option for colder climates. 
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Figure 52: A schematic of an evacuated tube collector. 

Source: Based on a figure by (Kalogirou, 2014a) 

 

The traditional structure of an ETC can be observed in Figure 52. According to (Kalogirou, 

2014a), ETCs consists of several heat pipes encapsulated inside vacuum-sealed tubes connected 

to the same manifold. Each of the sealed pipes is attached to a black copper fin (absorber), and 

also has a metal tip (condenser) attached to the sealed top. The metal tip reaches above the 

evacuated tube, and functions as a heat exchanger within the manifold. Lastly, inside the heat-

pipe is a small amount of fluid, which regularly experience an evaporation-condensing cycle. 

The evaporation-condensing cycle is explained by (Kalogirou, 2014a) to be a cycle where the 

solar energy from the sun evaporates the fluid in the evacuated tubes, and the lower density of 

the vapor makes it rise to the heat sink region of the pipe. At the heat sink region, the evaporated 

fluid delivers its latent thermal energy to the fluid running through the manifold and condenses 

back into liquid form. The fluid then returns back to the bottom of the tubes, before the process 

is repeated. 

It has already been mentioned that ETCs have a relatively high performance compared to other 

solar collectors. According to (Kalogirou, 2014a), ETCs can also operate at higher temperatures 

than FPCs. The major drawbacks with ETCs, at least according to (Zijdemans, 2014), are steep 

investment costs and lower sturdiness compared to FPCs. 
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7.1.3 Performance of solar collectors 

According to (Kalogirou, 2014a), the performance of a solar collector is defined as the ratio 

between the amount of solar radiation that is converted into useful thermal energy and the total 

amount of solar radiation hitting the collector surface. According to (Streicher, 2016), this 

performance is heavily dependent on the optical and thermal characteristics of the materials 

utilized in the solar collector, as well as the actual design of the collectors. 

(Fan et al., 2009) provides the following equation for determining the performance of a solar 

collector: 

 

 𝜂𝑆𝐶 =  𝜂𝑜 ∙ 𝑘𝜃 − 𝑎1 ∙
𝑇𝑚 − 𝑇𝑎

𝐺
− 𝑎2 ∙

(𝑇𝑚 − 𝑇𝑎)2

𝐺
 [7.1] 

 

Where 𝜂𝑜 is the conversion factor of the collector [-], 𝑎1 and 𝑎2 are the first and second order 

heat loss coefficients of the collector in [W/m2K] and [W/m2K2], respectively. 𝑇𝑚 is the average 

temperature of the fluid running through the collector [K], 𝑇𝑎 is the ambient air temperature 

[K], and 𝐺 is the global solar irradiance in [W/m2]. The parameter 𝑘𝜃 is the incident angle 

modifier of the solar collector, which can be calculated with: 

 

 
𝑘𝜃 = 1 − tan𝑃 (

𝜃

2
) [7.2] 

 

Where 𝜃 is the incident angle of the solar radiation [°], and 𝑃 is a constant which has to be 

determined through measurements. 

An explanation of the heat loss coefficients is provided by (Streicher, 2016), who explains that: 

• 𝑎1 is the overall heat transfer coefficient related to 𝑇𝑚 = 𝑇𝑎 

• 𝑎2 is a quadratic term used as a black-box approach for the nonlinear radiation losses 

and the temperature dependency of the heat transfer coefficient 

Both of these coefficients, as well as the conversion factor, are usually provided by the 

manufacturer of the solar collectors. 
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Figure 53 displays how the performance of the solar collector decreases for increasing 

temperature differences between 𝑇𝑚 and 𝑇𝑎. The amount of solar radiation that is lost at optimal 

conditions is known as optical losses or reflection losses. The remaining radiation losses that 

occur due to the decreasing performance of the solar collector (∆𝑇 > 0) are known as thermal 

losses (heat losses). Figure 54 depicts the typical performance curve, as well as areas of 

application, for a swimming pool absorber, flat-plate collector and evacuated tube collector, at 

a global irradiance of 1000 W/m2K. 

 

 

Figure 53: Decreasing performance of a solar collector due to increasing ∆𝑻. 

Source: Based on a figure by (Zijdemans, 2014) 
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Figure 54: Performance curves and application areas for three different types of solar collectors. 

Source: Based on a figure by (DSG, 2010) and information by (Zijdemans, 2014) 

 

7.1.4 Calculating the required solar collector area 

The first step towards designing a solar water-heating system, at least according to (Zijdemans, 

2014), is to map out the current energy need related to water-heating for the building. After this 

demand is identified, it is necessary to decide on a solar coverage ratio. This ratio indicates how 

much of the mapped hot water energy demand that the solar water-heating system should be 

able to cover. (Zijdemans, 2014) explains that this ratio is on average 50 to 60 % for the average 

Norwegian household if the sole purpose is to provide heat for domestic hot water. If the system 

is meant for both domestic hot water and space heating (combi-system), then the usual coverage 

ratio is 50 % for the DHW and between 10 to 30 % for the hydronic space-heating. 

The next step is to calculate the amount of thermal energy the solar collectors can deliver to the 

system per square meter. It is therefore necessary to decide on the inclination and azimuth angle 

of the solar collectors. In addition to the aforementioned angles, several factors related to the 

type of solar collector should also be determined for a more accurate calculation of the energy 

yield. 
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The following two simplified equations, which are provided by (Zijdemans, 2014), are only 

suggested for smaller solar water-heating systems. The first equation is: 

 

 𝑄𝑌𝑖𝑒𝑙𝑑 = 𝐼𝑂𝑝𝑡 ∙ 𝜂𝑆𝐶̅̅ ̅̅ ∙ 𝑓𝐴 ∙ 𝑓𝐵  [7.3] 

 

Where 𝑄𝑌𝑖𝑒𝑙𝑑 is the estimated specific annual energy yield of the solar collectors [kWh/m2], 

𝐼𝑂𝑝𝑡 is the total amount of solar irradiance at the optimal solar inclination angle [kWh/m2], 𝜂𝑆𝐶̅̅ ̅̅  

is the average efficiency of the desired solar collectors [-], and 𝑓𝐴 and 𝑓𝐵 is the correction factor 

for the azimuth and inclination angle [-], respectively (introduced in Chapter 4.1: Influence of 

orientation and inclination angle). 

When the annual estimated energy yield is calculated with Equation 7.3, then the following 

equation can be used to determine the required solar collector absorption area: 

 

 
𝐴𝑆𝐶 =

𝑄𝐸𝑁 ∙ 𝜂𝑆𝐶,𝐶𝑅

𝑄𝑌𝑖𝑒𝑙𝑑
 [7.4] 

 

Where 𝐴𝑆𝐶  is the required solar collector absorption area [m2], 𝑄𝐸𝑁 is the annual energy need 

of domestic hot water and space-heating in the building [kWh], and 𝜂𝑆𝐶,𝐶𝑅 is the solar coverage 

ratio [-]. 

 

7.1.5 Cost of solar collectors 

Similar to the photovoltaic modules introduced in Chapter 6.1: Photovoltaic modules, the cost 

of solar collectors are also heavily dependent on the utilized technology, manufacturer, 

expected performance, and additional features. Unfortunately, there are few, if any, 

standardized costs available for solar collectors. Various investment costs were therefore 

mapped out based on products found on the Internet. 

Table 28 shows a couple of these solar collector products, and also displays some relevant 

features with them. 
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Table 28: Solar collector products found on Alibaba.com. 

Source: Products from (Alibaba.com, 2020) 

 

 

Based on the costs above, one should expect to pay between 1 000 to 5 000 NOK for a single 

solar collector. The products displayed above are all manufactured in China, so one should also 

expect to pay a steep additional charge for having it shipped to Norway. 

 

Enova 

According to (Enova, 2020c), it is possible to receive 10 000 NOK in support for privately 

installing a solar thermal system, with an additional 200 NOK per m2 for up to 25 m2. What this 

means is that it is possible to reduce the total cost of solar collectors by a maximum of 15 000 

NOK. 

Similar to the Enova support scheme for photovoltaic modules, the fixed rate of 10 000 NOK 

is going to be reduced to 5 000 NOK from July 1st, 2020. 

 

7.1.6 Solar collectors for the milk barn 

As mentioned in Chapter 5.4: Energy consumption at the milk barn, the milk barn has an 

estimated total annual energy need of 28 561 kWh for the heating of tap water and water 

intended for space-heating. As the existing system on Mære already is a combi-system, the 

intention is to cover 50 % of the total hot water energy need. The solar collectors on the milk 

barn should therefore be dimensioned to cover about 14 280.5 kWh, annually. The potential 

heat recovery from the milk tank will be excluded in the calculations, as well as the simulation 

model, as it is challenging to implement into the software. 
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The simplified equations for determining the required solar collector area (Equation 7.3 & 7.4), 

were only recommended for smaller solar heating systems, but they will still be used in this 

master thesis as a basis for determining the required solar collector area for the milk barn. 

The final result will be compared with the planned energy coverage, to estimate the possible 

error of such an assumption. 

The expected annual energy yield for potential solar collectors on the milk barn can be found 

by using an azimuth angle correction factor of 1, as the collectors are assumed to be south-face, 

and an inclination angle correction factor of 0.96, as the roof on the milk barn has a tilt angle 

of 26o. The correction factors are found in Table 5. 

According to (European Commission, 2020), the annual specific energy yield at an optimal 

angle at the location of the milk barn is about 1 082.47 kWh/m2. 

If Figure 54 is used to estimate the average solar collector efficiency for flat-plate and evacuated 

tube collectors, in the application area of 20-100 K hot water and room heating, and an average 

temperature difference of 60 K is assumed, then the estimated efficiency is 0.55 and 0.62 for 

the flat-plate and evacuated tube collector, respectively. 

By using Equation 7.3, the expected energy yield for a flat-plate and evacuated tube collector 

at Mære Agricultural School, facing directly south and having an inclination angle of 26o, is 

571.54 kWh/m2 per year and 644.29 kWh/m2 per year, respectively. 

The next step is to use Equation 7.4 to determine the required solar collector area for both 

collector types. If the plan for the solar water-heating system is to cover 14 280.5 kWh annually, 

then the required solar collector area should be 24.99 m2 for the flat-plate collectors and 22.16 

m2 for the evacuated tube collectors. 

It should be noted that this is the required absorption area, not the gross area. 
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7.2 Thermal energy storage 

After the solar collectors, the next central component in any solar water-heating system is the 

Thermal Energy Storage (TES). As explained by (Kalogirou, 2014b), this component is crucial 

in these systems as most areas experience darkness, or lack of sunlight, roughly half of the year. 

TES makes it possible to operate solar water-heating systems continuously during the year by 

storing heat from periods with surplus thermal energy generation. 

According to (Kalogirou, 2014b), the two central functions of TES are: 

• To improve the utilization of the collected solar energy. Primarily by storing the excess 

thermal energy from periods with a large amount of solar radiation to periods with low 

amounts. 

• To improve the efficiency of the system by preventing the heat transfer fluid, which 

runs through the solar collectors, to reach a too high temperature. 

(Sarbu & Sebarchievici, 2018) explains that there are several possible ways to classify TES. 

These classifications are primarily based on the characteristics and features of the storage 

component, such as the: 

• Capacity (Storage process, medium and size of the system) 

• Power (Charge and discharge speed) 

• Efficiency (System losses) 

• Storage period (hours, days or months) 

• Charge and discharge time 

• Cost (Capital and operation cost)  

Even though there are several possible classifications, the three main categories for TES are 

Sensible Heat Storage, Latent Heat Storage, and Chemical Heat Storage (see Figure 55). The 

most common characteristics for these three TES systems, such as capacity, power, efficiency 

and storage period, are all summarized in Table 29. 

Sensible Heat Storage (SHS) is explained by (Sarbu & Sebarchievici, 2018) to be both the most 

manageable and also generally the most utilized heat storage principle. Briefly described, SHS 

revolves around accumulating thermal energy into a solid or liquid medium whose temperature 

will therefore begin to rise. 

A graphical illustration of SHS can be seen in Figure 56a. 
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Figure 55: Different types of thermal energy storages. 

Source: Based on a figure by (Sarbu & Sebarchievici, 2018) 

 

 

Table 29: Typical parameters for different types of thermal energy storage systems. 

Source: (Hauer, 2011) 

 

 

The concept of Latent Heat Storage (LHS) (also known as Phase-Changing Materials) is also 

explained by (Sarbu & Sebarchievici, 2018). The principal idea is to get materials to absorb or 

release thermal energy by changing its physical state. LHS makes it possible to store heat at a 

relatively constant temperature. 

Figure 56b shows a graphical illustration of the LHS principle. 

According to (Sarbu & Sebarchievici, 2018), the main benefit of LHS compared to SHS, is its 

capacity for storing heat at almost a constant temperature. Table 29 also suggests that LHS have 

a higher efficiency than SHS. 
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The last type of TES, Chemical Heat Storage (CHS), is also described by (Sarbu & 

Sebarchievici, 2018). The storing process of CHS is more complicated than the other two, but 

the primary approach is to utilize Thermo-Chemical Materials (TCM) to store and release 

thermal energy in a reversible endothermic and exothermic reaction process (see Figure 56c). 

A more detailed breakdown of the process is provided by (Sarbu & Sebarchievici, 2018). First, 

thermal energy is applied to a material A in a charging process. The employed heat leads 

material A to split into two separate substances, B & C, respectively. The two materials are then 

stored and kept separate until a discharge process is necessary. B & C are then mixed back 

together at the appropriate pressure and temperature conditions, releasing the stored thermal 

energy. 

 

 

Figure 56: Three different types of thermal energy storage. 

Source: Based on a figure by (Sarbu & Sebarchievici, 2018) 

 

For this master thesis, the focus of the feasibility study will be on thermal energy storage that 

utilizes sensible heat storage, intended for short-term storage and with water as the storage 

material. 
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7.2.1 Thermal stratification and temperature requirements 

Thermal stratification 

Thermal stratification is a phenomenon that should be accounted for when designing solar 

water-heating systems. According to (Eyecular, n.d.), water density is dependent on the water 

temperature, where hot water has a lower density than cold water, which results in the water 

being divided into thermal layers in the storage tank, with layers of hot water being stored above 

the cold water layers. 

The phenomenon of water being stored in layers due to different temperatures is known as 

thermal stratification. 

The importance of including thermal stratification into the design considerations is due to its 

effect on the performance of the solar water-heating system. According to (Fan & Furbo, 2009), 

if the storage tank experiences a high degree of thermal stratification, then the performance of 

the solar heating system is increased due to the lower return temperature to the solar collectors, 

which makes it possible to collect more solar energy and increase the number of operating 

hours. 

(Fan & Furbo, 2009) further explains that a higher degree of thermal stratification also results 

in lower demand for auxiliary heating, as the temperature in the top of the storage tank will be 

close to the desired temperature load. 

According to (Han et al., 2009), three methods can be utilized to achieve thermal stratification 

in the storage tank. These methods are: 

1. Heating the vertical surfaces of the storage tank, as this will result in thermal boundary 

layers which will draw the heated fluid upwards in the tank. 

2. Carefully placing the heat exchanger between the solar circuit and the storage tank (if 

closed-loop). 

3. Directly inputting the fluid running from the solar collectors into suitable heights in the 

storage tank (if open-loop). 

If (Han et al., 2009) is to be believed, then thermal stratification may increase the efficiency of 

the storage tank with up to 6 %, and also improve the performance of the solar water-heating 

system with up to 20 %, compared to utilizing a storage tank where the water is thoroughly 

mixed (uniform temperature).  

Both these types of storage tanks can be seen in Figure 57. 
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Figure 57: Thermal energy storage tanks with a) Thermal Stratification, and b) Uniform temperature. 

Source: Based on a figure by (DSG, 2010) 

 

According to (Sarbu & Sebarchievici, 2018), it is possible to determine the storage capacity of 

a thoroughly mixed thermal energy storage by using the following equation: 

 

 𝑄𝑠 = 𝑚𝑤 ∙ 𝑐𝑝 ∙  Δ𝑡𝑠 [7.5] 

 

Where 𝑄𝑠 is the total thermal energy capacity of the storage [J] at a temperature range of Δ𝑡𝑠 

[K], 𝑐𝑝 is the specific heat of water [J/kg·K], and 𝑚𝑤 is the mass of water [kg]. 

 

Temperature requirements 

In addition to thermal stratification, another factor that it is crucial to consider when designing 

a domestic hot water system is the actual temperature of the hot water. As stated by (Zijdemans, 

2014), the tap water temperature should be high enough so that the users are satisfied, but also 

have no risk of burning (scolding) the user. 

The water temperature inside the storage tank must also be high enough so that it poses no risk 

of forming legionella. 
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According to (Zijdemans, 2014), the three main factors that affect the choice of hot tap water 

temperature are: 

1. Low enough temperature from the mixing valve to avoid scolding. 

2. High enough water temperature to cover the demand of the consumer. 

3. High enough temperature to avoid legionella growth in the storage tank and the pipes. 

The highest temperature allowed before the user should expect scolding is dependent on the 

age and health of the occupant(s). Table 30 shows the average temperature requirements 

necessary to cover consumer demands. According to (Byggteknisk forskrift, 2017), water 

fixtures in buildings containing residents that should not be expected to be able to change the 

water temperature themselves, should be installed with additional safety devices, preventing 

the hot tap water temperature from rising above 38 oC. 

For average occupancy, the water fixtures should not deliver water with a higher temperature 

than 55 oC. 

 

Table 30: The required temperatures for different hot water activities. 

Source: (Zijdemans, 2014) 

 

 

According to (Zijdemans, 2014), legionella can grow naturally in humid areas, but is not 

considered very dangerous to healthy, young people unless it reaches very high concentrations, 

while other occupants, such as people with impaired immune systems, older residents or people 

who smoke, will be more vulnerable to lower intensities of legionella. 
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(Zijdemans, 2014) lists the following circumstances that influence the growth of legionella in 

storage tanks: 

• The bacteria propagate in the water when the temperature is between 20 to 50 oC, though 

they favor 30-43 oC. 

• The bacteria is dependent on a pH value between 3 to 10, but usually prefer a value 

between 6 and 7. 

• The concentration of Sodium salts in the water must be below 1.5 % for legionella to 

grow. 

• A high degree of Calcium and Magnesium in the water will increase legionella growth, 

with Iron and Zinc having a similar effect. 

• Legionella needs oxygen to survive, and the minimum oxygen content in water for 

legionella to thrive is 2.2 mg/L. 

(Zijdemans, 2014) also lists a couple of methods to reduce the risk of legionella. These methods 

are also recommended by the Norwegian National Institute of Public Health. An excerpt of 

some of these methods are: 

• Not laying the cold water pipelines in heated zones of the building, and avoid having 

the temperature of the cold water, sent out from the mixing valve, below 20 oC after 2 

minutes of continuous consumption. 

• All water inside the storage tank must be heated to a minimum temperature of 70 oC, 

regularly. This also applies to the water below the electric heating element. 

• The temperature of the water sent out from the mixing valve attached to the storage tank 

should not decrease to below 55 oC for more than 20 minutes a day. 

• If a storage tank is used as a preheater, then the water inside the tank should be increased 

to a minimum of 70 oC, at least once a week during periods with lower water 

consumption. 
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7.2.2 Charging with solar energy and auxiliary heating 

There are several possible ways to connect and attach solar circuits to storage tanks. An 

overview of some of these circuits is provided by (DSG, 2010), and can be seen in Figure 58. 

The letter S in the figure symbolizes the placement of the temperature sensor. (DSG, 2010) also 

presents various ways to attach an auxiliary heat source to the storage tank (see Figure 59). In 

this figure, the abbreviation AH stands for Auxiliary heater. 

 

 

Figure 58: Types of store charging with solar energy. 

Source: Based on a figure by (DSG, 2010) 

 

 

Figure 59: Types of store charging with auxiliary heating. 

Source: Based on a figure by (DSG, 2010) 
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Discharging stored energy 

In the previous subchapter, the focus was on charging TES with either solar energy or auxiliary 

heaters. The storage tanks must also be able to discharge the thermal energy, and according to 

(DSG, 2010), there are several different methods to accomplish this, some of which can be seen 

in Figure 60. 

 

 

Figure 60: Methods for discharging stored energy. 

Source: Based on a figure by (DSG, 2010) 

 

The different charging and discharging arrangements presented in Figure 58, Figure 59 and 

Figure 60 can be combined to create several different hot water system solutions. According to 

(DSG, 2010), the most basic solar water-heating system for heating of domestic hot water can 

be seen in Figure 61. 

The figure shows a closed-loop solar system (indirect), with an internal heat exchanger, that 

utilizes a circulation pump to force circulation to the solar collectors. The storage tank is also 

connected to an auxiliary heater through an additional internal heat exchanger. 
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Figure 61: Standard solar water-heating system for domestic hot water. 

Source: Based on a figure by (DSG, 2010) 

  

7.2.3 Sizing storage tanks for solar energy 

It is vital to take special care when sizing the storage tank for the solar water-heating system. 

As (Zijdemans, 2014) points out, an oversized storage tank may result in long periods where 

the water has to be heated with an auxiliary heat source before reaching appropriate 

temperatures. On the other hand, the storage tank can also be dimensioned too small, resulting 

in inefficient use of solar collectors, as the storage tank cannot store the full amount of solar 

energy due to its limited capacity. 

(Zijdemans, 2014) provides simplified assumptions to more easily determine the required 

storage tank size in solar water-heating systems. The assumptions vary based on if the storage 

tank should be able to store energy intended for only hot tap water or be able to cover a part of 

the space-heating demand as well. 

According to (Zijdemans, 2014), for solar water-heating systems that are only meant for hot tap 

water, the storage tank size should be between 1.2 to 1.5 times the daily amount of consumed 

hot water. If the hot tap water consumption is not known, then the sizing of the storage tank is 

usually based on previous experience, often about 50 to 75 liters per m2 of solar collector surface 

area. If the solar water-heating system is a combi-system (tap water + space-heating), then 

(Zijdemans, 2014) suggest using 75–125 liters per m2 of solar collector surface area. 

(Zijdemans, 2014) lastly mentions that simulation software is necessary to determine a more 

accurate sizing of the storage tank. 
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7.2.4 Cost of sensible heat storage 

(IRENA, 2013) suggests that the price of SHS is heavily dependent on the size of the storage 

tank, application and also utilized insulation technology, and that one should expect to pay 

between 1 to 100 NOK per kWh capacity. A similar estimate is provided by (Glatzmaier, 2011), 

who suspects that an investor should expect to pay 70 NOK per kWh of capacity for a high-

temperature stainless steel tank, and 30 NOK per kWh if the storage tank is a low-temperature 

carbon steel unit. In addition to the cost of the storage tank itself, (Glatzmaier, 2011) also 

suggests that one should expect an additional charge of 130 NOK per kWh for storage tank 

supports, site work, storage medium, electrical equipment and instrumentation, as well as 

necessary piping, valves and fittings. 

 

Enova 

In addition to supporting investments in photovoltaic modules and solar collectors, (Enova, 

2020a) also economically contribute with the installing of a storage tank inside a building. They 

will support the purchase with up towards 5 000 NOK, depending on the investment cost of the 

unit. To be able to receive the maximum amount of support, the total investment cost of the 

storage tank has to be equal or above 20 000 NOK. 

 

7.2.5 Sizing the required storage tank for the milk barn 

The annual water consumption at the milk barn is estimated by the administration of the school 

to be about 3 212 365 liters. Of the hot water consumption, 3 075 125 liters is drinking water 

for the livestock, while the remaining 127 240 liters are hot tap water and water intended for 

hydronic space-heating. According to technical specifications provided by Mære Agricultural 

School, the existing storage unit has a volume of 300 L, while the attached water heater has a 

size of 250 L. This suggests that the drinking water meant for the cattle is not heated in the hot 

water system in the milk barn.  

If solar collectors are implemented into the existing hot water system, then the current storage 

tank has to be replaced with a larger unit to be able to store the additional amounts of solar 

energy. If the ratio of 75 to 125 liters per m2 of solar collector area is used to determine the size, 

then the minimum storage tank should be roughly 1 662 liters, while the maximum should be 3 

123.75 liters. 
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Due to the wide variations in volume, based on the simplified assumptions, three cases will be 

implemented into the simulation software. The first case is a 1500 liters volume tank, while the 

second and third case is storage tanks with a volume of 2000 and 3000 liters, respectively. 

The 3000-liter storage tank is the reference case in this master thesis. 

 

7.3 Solar circuit 

According to (Zijdemans, 2014), liquid-based solar water-heating systems are usually relatively 

simple and consists only of a few elements. Both solar collectors and thermal energy storage 

have been introduced in the previous subchapters, and in this subchapter, the main focus is on 

the components in the solar circuit. 

(Zijdemans, 2014) explains that the solar circuit is defined as a collective term for pipelines and 

components linking the solar collectors to the thermal energy storage. The most central pieces 

of equipment in the solar circuit are: 

• Pipes 

• Circulation pump 

• Check valve 

• Filters 

• Expansion and drain-back vessels 

• Controllers and monitors 

• Heat transfer fluid 

 

7.3.1 Pipes 

The pipes in the solar circuit are responsible for transporting the heat transfer fluid between the 

solar collectors and the thermal energy storage. According to (Zijdemans, 2014), the most 

frequently used pipe types are corrugated stainless steel pipes and copper pipes, and the heat 

transfer fluid should be carried through the pipelines with as little friction, impact, and heat loss 

as possible. 

The reason for this, as stated by (Zijdemans, 2014), is that heat loss from the pipes represents a 

significant proportion of the total heat loss of the solar water-heating system and should 

therefore be reduced as much as possible. 
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(Smith, 2018) provides the following equation for calculating the heat loss from the pipelines: 

 

 
𝑄𝑝𝑖𝑝𝑒,𝑙𝑜𝑠𝑠 = 2 ∙ 𝜋 ∙ 𝑘 ∙ 𝐿 ∙

𝑇𝑚 − 𝑇𝑎

ln (
𝑟2

𝑟1
)

 [7.6] 

 

Where 𝑄𝑝𝑖𝑝𝑒,𝑙𝑜𝑠𝑠 is the heat loss from the pipe [W], 𝑘 is the thermal conductivity of the pipe 

material [W/m∙K], 𝐿 is the length of the pipe [m], 𝑇𝑚 is the temperature of the heat transfer 

fluid inside the pipe [K], 𝑇𝑎 is the ambient air temperature surrounding the pipe [K], and 𝑟1 and 

𝑟2 is the inner and outer radius of the pipe [mm], respectively. 

(Zijdemans, 2014) suggests several possible methods for reducing the heat losses related to the 

pipes. One suggestion is to have the pipelines be as short as possible. The thickness of the 

pipelines can also be increased to reduce the losses. If this increased thickness is due to 

additional insulation, the result will be a lower thermal conductivity, which would reduce the 

heat losses even further. 

 

Sizing pipes to and from solar collectors 

According to (Solar365, n.d.), to be able to dimension the pipelines going to and from the solar 

collectors, it is vital to consider the amount of flow expected to run through the pipes. If the 

diameter is too small, then the friction increases, resulting in a slower flow and necessitates a 

bigger circulation pump. On the other hand, if the pipe diameter is too large, then the system 

installation costs may become unnecessary high. 

Table 31 shows estimations on the required pipe diameters for different volume flows. 

 

Table 31: Pipe diameter with recommended maximum flow. 

Source: (Solar365, n.d.) 
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7.3.2 Circulation pump 

(Zijdemans, 2014) describes the circulation pump as the heart of any solar water-heating 

system, and this is probably an accurate description, as it is responsible for pumping the heat 

transfer fluid to the solar collectors and back to the storage tank. If the pump stagnates, then the 

solution will stop running, and if the stagnation is due to faulty equipment, it is possible that 

the heat transfer fluid starts to boil and evaporate, potentially damaging the system. This can be 

avoided by installing appropriate safety equipment in the solar circuit. 

According to (Zijdemans, 2014), one way to reduce the risk of overheating is to install a 

circulation pump with a high starting torque, decreasing the probability of unintentional 

stagnation. The pump should also be able to handle the frequent start and stop cycles for solar 

water-heating systems and also be able to manage the high fluid temperatures running through 

the pipelines. 

 

7.3.3 Check valve 

According to (Zijdemans, 2014), during periods where there are little to no available sunlight, 

the temperature of the water inside the storage unit may rise above the temperature of the heat 

transfer fluid in the solar collectors. During these situations, it is possible that the system 

involuntarily starts to circulate in reverse, removing the heat from thermal energy storage and 

carrying it to the solar collectors, trying to achieve a sort of heat balance. A check valve can be 

used to prevent this backward circulation from ever happening. 

The concept of check valves is further explained by (Menon, 2015), who states that check valves 

are usually in a closed position, only opening for fluid running the correct way through it. If the 

pressure downstream of the valve surpasses the pressure upstream, then the check valve will 

close, hindering the fluid from returning through the check valve. 

Some of the available check valve types can be seen in Figure 62. 

The principal distinctions between the check valve types presented in the figure below are the 

permitted ratio range between the length of the pipeline and the diameter of the pipe. According 

to (Menon, 2015), swing check valves can have a length/diameter ratio of upwards to 50, while 

lift check valves allow for a maximum ratio of 600. 
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Figure 62: Different types of check valves. 

Source: Based on figures by (Menon, 2015) 

 

7.3.4 Filters 

Briefly mentioned by (Zijdemans, 2014), filters are solar circuit equipment that catches and 

collects particles inside of the circuit. The filters have to be manually removed and 

systematically cleaned to avoid blocking of the circulation flow. By installing throttling valves 

on both sides of the filters, the fluid flow can be restricted during maintenance. 

According to (DSG, 2010), if no proper filtering is employed in the solar circuit, then this can 

over time impair functions of the circulation pump, safety valves and mixing valves. 

 

7.3.5 Expansion and drain-back vessels 

According to (Viridian Solar, n.d.), expansion vessels are additional equipment used in 

pressurized closed-loop solar energy systems. In these systems, the solar circuit is entirely filled 

with heat transfer fluid, and as the fluid's density is dependent on its temperature, an expansion 

vessel becomes necessary to avoid having the liquid expand to a larger volume, which could 

possibly harm the pipes and components. 

This necessity is further pointed out by (Zijdemans, 2014), who states that since the circuit is 

already full of liquid, the expanded volume must have somewhere to move. 
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Drain-back vessels are a little different than expansion vessels, as these additional pieces of 

equipment are installed in non-pressurized systems, where the solar circuit is not completely 

packed with a heat transfer medium. Non-pressurized solar water-heating systems that utilize a 

drain-back vessel are known as a drain-back system, are according to (Viridian Solar, n.d.) a 

suitable addition to solar water-heating systems located in colder climates. The reason for this 

is that during periods where there are unfavorable solar conditions or the circulation pump has 

stagnated, the heat transfer fluid "rests" inside the drain-back vessel.  

(Viridian Solar, n.d.) also explains that to have the fluid rest during pump stagnation, the drain-

back vessel has to be located at a height below the solar collectors, but also at a point higher 

than the circuit's circulation pump. It is also preferred to have the vessel installed at a location 

where the temperature of the resting fluid does not reach the freezing point. 

A drain-back system during both operation and stagnation can be seen in Figure 66. 

 

7.3.6 Control and monitoring 

Subjects relevant for this section will be further elaborated in Chapter 7.4: Controllers for solar 

water-heating systems. Briefly explained, the central purpose of controllers in solar circuits is 

to operate the circulation pump during periods where the solar collectors generate thermal 

energy. As (Zijdemans, 2014) points out, this means periods where the temperature in the solar 

collector is higher than in the thermal energy storage. 

According to (Zijdemans, 2014), there also exist more advanced control systems, such as 

velocity regulated circulation pumps, which serves to provide a predetermined supply 

temperature to the thermal energy storage. If some of the solar collectors have different 

orientations, then the solar water-heating system could be divided into several separate solar 

circuits. 

In this case, the control system must be able to control several pumps at the same time, or the 

controllers have to be able to communicate with each other. 
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7.3.7 Heat transfer fluid 

The heat transfer fluid in the solar circuit is usually referred to as the solar liquid, and if the 

circulation pump is the heart of every solar water-heating system, then the heat transfer fluid is 

the blood. The main purpose of the solar liquid is to absorb the heat generated at the solar 

collectors and carry it to the storage tank. (DSG, 2010) explains that the temperature of the solar 

liquid may vary from -15 to 350 oC, depending on the solar conditions at the system location, 

which means that in worst-case scenarios, the heat transfer fluid may freeze or evaporate. It is 

therefore necessary to choose a heat transfer fluid that is appropriate for the individual solar 

water-heating system. 

According to (Zijdemans, 2014), the most common heat transfer fluid in pressurized systems is 

a glycol-water mixture. He also lists the following benefits of using this fluid as the solar liquid: 

• It can handle high temperatures without taking permanent damage. 

• It has a low freezing temperature and a relatively high specific heat capacity. 

• It doesn't affect the environment negatively when released into nature. 

• It is neither poisonous for humans nor corrosive for the solar energy system. 

(Zijdemans, 2014) also provides estimations on freezing temperatures for different 

concentrations of propylene glycol in a water mixture. These temperatures and their 

corresponding mixture concentrations can be seen in Table 32. 

 

Table 32: Freezing temperatures for propylene glycol-water mixtures. 

Source: (Zijdemans, 2014) 
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Unfortunately, there are not only benefits with using such mixtures. (Guyer, 2019) explains that 

these mixtures have a lower heat capacity compared to pure water, and they also have a higher 

fluid viscosity, resulting in a higher circulation pump energy demand to push the fluid through 

the circuit. In addition to the previous drawback, there is also a possibility of the glycol mixture 

deteriorating, which can result in an internal blockage of the heat transfer fluid or permanent 

damage to the solar circuit. Lastly, it becomes more necessary than ever to have a heat 

exchanger between the solar circuit and the thermal energy storage, to avoid having the solar 

liquid mix with the drinking water. This additional heat exchanger will reduce the efficiency of 

the heat transfer. 

 

7.4 Controllers for solar water-heating systems 

Control systems in solar water-heating systems are responsible for managing the operation of 

the circulation pump in the solar circuits, and poor system performance is often, at least 

according to (DSG, 2010), contributed to faulty controller systems. (Kalogirou, 2014b) suggests 

avoiding very complicated control systems to lower the risk of experiencing difficulties with 

the solar water-heating system. 

(Kalogirou, 2014b) also explains that control systems should be able to handle all of the 

operating modes of the solar water-heating system. These modes include heat collection and 

rejection, power failure, freeze protection and auxiliary heating. 

 

7.4.1 Differential Temperature Controller 

According to (Kalogirou, 2014b), the most common solar circuit controller is the Differential 

Temperature Controller (DTC). This controller measures and compares the temperature from a 

minimum of two separate temperature sensors. In this case, one is located at the solar collector, 

while the other is placed inside the thermal energy storage. If the temperature of the fluid inside 

the collectors exceeds the temperature inside the storage unit, the controller signals the 

circulation pump to start. 

Figure 63 shows a DTC system for a solar water-heating system. 
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Figure 63: A solar water-heating system with a differential temperature controller. 

Source: Based on a figure by (Kalogirou, 2014b) 

 

Potential difficulties with DTC systems 

According to (Kalogirou, 2014b), there may be some difficulties with DTC systems if they are 

not correctly configurated. The most significant being the phenomenon known as short cycling. 

Here, the temperature differences for the start-up and shut-off on the circulation pump is too 

close to each other, resulting in the pump frequently starting and stopping. Periods with short 

cycling should be avoided, or at least minimized as much as possible, as it may do damage the 

circulation pump. 

(Kalogirou, 2014b) explains that short cycling is influenced by factors such as solar radiation 

intensity, the flow rate of the pump, the thermal mass of the solar collectors and fluid inlet 

temperature into the solar collectors, and that the traditional way to avoid short cycling is to use 

broad temperature differences for the start-up and shut-off control. The biggest drawback with 

this solution is that the solar water-heating system could now require large amounts of solar 

radiation to start the circulation pump, which may result in potentially extensive production 

losses, especially during periods with moderate amounts of solar radiation. 
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Considerations when placing sensors 

The placing of the various temperature sensors plays a significant role in the performance of 

the solar water-heating system, as they measure the temperature conditions and sends the 

information to the controller. According to (Kalogirou, 2014b), it is imperative that the sensors 

have sufficient thermal contact with the solar collector plate or the pipes, as this will affect the 

accuracy of its measurements. 

For solar collectors, the temperature sensor can be placed either inside of the collector or at the 

outlet pipe. According to (Kalogirou, 2014b), there are benefits and drawbacks with both of 

these options, as it is more challenging to install temperature sensors inside the solar collectors, 

but that it would present more accurate readings, instead of simply placing it at the beginning 

of the outlet pipe. 

If the sensors are going to be placed at the outlet, then there are two possible ways to install the 

temperature sensor, both of which are presented in Figure 64. 

 

 

Figure 64: Potential placement of temperature sensors at a solar collector outlet. 

Source: Based on figures by (Kalogirou, 2014b) 

 

The sensor inside the storage tank is ordinarily located close to the bottom of the tank, but 

according to (Kalogirou, 2014b), the optimal placement of the temperature sensors is at one-

third of the height of the storage tank. If an internal heat exchanger is utilized inside the storage 

tank, then the temperature sensor should be installed above the exchanger. 
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If the solar water-heating system is expected to experience long periods with low ambient 

temperatures and does not utilize anti-freeze fluid in the solar circuit, then it may become 

necessary to place a freeze protection sensor inside the collector. (Kalogirou, 2014b) states that 

this sensor should be placed at a location where it has the opportunity to detect the coldest 

temperature of the fluid running through the collectors. There are two locations at the solar 

collector that fits this description. The first is at the back of the absorber plate inside the solar 

collector, while the other is at the inlet pipe to the collectors. 

Figure 65 shows illustrations of other possible placements of temperature sensors for DTC 

configurations. 

 

 

Figure 65: Examples of possible DTC systems. 

Source: Based on figures by (DSG, 2010) 
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7.5 Important system considerations 

7.5.1 Drain-back systems 

As previously mentioned, all of the heat transfer fluid is resting inside the drain-back vessel 

when the pump is not operating in drain-back systems. According to (Viridian Solar, n.d.), 

during periods with adequate amounts of global solar irradiance, the circulation pump will start 

to push the transfer fluid out of the resting position inside the drain-back. 

When the solar conditions become unfavorable, and the temperature difference between the 

solar collectors and the storage unit becomes small enough, the circulation pump is switched 

off, and gravity pulls the heat transfer fluid until it reaches a resting fill level (see Figure 66). 

This protects the heat transfer fluid from freezing, and in some cases from overheating, when 

the ambient temperature is too low, or the pump stagnates. 

(Viridian Solar, n.d.) mentions three main benefits with drain-back systems: 

• They are relatively easy to install. 

• The heat transfer fluid is protected against freezing. 

• The solar collectors and circuit are protected against overheating during pump 

stagnation. 

 

 

Figure 66: Drain-back system during operation and resting fill level. 

Source: Based on a figure by (Viridian Solar, n.d.) 
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7.5.2 Overheating in non-draining systems 

According to (Zijdemans, 2014), overheating is a phenomenon in non-draining solar water-

heating systems, that occurs when the storage tank does not absorb sufficient thermal energy 

carried from solar collectors. The temperature of the fluid inside the solar circuit may then reach 

the boiling point and start to evaporate. These high temperatures may cause complications or 

permanently damage the solar collectors and circuit. 

(Zijdemans, 2014) explains that the four most common techniques for dealing with overheating 

are: 

• Dumping excess heat 

• Reducing system performance 

• Controlling the boiling 

• Installing a high-pressure system 

 

Dumping excess heat 

(Zijdemans, 2014) mentions that there are four primary methods for dumping excess heat from 

the solar water-heating system. The first method is to use automatic drainage of hot tap water. 

Here, a temperature sensor measures the temperature of the tap water, and if it is above a 

predetermined temperature, a valve opens, and the hot water is lead to a drain until the sensor 

measures a low enough temperature. In the second method, known as night cooling, when the 

storage tank reaches above the desired temperature level, the circulation pump is forced to 

operate during the night, cooling the temperature of the liquid in the solar circuit through the 

solar collectors. It should be noted that this only works for flat plate collectors as evacuated 

tube collectors are more insulated. 

The third method, which is also explained by (Zijdemans, 2014), is to dump the excess heat 

through an outdoor located convector. Should the return temperature from the solar circuit be 

too high, a three-way valve will open, leading the heat transfer medium to the outdoor installed 

convector, cooling the fluid with ambient air. The last method dictates that the storage tank is 

attached to either a seawater or a ground-source heat pump. The excess heat is then carried from 

the storage unit to the heat source of the heat pump, increasing the temperature of the heat 

source, resulting in a higher COP for the heat pump. 
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Reduced system performance 

According to (Zijdemans, 2014), this technique entails using a circulation pump control mode 

known as "Inefficient operation". When the desired temperature of the storage tank has been 

reached, the circulation pump enters this mode, where the flow in the solar circuit is reduced or 

stopped for short periods, forcing the temperature of the fluid inside the solar collectors to rise. 

With the increased temperature inside the solar collectors, the heat loss increases, lowering the 

system performance, but making it possible to utilize more of the solar energy. 

 

Controlled boiling 

(Zijdemans, 2014) explains that for this method the pressure inside the solar water-heating 

system should be as low as possible, so that the boiling point inside the solar collectors does 

not exceed 120 oC, as boiling increases the pressure, forcing the heat transfer fluid into the 

expansion vessel. It is then possible to use a small container, connected in series to the 

expansion vessel, to cool down the fluid before it enters the vessel. 

 

Installing a high-pressure system 

The last technique mentioned by (Zijdemans, 2014) is to utilize high-pressure systems. Similar 

to before, the circulation pump stops when the desired temperature inside the storage tank is 

reached. Due to the high system pressure, the boiling point of the heat transfer fluid is way 

above the stagnation temperature, meaning that the heat transfer fluid will not start to boil. It is 

essential that all components in the system can withstand the high pressures, typically up to 9-

10 bar. 

(Zijdemans, 2014) explains that this technique works best for flat plane solar collectors as they 

have lower stagnation temperatures than evacuated tube collectors. 

 

7.5.3 Inspection and maintenance of solar water-heating systems 

There is never any guarantee that a solar water-heating system is going to run smoothly 

throughout the whole lifespan of the system. According to (Energy.Gov, n.d.-c), all solar water-

heating systems require periodic inspections and maintenance of the system components, to 

ensure optimal system efficiency and to avoid situations which could lead to permanent damage 

to the system. 
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(Energy.Gov, n.d.-c) provides an extensive list of possible ways to inspect the different 

components of the solar water-heating system. These include: 

• Visually checking for dust and soil on the solar collectors, and if this is a routine 

occurrence, then periodic cleaning may be necessary. 

• Tighten the nuts and bolts of the support structure to the solar collectors.  

• Inspect the pipelines for leaks, especially in connection points between pipes. 

• Visually check for damage or degradation of the insulation used to cover the pipes. 

• Inspect if the circulation pumps are operating. After mid-morning, in a day with 

favorable solar conditions, listen to if the pump is running. If this is not the case, it is 

possible that either the pump or the monitoring equipment malfunctions.  

• The antifreeze solution in the solar collector must be periodically replaced to avoid 

blocking or damaging the pipes. 

• The storage unit(s) should be inspected for cracks, leaks or rust. 
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8 Methodology 

In this chapter, the methodology for studying and solving the central research question of this 

master thesis is explained. As introduced in Chapter 1: Introduction, the purpose of this paper 

is to study the possible effect an increased utilization of active solar energy may have on the 

greenhouse gas emissions related to energy consumption in Norwegian agriculture. 

The adopted approach for studying this potential effect is to design and create corresponding 

simulation models for a possible photovoltaic system and solar water-heating system for the 

milk barn at Mære Agricultural School. The results from the simulations are then generalized 

and adapted to several similar farm buildings as the milk barn, to study the total potential 

reduction in greenhouse gas emissions. 

The method can be summarized in three steps: 

1. Perform an extensive literature review to get a better understanding of the two solar 

energy systems, and to obtain relevant information regarding input parameters 

necessary for creating simulation models. 

2. Through software simulations, identify and evaluate the expected performance of each 

of the solar energy systems. 

3. Generalize the results from the simulations and use them to determine the potential 

reduction in greenhouse gas emissions from Norwegian agriculture. 

 

8.1 Literature review 

As mentioned in the first step, a literature review was performed to get a better understanding 

of the solar energy systems and to try to determine relevant parameters for the simulation 

models. The journal articles have been collected from the period 2004 to 2020, but the majority 

of the papers are from 2010 to 2020. Large quantities of information have also been obtained 

through the Internet, with the purpose to fill the gaps left by the journal articles. It was 

sometimes difficult to determine the publishing year of the information found online, and in the 

cases where this was not obtained, n.d. has been used to denote "no date". 

There are some inherent uncertainties with the literature provided from studies made in other 

nations, as some conditions and environmental factors may vary from country to country. 
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8.2 Simulation software 

To be able to investigate the potential performance of the designed solar energy systems, a 

simulation model of the photovoltaic system and solar water-heating system, as well as their 

system variations, was created in Polysun. 

Polysun was chosen as the simulation software for this master thesis, mainly due to the simple 

program interface and its comprehensive library of photovoltaic and solar water-heating 

components. A student-license for the software Polysun Designer was obtained from Vela 

Solaris on January 29th, 2020. 

The whole process of designing and implementing the simulation models is further described 

in Chapter 9: Polysun simulations. 

 

8.2.1 Evaluation of system performance 

There are several ways to estimate the performance of different solar energy systems. In the 

case of the photovoltaic systems, the central indicator of system performance is the amount of 

energy consumption that it is possible to replace with electricity generated from solar energy, 

and also the performance ratio of the system. 

The photovoltaic systems will also be evaluated with economic indicators, where the most 

central indicator will be payback time. This is the amount of time it takes before the initial 

investment cost and potential energy cost savings break-even. Net Present Value (NPV) will 

also be used to evaluate the photovoltaic systems, and can be calculated with: 

 

 
𝑁𝑃𝑉 =  −𝐼0 + ∑

𝐵𝑡 − 𝐶𝑡

(1 + 𝑟)𝑡

𝑛

𝑡 = 1

 [8.1] 

 

Where 𝐼0 is the initial investment cost [NOK], 𝑛 is the number of time periods, 𝐵𝑡 is the net 

cash inflow during a period 𝑡 [NOK], 𝐶𝑡 is the net cash outflow during the period 𝑡 [NOK], and 

𝑟 is the discount rate [-]. 
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The performance of the solar water-heating system can be determined by using two indicators. 

The first is the solar fraction, as this shows the relationship between the solar energy supplied 

to the storage unit and the heat supplied from an auxiliary heat source. The solar fraction can 

be determined by: 

 

 
𝑆𝑜𝑙𝑎𝑟 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =

𝑆𝑢𝑝𝑝𝑙𝑖𝑒𝑑 𝑠𝑜𝑙𝑎𝑟 𝑒𝑛𝑒𝑟𝑔𝑦

𝑆𝑢𝑝𝑝𝑙𝑖𝑒𝑑 𝑠𝑜𝑙𝑎𝑟 𝑒𝑛𝑒𝑟𝑔𝑦 + 𝑎𝑢𝑥𝑖𝑙𝑖𝑎𝑟𝑦 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦
 [8.2] 

 

The second indicator is the potential electricity savings by utilizing solar collectors in the hot 

water system. For this case, a simulation model of the existing hot water system at the milk 

barn is designed, and the electricity consumption of this system is compared with the solar 

collector systems. 

 

8.3 Generalizing the results 

The results from this study can be generalized by multiplying the potential amount of current 

electricity consumption that it is possible to replace with solar energy, with the number of 

similar agriculture buildings found in Norway, and an emission factor (introduced in Chapter 

2: Energy usage and CO2 emissions in agriculture). 

As it is difficult to determine the electricity mix associated with the consumption of agriculture 

in 2019, the potential reduction of greenhouse gas emission will therefore be studied for three 

different assumptions: 

• Low emissions: The current electricity consumption is covered by the Norwegian 

electricity mix 

• Substantial emissions: The current electricity consumption is covered by the Nordic 

electricity mix 

• Moderate emissions: The current electricity consumption is covered by 50 % 

Norwegian and 50 % Nordic electricity mix 

It will be assumed that all milk farms have similar electricity consumption and hot water 

demand as the milk barn at Mære Agricultural School. This means that in Norway, only a 

maximum of 7 600 farms can adopt this specific photovoltaic system and solar water-heating 

system (see Chapter 2.1: Norwegian agriculture).  
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9 Polysun simulations 

9.1 Software description 

Polysun is a simulation software designed by the Swiss company Vela Solaris, which makes it 

possible to plan and design energy systems, as well as study potential optimizing strategies for 

already existing energy systems. 

The software has different limitations and privileges based on which version that is bought from 

Vela Solaris. The three main versions are: 

• Standard 

• Designer 

• Premium 

Common for all three versions is that they come with over 1 000 preconstructed energy system 

templates. 

The Standard version limits the user's freedom of creativity, as the user cannot design new 

energy systems but has to select one from the premade templates. This version does also only 

allow limited amounts of configuration for control logic. The Designer version, on the other 

hand, allows the user to design energy systems from scratch, and it is also possible to somewhat 

freely configure the control logic. The Premium version stands out from the previously 

mentioned versions, as it in addition to the designer features also allow for support through the 

Polysun web service and also include plug-in controllers. 

According to (Vela Solaris, 2018), the general design procedure in Polysun consists of the 

following steps: 

1. Selecting the system location, local weather data and designing the horizon profile. 

2. Choosing either a predefined system template, based on accessible system components, 

or outlining an energy system from scratch. 

3. This step may vary based on what the user did in Step 2, but usually the hot water 

demand, building dimensions and the energy consumption are to be defined in this step. 

4. Dimensioning and modifying the system components. 

5. Simulate the energy system model. 

6. Evaluate the results. 

To clarify, Polysun Designer was used in this master thesis. 
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9.1.1 Weather database 

According to (Vela Solaris, 2018), Polysun comes with a predefined weather database with 

reliable yield forecasts for more than 8 400 locations all across the globe. Still, should the 

desired location not be found in the existing database, it would be possible to upload the weather 

information from one of the user's data files. If no such file is available, then the user can choose 

the desired location manually, and Polysun will generate a weather forecast for this area based 

on interpolation of parameters from the surrounding areas that has already been mapped out. 

The necessary weather data for running through a single simulation are global and diffuse 

radiation [Wh/m2], longwave irradiation [Wh/m2], ambient temperature [°C], wind speed [m/s] 

and humidity [%]. 

 

9.1.2 Horizon editor 

Included in the Polysun Software is the Horizon editor, which (Vela Solaris, 2018) explains is 

a designer tool that makes it possible to implement surrounding topography and obstacles into 

the simulation model. As can be seen in Figure 67, the horizon line is edited by inputting the 

distance, height and azimuth angle of the nearby obstruction. The red line in the figure 

illustrates the hills, trees and buildings nearby that obstructs the sunlight from reaching the 

system's location, while the yellow line indicates the position of the sun on a specific day. 

 

 

Figure 67: The Horizon Editor in Polysun Designer. 

Source: (Vela Solaris, 2018) 
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9.2 Metrological data for the milk barn  

9.2.1 Building location 

There was no area located near Mære Agricultural School available on the weather database in 

Polysun. The location of the school was therefore chosen manually through the Open Street 

Map option (see Figure 68), meaning that Polysun interpolates the weather data for the school 

based on other locations in Trøndelag. 

 

 

Figure 68: Polysun Open Street Map: Mære Agricultural School. 

 

9.2.2 Horizon profile 

As already mentioned in Chapter 5: The milk barn at Mære Agricultural School, the only real 

shading obstruction for the milk barn is the neighboring hilltop and also some trees (see Figure 

69). By using the Horizon editor, the hill was successfully added to the simulation model, but 

the trees were not included. 

The relevant parameters for implementing the hilltop was found by using the information 

provided by Google Maps, (Den Norske Turistforening, n.d.) and (Yr.no, 2020). The inputted 

values can be seen in Figure 70, and the corresponding horizon profile can be seen in Figure 

71. 
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Figure 69: The hilltop located south of the milk barn. 

Pictures: Dan Remi Antonsen, 11.11.2019 

 

 

Figure 70: Horizon editor - Inputted values. 

Source: Google Maps 

 

 

Figure 71: The implemented horizon profile in Polysun. 
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9.3 Implementing the photovoltaic systems in Polysun 

Figure 72 shows the different systems components added to the simulation model of the 

photovoltaic system at the milk barn. The only necessary elements that have to be implemented 

into the Polysun energy system diagram is the photovoltaic modules, inverters and the power 

grid. 

The following subchapters will provide an overview of the necessary input parameters for each 

of these components. Also, a couple of assumptions are going to be presented, which has mostly 

been based on the earlier literature review. 

 

 

Figure 72: The photovoltaic system created in Polysun. 

 

9.3.1 Photovoltaic modules 

Table 33 provides an overview of the various parameters inserted into the simulation model for 

the photovoltaic modules. All of these values are collected from Attachment A.5 and has 

previously been introduced in Chapter 6.1.6: Photovoltaic modules for the milk barn. 

In addition to the table showing the input parameters for the photovoltaic modules, Table 

34 displays the various necessary assumptions influencing the electricity production of the 

photovoltaic modules. 
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Table 33: An overview of the inputted photovoltaic module parameters. 

Photovoltaic Module 

Product Specification 

Type: SP300-60M PERC BLACK MONO 

Max power (PMax) 300 W 

Max power voltage (VMPP) 32.6 V 

Max power current (IMPP) 9.19 A 

Open-circuit voltage (VOC) 39.9 V 

Short-circuit current (ISC) 9.64 A 

Module efficiency (η) 18.3 % 

Max system voltage DC 1000 V (TUV) 

Maximum Series Fuse Rating 15 A 

Mechanical Data 

Dimensions 1640x992x35 mm 

Weight 18 kg 

Cell type Mono Crystalline Silicon PERC 

Gross area 1.627 m² 

Temperature characteristics 

Temperature coefficient of ISC 0.495 %/K 

Temperature coefficient of VOC - 0.2893 %/K 

Temperature coefficient of PMax - 0.40 %/K 

System description 

Number of modules 200 

Total gross area  325.38 m2 

Inclination angle (Hor.  = 0°, Vert. = 90°) 26 o 

Orientation (East = 90°, South = 0°, West = -90°) 0 o 
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Table 34: Energy loss assumptions inputted into the simulation model. 

 

 

9.3.2 Inverters 

Table 36 shows an overview of the inputted parameters for the four different inverters 

implemented into the simulation model. The assumptions made regarding the inverters are on 

how the photovoltaic modules are connected to them. This has already been described in detail 

in Chapter 6.2.3: Choosing solar inverters for the milk barn, but a brief summarization can be 

seen in Table 35. 

 

Table 35: Summarization of the connection from the photovoltaic modules to the inverters. 
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Table 36: An overview of the most important inverter inputs. 

Inverters 

Product Specification 

Product: Delta M50A 
Sunny Tripower 

4.0 

Sunny Tripower 
10.0 

YC1000 3-Phase 

Input Side (DC) 

Max. DC input power 58 kW 8 kW 15 kW 1.24 kW 

Max. DC input voltage 1 100 V 850 V 1 000 V 60 V 

Start-up voltage 250 V 150 V 150 V 22 V 

MPPT voltage range 200 – 1000 V 175 – 800 V 320 – 800 V 16 – 55 V 

Max. input current 100 A 36 A 48 A 59.2 A 

MPPT number 
/strings per input 

2/5 2/1 2/ A:2 B:1 1/4  

Output side (AC) 

Max. output power  55 kVA 4 kVA 10 kVA 1.13 kVA 

AC Voltage range 
230 V ± 20 % 

/400 V ± 20 % 
180 - 280 V 180 – 280 V 149 – 278 V 

Nominal AC voltage - 
3/N/PE;  

230 V / 400 V 
3/N/PE;  

230 V / 400 V 
3 x 230 V 

Nominal frequency 50 Hz 50 Hz 50 Hz 50 Hz 

Operation phase 3 3 3 3 

Nominal current 73 A 17.4 A 43.5 A 4.32 A 

Power Factor 
(at rated output power) 

0.8 1 1 1 

Efficiency 

Max. efficiency 98.6 % 98.2 % 98.3 % 95 % 

EU efficiency 98.4 % 97.1 % 98.0 % - 

General Data 

Dimensions [mm] 740 x 612 x 278 435 x 470 x 176 460 x 497 x 176 259 x 242 x 36 

Weight 74 kg 17 kg 20.5 kg 3.5 kg 

Operating ambient 
temperature range 

-25 to 60 ⁰C -25 to 60 ⁰C -25 to 60 ⁰C -40 to 65 ⁰C 
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9.3.3 Power grid 

The implementation of the power grid was done by using a predefined power grid model 

provided by Vela Solaris. All the parameter inputs for the predefined model can be seen in Table 

37. 

 

Table 37: Input parameters for the predefined power grid model. 
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9.4 Implementing the solar water-heating system 

9.4.1 Schematic of the solar water-heating system at the milk barn 

Figure 73 shows a close approximation of the actual hot water system for the milk barn. The 

most significant discrepancy between this figure and Figure 16, which shows the real hot water 

system, is that this schematic has solar collectors attached to the bottom of the storage tank, and 

that it does not include the heat recovery circuit from the milk storage tank. 

Due to difficulties with the heat exchangers in the simulation software, all external heat 

exchangers had to be replaced with internal heat exchangers. 

 

 

Figure 73: Schematic of the solar water-heating system for the milk barn 

 

9.4.2 Implementing the system components 

Solar collectors 

Real photovoltaic modules were chosen for the photovoltaic system introduced in Chapter 6: 

Designing a photovoltaic system. The purpose of the solar water-heating system is not to design 

an actual system solution for the milk barn, but rather study the potential of such a system. The 

solar collectors are therefore chosen from the preexisting Polysun database, and the most crucial 

feature is that the total absorption area is equal to the area calculated in Chapter 7.1.4: 

Calculating the required solar collector area. 
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Polysun's "Flat-plate, good quality" was chosen to represent the flat-plate collector solution, 

and it was necessary to implement 14 flat-plate collectors to achieve a total absorption area of 

24.99 m2. For the evacuated tubes, Polysun's solar collector model "Vacuum tubes" were 

chosen. In this case, 17 evacuated tube collectors were implemented to cover a total absorption 

area of 22.16 m2. 

The input parameters of these two solar collector types are presented in Table 38. 

 

 

Table 38: Utilized solar collectors for the solar water-heating system at the milk barn 

Solar Collectors 

Polysun Specification 

Model: Flat-plate, good quality  Vacuum tubes 

General parameters 

Absorber area 1.8 m2 1.3 m2 

Aperture area 1.8 m2 1.4 m2 

Gross area 2 m2 2 m2 

Eta0 (Laminar)  0.75 0.65 

Eta0 (Turbulent)  0.8 0.7 

a
1
 (Without wind)  3.5 2 

a
1
 (With wind)  4 2.0999 

a
2
  0.02 0.01 

Dynamic heat capacity 5 000 J/K 15 000 J/K 

Mechanical parameters 

Volume 1.5 L 1 L 

Internal pipe diameter 9 mm 6 mm 

Single pipe length 18 m 3 m 

Parallel piping 1 6 

Pipe roughness 0.1 mm 0.1 mm 

Linear form factor 1 1 

Friction factor 0 0 

Fluid for test Propylene mixture Propylene mixture 
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Fluid parameters 

Mixture concentration during test 36 % 36 % 

Test flow rate 100 L/h 100 L/h 

Max. flow rate  2 000 L/h 3 000 L/h 

Max. pressure 10 Bar 10 Bar 

Maximum temperature  220 oC 320 oC 

Simulation model 

Number of solar collectors  14 17 

Total absorption area  25.2 m2 22.1 m2 

Total aperture area 25.2 m2 23.8 m2 

Total gross area 28 m2 34 m2 

 

In Chapter 7.3.7: Heat transfer fluid, several freezing point temperatures were provided for the 

different shares of propylene glycol in the mixture. If this information is combined with the 

data regarding the outdoor temperatures at Mære Agricultural School (see Figure 10), then the 

minimum glycol share in the heat transfer fluid mixture should be about 36 % (-18 oC). 

It is assumed for both of the solar collector solutions that: 

• The wind fraction is about 50 %. 

• The azimuth angle is 0o 

• The inclination angle is 26o. 

It will also be assumed that all of the solar collectors are attached to each other in series. 

 

Air-to-water Heat pump 

Unfortunately, the information concerning the air-to-water heat pump (aroTHERM VWL 85/2) 

presented in Attachment A.12 is not sufficient to create an accurate simulation model of the 

existing heat pump at the milk barn. Inside Polysun's database is a similar air-to-water heat 

pump, but with less heating capacity. This pump has the model number aroTHERM VWL 85/3. 

A comparison between the identified data regarding the VWL 85/2 and corresponding data for 

the VWL 85/3 model is presented in Table 39. All of the listed values in the table indicates that 

the chosen heat pump (WVL 85/3) will provide a smaller amount of heat to the hot water system 

than the real heat pump. 
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Similar to the solar collectors, it will be assumed that the heat transfer fluid running from the 

heat pump to the storage tank is a mixture of water and propylene glycol, where the share of 

glycol is 36 %, resulting in a freezing point of -18 oC. 

 

Table 39: Differences between the real heat pump and the simulated heat pump. 

 

 

The numbers and letters on the left side of the table above have the following meaning: 

• A is used for Air, while the number next to it presents the ambient outdoor temperature. 

• W indicates Water, and the number next to it is the water inlet temperature. 

 

Storage tank 

The storage tank in the existing hot water system is a 300-liter Vaillant tank with 3x5 kW 

electric heating elements installed inside the storage unit at approximately center height. This 

storage tank will be used in simulations without solar collectors, but when the solar collectors 

are inserted into the simulation model, the existing tank will be replaced with a new tank. The 

dimensions of the new storage tanks are similar to the ones already calculated in Chapter 7.2.5: 

Sizing the required storage tank for the milk barn. 

All three tanks were predefined by Polysun, and the input parameters can be seen in Table 40. 

 

Table 40: Implemented Thermal Energy Storage into the solar water-heating system. 

Thermal Energy Storage 

Polysun specification 

Model: 
1 500 Liter combi 
for heat pumps 

2 000 Liter combi 
for heat pumps 

3 000 Liter combi 
for heat pumps 
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General parameters 

Volume 1 500 L 2 000 L 3 000 L 

Height  2 m 2 m 2 m 

Bulge Height 100 mm 100 mm 100 mm 

Material Steel Steel Steel 

Wall thickness 2.5 mm 2.5 mm 2.5 mm 

Insulation Rigid PU Foam Rigid PU Foam Rigid PU Foam 

Thickness of insulation 80 mm 80 mm 80 mm 

Thickness at top of tank 80 mm 80 mm 80 mm 

Thickness at tank base 50 mm 50 mm 50 mm 

Electric heating element 16 kW 16 kW 16 kW 

 

The 3000-liter storage tank is used as the reference tank when simulating different system 

solutions. 

 

Water heater 

According to Attachment A.13, the existing water heater inside the technical room has a volume 

of 250 liters and only one heating element, with an installed capacity of 3 kW. Table 41 shows 

inputted parameters for the water heater used in the simulation model of the hot water system. 

 

Table 41: Implemented water heater into the solar water-heating system. 

Water heater 

Polysun specification 

Model: 250L potable water 

General parameters 

Volume 250 L 

Height  1.3 m 

Bulge Height 100 mm 

Material Stainless steel 

Wall thickness 2.5 mm 

Insulation Rigid PU Foam 
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Thickness of insulation 80 mm 

Thickness at top of tank 80 mm 

Thickness at tank base 50 mm 

Electric heating element 3 kW 

 

Floor heating system 

Attachment A.13 suggests that the floor heating system has a power of 9 kW, and according to 

the floor plan of the milk barn (see Figure 14), the heated floor area is roughly 130 m2. To 

implement this, Polysun has a floor heating model known as "Floor heating 1500 square feet", 

which converted into metric units is about 139.35 m2. By changing the model from having a 

heating power of 10 kW to 9 kW, and a floor area of 130 m2 instead of 139.35 m2, the simulation 

model becomes more accurate. 

The parameters of the floor heating system can be seen in Table 42. 

 

Table 42: Implemented floor heating system into the solar water-heating system. 

Floor heating system 

Polysun Specification 

Heating/Cooling element: Floor heating 1 500 square feet 

General parameters 

Nominal inlet temperature 45 oC 

Nominal return temperature 35 oC 

Power per heating element under standard 
conditions 

9 000 W 

Heating element area 130 m2 

Flow rate per heating element under standard 
conditions 

1 499.8 L/h 

Volume 249.84 L 

Inside temperature under standard conditions  20o 

Number of heating/cooling modules 1 
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Circulation pumps 

The circulation pumps come in several different sizes and variations. All three circulation 

pumps in the proposed solar water-heating system are assumed to have a medium size. 

The input parameters for all three circulation pumps can be seen in Table 43. 

 

Table 43: Implemented circulation pumps into the solar water-heating system 

Circulation pump 

Circulation pump: 1 2 3 

Polysun Specification 

Model: 
Eco, 

Medium 
Eco, 

Medium 
Eco, 

Medium 

Heat transfer 30 % 30 % 30 % 

Flow rate-controlled 
Flow rate 

Setting 
Fixed flow 

Rate 
Flow rate 

Setting 

If fixed flow rate - 1 449.8 L/h - 

 

Pipelines 

Several parameters have to be assumed or decided for the pipelines in the hot water system 

model for the milk barn. Among these parameters are: 

• Pipe material 

• Pipe length 

• Linear form factor 

• Friction factor 

• Insulation type and thickness 

All pipes, except the ones leading to the solar collectors, were chosen to be copper pipes. These 

pipes have an internal and external diameter of 20 and 22 mm respectively. The pipes leading 

to the solar collectors are assumed to be steel pipelines, with an internal and external width of 

155.4 and 165.1 mm. This pipe dimension was chosen to ensure sufficient heat transfer from 

the solar collectors to the storage tank. 
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The copper pipes have a roughness of 0.002 mm and a thermal conductivity of 394 W/m·K, 

while the steel pipelines have a coarseness of 0.01 mm and a thermal conductivity of 50.5 

W/m·K. 

The lengths of the various pipelines were determined by using estimates obtained by creating 

the milk barn and solar water-heating system in Sketchup. The Sketchup model can be seen in 

Attachment A.14, but Table 44 summarizes the relevant lengths. The pipes have been given 

corresponding numbers in Figure 73. 

 

Table 44: The estimated pipeline lengths in the system. 

 

 

The linear form factor is the pressure drop multiplier that accounts for the pipeline’s bends and 

joints. Polysun's default value of 1 will be kept for this simulation model. The same will be 

done for Polysun's default friction factor, which is zero. The pipelines are insulated with “Loose 

glass fibers and mineral wool”, which has a thermal conductivity of 0.045 W/m·K and also a 

heat capacity of 610 J/kg·K. The thickness of the insulation is set to 20 mm. 

 

Control and sensors 

The proposed solar water-heating system consists of several different closed- or open-loops. To 

easier differentiate between these, the circuits are going to be referred to as: 

• Solar circuit: The closed-loop going from the solar collectors to the storage tank.  

• Heat pump circuit: The closed-loop going from the heat pump to the storage tank  

• Floor heating circuit: The open-loop going from the storage tank to the floor heating 

system. 

• In-between tanks circuit: The loop going from the storage tank to the water heater. 
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Each of these circuits needs a control system to operate efficiently. All of the control systems 

used for this solar water-heating system are DTC (see Chapter 7.4.1: Differential Temperature 

Controller). 

A schematic illustration of the controller system for the solar and heat pump circuit can be seen 

in Figure 74. 

 

 

Figure 74: An illustration of the solar loop controller and auxiliary heating controller. 

 

An overview of the input parameters for the solar loop controller can be seen in Table 45. The 

temperature sensors for this controller is placed at the outlet of the solar collectors (T1) and just 

above the internal heat exchanger in the storage tank (T2). 

Similar to Table 45, Table 46 shows an overview of the input parameters for the auxiliary 

heating controller steering the heat pump. The temperature sensors for this controller is placed 

according to the suggestion provided by Polysun, where they both should be placed at a height 

equal to the height of the return pipe to the auxiliary heater or higher. 
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Table 45: Control inputs, outputs and Polysun parameters for the solar loop controller. 

Solar loop controller 

Control inputs 

Collector temperature [T1] Collector: Outflow temperature [oC] 

Tank temperature [T2] Storage tank: Layer 4 [oC] 

Collector aperture area Collector: Aperture area [m2] 

Control outputs 

On/Off pump Pump 1: On/Off 

Polysun parameters 

Maximum collector temperature 120 oC 

Maximum tank temperature 90 oC 

Cut-in temperature difference  6 oC 

Cut-off temperature difference 2 oC 

Specific flow rate 15 L/h/m2 

 

 

Table 46: Control inputs, outputs and Polysun parameters for the auxiliary heating controller. 

Auxiliary heating controller – Heat pump 

Control inputs 

Layer temperature sensor on 1 [T3] Storage tank: Layer 4 [oC] 

Layer temperature sensor off 1 [T4] Storage tank: Layer 7 [oC] 

Control outputs 

On/Off heating device Heat pump: On/Off 

Polysun parameters 

Cut-in tank temperature 1 50 oC 

Cut-off tank temperature 1 60 oC 

Minimum operation time 0 min 

Minimum downtime 0 min 

Maximum tank temperature 140 oC 
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The floor heating system requires a mixing valve controller system to ensure a supply 

temperature of 45 oC into the floor heating module. The controller system is illustrated in Figure 

75, and the input parameters are displayed in Table 47.  

 

 

Figure 75: An illustration of the mixing valve controller for the floor heating circuit. 

 

Table 47: Control inputs, outputs and Polysun parameters for the mixing valve controller. 

Mixing valve controller 

Control inputs 

Upper temperature level [T5] Storage tank: Top layer [oC] 

Lower temperature level [T6] Pipe 12: Temperature [oC] 

Control outputs 

Mixing valve Mixing valve 1: Valve position [%] 

Polysun parameters 

Fixed temperature setting 47 oC 
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The circuit between the storage tank and the water heater should also have a control system to 

optimize heat transfer between the two units. In this case, the controller measures the 

temperature at the bottom of the water heater and the temperature at the top of the storage tank, 

and if there is a temperature difference, then the circulation pump begins to operate. The pump 

will only start if the temperature in the storage tank is above the temperature at the bottom of 

the water heater. 

Figure 76 illustrates this control system, and all relevant input parameters are found in Table 

48. 

 

Figure 76: An illustration of the temperature controller for the circuit between the tank and water heater. 

 

Table 48: Control inputs, outputs and Polysun parameters for the temperature controller. 

Temperature controller 

Control inputs 

Temperature sensor 1 [T7] Storage tank: Top layer [oC] 

Temperature sensor 2 [T8] Water heater: Bottom layer [oC] 

Control outputs 

On/Off switch 1 Pump 3: On/Off 

Polysun parameters 

Fixed temperature setting 1 Variable value 
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In addition to the controllers introduced above, two additional auxiliary heating controllers are 

implemented into the model. These two controllers are responsible for steering the electric 

heating element inside the storage tank and the water heater. Figure 77 shows the placement of 

the temperature sensors, and Table 49 displays the input parameters for the two auxiliary 

controllers. 

 

 

Figure 77: An illustration of the auxiliary controllers for the storage tank and water heater. 

 

Table 49: Control inputs, outputs and Polysun parameters for auxiliary heating controller 2 & 3. 

Auxiliary heating controller 2 & 3 

Control inputs 

Layer temperature sensor on 1 [T9 & T11] Storage tank and Water heater: Layer 6 [oC] 

Layer temperature sensor off 1 [T10 & T12] Storage tank and Water heater: Top layer [oC] 

Control outputs 

On/Off heating device Internal heater 1 & 2: On/Off 

Polysun parameters 

Cut-in tank temperature 1 Storage: 45 oC & Heater: 75 oC 

Cut-off tank temperature 1 Storage: 47 oC & Heater: 78 oC 

Minimum operation time 0 min 

Minimum downtime 0 min 

Maximum tank temperature 140 oC 
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Hot water demand 

The annual hot water consumption for the milk barn, excluding drinking water for livestock, is 

estimated to be about 137 240 liters. This suggests that the average daily water consumption is 

roughly 376 liters. The actual distribution of the hot water consumption is unknown, and a 

preexisting schedule known as Daily peaks is therefore used in the simulation model (see Figure 

78). 

The last step is to determine the temperature setting for the hot water withdrawal. The default 

value set by Polysun is 50 oC, which is kept for this simulation model. 

 

 

Figure 78: Distribution of hot water consumption in the milk barn. 
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10 Results 

10.1 Results of the photovoltaic systems 

As explained in Chapter 8.2.1: Evaluation of system performance, the performance of the three 

photovoltaic systems will be evaluated based on their simulated annual electricity production 

and performance ratio, their calculated payback time and Net Present Value, and finally their 

potential for greenhouse gas reduction. To try to present the results as orderly as possible, each 

of these indicators are separated into their own subchapter. 

 

10.1.1 Annual electricity production 

The simulated annual electricity production for each of the three photovoltaic system solutions 

are presented in Table 50. It should be noted that from this point on, the numbering of the 

photovoltaic system references the utilized inverter solution, meaning that for example, the third 

photovoltaic system has the inverter system that employs micro-inverters. The results in the 

table show that the third photovoltaic system annually generates 1.80 % more electricity than 

the second, and 2.05 % more than the first. All three photovoltaic systems were designed to 

cover about 30 % of the milk barn's annual electricity demand. Out of these three system 

solutions, the third system came closest to this goal, by covering roughly 26.83 %. 

 

Table 50: Total annual energy yield for the three photovoltaic systems. 

 

 

Why the third system has the highest production can be seen in Figure 79. As shown in the 

figure, all losses due to environmental factors have the same size, but that the component losses 

diverge from each other. Out of the three system solutions, the third has the highest inverter 

losses, followed by the first and then the second, while the second photovoltaic system solution 

has the highest cable losses. It was assumed that the third system did not experience any 

mismatching, and this is the major contributor to the difference in annual electricity production. 

The effect of the assumption concerning mismatching will be further studied in Chapter 11: 

Discussion. 
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Figure 79: Energy losses for the three photovoltaic system solutions. 

 

The hourly electricity production for each of the photovoltaic system solutions can be seen in 

figures presented in Attachment A.15. By comparing the results presented in these figures with 

the actual hourly electricity consumption at the milk barn, it is possible to estimate the size of 

the surplus production and also the number of hours with excess production. 

Table 51 displays the estimated number of hours with surplus production if the hourly energy 

consumption from 2019 is used as a basis. 

 

Table 51: Hours with excess energy production. 

 

 

It was stated in Chapter 6.4.2: Nord-Trøndelag Elektrisitetsverk (NTE), that NTE can import 

up to 100 kWh of generated electricity per hour from private installations, without charging 

additional grid costs. As none of the hours had a surplus production above 100 kWh, it should 

be expected that all excess electricity can be sold to NTE without having to pay additional costs. 
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10.1.2 Performance ratio 

Figure 80 shows the monthly performance ratio for all three photovoltaic systems. The 

performance ratio of a photovoltaic system indicates the ratio between the effective electricity 

yield and the theoretical. According to the results, the performance ratio reached a peak in 

February, before slowly decreasing, with an additional peak in October. 

For the majority of the months, the third photovoltaic system has the highest performance ratio, 

only surpassed by the second photovoltaic system in December and January. This could imply 

that the mismatching losses have less significance during these two months. 

 

 

Figure 80: Average monthly performance ratio for photovoltaic system 1, 2 & 3. 
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10.1.3 Payback time 

As mentioned in Chapter 8: Methodology, the photovoltaic system's payback time is the amount 

of time it takes before the investment cost and the potential cost savings of the investment 

breaks-even. For example, if a person invested 10 000 NOK in exchange for annual earnings 

of 5 000 NOK for three years, then the investment would break-even after the second year. 

The payback time for the photovoltaic system solutions can be obtained by using the estimated 

investment costs for the photovoltaic systems, found in Chapter 6.8: Estimated total cost of the 

photovoltaic systems, the annual electricity production from the simulation models, and the 

actual electricity and grid costs for the milk barn. 

Since it was initially assumed that the installation fee was equal to 10 % of the investment costs, 

the payback time will also be calculated with installation fees of 5 and 15 %. As most inverters 

have a shorter warranty than photovoltaic modules, the payback time will also be presented for 

a case where all inverters have to be replaced once during the lifespan of the photovoltaic 

systems. 

It should be mentioned that the investment costs presented in this master thesis are only 

approximations, as they do not include the expenses related to necessary equipment such as DC 

and AC cables, junction boxes and required wiring plugs. The total investment costs of the real 

photovoltaic system should therefore be expected to be more expensive. 

The highest recommended investment costs for the system solutions will be discussed in 

Chapter 11: Discussion. 

 

Installation fees of 5, 10 and 15 % 

As mentioned above, the monthly cost savings were found by using the monthly electricity 

productions that were obtained through simulations and combine these results with the 

electricity and grid costs for the milk barn in 2019 (see Table 13). The cost savings of each 

system solution can be seen in Table 78, Table 79 and Table 80 in Attachment A.15. 

Figure 81 shows the estimated payback time for all three photovoltaic system solutions when it 

is assumed that the installation fee is 10 %, while Figure 122 and Figure 123 in Attachment 

A.15 shows the results for installation fees of 5 and 15 %, respectively. 

A summarized result from all of these figures are displayed in Table 52. 
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Figure 81: Payback period for photovoltaic system 1, 2 & 3 (10 % installation fee). 

 

Table 52: Payback period for all systems and with different installation fees. 

 

 

Replacing the inverters 

Usually, most inverters do not last the entirety of the photovoltaic system's lifespan. This is 

often reflected in the warrant period provided by the manufacturers, as they commonly only 

allow for a period of either 5 or 10 years. The point of this subchapter is to see if the photovoltaic 

systems will remain an economically sound solution if a reinvestment in inverters becomes 

necessary. It is assumed that the initial installation fee is 10 % and that the additional cost of 

reinstalling the new inverters are 10 % of the price. 

The new payback time can be seen in Figure 82, with a more detailed summarization presented 

in Table 53, which also includes an installation fee of 5 and 15 %. 



Results 
 

162 

 

 

Figure 82: Payback period for photovoltaic systems, when replacing the inverters (10 % installation fee). 

 

Table 53: Payback period for all systems, including a complete replacement of all inverters. 

 

 

10.1.4 Net Present Value 

The payback time is a useful indicator when determining if one should expect a positive return 

on the investment somewhere down the line, but it does not account for the time value of money. 

In situations where multiple investment options are available, the Net Present Value (NPV) may 

be a more appropriate indicator, as it indicates the profitability of the investment by taking the 

present value of future cost savings and expenses into consideration. The NPV can be calculated 

with Equation 8.1 presented in Chapter 8.2.1: Evaluation of system performance. 

The NPV is calculated for two cases in this master thesis: 

1. The inverters last the whole lifespan of the photovoltaic system. 

2. It is necessary to replace the inverters after 15 years. 

In both cases, it is believed that the installation fee is 10 % and that the photovoltaic systems 

will have no remaining economic value after 25 years. 
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The results from the NPC calculations can be seen in Table 54. In the table, three different 

discount rates are included. 

 

Table 54: Net Present Value for the different photovoltaic systems. 

 

 

10.1.5 Greenhouse gas emissions 

As stated several times throughout this thesis, the main goal is to study the effect that the 

increased solar utilization may have on greenhouse gas emissions in Norwegian agriculture. If 

the annual amount of electricity generation found in Chapter 10.1.1: Annual electricity 

production is combined with the three different electricity mix assumptions introduced in 

Chapter 8.3: Generalizing the results, then it becomes possible to estimate the potential 

reduction in greenhouse gas emissions. 

According to information presented in Chapter 2.1: Norwegian agriculture, there were about 7 

600 milk farms in Norway at the beginning of 2019. Out of these 7 600 milk farms, about 1 500 

were located in Trøndelag-county. In the same chapter, it was mentioned that the electricity 

consumption in Norwegian agriculture was about 0.98 TWh in 2014, excluding electricity 

meant for greenhouse heating, with an expected increase of 0.2 % each year until 2035. It was 

therefore assumed that electricity consumption in 2019 was roughly 0.988 TWh. 

The electricity consumption related to milk farms in Trøndelag was about 106.1 GWh in 2017, 

at least according to (Andersson & Sand, 2018). Using the same 0.2 % increase assumption as 

above, the electricity consumption in Trøndelag agriculture for 2019 should be about 106.52 

GWh. 
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Trøndelag agriculture 

As shown in Chapter 10.1.1: Annual electricity production, the annual electricity generation is 

relatively similar for all three system solutions, with the second system generating 0.24 % more 

electricity than the first system, while the third produces 2.05 % more. Table 55 shows the 

reduction in greenhouse gas emissions for these three systems with the emission factor 

assumptions. 

 

Table 55: Potential reduction of greenhouse gas emissions per photovoltaic system solution. 

 

 

Table 56 and Table 57 shows the potential reduction in greenhouse gas emissions based on how 

many of the 1 500 milk farms in Trøndelag who adopt the first or second photovoltaic system 

solution. If all milk farms in Trøndelag installed similar photovoltaic systems, then the 

consumption of imported electricity should, at least according to the results and assumptions, 

be lowered from 106.52 GWh to either 27.39 or 27.20 GWh, depending on if system solution 

1 or 2 is used. 

 

Table 56: Reduction in greenhouse gas emissions in Trøndelag with photovoltaic system 1. 
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Table 57: Reduction in greenhouse gas emissions in Trøndelag with photovoltaic system 2. 

 

 

Table 58 displays the potential reduction in greenhouse gas emissions if the third system 

solution is installed at the milk farms in Trøndelag instead of system solution 1 or 2. If 100 % 

of the milk farms in Trøndelag adapted this system solution, then the consumption of imported 

electricity is lowered from 106.52 to 25.77 GWh. 

 

Table 58: Reduction in greenhouse gas emissions in Trøndelag with photovoltaic system 3. 
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Norwegian agriculture 

The results can also be expanded to include all milk farms in Norway. It has already been 

established that the total electricity consumption in Norwegian agriculture was roughly 0.988 

TWh in 2019 and that there are 7 600 milk farms in Norway, which is all the information 

necessary to make the estimation. 

The resulting reduction in greenhouse gas emissions for utilizing photovoltaic system 1, 2 or 3, 

can be seen in Table 59, Table 60 and Table 61, respectively. 

 

Table 59: Reduction in greenhouse gas emissions in Norway with photovoltaic system 1. 

 

 

 

Table 60: Reduction in greenhouse gas emissions in Norway with photovoltaic system 2. 
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Table 61: Reduction in greenhouse gas emissions in Norway with photovoltaic system 3. 

 

 

If all Norwegian milk farms had implemented photovoltaic system 1, 2 or 3, then the imported 

electricity consumption should be reduced from 0.988 TWh to either 0.587, 0.586 or 0.579 

TWh, depending on the system solution. 

 

10.1.6 Summarization of photovoltaic system results 

If the first photovoltaic system solution is used as a reference system, then it is possible to 

compare the different indicators of each photovoltaic system solution. Table 62 shows the 

annual energy production, average performance ratio, annual energy losses, payback time (with 

and without replacing the inverters) and NPV. 

The table also includes the potential reduction in Norwegian greenhouse gas emissions for all 

three emission factor assumptions, when all 7600 milk farms in Norway install the 

corresponding photovoltaic systems. 

All economic values presented in the table are obtained with a 10 % installation fee. 
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Table 62: Summarization and comparison of the most important results from the PV simulations. 
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10.2 The solar water-heating system at the milk barn 

It was mentioned in Chapter 8.2.1: Evaluation of system performance, that the solar fraction 

would be used as the principal indicator for the performance of the solar water-heating system. 

The problem with this indicator is that it does not allow for comparisons with hot water system 

solutions that do not utilize solar collectors, and therefore, in addition to the solar fraction, the 

electricity consumption of the different hot water system solutions will also be used as a 

performance indicator. 

Figure 83 shows the monthly amounts of solar energy delivered to the storage tank from the 

solar collectors. The most prominent result displayed in the graph is that the evacuated tube 

collectors carry more heat monthly to the storage unit compared to the solar water-heating 

system with flat-plate collectors. 

One of the possible reasons for this result is that the evacuated tube collectors have a relatively 

smaller optical efficiency compared to flat-plate collectors, but at the same time they also have 

more modest heat loss coefficients, suggesting that the evacuated tube collectors are less 

affected by the temperature difference between the heat transfer fluid and ambient outdoor air 

temperature. 

The effect of the smaller heat losses can be seen on the average conversion efficiency for the 

solar collectors, found with the simulation software (see Table 63). In addition to the conversion 

efficiency, the lower heat losses can also be seen on the specific collector field yield per m2 of 

aperture area. 

 

 

Figure 83: Monthly amount of heat carried to the storage tank from the solar collectors. 
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Table 63: Average solar collector efficiency and specific solar energy yield. 

 

 

To be able to determine the solar fraction of the two solar water-heating systems, it is also 

necessary to know the amount of thermal energy delivered to the storage tank from the auxiliary 

heat sources. The heat supplied from the electric heating elements and the heat pump is 

displayed in Figure 84. 

By using Equation 8.2 from Chapter 8.2.1: Evaluation of system performance, on how to 

calculate the solar fraction, it becomes possible to determine the monthly average value. The 

calculated solar fractions for both flat-plate and evacuated tube collector systems, with different 

storage tank volumes, are shown in Figure 85. 

 

 

Figure 84: Amount of thermal energy delivered to the storage tank from auxiliary heat sources. 
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Figure 85: Monthly average solar fraction for flat-plate and evacuated tube collectors. 

 

The figure above indicates that the volume of the storage tank has a relatively little effect on 

the systems solar fraction. The solar collector type, on the other hand, influences the solar 

fraction greatly, as the graph shows that the performance of the evacuated tube collectors is 

higher than for the flat-plate collectors. 

In Figure 86, the monthly amount of thermal energy delivered to the storage tank is compared 

to the simulated energy consumption of the hot water system. In this figure, the solar collectors 

are removed from the solar water-heating system, and the 3000-liter storage tank is replaced 

with a 300-liter unit, to try to determine the amount of thermal energy delivered by the existing 

hot water system in the milk barn. 

This new simulation model is known as the No solar collector in the figure. 
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Figure 86: Total amount of energy delivered to the storage tank compared to the energy consumption. 

 

The results displayed in the figure above implies that the solar water-heating systems produce 

unnecessary large amounts of thermal energy, resulting in smaller system performances, at least 

according to Polysun. This is not necessarily a problem as long as the electricity needed to 

generate this amount of heat is lower than for the No solar collector model.  

The annual electricity consumption for each of the different hot water system solutions can be 

seen in Figure 87. 

 

 

Figure 87: Electricity consumption of the hot water systems with different assumptions. 
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Comparing the results from Figure 86 and Figure 87, it quickly becomes apparent that the solar 

water-heating systems operate inefficiently, as the simulation model No solar collector has both 

lower total electricity consumption and also delivers sufficient amounts of thermal energy to 

the storage tank. This could imply that the heat pump and the solar collectors hinder each other 

from working correctly. This theory is strengthened by the fact that: 

1. The controller for each component in the simulation model is not able to communicate 

with each other, meaning that neither the solar collectors nor the heat pump show any 

consideration for the other component. 

2. Both components have a higher performance during summer and a more modest one 

during colder seasons, possibly making it unnecessary with both system components. 

As the results are now, solar collectors are not a suitable addition to the hot water system at 

Mære Agricultural School, at least according to the simulations. The heat pump delivers 

sufficient amounts of "free" thermal energy, making the solar collectors unnecessary. 

In Chapter 11: Discussion, the theory on the heat pump will be further examined, and possible 

changes to the existing hot water system will be suggested, with the sole purpose of reducing 

the electricity consumption, while at the same time deliver sufficient amount of thermal energy 

Until this goal is achieved, it is little relevance in presenting the potential for reducing 

greenhouse gas emissions by utilizing solar collectors. 
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11 Discussion 

In this chapter, some of the results from Chapter 10: Results will be discussed. In addition to 

the discussion, a parametric study is also performed on the simulation models. The goal of the 

parametric study is to examine the influence some of the assumptions made in this paper have 

on the final results. The parametric study will also be used to investigate the sensitivity of some 

of the results. In the case of the solar water-heating system, the parametric study is primarily 

utilized to determine the necessary conditions for optimizing the system. 

It should be noted that the energy systems presented in this master thesis are sometimes very 

complex, and the final results presented in the previous chapter may therefore differ from actual 

solar energy systems. This is especially true for the solar water-heating systems, where there 

are several more input parameters compared to the photovoltaic systems. 

 

11.1 Photovoltaic system solutions 

11.1.1 Annual electricity production 

In the case of the photovoltaic system solutions, all components were implemented with similar 

input parameters except for the inverter system and assumptions regarding mismatching. As 

presented in Chapter 10: Results, the overall outcome of the simulations was that the third 

photovoltaic system solution, which utilized micro-inverters, generated a more substantial 

amount of annual electricity compared to the other two system solutions. 

If one does not care about the investment cost of the systems, and the main focus is to generate 

as much electricity as possible, then it could be argued that the third photovoltaic system 

solution should be installed at the milk barn. Of course, this only applies if the assumptions 

made in Chapter 9.3: Implementing the photovoltaic systems in Polysun are correct. 

As mentioned, the two most prominent contributors to the different results were the assumptions 

regarding mismatching and the inverter systems. (Gong, 2018) claimed that when micro-

inverters are being employed, then no mismatching should be implemented. If a 2 % annual 

mismatch is added to the third photovoltaic system, then the annual electricity production will 

decrease from 53 831.9 to 52 741 kWh, which is lower than the results for the first and second 

system solution. 

The effect the mismatching assumption has on the average monthly inverter efficiency can be 

seen in Figure 88. 
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Figure 88: Monthly inverter efficiency. 

 

The results in the figure above clearly indicate that the efficiency of the inverters is only affected 

in a relatively small degree by the mismatching assumption, and also that the second system 

solution has the highest overall inverter efficiency, regardless. 

The reason for this is likely due to the power ratio of the second inverter system being 100 %, 

implying that the second inverter system is an excellent fit for the photovoltaic module system. 

The first photovoltaic system has a power ratio of 110 % for one of the string inverters and 111 

% for the other, while the third system solution has a power ratio of 103 % per micro-inverter. 

As can be seen in Figure 88, these different power ratios still results in very similar monthly 

inverter efficiencies. 

Although the overall inverter efficiency is almost entirely unaffected by the mismatching 

assumption, the performance ratio is a little more affected. Figure 89 shows a comparison 

between all the original performance ratios presented in Chapter 10.1.1: Annual electricity 

production and a new performance ratio for the third photovoltaic system when 2 % 

mismatching is incorporated into the model. 

With mismatching incorporated, the performance ratio of the third photovoltaic system solution 

more closely resembles the performance ratio of the first system solution. 
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Figure 89: Average monthly performance ratio when photovoltaic system 3 has a 2 % mismatch loss. 

 

Another approach is to see how high the annual mismatching losses for the third photovoltaic 

system can be before the second system solution becomes the most suitable option. Figure 90 

shows the annual electricity generation for the third photovoltaic system at different 

mismatching percentages. The red dotted line in the graph indicates the annual electricity 

production for the second system, implying that the annual mismatching for the third system 

should not exceed 1.746 %. 

 

 

Figure 90: Annual AC electricity for Photovoltaic system 3 at different mismatching losses. 
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11.1.2 Cost of the photovoltaic systems 

There is a high degree of uncertainty with the investment costs presented in Chapter 6.8: 

Estimated total cost of the photovoltaic systems. This is because the expenses only accounts for 

the photovoltaic modules, inverters and also an assumed installation fee of 10 %. Necessary 

components such as mounting equipment for the photovoltaic modules, cable plugs, cables, 

junction boxes and shipping fees are not included, resulting in the aforementioned uncertainty. 

In the case of the inverters, the product cost is somewhat accurate, as it was collected from 

inverter stores found on the Internet. Unfortunately, the micro-inverter prices are only based on 

the American model of the product, as no price tag was found for the micro-inverters made for 

the European market. 

In Chapter 10: Results, both the payback time and Net Present Value (NPV) were calculated 

for all three photovoltaic system solutions, based on the assumed total investment cost and 

annual estimated cost savings. Considering there is some degree of uncertainty with the 

investment cost of the systems, a more appropriate indicator could be to examine the highest 

recommended investment cost before the system become unprofitable or not an economically 

wise decision. 

As a photovoltaic system is only expected to last 25 years, even though they sometimes last 

longer, the payback time should not exceed 25 years, as this means that the investment of the 

photovoltaic system will not break-even during its technical lifespan. In addition to the payback 

time, the necessary investment cost to achieve an NPV of zero should also be calculated, as an 

NPV of zero or lower indicates that the investment costs may not be economically sound. 

If the assumption of a technical lifespan of 25 years is combined with the annual cost saving of 

each system solution (see Chapter 10.1.3: Payback time), then it is possible to determine the 

investment cost that would result in a break-even between the investment and annual cost 

savings after 25 years. 

Table 64 shows the estimated highest recommended investment costs for all three system 

solutions before the payback time goes beyond 25 years. For all three photovoltaic systems, the 

highest recommended investment cost is somewhere between 600 000 to 700 000 NOK above 

the initial estimated investment costs in Chapter 6.8: Estimated total cost of the photovoltaic 

systems, providing much leeway for additional component costs. 
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Table 64: Highest recommended investment cost based on payback time. 

 

 

The same procedure as above can be used to obtain an NPV of zero, as the annual cost savings 

and technical lifespan are known. The highest recommended investment costs can then be 

determined by assuming one or several different discount rates. The results of the calculations 

can be seen in Table 65. To be able to ensure the profitability of the photovoltaic systems, the 

real investment cost should not go above the values presented in the table. 

Similar to the results of the payback time, there is still some room for the initial estimated 

investment costs to increase before becoming unprofitable, at least based on the assumptions in 

this master thesis. 

 

Table 65: Highest recommended investment cost based on Net Present Value. 

 

 

It should be noted that even if the financial support scheme from Enova was introduced in 

Chapter 6.1.4: The cost of PV Modules, it has not been incorporated into any of the financial 

calculations. Still, they could serve to increase the potential economic gain from the systems by 

reducing the investment cost. 
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11.1.3 Potential reduction in greenhouse gas emissions 

In Chapter 10.1.5: Greenhouse gas emissions, the potential reduction in greenhouse gas 

emissions was obtained by using the assumptions introduced in Chapter 8.3: Generalizing the 

results regarding the utilized electricity mix. Initially, it was assumed that the current electricity 

consumption at the school consisted of either 100 % Norwegian mix or 100 % Nordic mix or 

50 % from both. 

But, as explained by (Løvik, 2018), only about 19 % of the electricity produced in Norway is 

consumed in Norway, and if the building owner has no guarantee from the power company that 

only Norwegian generated electricity is to be imported, then the European electricity mix is 

used instead. This mix consists of about 16 % renewable energy, 57 % fossil heat and 27 % 

nuclear power, and has a much higher emission factor compared to the Norwegian and Nordic 

electricity mix (see Table 1). 

Assuming that only 19 % of the electricity consumed at the milk barn, and the remaining milk 

farms in Norway, are covered by electricity produced in Norway, while the remaining 81 % is 

produced in other locations in Europe, then the resulting emission factor would be 243.19 g 

CO2 equivalents/kWh. The reduction in greenhouse gas emissions for the three photovoltaic 

system solutions at the milk barn would then increase to be roughly 12 828.95, 12 859.81 and 

13 091.38 kg CO2 equivalents, respectively. 

These new potential reductions in greenhouse gas emissions are a significant increase from the 

initial results presented in Table 55. 

Because there are so many potential combinations of electricity mixes, as well as the fact that 

the emission factors regularly change based on the consistency of the mixture, it becomes hard 

to pinpoint an accurate greenhouse gas emission reduction. 

Since the content of the different electricity mixtures develops over time, the potential for the 

photovoltaic systems to reduce the greenhouse gas emissions is not fixed. As an example, if the 

emission factor for the Nordic electricity mix decreases due to increased utilization of 

renewable energy sources in the mixture, then the potential reduction in greenhouse gas 

emissions for the systems are also reduced. This is because the generated electricity would 

replace a slightly greener energy mixture than the initial mix. 
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It should also be noted that the uncertainty increases with the theoretical amount of Norwegian 

milk farms that start to employ the photovoltaic systems. For example, if all of the milk farms 

utilize the first system solution, then the total reduction of greenhouse gas emissions could vary 

from 7 577.4 to 97 500.0 tons of CO2 equivalents, depending on if the Norwegian electricity 

mix or the new mix introduced above is considered as the basis. 

In the introduction of this master thesis, it was mentioned that the greenhouse gas emissions 

related to energy consumption in agriculture, forestry and fisheries were about 0.4 million tons 

of CO2 equivalents according to (Miljødirektoratet, 2019). This suggests that if the assumption 

that only 19 % of the electricity used in Norway has a Norwegian origin, while the remaining 

originates from the European electricity mix, then considering how the situation is now, the 

greenhouse gas emissions could be reduced by almost ¼ of the total greenhouse gas emissions 

related to electricity consumption in Norwegian agriculture, forestry and fisheries in 2017. 

This may seem extensive, but according to (Andersson & Sand, 2018), milk farms were 

responsible for about 77.85 % of agricultural electricity consumption in Trøndelag in 2017. 

 

11.1.4 Parametric study 

The simulated behavior of the photovoltaic systems depends on a large number of input 

parameters, each being able to affect the final result in some degree. A parametric study is 

introduced in this chapter, to be able to examine some of the effects of these parameters, as well 

as a few of the assumptions made during the design phase of the photovoltaic systems. The 

three photovoltaic system solutions described in Chapter 9.3: Implementing the photovoltaic 

systems in Polysun are set as reference systems, and the parametric study is performed by only 

changing one input parameter at a time while keeping the others constant, as this makes it 

possible to determine the effect that this single input parameter has on the final result. 

Lastly, this parametric study will also be used to determine if the photovoltaic systems behave 

as expected. The principal indicator in this subchapter is the annual AC electricity production, 

as this is the usable or exportable electricity generated with the photovoltaic systems. 
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Effect of obstruction shading 

There is a general consensus, both in literature and popular science, that micro-inverters provide 

a higher electricity production compared to traditional string inverters for areas that annually 

experience somewhere between moderate to large amounts of obstruction shading. Based on 

what has already been discussed, this could be due to the lack of mismatching, addressed in 

Chapter 11.1.1: Annual electricity production, but micro-inverters are also known to counteract 

the "bottleneck" effect that occurs when photovoltaic modules are partially shaded. 

In this subchapter of the parametric study, the effect of varying amounts of shade is examined. 

This is achieved primarily by increasing the height of the nearby hilltop and studying how this 

affects the annual AC electricity production for each of the photovoltaic systems. Based on the 

literature review, it is expected that the micro-inverters are less affected by the increased 

shading. 

Figure 91 shows how the annual AC electricity generation is affected by increased shading. The 

shading effect was only examined until the hilltop was twice as high as its initial height. The 

functions displayed on the right side of the figure indicates the estimated amount of annual AC 

electricity generated from each system solution, for different percentage increase in hill height, 

while EY1, EY2 and EY3 refer to the first, second and third system solution, respectively. 

The most surprising result in the figure below is that the annual production of the third system 

solution is more affected by increased shading than the other two systems. This is especially 

unexpected as the literature on the subject suggests it should be the other way around. 

 

 

Figure 91: Annual electricity yield for increasing hill height. 
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There could be several various causes for this surprising result, where the micro-inverters 

underperforms during shade compared to the other two system solutions. Three possible reasons 

for this unexpected result are: 

1. Poor electrical characteristics of the micro-inverters picked for the milk barn. 

2. The form of the nearby obstruction. 

3. Polysun may not be able to accurately represent and simulate the effect of partial 

shading. 

When it comes to the electrical characteristics, this theory can be tested by switching out the 50 

micro-inverters of the type YC1000-3 with 200 of Polysun's own 300 W micro-inverters, and 

attach each of the new micro-inverters to one single photovoltaic module. The new function for 

the third photovoltaic system can be seen in Figure 92. 

The new results indicate that the altered third photovoltaic system solution is less affected by 

increased shading than the other two systems, though not in a considerable amount. 

Unfortunately, in return for the more favorable function slope, the third system solution 

generates a lower annual amount of electricity compared to the reference system. 

Based solely on these results, the probability that Polysun is not able to accurately portray 

partial shading is increased. Mainly because the micro-inverters in Figure 91 and Figure 92 

react to shade similar to the string-inverters. 

 

 

Figure 92: Annual electricity yield for increasing hill height, with an altered photovoltaic system 3. 
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To accurately study if it is the form of the obstruction that produces these results, the hilltop is 

changed into two separate towers, as these would result in more extended periods of partial 

shading. Each tower has a height of 20 m and is located 15 m south of the milk barn. The new 

obstruction form can be seen in Figure 93. 

The new results, when simulating the three photovoltaic system solutions with the new 

obstruction form, can be seen in Table 66. In addition to the reference third photovoltaic system, 

the micro-inverters created by Polysun in the altered photovoltaic system are also included in 

the table. 

 

 

Figure 93: The new obstruction form in the horizon profile. 

 

Table 66: Percentage reduction in electricity generation as a result of the new horizon profile. 
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The new results in the table above, and the data obtained by changing the height of the hilltop, 

all strongly suggests that Polysun does not accurately simulate partial shading. As a result, the 

electricity production of the third system solution could actually be higher than what was 

observed during the simulations, but it is difficult to determine how much higher. 

 

Polysun’s suggested inverter systems 

The simulation software Polysun comes with additional features, such as the Polysun Wizard. 

The Wizard can assist the system planner when designing a new photovoltaic system, and it is 

especially helpful if there is little prior knowledge about which type of photovoltaic modules 

or inverters to use. It will suggest system components that optimize the electricity production 

of the photovoltaic system. 

The goal of this subchapter in the parametric study is to compare the annual AC electricity 

generation of the three photovoltaic system solutions with a couple of the recommended 

solutions by Polysun's Wizard, to examine if the inverters chosen for the photovoltaic systems 

in this master thesis have a performance close to what Polysun considers optimal. All previous 

input parameters regarding losses are kept for this study, and only the inverter and its connection 

to the photovoltaic modules is altered. 

The recommended inverter system solutions and their corresponding annual AC electricity 

production are all displayed in Table 67. Examining the results in the table, it becomes apparent 

that the results from the inverter systems designed in this master thesis are very close to what 

Polysun would recommend, as only one of the recommended solutions from Polysun produce 

more annual AC electricity than the second inverter system. 

 

Table 67: Comparison between implemented and recommended inverters. 
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Comparison with the boarding house system 

The existing photovoltaic system at the boarding house at Mære Agricultural School was 

introduced in Chapter 5.5.1: The photovoltaic system on the boarding house. As the hourly 

electricity production for this system is thoroughly monitored and charted, it is possible to 

compare the results from the simulation software with an actual photovoltaic system. The 

simulation models of the three photovoltaic system solutions are in this subchapter altered to 

have an inclination angle of 43o instead of 26o, and the hilltop is removed from the model. 

Unfortunately, the photovoltaic systems designed for the milk barn consists of 200 photovoltaic 

modules, and the boarding house system consists of 216 modules, but the total installed power 

is actually higher for the milk barn as it utilizes 300 Wp photovoltaic modules, while the 

boarding house system use 270 Wp modules. 

In total, the installed peak power is 60 kWp at the milk barn, and 58.32 kWp for the boarding 

house system. Based on the 2.88 % difference in installed power, it should be assumed that the 

simulated results are about 2.88 % higher than the results for the actual boarding house system. 

A comparison between the simulated results and the actual results can be seen in Figure 94. 

The graph clearly shows that the simulation software overestimates the potential electricity 

production in the earlier months and last month of the year. At first, it could also be assumed 

that the simulation model underestimates the electricity production in April, but on further 

examination, this can possibly be contributed to extraordinary circumstances in 2019, as the 

electricity production in April 2020 is much lower than the results for 2019. The electricity 

production from the latter half of 2018 also differs somewhat from the simulated results. 

If the monthly average, presented to the right in the figure, is taken as a basis, then the 

simulation model of the first and second photovoltaic system would have an 11.69 % increase 

in AC electricity production compared to the boarding house system, while the third system 

solution would result in a 13.47 % increase in production.  

These results should not be considered as any form of evidence that the suggested photovoltaic 

systems for the milk barn are a better solution for the boarding house than the one already 

existing, rather it should be viewed as confirmation that there are some factors that the 

simulation software is not able to implement, and as a result, the actual electricity production 

at the milk barn should be expected to be lower than what was simulated. 
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Figure 94: Comparison of simulated electricity production and real production on the boarding house. 
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11.2 Solar water-heating system 

There was a notable and severe problem with the results from the simulated solar water-heating 

systems introduced in Chapter 9.4: Implementing the solar water-heating system. In their 

current form, they were clearly not more efficient than the existing hot water system at the milk 

barn. As solar water-heating systems can be very complicated, there may be numerous causes 

for the poor system performance. 

It was mentioned in Chapter 7.4: Controllers for solar water-heating systems that faulty 

controllers could contribute to poor system performances, and this could likely be the case for 

the solar water-heating systems, as it was not possible to get the various controllers in the 

simulation model to communicate with each other. This resulted in the heat pump and solar 

collectors only operating when certain specific conditions were met, independent of the 

operation of the other component, and it is therefore likely that the two system components 

affected each other. 

Optimally the solar collectors would deliver as much solar energy as possible to preheat the 

water, and during periods with insufficient solar irradiation, the heat pump would preheat the 

water instead. 

The assumption that the heat pump and solar collectors affect each other can be further 

examined by studying the temperature evolution in the storage tank, and the ON/OFF cycle of 

the controllers. For these results, July 1st was chosen as the simulated day, as there is a very 

high possibility that both the solar collectors and the heat pump would have operated some 

point during the day. 

The supply temperature from and the return temperature to the heat pump for both solar 

collector types can be seen in Figure 95, while the supply temperature from, and the return 

temperature to, the solar collectors can be seen in Figure 96. 

Both figures also show the time of day when the heat pump and circulation pump 1 is active. 
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Figure 95: Supply and return temperature from and to the heat pump on July 1st. 

 

 

Figure 96: Supply and return temperature from and to the solar collectors on July 1st. 

 

The first noticeable result from the figures above is that the circulation pump 1 is ON for a more 

extended period of the day compared to the heat pump, but at the same time, the supply and 

return temperature to and from the solar collector is almost constant, indicating little heat 

transfer. The heat pump, on the other hand, is operating less during the day, but it is possible to 

notice a temperature difference between the supply and return temperature. 

The possible reason for the low heat transfer between the solar collector and storage tank can 

be seen in Figure 97, as the figure indicates that the temperature in the 4th layer of the storage 

tank is pretty consistent throughout the day, resulting in a very little heating need from the solar 

collectors. Figure 98 shows a similar result for the relationship between the temperature in the 

7th layer of the storage tank and the supply temperature from the heat pump. 
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Figure 97: Supply temperature from the solar collectors to the storage tank on July 1st. 

 

 

Figure 98: Supply temperature from the heat pump to the storage tank on July 1st. 

 

Unfortunately, as Figure 99 shows, there is not nearly any time during the day where the third 

circulation pump is not running to some extent. This implies that either the hot water 

consumption has to increase so that the controller registers more low-temperature water in the 

water heater, or the controllers in the solar water-heating system must be made to communicate 

so that the solar collectors have priority when there are sufficient amounts of solar irradiance 

available. 

Of course, none of these factors explains why the total electricity consumption of the solar 

water-heating systems is higher than in the systems without solar collectors. There are a couple 

of possible reasons for this higher consumption, all of which will be further tested in the 

parametric study. 
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The high total electricity consumption can possibly be due to considerable system inefficiency 

as a result of: 

1. The hot water distribution profile 

2. The number of solar collectors 

3. The volume of the storage tank 

4. The dimensions of the pipelines 

5. Disagreement with the heat pump 

6. The complexity of the existing hot water system 

In addition to the factors mentioned above, the effect that shade has on the solar collectors, as 

well as the impact the inclination and azimuth angle has on the final results, will also be 

examined during the following parametric study. 

 

 

Figure 99: Temperature at the top of the storage tank and bottom of the water heater on July 1st. 

 

11.2.1 Parametric study 

Unlike the parametric study of the photovoltaic systems, where the focus was to determine the 

sensitivity of some of the results, this parametric study is performed to try to remodel the solar 

water-heating system to be more efficient. The two most prominent indicators for this study is 

the amount of solar energy supplied to the storage tank, and the annual total electricity 

consumption of the system. The goal is to reshape the simulation model to be able to provide 

the necessary thermal energy to cover the hot water consumption, but with as low electricity 

usage as possible. 
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The effect of shading 

This subchapter is included to see if shading from the neighboring hilltop has any significant 

influence on the amount of solar energy supplied to the storage tank and if the shading affects 

the electricity consumption of the solar water-heating system. 

Figure 100 and Figure 101 shows the result that increasing the height of the hilltop has on the 

amount of harvested solar energy and total electricity consumption. What becomes apparent is 

that the shade has a somewhat limited effect on the amount of solar energy delivered to the 

storage tank, as Figure 100 implies that the functions are approximately constant for both the 

flat-plate collectors and the evacuated tube collectors. The electricity consumption presented in 

Figure 101, on the other hand, shows a little more surprising result, as an increase in shading 

reduces the total electricity consumption. 

This result strengthens the assumption that solar collectors in the existing hot water system will 

reduce the system performance, and also the assumption that the controllers in the simulation 

model are not functioning appropriately. This can be concluded based on the fact that as the 

shading increases, the solar collectors are used less during the year, and therefore the total 

electricity consumption is expected to increase. 

 

 

Figure 100: The total amount of solar energy delivered to the storage tank at increasing hill height. 
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Figure 101: The total amount of annual electricity consumption at increasing hill height. 

 

Effect of hot water distribution profiles 

It has previously been assumed that the daily hot water consumption at the milk barn is similar 

to Polysun's schedule Daily peaks (see Figure 78). To be able to examine the impact of this 

assumption, three other Polysun schedules are introduced to the simulation model, all of which 

can be seen in Figure 102. Unlike Daily peaks, which has three hot water consumption peaks 

from morning to evening, the Morning peak has its highest consumption in the morning from 

10:00 to 12:00, while Evening peaks have a similar schedule but with the highest peak from 

18:00 to 20:00. The last distribution profile Permanent has constant hot water consumption 

during the day. 

Table 68 shows the effect the hot water distribution profiles have on the final electricity 

consumption. The change in the result is relatively small, but out of all the schedules, the 

distribution profile Permanent requires the highest amount of annual electricity, followed by 

Daily peaks and Morning peak. 

 

Table 68: Total electricity consumption for different hot water distribution profiles. 
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Figure 102: Different hot water consumption profiles implemented. 

 

A possible reason for the total electricity consumption to be lower for the Evening peak hot 

water distribution profile is that both the solar collectors and heat pump have the opportunity 

to store sufficient amounts of thermal energy during the day, unlike if the majority of 

consumption was to happen in the morning. 

 

Number of solar collectors 

The original need for 14 flat-plate collectors and 17 evacuated tube collectors were determined 

based on simplified assumptions to obtain an annual solar fraction of 50 %. This was not 

achieved with the estimated number of solar collectors, as the flat-plate solar water-heating 

system only reached 25.8 %, while the evacuated tubes delivered an annual solar fraction of 33 

%. 

The goal of this subchapter in the parametric study is to determine the necessary number of 

solar collectors that must be implemented to achieve a solar fraction of 50 % in the solar water-

heating system. Figure 103 shows the potential increase in solar fraction by adding more solar 

collectors to the system solution, and the graph also displays the effect that the increasing 

number of solar collectors have on the total electricity consumption. 
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Figure 103: Annual solar fraction and electricity consumption for different number of solar collectors. 

 

According to the graphs above, it requires roughly 35 flat-plate collectors or 29 evacuated tube 

collectors to achieve an annual solar fraction of 50 % with the solar water-heating system model 

introduced in Chapter 9.4: Implementing the solar water-heating system. This amount of solar 

collectors are significantly higher than what was required with the calculations from Chapter 

7.1.4: Calculating the required solar collector area. The likely reason for this notable 

divergence is that the equations used did not consider hot water system inefficiencies, heat 

losses and the heat pump. 

This indicates that the simplified equations that were introduced in Chapter 7.1.4: Calculating 

the required solar collector area, are not a good approximation for these kinds of large, 

complicated hot water systems. 

Another point that is interesting in Figure 103 is that immediately after introducing solar 

collectors into the hot water system, the total annual electricity consumption increases, and it is 

not possible to go below the initial consumption before at least 15 flat-plate collectors or 

evacuated tube collectors are implemented. This result suggests that the significant source for 

the inefficiency of the solar water-heating system's performance probably is related to a 

component or element in the solar circuit, and not necessarily the relationship between the solar 

collectors and the heat pump. 

This hypothesis will be examined further down in this parametric study. 
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The inclination and azimuth angle 

As already stated and previously shown in the case of the photovoltaic systems, both the 

inclination angle and the azimuth angle affects the total amount of solar energy that it is possible 

to harvest with solar collectors. Unfortunately for the milk barn at Mære Agricultural School, 

the solar collectors are recommended to have an inclination angle of 26o and an azimuth angle 

of 0o to increase the possibility of the solar collectors being accepted by the Norwegian 

antiquities’ organization. Though this is a restriction set on the milk barn, it is not likely that 

such limitations apply to many other milk farms in Norway. 

It could therefore be interesting to study how these limitations affect the potential amount of 

solar energy it is possible to harvest at the milk barn. 

 

 

Figure 104: Solar energy delivered to the storage tank at different inclination and azimuth angles. 

 

Figure 104 shows the inclination and azimuths angles effect on the amount of solar energy 

delivered to the storage. The results presented in the figure correspond well with the literature 

presented in Chapter 4.1: Influence of orientation and inclination angle, as the solar water-

heating system is located in the northern hemisphere it is expected that the optimal azimuth 

angle is 0o. 

In addition to the azimuth angle, the figure above also shows that the optimal inclination angle 

is between 50 to 55o. To determine if this is to be expected, the statement presented in Chapter 

7.1.1: Flat-plate collector should be remembered, as it was mentioned in the chapter that the 

optimal inclination angle usually was equal to the latitude of the system location with rough 

variations up to 10 or 15o. According to Google Maps, Mære Agricultural School is located at 

a latitude of 63.93o, meaning that the results are within the expected range. 
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Out of the two angles, the figure clearly indicates that the solar energy generation is most 

sensitive to the inclination angle, which in a worst-case scenario can reduce the amount of solar 

energy delivered to the storage tank with roughly 60 %. The figure also shows that by forcing 

the solar water-heating system at the milk barn to have an inclination angle of 26o, the total 

amount of solar energy supplied to the storage tank is 17.5 % lower than the optimal production. 

As it previously has been surprising results regarding the total electricity consumption, this is 

mapped out for the same inclination and azimuths angle as the figure above and can be seen in 

Figure 105. 

 

 

Figure 105: Total electricity consumption at different inclination and azimuth angles. 

 

The graph in Figure 105 for the inclination angle shows a similar slope to the one presented in 

Figure 104, but where the amount of harvested solar energy increased from about 3 100 to 8 

000 kWh when the inclination angle for the flat-plate collectors is increased from 0 to 55o, the 

total electricity consumption is only reduced from 11 580 to 11 220 kWh. In addition to the low 

reduction in total electricity consumption, the graphs also clearly contradict each other at some 

points. This can be seen Figure 104, where the results indicate that there is more potential for 

solar energy harvesting at steep solar collector angles, but Figure 105 suggests that these steep 

angles lead to higher electricity consumption compared to almost having a horizontal 

inclination angle. 

 

 



Discussion 
 

197 

 

Due to the complexity of the solar water-heating system, it's hard to pinpoint the exact reason 

for the unusual results. But, it has previously been shown in this parametric study that the total 

electricity consumption for the simulated models increases in varying degrees with the 

increased utilization of solar collectors. 

 

Changing storage tank size 

It was previously mentioned in Chapter 7.2.5: Sizing the required storage tank for the milk 

barn, that the possible size of the storage tank varies considerably with the assumptions, and 

that the optimal storage size should be determined with simulation software. The goal of this 

subchapter in the parametric study is to determine the effect that the volume of the storage tank 

has on the amount of solar energy supplied to the tank and also on the total electricity 

consumption. For the simulations, the 16-kW internal heating element in the storage tank is 

kept, independent on the volume of the tank, and it is also assumed that the unit will have a 

fixed height of 2 m. 

Figure 106 and Figure 107 shows the effect that an increasing tank volume has on the amount 

of solar energy delivered to the storage tank for the flat-plate and the evacuated tube collector 

system, respectively. 

 

 

Figure 106: Total electricity consumption and amount of solar energy delivered to the storage tank 

from flat-plate collectors. 
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Figure 107: Total electricity consumption and amount of solar energy delivered to the storage tank 

from evacuated tube collectors. 

 

Both figures indicate that the amount of solar energy delivered to the storage tank increases 

significantly when switching from a 400-liter storage tank to a 2 000-liters, but they also 

indicate that the curve of the total electricity consumption flattens at more substantial tank 

volumes. The same is also the case for the amount of solar energy supplied to the storage tank. 

The increased amount of solar energy supplied to the storage tank is likely due to the increasing 

capacity of the unit, and the growing need for auxiliary heating is probably due to the increased 

quantity of water that requires thermal energy when there are inadequate solar conditions. 

The results in this subchapter suggests that a smaller storage tank could be used to reduce the 

total electricity consumption and still deliver a sufficient amount of hot water to the consumer. 

 

Changing the pipe dimensions 

In Chapter 9.4.2: Implementing the system components, it was assumed that the pipes in the 

solar circuit were made of steel and had an internal diameter of 155.4 mm and an external 

diameter of 165.1 mm, to ensure sufficient heat transfer to the storage tank. In this subchapter, 

the effect of such an assumption is examined. In this study, the pipes going to and from the 

solar collectors are switched with other preexisting pipes in the simulation software. These 

pipes may vary in diameters and material, and therefore thermal conductivity. 

The original lengths estimated for the pipelines in Chapter 9.4.2: Implementing the system 

components are kept constant. 
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The results for the flat-plate and evacuated tube collectors can be seen in Figure 108 and Figure 

109, respectively, where both figures show the amount of solar energy supplied to the storage 

tank, as well as the total electricity consumption, for a variety of Polysun's own created pipes. 

Based on the result presented in both of the figures, it becomes clear that the assumption to 

choose a larger pipe dimension in the solar circuit has led to an increase in the amount of solar 

energy supplied to the storage tank, but the results also suggests that by choosing a too large 

pipe size, the total electricity consumption increased significantly, reducing the system 

performance. 

According to the results in Figure 110, which displays various solar fractions for the two solar 

water-heating systems with different pipes, the solar fraction is actually higher with smaller 

pipes, even though more solar energy is delivered with a broader diameter. This indicates that 

a large pipe size leads to a significant heat loss that also reduces the potential efficiency of the 

two solar water-heating systems. 

 

 

 

Figure 108: Solar energy supplied to the storage tank and electricity usage with varying type of pipes, 

for the flat-plate collectors. 
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Figure 109: Solar energy supplied to the storage tank and electricity usage with varying type of pipes, 

for the evacuated tube collectors. 

 

 

Figure 110: Solar fraction with different type of pipes. 

 

Since the assumptions concerning the pipes influenced the final result in such a significant way, 

a similar study is performed in this subchapter to examine the effect the remaining pipelines in 

the hot water system have on the final results. It should be noted that the original steel pipes for 

the solar circuit are kept and that all the other pipelines in the solar water-heating system are 

altered. 

The most important indicators for this study is the amount of solar energy supplied to the storage 

tank, solar fraction and total electricity consumption. 
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Table 69 and Table 70 shows the results for the flat-plate and evacuated tube collector systems, 

respectively. 

 

Table 69: Total electricity consumption and solar energy to the FPC system, for different pipe types. 

 

 

Table 70: Total electricity consumption and solar energy to the ETC system, for different pipe types. 

 

 

The results are similar to the ones obtained by changing the pipes in the solar circuit. Also here, 

the smaller pipe diameters provide less solar energy to the solar water-heating system, but at 

the same time, it notably reduces the total electricity consumption. Similar to before, the 

increase in utilized solar energy is significantly smaller than the increase in total electricity 

consumption, indicating that the smaller pipes provide a better system performance.  

Based on all the results in this subchapter, the best option could be to have pipes with as low 

diameters as possible, as long as they are still able to cover the space-heating need and the hot 

water consumption. The results also suggests that the main problem with the original solar 

water-heating systems introduced in Chapter 9.4: Implementing the solar water-heating system 

was not the relationship between the heat pump and the solar collectors, but rather the 

implemented pipe diameters in the solar circuit at the time. This new hypothesis will be tested 

in the subchapter below. 

It should also be noted that even after reducing the pipe dimensions in the solar circuit, the 

system was still not able to achieve a solar fraction of 50 %, indicating that there are still some 

obstacles with the simulation models. 
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Removing the heat pump 

It was theorized at the end of Chapter 10.2: The solar water-heating system at the milk barn that 

the heat pump and the solar collectors counteracted each other to some extent. This theory has 

been somewhat weakened during the previous subchapters of the parametric study, but this does 

not imply that the heat pump is not, in some degree, capable of reducing the general 

performance of the solar collectors. Its effect is just much lower than what was first anticipated. 

This theory is further tested in this subchapter, where the heat pump is removed from the 

original implemented solar water-heating systems. The results from the new simulation models, 

concerning the amount of solar energy provided to the storage tank, solar fraction, system 

performance, total amount of thermal energy supplied to the storage unit and total electricity 

consumption, are all presented in Table 71. 

 

Table 71: Simulated results for the simulation models without the heat pump. 

 

 

What immediately becomes apparent with the new results is that the total electricity 

consumption for these simulation models is higher than the total electricity consumption 

obtained for the simulation model, where only the electrical heating elements were utilized (see 

Chapter 10.2: The solar water-heating system at the milk barn). This finally confirms that the 

heat pump is not the main issue, but rather the pipe diameters of the solar circuit. This can 

quickly be tested by studying what would happen to the final results if the pipe diameters were 

reduced for these simulation models. 

In the altered simulation models, the pipes were changed to Polysun's copper pipe 20/22 mm, 

and the result of reducing the pipe diameters can be seen in Table 72. The heat pump is still 

excluded in these simulation models. 
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Table 72: Simulated results when removing the heat pump and replacing the solar circuit pipes. 

 

 

The simulation results have improved significantly after replacing the pipes, although when 

comparing these new results with the results from the original simulation model without solar 

collectors (see Chapter 10.2: The solar water-heating system at the milk barn), the electricity 

consumption is still higher than for the simulated existing hot water system which only utilized 

the heat pump and the electric heating element. 

In the table it is also possible to observe that by removing the heat pump and reducing the pipe 

diameter, the solar fraction is beginning to reach 50 %, at least for the evacuated tube collectors. 

 

Altering the setup of the existing hot water system 

As shown in the previous subchapter, even with the 20/22 mm copper pipes in the solar circuit 

in the solar water-heating system, both with and without the heat pump, the total electricity 

consumption does still not go below the results for the simulation model of the existing hot 

water system. This could perhaps be solved by choosing an even smaller pipe diameter, but 

another plausible method to reduce the consumption could be to alter the existing layout of the 

hot water system.  

The purpose of this subchapter is to study the effect a merging of the storage tank with the water 

heater into one single unit would have on the solar fraction and total electricity consumption. 

This would of course imply that the floor heating system would have to become a closed-loop 

system, to avoid having the drinking water run through the floor-heating system before being 

consumed. A schematic of the altered solar water-heating system is presented in Figure 111. 

To be able to study the potential effect that this new system solution has on the results, it will 

be tested for a total of six different alterations. These alteration cases are: 

1. Flat-plate collectors with a heat pump and a 16-kW electric heating element inside the 

storage tank. 
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2. Evacuated tube collectors with a heat pump and a 16-kW electric heating element inside 

the storage tank. 

3. Flat-plate collectors with a 16-kW electric heating element inside the storage tank. 

4. Evacuated tube collectors with a 16-kW electric heating element inside the storage tank. 

5. Heat pump and a 16-kW electric heating element inside the storage tank. 

6. Only a 16-kW electric heating element inside the storage tank. 

All of these new system layouts would require an updated controller system and in some cases 

a new storage tank. For all design alterations, the controller system to the solar circuit and its 

placement of the temperature sensors is left unaltered. The only change done to the heat pump 

controller is that the cut-off temperature is increased from 60 to 70 oC. The lower temperature 

sensor connected to the controller of the electric heating element inside the storage tank is 

moved from the 6th layer to the 9th layer, and the cut-in and cut-off temperature difference are 

switched from 45 and 47 oC to 75 and 77 oC, respectively. 

For Case 6, the temperature sensor for the electric heater is moved down from the 9th layer of 

the storage tank to the 5th layer. This is to ensure sufficient hot water for the floor heating system 

and tap water. 

 

 

Figure 111: Alternative solar water-heating system. 
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For Case 1 to 4, the storage tank is the same 3000-liter tank introduced in Chapter 9.4: 

Implementing the solar water-heating system, while for Case 5 & 6, the storage unit is replaced 

with a similar tank but with a volume of 550 liters, which is the combined volume of the real 

storage tank and water heater. 

The new system performances and total electricity consumptions of all the new system layouts 

can be seen in Figure 112. In the figure, FPC stands for Flat-Plate Collector, ETC stands for 

Evacuated Tube Collector, HP stands for heat pump, and EL references the 16-kW electric 

heating element. 

 

 

Figure 112: System performance and electricity consumption for the altered hot water systems. 

 

The results presented in Figure 112 for the electricity consumption for the new system layouts 

are more agreeable with the original assumption that without the heat pump, the solar water-

heating system is a more efficient solution, than simply combining both the heat pump and solar 

collectors in the same hot water system. Also, the system performance is highest for the solar 

water-heating systems without the heat pump. 

The solar fractions for the new solar water-heating systems can be seen in Figure 113, which 

reveals that had the existing hot water system had a similar layout to the one introduced in this 

subchapter, then the solar fractions for the solar water-heating systems without the heat pump 

would be above 50 %. 
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Figure 113: Annual solar fractions for the simplified systems. 

 

As already mentioned, the results from these new system layouts more closely resemble what 

was initially expected from the simulation model introduced in Chapter 9.4: Implementing the 

solar water-heating system, and the model also suggest that it is more inefficient to have both 

the solar collectors and the heat pump in the hot water system, rather than only having one of 

them. 

 

11.2.2 Attempt at optimizing the solar water-heating system models 

Some of the parameters studied during the parametric study have a larger impact on the results 

than others. Of these input parameters, arguably the three input assumptions that affected the 

outcome the most were the inclination angle, type of solar circuit pipes and the merging of the 

storage tank and water heater into one single unit. 

Unfortunately, as there are certain limitations with the inclination angle, due to the aesthetic 

requirements of the milk barn, it will not be changed for the solar collectors but rather still be 

kept at 26o. In addition to the inclination angle, it is assumed that we can only replace the pipes 

in the solar circuit, as the remaining pipelines in the solar water-heating system should be 

similar to the ones in the original simulation model for the existing hot water system. 

Based on the results from the parametric study and the assumptions above, the two most 

prominent parameters that are going to be changed for optimizing the initial solar water-heating 

systems are the system layout and the pipes in the solar circuit. 
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In the end, the final results from this subchapter will be compared with the results from the 

original existing hot water system, referred to as No solar collector in Chapter 10.2: The solar 

water-heating system at the milk barn. This is done because it is assumed that the model is 

somewhat similar to the existing hot water system at the milk barn, and therefore simulates a 

total electricity consumption close the real electricity consumption. 

As a summarization, the most relevant results from the initial No solar collector model are 

shown in Table 73. 

 

Table 73: Results for the existing hot water system in the milk barn. 

 

 

By using the altered solar water-heating system schematic presented in Figure 111 as a basis, 

the pipes in the solar circuit are changed from the steel 155/165 mm pipes to the copper 20/22 

mm pipes, while at the same time, the control system is kept the same as presented in the 

previous subchapter for all of the system alterations. 

Figure 114 shows the resulting electricity consumptions and solar fractions when both the pipes 

and the system layout have been changed. 

 

 

Figure 114: Altered system layout and different pipes in the solar circuit. 
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To avoid having to write long and hard-to-read sentences each time one of the system solutions 

in the figure above is referenced, they will from this point on be referred to as: 

• System solution 1: FPC + HP + EL 

• System solution 2: ETC + HP + EL 

• System solution 3: FPC + EL 

• System solution 4: ETC + EL 

By comparing the new results with the results for the existing hot water system presented in 

Table 73, it becomes apparent that by replacing the current hot water system with system 

solution 2, the annual electricity consumption would probably be reduced by 1 113 kWh. 

Unfortunately, system solution 1 has a higher electricity consumption than the existing hot 

water system, indicating that this system should not be adopted. 

Out of the system solutions presented in Figure 114, it is the 3rd and 4th that has the highest 

potential for reducing the total electricity consumption, as they could potentially save 2 170 

kWh or 3 123 kWh annually, depending on which of the solutions that are employed. 

It should be noted that some of the models with the initial system layout, when the copper pipes 

were used, would result in a lower total electricity consumption than the No solar 

collector model, but not in a significant way. These results therefore suggest that to be able to 

achieve an efficient solar water-heating system, it may be necessary to not only remove the heat 

pump from the system, but also change the existing hot water system layout altogether, though 

this should be studied further. 

Since this is merely a feasibility study on the potential for solar harvesting with a solar water-

heating system at the milk barn, the financial sides of system solutions have not been mapped 

out. As such, it is difficult to say if the alteration of the existing hot water system, or even 

investing in a solar water-heating system, would be an economically sound decision. Based on 

the electricity cost at the milk barn in 2019 (see Table 13), the annual cost saving would be 

about 928.2, 1 809.8 and 2 604.6 NOK for system solution 2, 3 and 4, respectively. 

Lastly, it should be mentioned that both system solution 3 and 4 are able to either achieve an 

annual solar fraction of roughly 50 % or that they at least are very close it. 
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Greenhouse gas emission reduction 

With the reduction in electricity consumption obtained for the solar water-heating systems in 

the previous section, it is now possible to estimate the potential reduction in greenhouse gas 

emissions. The same three emission factors introduced in Chapter 8.3: Generalizing the 

results are again used in this subchapter, but in addition to these factors, the new circumstance 

introduced in Chapter 11.1.3: Potential reduction in greenhouse gas emissions for the 

photovoltaic systems will also be used. For this new emission factor, only 19 % of all electricity 

consumed in Norway has a Norwegian origin, while the remaining 81 % is imported from other 

locations in Europe, resulting in an emission factor of 243.19 g CO2 equivalents per kWh. This 

emission factor will now be referred to as the NOR-EU mix. 

Table 74 shows the potential reduction in greenhouse gas emissions if one of the solar water-

heating systems that have lower electricity consumption than the existing hot water system is 

adopted. 

 

Table 74: Potential reduction in greenhouse gas emissions at the milk barn by adopting a 

solar water-heating system. 

 

 

Table 75 displays the potential reduction in total electricity consumption in Trøndelag if a 

varying number of milk farms located in Trøndelag adopt system solution 4. Similar studies 

have been performed for Trøndelag if the 2nd or 3rd system solution is utilized, but these studies 

can be seen in Table 81 and Table 82 in Attachment A.16. 
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Table 75: Reduction in greenhouse gas emissions in Trøndelag with solar water-heating system 4. 

 

 

The same method as above can be used to determine the potential reduction in greenhouse gas 

emissions for all 7 600 milk farms in Norway if they should choose to adopt one of the solar 

water-heating solutions, and if they already have a heat pump. Similar to the results above, 

Table 76 shows the potential reduction if the 4th system solution is implemented, while Table 

83 and Table 84 in Attachment A.16 shows the results for the two other system solutions. 

The results from the table above and below, as well as the ones presented in Attachment A.16, 

all indicate that even though the solar water-heating systems do not have the same potential for 

reduction in greenhouse gas emissions as the photovoltaic systems, they still reduce a 

reasonable amount. 

Supposing that probably only some of the milk farms in Norwegian agriculture have already 

adopted heat pumps into their systems, it could be possible that the potential reduction would 

be higher for the majority of the milk farms. By comparing the results in Figure 87 for the 

simulation model with only internal electric heaters, with the results presented in Figure 114, it 

becomes apparent that the total electricity consumption could be reduced by 5 018, 6 577, 7 

634 or 8 587 kWh, depending on if the implemented system is either system solution 1, 2, 3 or 

4, respectively, and if no heat pump has already been installed. 

These new results would of course lead to a more prominent decrease in greenhouse gas 

emissions, as can be seen in Table 77. 
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Table 76: Reduction in greenhouse gas emissions in Norway with solar water-heating system 4. 

 

 

Table 77: Potential reduction in greenhouse gas emissions at the milk farms in Norway by adopting a 

solar water-heating system solution (without existing heat pumps). 
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General comments 

As initially mentioned in Chapter 11.1.3 Potential reduction in greenhouse gas emissions, the 

potential for reduction in greenhouse gas emissions are not a fixed value, but rather depends on 

the greenhouse gas emissions linked to the electricity that would be used to cover the demand 

if no renewable energy were to be utilized. As several electricity producers incorporate more 

renewable energy sources or "cleaner" sources into their electricity mixture, the potential would 

be reduced. 

All this suggests that even though the system solutions may have a high potential for greenhouse 

gas emission reduction right now, it will probably not always remain so. Also, by comparing 

the results from Table 74 and Table 77, it comes as no surprise that the highest potential for 

reduction in greenhouse gas emissions is when the solar water-heating systems are incorporated 

into existing hot water systems without already implemented heat pumps. 

One last comparison between the initial simulation models introduced in Chapter 9.4: 

Implementing the solar water-heating system, also with the initial model without the heat pump, 

and the altered solar water-heating system solutions 1 to 4 is presented in Figure 115. The figure 

shows the total electricity consumption of each simulation model, as well as the solar fraction. 

Figure 116 shows a similar comparison, but in this figure, the solar circuit pipes in the initial 

models presented in Chapter 9.4:Implementing the solar water-heating system are altered to 

copper 20/22 mm pipes. 

 

 

Figure 115: Comparison between the electricity consumption and solar fraction of all simulation models. 
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Figure 116: Comparison between the electricity consumption and solar fraction of all simulation models 

(copper pipes in solar circuit). 

 

Comparing the results in Figure 115 and Figure 116, it becomes evident that it is not necessary 

with a completely new system layout to achieve a reduction in the total electricity consumption 

below the existing hot water system model, but on the other hand, it is required to be able to 

obtain a solar fraction of roughly 50 %.  

Lastly, it should be mentioned that an additional parametric study should be performed on the 

altered system solutions, as it is unsure how some of the input parameters tested in Chapter 

11.2.1: Parametric study could affect the new results. 
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12 Conclusion 

The simulated results concerning the photovoltaic systems revealed a vast potential for 

electricity production, as the proposed system was able to generate roughly between 26.4 to 

26.9 % of the annual electricity consumption at the milk barn. Based on the consistency of the 

used electricity mix at the milk barn, the photovoltaic systems could be able to reduce the 

greenhouse gas emissions related to the annual electricity consumption at the milk barn with an 

amount of somewhere between 997 to 13 091.4 kg CO2 equivalents. 

Although close, the total amount of generated electricity was not able to reach the planned 

coverage ratio of 30 %. According to the results from the parametric study, this was likely due 

to a combination of the shade from the neighboring hilltop and the system component 

inefficiencies, as both factors were not included in the calculations of the required number of 

photovoltaic modules. Based on the electricity generation and potential reduction for 

greenhouse gas emissions, the third photovoltaic system solution with micro-inverters appears 

to be the best option for the milk barn with given and assumed parameters, but all cost studies 

suggest that the most optimal economic solution is the first photovoltaic system solution. 

The results for the solar water-heating systems instantly showed that the systems were more 

sensitive to input assumptions than the photovoltaic systems, as none of the initial solar water-

heating systems were able to achieve a solar fraction of 50 % nor reduce the total electricity 

consumption below the consumption for the already existing hot water system. Only by 

reducing the pipe diameters in the solar circuit and changing the system layout did the solar 

water-heating system become more efficient than the existing system. These new system 

solutions were able to reduce the total electricity consumption with about 1 113 to 3 123 kWh 

and at the same time provide a solar fraction close to or above 50 %. The potential solar water-

heating system would only be able to reduce the current electricity consumption at the milk 

barn, which was 199 672 kWh in 2019, with between 0.8 to 1.6 %, and reduce the current 

greenhouse gas emissions at the barn with about 21.0 to 759.5 kg CO2 equivalents. 

Concerning the milk barn at Mære Agricultural School, the photovoltaic systems have the most 

prominent potential for reducing both the total electricity consumption and the greenhouse gas 

emissions at the barn, and if only one of the presented solar energy systems where to be 

prioritized, any of the photovoltaic systems should be chosen before the solar water-heating 

systems. 
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The main objective of this master thesis was to study the effect that increased solar energy 

utilization could have on greenhouse gas emissions in Norwegian agriculture, and by combining 

the results from the photovoltaic system solution that achieved the highest reduction in 

greenhouse gas emissions, with the best solar water-heating system, each of the 7 600 milk 

farms in Norway would be able to reduce their greenhouse gas emissions with an amount of 

somewhere between 1 076.4 to 13 850.9 kg CO2 equivalents, and in the rare occasion where all 

7 600 implements both solutions, the reduction would be somewhere between 8 180.6 to 105 

266.8 tons of CO2 equivalents. 

Depending on what the actual reduction would be, it could in the best-case scenario reduce the 

2017 greenhouse gas emissions of 0.4 million tons of CO2 equivalents, which are related to 

electricity consumption in agriculture, forestry and fisheries, with more than ¼ of the emissions. 

In the worst-case scenario, it would only reduce the same greenhouse gas emissions by 2.1 %. 

Independent on the actual size of the reduction, the solar water-heating system solution would 

only account for 5.5 % of the total reduction, and if the milk farms do not have heat pumps 

installed beforehand, the solar water-heating system would still only account for 13.8 %. 

The results of this study all suggest that it is possible to reduce greenhouse gas emissions in 

Norwegian agriculture with solar energy, but that the potential is heavily dependent on the milk 

farms currently used electricity's country of origin, and that the potential reduction is not a fixed 

value but rather a function of the greenhouse gas emissions related to the electricity mix.   
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13 Further work 

Out of the two solar energy systems described in this master thesis, the most detailed design 

was presented for the photovoltaic systems. Before any of the photovoltaic systems suggested 

in this master thesis is constructed, special care should be given to the compatibility of the 

different electrical components presented throughout Chapter 6: Designing a photovoltaic 

system, as their compatibility has only been assumed in this paper. Also, possibly due to 

limitations with the simulation software, it is not clear if the micro-inverters responded correctly 

to obstruction shading, and these results should therefore be compared with results from another 

simulation software. 

Optimally this additional software should be able to simulate power optimizers as well, taking 

into consideration that Polysun could not simulate these components, and it would be interesting 

to see how they would affect the final results. 

In regard to the solar water-heating system, an independent study on the potential for solar 

collectors should be performed on the existing hot water system at the milk barn. In that study, 

the existing piping and components should be thoroughly mapped out and analyzed, as almost 

all parameters in this master thesis were either assumed or based on small amounts of 

information and data. There was some difficulty with getting the control systems in Polysun to 

work together, resulting in a high degree of uncertainty surrounding the final results. Also, 

seeing as this study on solar water-heating systems only focused on the potential for the 

harvesting of solar energy and reduction in electricity consumption, no economic analysis was 

performed for the systems in this report. It could therefore be interesting to see a comparison 

between the possible annual cost savings and the investment costs, to determine if the solar 

water-heating system is financially sustainable. 

In addition to the subjects touched upon in this master thesis, a more detailed study on building-

integrated products should also be performed, before any solar water-heating or photovoltaic 

system is built on the milk barn, as these products could help to ensure that these new systems 

are accepted by the Norwegian antiquities’ organization. 
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15 Attachments 

A.1: Extract from the report on Mære Agricultural school  
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A.2: Extract from: Fram mot nullutslippsgården   
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A.3: Details on the existing photovoltaic systems on the school 
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A.4: Energy consumption at Mære Agricultural School provided by NTE  
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A.5: Datasheet for the photovoltaic module (PERC 300W 60 CELLS) 
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A.6: Datasheets for the inverters used in Inverter System 1 

Delta Solar M50A Grid PV Inverter 
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SMA Sunny Tripower 4.0 PV Inverter 
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A.7: Datasheets for the inverters used in Inverter System 2 
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A.8: Datasheets for the inverters used in Inverter System 3 

 

 



Attachments 
 

248 

 

 



Attachments 
 

249 

 

A.9: Battery sizing worksheet – Wholesale Solar 
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A.10: Permission to use Figure 7 in (Zijdemans, 2014) by NemiTek 
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A.11: Permission to use relevant figures in Chapter 5 by the administration 
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A.12: Details on the air-to-water heat pump in the milk barn 
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A.13: Excerpt from the tender documents 
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A.14: SketchUp model for estimating the pipeline lengths 

 

 

Figure 117: Technical room (with outdoor heat pump). 

  

 

Figure 118: Solar collectors and photovoltaic modules on the roof. 
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A.15: Tables and figures relevant for the results of the photovoltaic system 

Hourly electricity production from photovoltaic system 1, 2 & 3 

 

 

Figure 119: Hourly energy AC production for photovoltaic system 1. 

 

 

Figure 120: Hourly energy AC production for photovoltaic system 2. 
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Figure 121: Hourly energy AC production for photovoltaic system 3. 

 

 

Estimated monthly cost savings for the photovoltaic systems 

 

Table 78: Monthly cost savings with photovoltaic system 1. 

 

Table 79: Monthly cost savings with photovoltaic system 2. 

 

Table 80: Monthly cost savings with photovoltaic system 3. 
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Estimated payback time for an installation fee of 5 and 15 % 

 

 

Figure 122: Payback time for photovoltaic system 1, 2 & 3 (5 % installation fee). 

 

 

 

 

Figure 123: Payback time for photovoltaic system 1, 2 & 3 (15 % installation fee). 
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A.16: Tables relevant for the discussion of solar water-heating systems 

Reduction of greenhouse gas emissions in Trøndelag 

 

Table 81: Reduction in greenhouse gas emissions in Trøndelag with solar water-heating system 2. 

 

 

Table 82: Reduction in greenhouse gas emissions in Trøndelag with solar water-heating system 3. 
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Reduction of greenhouse gas emissions in Norway 

 

Table 83: Reduction in greenhouse gas emissions in Norway with solar water-heating system 2. 

 

 

Table 84: Reduction in greenhouse gas emissions in Norway with solar water-heating system 3. 
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