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ABSTRACT 

The use of solar photovoltaic (PV) systems have expanded rapidly the last decade and today’s 

market includes several different solar utilizations, where floating PV is one of them. Previous 

studies have shown how floating PV systems increase the PV efficiency and at the same time 

reduce the water evaporation. The purpose of this study is to evaluate and optimize energy 

solutions using floating PV systems for a shrimp farm cultivation in Thailand, where the 

technical, environmental and economic aspects will be included. The optimizations have been 

done in the open source model OptiCE, where genetic algorithm (AG) have been used to 

maximize the renewable reliability and minimize the Levelized Costs of Electricity (LCOE). In 

order to find the optimal renewable solution for the investigated shrimp farm, four scenarios 

have been compared considering different PV system combinations. The simulated results 

showed how the scenarios considering floating PV system generated a higher reliability than 

the scenarios considering ground-mounted PV system. The scenario considered tracking PV 

system increased the system´s renewable reliability compared to fixed PV system. However 

the shrimp farm is connected to the national electric grid or not will have a huge impact on the 

LCOE due to the low electric price and the implemented feed-in-tariff (FIT) program. The size 

of the installed PV capacity significantly affects the reliability results were the capacity of 200 

kWp reaches a reliability of almost 100%. The optimal solution for the investigated shrimp farm 

to become independent is therefore to install a combined floating PV and battery storage 

system.  

 

Keywords:  Shrimp farm cultivation, OptiCE, Renewable reliability, LCOE, Floating PV 

system, Tracking PV system 

Nyckelord: Räkodlingsfarm, OptiCE, Förnyelsebar tillförlitlighet, LCOE, Flytande 

solceller, Vridbara solceller 
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SUMMERY 

Due to the increasing energy demand and climate change related issues, developing renewable 

energy systems has become high priority all over the world. Thailand is the second biggest 

energy consumer in Southeast Asia region, where the energy is generation dominated by fossil 

fuels. In order to increase the use of renewable energy, the Thai government has set up several 

long-term strategies and masterplans to financially support and develop green technologies in 

the country. Because of the high solar irradiation in Thailand, solar photovoltaic (PV) 

technology has expanded and became one of the leading green technologies.  

The purpose of this study was to evaluate and optimize energy solutions using floating PV 

systems for a shrimp farm cultivation in Thailand, where the technical, environmental and 

economic aspects have been included. Shrimp cultivation is a very energy intense process and 

by installing solar energy, the farm´s environmental impact and operation cost can reduce. 

The optimization has been done in the open source code OptiCE where the relationship of the 

Levelized Costs of Electricity (LCOE) and the system´s renewable reliability have been 

optimized for four scenarios: scenario 1 (S1) and scenario 2 (S2) represent ground-mounted 

PV system with wind and battery, respectively; scenario 3 (S3) and scenario 4 (S4) consider 

floating PV system, whereas S4 represents a tracking floating system.  

The simulated results from S1 showed how including wind power have a negative effect on the 

LCOE and where the renewable reliability is relatively low compared to the other scenarios. 

Comparing S2 and S3 revealed how floating PV system provides a higher reliability than 

ground-mounted PV system for the same LCOE. Moreover, different cooling effects between 

7-16% have a direct impact on the energy and economy performances for the system. S4 

generated an even better result where the maximized reliability covered almost 70% compared 

to 62% for S3 and 50% for S2 at 0.45 USD/kWh, for off-grid system. As well is there a difference 

between the minimized LCOE where S4 have a minimized LCOE of 0.36 USD/kWh meanwhile 

S3 has the lowest 0.38 USD/kWh and S2 0.43 USD/kWh for the same reliability of 40% for 

off-grid. The size of the installed PV capacity significantly affects the reliability results: a 200 

kWp PV system reaches the reliability of almost 100% compared to the maximum reliability 

around 75% for a 100 kWp. Tracking PV system has a higher reliability compared to fixed PV 

system and even if the shrimp farm will be connected to the electric grid or not, will have an 

important impact on the LCOE. Having an off-grid system means a high dumped power 

amount, which from an energy and nexus perspective is very ineffective.  

No further analysis of the social or ethical aspects have been considered in this case study, but 

an improvement of the farm´s energy system can come to have a positive effect on the worker's 

wellbeing. In order to fully recommend tracking floating PV, a deeper economic analysis is 

required, although floating PV is proven to give a better result than ground-mounted PV 

system. The recommended renewable solution for this specific case study is floating PV with 

battery, with the PV capacity of 200 kWp, with the potential of becoming self-sufficient by using 

renewable sources.  

 



SAMMANFATTNING 

På grund av den ökande energiförbrukningen och dess klimatpåverkan har utvecklingen av 

förnyelsebara energisystem blivit allt viktigare runt om i världen. Thailand har den näst största 

energiförbrukningen i hela Sydasien, vilket domineras av fossila bränslen. För att öka 

användningen av förnyelsebar energikällor har den thailändska regeringen satt upp flera 

långsiktiga strategier och reglementes för att finansiellt stödja utvecklingen av gröna tekniker. 

Till följd av den höga solinstrålningen i Thailand har utvecklingen av solceller expanderat och 

blivit en av de ledande förnyelsebara teknikerna.  

Syftet med den här studien är att optimera och utvärdera användandet av flytande solceller för 

en räkodlingsfarm i Thailand, där de tekniska, miljömässiga och ekonomiska aspekterna tas 

hänsyn till. Räkodlingen är en väldigt energikrävande process där installation av solceller kan 

minska farmens miljöpåverkan samt driftkostnader. Optimeringsmodellen har gjorts i den 

öppna modellen OptiCE där sambandet mellan Levelized Costs of Electricity (LCOE) och 

systemets förnyelsebara tillförlitlighet har beräknas för fyra olika scenarion. Scenario 1 (S1) 

och scenario 2 (S2) representerar markmonterade solceller kombinerat med vardera vindkraft 

och batterilagring. Scenario 3 (S3) och scenario 4 (S4) representerar flytande solceller 

kombinerat med batterilagring, där S4 är vridbara solceller.  

Resultatet från S1 uppvisade hur inkluderingen av vindkraft har en negativ påverkan på LCOE 

och hur systemets förnyelsebara tillförlitlighet var relativt lågt jämfört med de andra 

scenarierna. Jämförelsen av S2 och S3 visade hur flytande solcellssystem genererar en högre 

tillförlitlighet vid samma LCOE än markmonterade solcellssystem. Resultatet visar också hur 

varierande kylningseffekter mellan 7-16% har en direkt inverkan på systemets energi- och 

ekonomiprestanda. S4 påvisade ett ännu bättre resultat då den maximala tillförlitligheten 

täckte nästan 70 % jämfört med 62 % för S3 och 50 % för S2 vid 0,45 USD/kWh. Resultatet 

visade också en skillnad ur ett ekonomiskt perspektiv där S4 hade en lägsta LCOE på 0,36 

USD/kWh medan S3 hade en lägst kostnad på 0,38 USD/kWh och S2 på 0,43 USD/kWh vid 

en tillförlitlighet på 40 %. Storleken på solcellens kapacitet har också en stor inverkan på 

systemets tillförlitlighet, där en kapacitet på 200 kWp åstadkom en maximal tillförlitlighet på 

nästan 100 % medan 100 kWp fick en maximal tillförlitlighet runt 75 %. Vridbara solceller 

bevisade ge en högre tillförlitlighet än fixerade solceller och har en betydande påverkan på 

systemets LCOE, både vid elnätanslutning och utan. Ett system som inte är anslutet till elnätet 

resulterar i ett högt energiöverskott som är olönsamt, både ur ett energi- och nexus perspektiv.  

Ingen djupare analys om de sociala och etniska aspekterna har gjorts i denna studie men en 

förbättring av farmens energiförsörjning kan komma att ha en positiv effekt för arbetarnas 

välmående. För att kunna ge en fullständig rekommendation till vridbara flytande solceller 

efterfrågas en djupare ekonomisk analys då flytande solceller bevisats ge ett bättre resultat än 

markbaserade solcellssystem. Den rekommenderade energilösningen för denna specifika 

räkodlingsfarm är flytande solceller kombinerat med batterilagring, med en kapacitet på 200 

kWp vilket ökar farmens möjlighet att bli självförsörjande av enbart förnyelsebara energikällor.   

 



1 

TABLE OF CONTENTS 

1 INTRODUCTION .............................................................................................................6 

1.1 Background ............................................................................................................. 6 

1.2 Problem definition ................................................................................................... 8 

1.3 Purpose and research questions ........................................................................... 9 

1.4 Scope and Limitations ............................................................................................ 9 

2 METHOD ....................................................................................................................... 10 

2.1 Literature study ......................................................................................................10 

2.2 Gathering data ........................................................................................................11 

2.3 Modelling.................................................................................................................11 

2.4 Results and economic analysis .............................................................................11 

3 LITERATURE STUDY ................................................................................................... 12 

3.1 Solar power technologies ......................................................................................12 

3.1.1 Floating PV system .........................................................................................12 

3.1.2 Tracking PV system ........................................................................................14 

3.2 Shrimp farming .......................................................................................................14 

3.2.1 Energy consumption .......................................................................................15 

3.2.2 Water use and conditions ................................................................................16 

3.3 Nexus perspective ..................................................................................................17 

3.4 Previous researches using OptiCE .......................................................................18 

4 DESIGN AND MODEL DESCRIPTION.......................................................................... 20 

4.1 Case study and model ............................................................................................20 

4.2 Simulation ...............................................................................................................21 

4.2.1 Total solar radiation ........................................................................................21 

4.2.2 Angle of incidence ...........................................................................................22 

4.2.3 PV efficiency and power generation ................................................................22 

4.2.4 Battery ............................................................................................................22 

4.2.5 Wind system ...................................................................................................23 



2 

4.2.6 Diesel generator ..............................................................................................23 

4.2.7 Inputs simulation .............................................................................................24 

4.3 Optimization ............................................................................................................25 

4.3.1 Economic evaluation .......................................................................................25 

4.3.2 Inputs optimization ..........................................................................................26 

4.4 Evaluated scenarios ...............................................................................................27 

4.4.1 Electric grid .....................................................................................................27 

4.4.2 Cooling effects of floating PV system ..............................................................27 

4.4.3 Tracking system ..............................................................................................28 

4.5 Economic analysis .................................................................................................28 

5 RESULT ........................................................................................................................ 29 

5.1 Scenario results ......................................................................................................29 

5.2 Economic analysis .................................................................................................36 

6 DISCUSSION................................................................................................................. 38 

6.1 Scenario results ......................................................................................................38 

6.2 Economic analysis .................................................................................................39 

6.3 Environmental and social ......................................................................................39 

6.4 Method analysis ......................................................................................................40 

7 CONCLUSION ............................................................................................................... 41 

8 SUGGESTIONS FOR FUTURE WORK ......................................................................... 42 

REFERENCES ..................................................................................................................... 43 

 

APPENDICES 

APPENDIX 1 – SIMULATION EQUATIONS 

 

 

 



3 

 

LIST OF FIGURES 

Figure 1. Electricity conversion in Thailand classified by fuel type. .......................................... 7 

Figure 2. Schematic picture for the overall method. ................................................................ 10 

Figure 3. Schematic illustration over a shrimp farm process. .................................................. 15 

Figure 4. Monthly electrical consumption of a single pond shrimp farm. ...............................16 

Figure 5. Schematic picture of the hybrid system. ....................................................................21 

Figure 6. Average wind speed and solar irradiation for the case study location. .................... 25 

Figure 7. Code for the electric grid considering FITs. .............................................................. 27 

Figure 8. Code for cooling effects for floating PV power, 13%. ................................................ 28 

Figure 9. Relationship between reliability and LCOE for S1. .................................................. 29 

Figure 10. Wind power capacity for S1. .................................................................................... 30 

Figure 11. Wind power capacity for S1 with battery. ................................................................ 30 

Figure 12. Relationship between reliability and LCOE for   S1. ............................................... 30 

Figure 13. Relationship between reliability and LCOE for S2 and S3 for off-grid. ................... 31 

Figure 14. Effects of cooling for floating PV. ............................................................................. 31 

Figure 15. Monthly power outputs for floating PV. .................................................................. 32 

Figure 16. Effects of cooling for S3, off-grid............................................................................. 32 

Figure 17. Relationship between reliability and LCOE for S2, S3, and S4 for off-grid. ........... 33 

Figure 18.  Relationship between reliability and LCOE for S2, S3, and S4 for on grid. .......... 33 

Figure 19. Relationship between dumped power and battery capacity for S2, S3, and S4, off-

grid. .......................................................................................................................................... 34 

Figure 20. CO2 emissions for S2, S3, and S4 for off-grid. ....................................................... 34 

Figure 21. Reliability and LCEO for different PV capacities for S2. ........................................ 35 

Figure 22. Reliability and LCEO for different PV capacities for S3. ........................................ 35 

Figure 23. Reliability and LCEO for different PV capacities for S4. ........................................ 36 

Figure 24. Comparison for with and without tariffs for on grid systems. ............................... 36 

 

LIST OF TABLES 

Table 1. Potential PV capacities for the farm ........................................................................... 20 

Table 2. Main input values for the simulations ....................................................................... 24 

Table 3. The lower and higher values for the decisional variables .......................................... 26 

Table 4. Main input of the system costs for the optimization .................................................. 26 

Table 5. Evaluated scenarios .................................................................................................... 27 

Table 6. Input data regards FITs .............................................................................................. 28 

Table 7. Average PV power, ICC, and LCC for different PV capacities, off-grid ...................... 37 

 

  

file://///filesrv05.mdh.se/2$/lwe11001/ERA403%20-%20Examensarbete/ERA403.Thesis.LouiseWästhage.Version9.docx%23_Toc484255149


4 

NOMENCLATURE 

Designation    Symbol  Unit 

Angle of incidence    θ   ° 

Annual depreciation   dt   USD 

Annual maintenance   at   USD 

Area     A   m2 

Current    I   A 

Day     n   - 

Declination angle   δ   ° 

Density    ρ   kg/m3 

Efficiency    η   % 

Energy     E   kWh 

Hour angle    ω   ° 

Interest rate    i   % 

Latitude    φ   ° 

Lifetime    N   years 

Local median    Lloc   ° 

Maximum PV power   Wp   W 

Power     P   W 

Replacement number   r   - 

Salvage value    s   USD 

Self-discharge rate   σ   % 

Solar altitude angle    αs   ° 

Solar azimuth angle   γs   ° 

Solar irradiation   G   W/m2 

Standard median   Lst   ° 

Surface azimuth angle   γ   ° 

Tax rate    tr   % 

Temperature    T   °C 

Temperature coefficient  μ   %/°C 

Tilt angle    β   ° 

Time     t   hour 

Voltage     V   V 

Voltage maximum power point Vmpp   V 

Wind speed    ν   m/s 

Zenith angle    θz   ° 
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ABBREVIATIONS AND TERMS 

ASEAN     Association of Southeast Asia Nations 

CC limit    Charge Control limit 

CO2     Carbon dioxide  

DEDE Department of Alternative Energy Development and 

Efficiency 

EGAT Electrical Generating Authority of Thailand 

FIT  Feed-in-tariff 

GA Genetic Algorithms 

GHG     Greenhouse gas  

ICC     Initial Capital Cost 

LCC     Life Cycle Cost 

LCOE     Levelized Cost of Electricity 

Mtoe     Million tons of oil equivalent (1 Mtoe =11.6 TWh) 

NOCT     Nominal Operation Cell Temperature 

PDP     Power Development Plan 

PV     Photovoltaic  

PV/T Photovoltaic/Thermal system 

SOC     State Of Charge 

STC     Standard Test Conditions 

TBH Thai dollar (100 TBH =2.88 USD, 2017-05-04) 

USD US dollar 
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1 INTRODUCTION 

Replacing conventional energy systems based on fossil fuels into other alternative and 

renewable energy techniques have been emphasized within many different business areas all 

around the world. Countries are dependent on fossil fuels and the increased use of renewable 

energy will not only decrease the greenhouse gas emissions but also increase the dependency 

of imported energy. (Chimres & Wongwises, 2016) 

Consequently, the evolution of solar utilization and solar photovoltaic (PV) have a high 

potential of providing industry processes with the required energy supply (Chimres & 

Wongwises, 2016). Generally, ground-mounted PV modules have around 20% efficiency and 

solar energy installations usually require a lot of land use. Floating PV systems can increase 

the efficiency and reduce the land use. (Svensk Solenergi, 2013)  

The mathematical model of this thesis is based on OptiCE (2016) and will present four 

scenarios in order to compare performances from the different system configuration. This 

work will represent an extension of the previously conducted work of Nookuea, Campana, and 

Yan (2016). The thesis begins with a background section, which presents the energy 

consumption and production in Thailand, solar energy capacity and its usage possibilities 

within shrimp cultivation processes. The thesis continues with a literature study which gives a 

deeper knowledge of floating PV systems and shrimp farming and how they are connected in 

the nexus perspective. The 4th part of the thesis includes the modeling development while the 

5th part present and describes the results achieved. The final section of the thesis summarizes 

the findings.  

1.1 Background 

Along with the increasing energy demand, the energy debate where energy security and climate 

change issues have come to play a huge role in most governmental discussions all around the 

world. The global warming is a result of the greenhouse gas (GHG) emissions and there is an 

urgent need of developing new, renewable energy based systems. However, the high 

investment costs for implementing clean techniques are a major barrier since fossil fuels cost 

continuously remain low. Renewable techniques must be sustainable, both from an 

environmental perspective, but also economic profitable and social wellbeing. (Kumar, 2016) 

The Southeast Asia region has a large potential of installing and producing green electricity 

due to the high access of renewable energy sources. For instance, the Philippines and Indonesia 

are ranked second and third in the world of geothermal capacity. Meanwhile, China is ranked 

top three of solar energy potential. The energy consumption is predicted to continue increase, 

which resulted in an action plan for energy cooperation along the southeast countries, 

Association of Southeast Asian Nation (ASEAN). Since the region has a high solar energy 

capacity, solar photovoltaics (PV) system have become an attractive option for generating 

electric energy. (Kumar, 2016) 
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Like most countries, Thailand is dealing with a rapid energy consumption increase due to the 

increasing population growth. The majority of the population has access to electricity, which 

makes energy security to one priority dialogue for the government. The Department of 

Alternative Energy Development and Efficiency (DEDE) aims to support and develop 

commercial clean energy technologies, both on a local and national level. The mission is to 

build a sustainable energy system which promotes social responsibilities, financially 

beneficiary and reducing the ecological footprint (Department of Alternative Energy 

Development and Efficiency, 2017). Since there are no official renewable energy laws in 

Thailand, the department has set up several plans and strategies to increase renewable energy 

sources and reduce GHG emissions  (Huenteler, Niebuhr, & Schmidt, 2016). The overall goal 

of all strategies and plans is to generate 25% of the total energy power coming from renewable 

sources. According to Huenteler et al. (2016), the electrical demand will almost double by 2030 

and declares that the installed renewable technologies must increase rapidly in the near future.   

Thailand had a total primary energy supply of 134 Mtoe in 2013, corresponding 1,558 TWh, 

which makes the country the top two largest energy consumer in ASEAN (IEA, 2016). Within 

a period of 20 years, Thailand has almost tripled their energy consumption which increased 

the GHG emissions of almost 200% since 1990 (Huenteler et al., 2016). Fossil resources as oil, 

coal and nature gas are the main energy sources and in 2011 over 60% of the primary energy 

were imported (Cheokul, 2012). Huenteler et al. (2016) state if Thailand continues in the same 

direction, the energy import estimates to increase to 90% by 2035. Figure 1 illustrates the 

electric power generation of the fuel mix in Thailand´s energy sector from 1987 to 2015. 

 

Figure 1. Electricity conversion in Thailand classified by fuel type. (Energy Policy and Planning Office, 2016) 

The electrical production in Thailand dominates of nature gas and coal and in 2014, the power 

generation were approximately 180 TWh, there only 7.2% coming from renewable resources 

(Energy Policy and Planning Office, 2016). Currently, solar power is a minor contribution of 

that part meanwhile hydropower generates the most of the renewable energy (Huenteler et al., 

2016). In order to encourage electric production from renewable sources, Thailand 
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government has implement the feed-in-tariffs (FIT) policy, aimed to support the private-sector 

producers. This FIT policy includes biomass, biogas, solar, wind, hydro, and waste-to-energy 

techniques and has since its installation in 2007, increased the renewable energy production 

within the country. FIT includes a premium system where the producers are paid for selling 

electricity coming from renewable sources. This premium, also called surplus, varies between 

the techniques but lays around 3-7 THB per kWh. For instance, the surplus price for ground-

mounted solar power in agricultural is around 5.66 TBH per kWh, approximately 0.16 USD 

per kWh. (IEA, 2016) The current electrical price in Thailand is slightly low and lays around 

3.5 TBH per kWh, approximately 0.1 USD/kWh (Electrical Generating Authority of Thailand, 

2013).   

The solar irradiation in Thailand is overall high, which makes Thailand suitable for installing 

solar energy, both for off- and on-grid systems. The average solar radiation in Thailand is 18.0 

MJ/m2, day, but over 14% of the country gains around 19-20 MJ/m2, day. (Department of 

Alternative Energy Development and Efficiency, 2017) According to Chimres and Wongwises 

(2016), Thailand has the highest solar capacity potential in ASEAN and mean that solar power 

is the best alternative energy source to reduce the use of fossil fuels, despite no official 

environmental laws. The Thai government has proved to take the transformation of 

sustainable energy system seriously by setting up broad and ambitious goals of increasing 

renewable sources, both on a national and local perspective (Huenteler et al., 2016). 

One of the goals is to install 6,000 MWp solar by 2036, which means more and more local 

farmers and businesses in the near future will apply solar power innovations for electric 

support. Thailand is one of the main exporters of shrimps, which is a very energy and water 

intense process. The majority of the farms are either supplied by the grid, with a high share of 

fossil fuels in the electrical production, or some kind of diesel motor. There are approximately 

19,000 shrimp farms spread out in Thailand there 85% of those are categorized as small-scale 

cultivations with holdings less than 16,000 m2. The monthly electrical consumption for one 

6,400 m2 single shrimp farm is estimated to consume 15-20 MWh since the aeration process 

requires energy 24 hours a day. By installing solar energy, the shrimp farm´s environmental 

impact can reduce significantly and at the same time become more self-sufficient. (Nookuea et 

al., 2016) 

1.2 Problem definition 

Since shrimp cultivation is very energy intense with wastewater discharges and large area 

requirements, the process shows major challenges. The intensive energy consumption does not 

only raises the operating cost but also contribute to greenhouse gas emissions since most of 

the electricity in Thailand comes from fossil fuels. The significant power supply is required for 

the large volume of discharged water from each pond, which the intensive pumping, mixing 

and aeration is needed during the shrimp growing and water treatment process (Nookuea et 

al., 2016). This problem can be solved by increasing the penetration of renewable sources, such 

as solar energy. By installing solar photovoltaic systems, the farms can become more 

independent and in a long perspective could decrease the environmental impact and operation 
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costs. Since solar technique has a low efficiency compared to other renewable resources, solar 

systems usually require large land surface. Therefore, solar expansions can become an area 

management issue since the land area is both limited and expensive for the farmers. Previous 

studies have proved how the cooling effects of floating PV modules increases the efficiency and 

reduces water body evaporation. For this reason, floating PV modules can be placed in the 

existing ponds in order to produce renewable energy for the whole system, which from a nexus 

perspective could be profitable. 

1.3 Purpose and research questions 

The purpose of this study is to evaluate and optimize solutions for using floating PV systems 

in shrimp farm cultivation in Thailand, from a sustainability perspective, where the technical, 

environmental and economical perspective is included.  

To fulfill the purpose, the main research questions are listed below: 

 What are the benefits and challenges of using floating PV system compared to grounded 

PV system, from a nexus and technical perspective? 

 What is the difference between tracking floating PV system compared to fixed PV 

system, from an energy and economic performance perspective? 

 What are the differences between on and off-grid system, from an economic 

perspective? 

 What are the best renewable alternative for the specific shrimp farm cultivation, from 

an economic and energy performance perspective? 

1.4 Scope and Limitations 

The main limitation of this study has been to design the overall energy system of a floating PV 

without no deeper consideration of different materials, pollutions or construction technology. 

Calculations and input data are all theoretical and retrieved from software and refer to the 

specific investigated case study, since visiting the real shrimp farm in Thailand have not been 

possible. Since the model is based on a previously conducted work, the focus has been to 

develop scenarios by further developing the original model. The scope of the literature study 

was to give a deeper knowledge of floating PV systems and briefly describe how a shrimp 

cultivation farm works with special consideration of the energy perspective.  

 

 

 

 

 



10 

2 METHOD 

In order to evaluate and optimize a renewable solution for the chosen case study and answering 

the research questions, this study is based on five steps, see Figure 2 for a schematic 

illustration. Since this study has a deductive approach, the first step was a literature research 

where a deeper knowledge and understanding of floating PV technologies, shrimp cultivation 

processes and the usage of OptiCE were summarized. The second step consisted of gathering 

essential input data for the specific shrimp farm in order to get representative results. The third 

step consisted of developing the OptiCE code in order to run the simulations consider the 

farm´s energy consumption and local capacities for different scenarios. The forth step was to 

run the simulations and optimizations, solve upcoming errors and finally summarize and 

present all the results.  

 

Figure 2. Schematic picture for the overall method. (Own construction) 

2.1 Literature study 

The literature research of this study is based on searches of current development within 

floating PV systems and shrimp cultivations in Thailand. The search aimed to give a deeper 

knowledge and understanding of the energy potential development of floating PV systems 

within the cultivation industries. Moreover, have a deeper description of the optimization tool 

and previous researches using OptiCE been summarized. Therefore, previous research studies 

and scientist papers have been gathered from online databases as Science Direct and Google 

Scholar. Keywords such as shrimp cultivation, cooling effects of floating PV systems, tracking 

PV system and Thailand solar energy, have been used to find relevant information.   
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2.2 Gathering data 

Input data such as ambient temperature and solar radiation for the existing system have been 

taking from Meteonorm database by inserting the exact location of the shrimp farm. The input 

operation cost data and specific system information have been gathered from existing 

manufacture companies such as Tesla and Yingli Solar, as well as relevant online sources and 

publications as IRENA, IEA, and scientific articles. Moreover, the Thai government website 

has been used to get updated information and data for the country´s energy systems. 

2.3 Modelling 

The simulations and optimizations of the model have been performed in the open source code 

OptiCE, written in Matlab language. The optimization code is based on a genetic algorithm 

method in order to maximize the renewable reliability and minimize the life cycle cost. The 

simulations have been done by using the “Simulations.m” m-file and all the connecting files 

meanwhile the optimization have been done in the “Optimization.m” m-file. The development 

of the code was based on a techno- and economic dynamic optimization where input and 

output data were saved into Microsoft Excel for further assessment. By varying both internal 

and external parameters and equations, several scenarios have been optimized and compared 

from an economic and technical perspective. The simulation part is presented in section 4.1.1. 

while the optimization part in section 4.1.2. A more detailed description of the used equation 

can be found in Appendix 1.  

2.4 Results and economic analysis 

In order to estimate if the technical optimizations are profitable or not, the Life Cycle Cost 

(LCC) analysis method has been used. Moreover, the Initial Capital Cost (ICC) and the 

Levelized Cost Of Electricity (LCOE) analysis methods have been used for the system. The 

optimization model maximizes the system´s renewable reliability and at the same time 

minimize the LCOE.   
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3 LITERATURE STUDY 

This chapter describes the impacts of floating PV systems and the power and water usage 

within a shrimp cultivation process in Thailand. The nexus perspective will also be described 

from an energy point of view, together with a brief presentation of previous studies using 

OptiCE.  

3.1 Solar power technologies 

Solar PV systems have expanded rapidly the last twenty years and today’s market includes 

several different solar PV installation types. There are ground mounted systems, as known as 

land based solar projects, which are placed on a flat, normally large area of land. Rooftop 

installations are usually placed on residential and commercial buildings meanwhile canal top 

systems are placed above canals in order to minimize the land use. Off-shore PV systems are 

therefore very convenient in a land issue perspective since they can be placed on large water 

areas and take full advantages of the sun radiation. Floating PV systems can be placed in small 

lakes, ponds or reservoirs and are one of the newest installations added to the solar market. 

The biggest advantages of floating PV systems, compared to offshore and land mounted 

systems, is the fact that it can be installed there land and water shortage is an issue. (Sahu, 

Yadav, & Sudhakar, 2016) Most renewable techniques are multi-scale systems which required 

big land area, which can become a problem, especially in agricultural processes (Trapani & 

Redón Santafé, 2015).   

The floating systems can be constructed differently but are usually mounted on a platoon 

structure, with floats in any shape, solar panels, electrical cables connected to a converter and 

a mooring system to ensure a stable and still system (Sahu et al., 2016). There have been several 

new floating PV projects, and from 2007 to 2013, approximately 20 floating PV systems were 

developed and installed, from the size of 0.5 kW to 500 kW. (Trapani & Redón Santafé, 2015) 

3.1.1 Floating PV system 

The solar energy market is working hard on increasing the efficiency of the PV module since 

solar energy is one of the sources available throughout the world. Dash and Gupta (2015) 

declared that a PV module technology is affected by several factors, which includes the 

distribution of solar intensity, ambient temperature, and climate and finally the temperature 

coefficient of the module. It is proven that the electrical efficiency directly depends on the 

ambient temperature since increased temperature reduces the efficiency (Dash & Gupta, 

2015). The voltage of a module is highly affected by the temperature thus the voltage maximum 

power point (Vmpp) increases at lower temperatures. For instance, the maximum output (Pmpp) 

at 25˚C can reach 50.2 W meanwhile the same module at a temperature of 40˚C only reaches 

46.5 W, at a constant radiation (Fesharaki, Dehghani, Fesharaki, & Tavasoli, 2011). When the 

temperature increases, the band gap between the semiconductors in the PV module reduces, 

which means that the less energy can be absorbed by the panel (Dash & Gupta, 2015).  
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Since most areas with the highest solar radiation are usually tropical regions, researchers have 

tried to integrate cooling systems in order to find the best solution of decreasing the module 

temperature (Dash & Gupta, 2015). The technique of air- and water-cooling systems has been 

studied and successfully proved to increase the efficiency of the module. Teo, Lee, and 

Hawlader (2012) presented a study of an air hybrid photovoltaic/thermal (PV/T) system, 

where airflow distribution was attached to the back of the module. The result displayed a linear 

trend curve of the temperature and efficiency relationship and stated how the cooling 

operation increased the efficiency from 8 to 12%. Bahaidarah, Subhan, Gandhidasan, and 

Rehman (2013) set up a hybrid PV water cooling system where a water flow system was placed 

back of a module. The result observed how the temperature of the module decreased by 20% 

and the power efficiency increased by 9%. Tripanagnostopoulos, Nousia, Souliotis, and 

Yianoulis (2002) found that a water cooling system provided higher efficiencies than using an 

air cooling system.  

Installing solar PV system on water bodies have proven to get a higher average efficiency 

compared to ground mounted systems due to the cooling effect of the water (Sahu et al., 2016). 

In the study of Choi (2014) the performance of a 100 kW and 500 kW floating PV systems on 

a reservoir in South Korea have been analyzed. The result showed how both systems provided 

a higher power generation during the whole test period compared to an overland PV system. 

As a result, the 100kW system reached an efficiency value of 17.6%, which were 13.5% higher 

than the overland PV system. Meanwhile, the 500 kW system presented a little lower efficiency, 

it still was 10.3% higher than the land mounted PV system. Choi (2014) did also compare the 

temperature of the PV module of a 2.4 kW floating system to a ground-mounted system, which 

confirmed how the cooling effect of the water kept the temperature down. Majid, Ruslan, 

Sopian, Othman, and Azmi (2014) simulated an 80 W floating PV system in a pond, which 

showed up to 6% higher energy improvement in a long-term simulation compared to a normal 

PV module. The result of a two-hour simulation during mid-day showed how the efficiency 

improved by 15.5% higher than the normal PV module (Scienza Industria Technologia, 2014).  

Except for the increasing efficiency, floating PV systems do also prevent water evaporating. 

The coverall of the platoon and the PV modules prevent solar radiation, which usually is a 

problem in hot and water-scarce regions. An estimation of 40%  of an open water storage are 

lost through evaporation in Australia and the evaporating rate are proven to increase in the 

future (Helfer, Lemckert, & Zhang, 2012). Helfer et al. (2012) estimated that the rate would 

increase by 8% due the climate change and increasing surface air and water temperatures. 

Studies of an agricultural water reservoir in south Spain proved an estimated evaporating loss 

of 17% and over 20% water savings could be achieved from lakes and dams in Turkey if actions 

are implemented (Santafé et al., 2014). By covering a 4,490 m2 surface reservoir with floating 

PV´s in Spain, Santafé et al. (2014) achieved annual water savings by 25% while generated over 

400 MWh renewable power per year. Sahu et al. (2016) believe that floating PV systems can 

reduce the evaporation up to 33% on natural lakes and ponds and 50% on human-made 

facilities.  

Integrating floating PV systems on water infrastructure have been proved to be very successful 

due reduced evaporation and increased PV panel efficiency. Floating PV system does also 

prevent algae growth and can become cost competitive compared to overland PV systems. 
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According to Sahu et al. (2016), floating PV systems is competitive since the investment cost is 

slightly 1.2% higher than conventional PV systems. Beyond all the benefits of installing floating 

PV systems are some challenges and issues that should be considered. Since the system is 

placed on water, it could be affected by moisture contents or corrosion. A challenge is also the 

construction design of the system since it important for the PV module to stay stable and afloat 

despite hard winds or waves. Underwater cables and modules may affect the quality of the 

water or the existing ecosystems. (Sahu et al., 2016) 

3.1.2 Tracking PV system 

In order to maximize the energy collection, tracking-type floating PV system has become 

interesting since it allows following the sun movement. According to Choi, Lee, Lee, and Kim 

(2014), tracking system generates up to 20% better than a regular floating PV system. A 

tracking-type PV system is designed to automatically track the location of the sun even when 

it is cloudy or rainy. There is usually a mechanical device that can be rotated thus the PV 

modules are constructed on still, it requires a lot of effort maintaining frequent functional. 

There is therefore extra important that the structure of a floating tracking system is correct 

constructed due to the gravitational directions and maintain floating on the water. Despite this, 

tracking-type floating PV systems do have greater rotation capacity than overland tracking 

systems and higher power generation than fixed-type floating systems. (Choi et al., 2014)  

The first tracking-type floating PV system installed was the Petra Winery in Italy in 2010, 

which followed by the project at Lake Colignola, Italy in 2011. The special thing with the Lake 

Colignola-project was the fact that the tracking-type floating system is constructed with 

mirrors to reflect the solar radiation even more. The project estimated an increased annual 

yield of 60-70% compared with fixed-ground PV systems. (Trapani & Redón Santafé, 2015) 

Researchers at Scienza Industria Technologia have been involved developing the so-called 

Floating Tracking Cooling Concentrator (FTCC) System, which can have different designs and 

sizes. The systems can vary from 20 to 200 kWp in order to maximize the coverage of the 

existing water area. The systems do usually have a rotation center of a rotation structure, which 

makes the sun tracking possible. (Scienza Industria Technologia, 2014) 

3.2 Shrimp farming 

Shrimp cultivation in Thailand remains as one of the biggest export product for the country 

since the global market continuous demand of freshwater shrimps. The global market evolved 

rapidly in the 1990s and in 2000, the global production reached nearly 119,000 million ton, 

compared to 5,000 million ton in 1984, which Thailand contributed 3,700 million ton. (New, 

2002) 

The shrimp cultivation process can be divided into three main phases, which includes the 

hatchery, the nursery, and the grow-out phase. The hatchery process requires brackish water, 

which is provided by mixing local freshwater with either seawater or artificial seawater. The 

nursery phase follows when the so-called post-larvae, or larval, been hatched and before the 
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grow-out progress begins. Once the grow-out phase started, it will take three to six months for 

the larvae to grow into full-sized shrimps. The water quality is very important for the whole 

process and therefore very sensitive to pollutions and unwanted elements in the water. Supply 

of air into the process are very important thus keeping a high oxygen level directly affects the 

larval and grow-out progress. (New, 2002) Figure 3 shows a schematic diagram of the shrimp 

farm cultivation process and the most important components. 

 

Figure 3. Schematic illustration over a shrimp farm process. Own construction inspired by Nookuea et al. (2016) 

3.2.1 Energy consumption 

The most energy consuming activity within shrimp cultivation are the aeration and water 

pumping in all three phases (Nookuea et al., 2016). It is important that the farms have a secure 

and sufficient energy supply system since the shrimp evolution are very sensitive to 

temperature changes, freshwater supply and the right concentration of oxygen. More is the 

need of supplying and draining water from the tanks and ponds, which pumps do easiest. 

Currently, most farms use electricity from the national grid for their processes but usually have 

a diesel generator as a backup power source. The backup energy source is very important since 

the aeration system is essential for the cultivation process, especially for the hatchery process. 

Power failure can come to affect the whole shrimp harvest, which can be very unprofitable for 

the farmers ‘business. (New, 2002) 

In order to reduce the energy and water usage, most farms have installed a recirculation system 

including biological filtration. This flow-through system should constantly be running, both 

for minimizing the risk of soiled water and to keep a continuous water temperature. Optimum 

water temperature for a shrimp cultivation is 28-31°C, there below 24-26°C will extend the 

larval growth time and temperature over 33°C will cause high mortalities. There is usually no 

need of heating the water temperature since most shrimp farms are located in tropical areas, 

there the challenge is to keep the temperature down. Therefore, the importance of possessing 

a reliable flow-through system thus aim to keep the temperature down. (New, 2002)   
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Figure 4. Monthly electrical consumption of a single pond shrimp farm. (Own construction) 

Figure 4 shows the monthly electrical consumption for one nursery pond and two grow-out 

ponds, with and without wastewater treatment. Running a farm with wastewater treatment 

requires more energy than without, which increase the need for secure energy sources.  

3.2.2 Water use and conditions 

The required volume of water used in shrimp farming depends on the size of the farm and the 

type of management utilized, either flow-through or recirculation systems. Since the used of 

recirculation pump systems have been evolved, the required amount of water has decreased 

due the recycle of the same water. The size of a farm varies and can contain from some few 

ponds to several hundred grow-up ponds. Recommended pond sizes range between 0.2 and 

0.6 hectares with a convenient width of 30 meters. (New, 2002) The most convenient pond 

type for inland aquaculture is the embankment or levee ponds which have a rectangular shape 

(Boyd & Gross, 2000).  

Except for all the tanks and ponds used for the shrimp cultivation, the farms required backup 

water storages to refill from seepage and evaporation. Different farms do also use different 

methods when harvesting the shrimps, which affect the water consumption. The two most 

common methods are cull-harvesting and drain-harvesting, depending on the chosen pond 

management. Cull-harvesting is when a net is pulled through the pond in order to remove all 

market-sized shrimps, and no water are removed or drained from the pond. The method of 

drain-harvesting is when the pond is partly or fully drained of water. Some farms have a catch 

basin connected to the pond for collecting the water and the not market-sized shrimps coming 

out of the pond. The water can be reused but the farmer must be aware of the water quality 

since shrimps are very sensitive to changings environments. (New, 2002) 

The required volume of water for shrimp farming does also depend on the climate since arid 

regions have a higher evaporating rate and therefore consume more water (Helfer et al., 2012). 

In an attempt to reduce the evaporation of ponds and open surfaces, a coverall of plastic or 

other types of covers has been used to protect the surfaces. These solutions are usually neither 
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practical nor profitable in a long-term perspective since the lack of sunlight reduces the oxygen 

concentration. Deepening the ponds may decrease the evaporation per unit volume, but is not 

recommended for aquaculture processes since the deep should not exceed two meters. (Boyd 

& Gross, 2000) 

The quality of the freshwater is essential for efficient hatchery and grow-up phases and 

therefore water analysis is recommended. The cultivation is very sensitive to heavy metals, soil 

and other unwanted minerals or chemicals. It could, therefore, be advantageously not to place 

the farm too close to villages, to minimize the risk of pollutions. Conscious of that, shrimp 

farms can be placed wherever available of groundwater since it possible to add artificial 

seawater into the process. However, it is important to take into account of the local 

environmental and human livings since the available freshwater should be sufficient for all. 

(New, 2002) 

3.3 Nexus perspective 

The interactions between water, energy, and land-use are complex but yet most essential for 

human well-being, economic growth, and urbanization. Because of the growing population, 

projections of a 40% increase energy demand, a 70% increase in food demand and a 50% 

increase in water demand will occur by 2030. As a result, two-third of the world´s population 

will live in water stress areas, which can come to challenge the energy, water, and land use 

approaches. (Stigson, Roth, & Karlsson, 2014)  

Those three are usually synergetic connected since one sector has significant influence over 

another in a development and economic perspective. For instance, water infrastructure 

generates hydropower and at the same time provides water storage for irrigation and 

agricultural processes. Agricultural stands for approximately 70% of the world´s total use of 

fresh water and due to the increasing demands, a competition for resources can arise in the 

near future. Nexus approaches are used to identify and implement strategies in order to better 

understand the complex and dynamic interrelationship of the three sectors. Water, energy, and 

ecosystem services are strongly connected to a country´s economic and social development. 

The goal is to maintain the integrity of the ecosystem, which emphasis on a sustainable 

managing of the nature resources along the world. (FOA, 2014)  

Identifying the linkage of the natural resources can be a win-win strategy where human well- 

being, environmental sustainability and long-term profitable can coexist. The nexus 

perspective has become a part of the political agenda, even if the concept still is unknown for 

many policymakers (Ringler, Bhaduri, & Lawford, 2013). Stigson et al. (2014) have therefore 

defined the nexus approach by identifying four key aspects: drivers, goals and good, action 

framework and capacity building. Population growth, globalization, climate change and 

economic development are all defined as drivers, which contributes to the increasing resource 

consumption. The goals and goods of the nexus approach represent what to accomplish, such 

as access to water, food, energy and a healthy population. Governance, economy, and 

technology are defined as action frameworks thus they have the potential to influence the 

drivers. The last one, capacity building, stands for the understandings of how to manage nexus 
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thinking. By recognizing these four aspects in decision-making processes, a broader system 

perspective is considered and strategies can be made from a cross-sector point of view. (Stigson 

et al., 2014) 

Agricultural have the challenge of providing products and services for present and future 

generations while improving environmental biodiversity and cost-effectiveness. The older 

agricultural sector has changed from mainly producing food for human´s well-being to 

producing feedstock for energy usage. By 2018, half of the world’s increase demand for maize 

and wheat and one-third of oil seeds will be growth for biofuel usage. At the same time, big 

land and forest areas have been deforestation in order to provide energy sources and space for 

energy settlements. (Howells et al., 2013) 

Shrimp cultivation requires big land use compared to the amount of shrimp production, which 

from a nexus perspective is not advantageous. Also since shrimps farming is a land-based 

aquaculture process, the land have been converted into water surface areas which affect the 

ecosystem (Boyd, Tucker, McNevin, Bostick, & Clay, 2007). Integrating floating PV system on 

existing water surfaces can, therefore, be one way of combining already used resources. 

Renewable power is produced without claiming more land surface, which a land-based PV 

system would do.  

3.4 Previous researches using OptiCE 

OptiCE (2016) is an open source model for simulation and optimization of hybrid power 

systems for off- and on-grid applications. Furthermore, OptiCE models clean energy 

technologies integrated into micro-grids or as a distributed generation in larger grids and 

systems. Originally, the model includes a PV system, a wind power system, a diesel generator, 

and a battery storage for off-grid applications. The model consists of several simulation sub-

models written in Matlab and an input and output MS Excel file. The code consists of six 

decisional variables which include the PV tilt and azimuth angles, PV power peak, wind tower 

height, wind turbine, and battery capacity. The model uses a genetic algorithm (GA) in order 

to find the optimal power solutions of the maximized renewable reliability combined with the 

minimized life cycle cost. The tool covers the whole energy chain of energy systems where 

renewable energy, conversion technologies, sustainability, and energy storage are included.  

The model has been developed and updated for new power sources, storage systems, and 

power-to-heat conversion technologies. (Campana & Zhang, 2016)  

GA is a well-recognized optimization method, suitable for solving multi-objective problems. 

Usually, real-life problems maintain multiple-objectives that under consideration conflict with 

each other. An example of a multi-objective problem is to minimize a system´s cost but at the 

same time maximize its performances and reliabilities (Konak, Coit, & Smith, 2006). The 

method is based on a natural selection process that mimics the biological evolution. The main 

technique of GA is that the method randomly generates a population of points at each iteration, 

and then uses the best points to approaches an optimal solution. The biggest different between 

classical and genetic algorithms is the fact that GA selects the next population by randomly 

computation meanwhile classic algorithms uses a deterministic computation for selecting one 
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next point. This means that the problem evolves toward an optimal solution. (Math Works, 

2017)  

Both GA and OptiCE have been used in several studies since the increasing number of hybrid 

power systems all around the world. OptiCE model combines clean energy technologies by 

using GA method for solving common multi-objective problems within the area. In the study 

of Campana et al. (2016a), OptiCE model was used to find the optimal solar home systems 

components for guaranteeing to minimize costs and maximize system reliability. They 

developed an open source MS Excel program written in VBA which can be applied anywhere 

in the world. Another study used the model to optimize a water pumping system considering 

the availability of groundwater resources by minimizing the operation cost and maximizing the 

revenue. By combining the dynamics of a PV water pumping system, groundwater level, and 

crop water demand, the effectiveness could increase and therefore reduce the investment cost 

(Campana et al., 2015). Another study done by Campana et al. (2016b) used the model to 

minimizing the life cycle cost and maximizing the renewable and water harvesting reliability 

by optimizing the energy and water supply for residential. The result showed how the reliability 

of the water-hybrid system varied between 40-95% considering different electric loads and 

environmental areas.  
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4 DESIGN AND MODEL DESCRIPTION  

This chapter describes the investigated case study and how the optimization of the model have 

been constructed.  

4.1 Case study and model 

The investigated shrimp cultivation farm are located in the Nakhon Si Thammarat Province in 

the south of Thailand. The shrimp farm consists of one nursery pond and two grow-out ponds 

with an area of 6,400 m2 and with a depth of 2 m. All ponds are provided with an aeration, 

pumping and treatment systems, running 24 hours. The electrical consumption varies over the 

year but usually exceeds 15,000 kWh per month without wastewater treatment and around 

20,000 kWh including the wastewater treatment, see Figure 4. In this case study, the 

simulations and optimizations will be including the wastewater treatment, which not are used 

in the farm today. The floating PV system is planned to be located on the surface of the 

treatment pond, which not contains any shrimps. In order to make the comparison of floating 

PV system and ground-mounted PV system equally, the grounded system suppose has the 

same size. The potential sizes of the PV systems are 50, 100 or 200 kWp, see Table 1 below, 

assuming an efficiency of 15%.  

Table 1. Potential PV capacities for the farm 

PV capacity (kWp) 50 100 200 

Area of the PV system (m2) 476 952 1,905 

Area of the PV cell only (m2) 333 667 1,333 

 

A schematic picture of the hybrid model is illustrated in Figure 5. The system consists of a PV 

system, a wind turbine and a battery which purpose is to generate and store renewable energy. 

Meanwhile, a diesel motor and the electrical grid are connected as power back-ups. If the 

power production is higher than the load and the battery are fully charged, the surplus of the 

electricity will be sold to the grid for the grid-connected solution.  
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Figure 5. Schematic picture of the hybrid system. (Own construction) 

By evaluating several scenarios of installing floating or ground-mounted PV systems, wind 

turbine and battery charging, the reliability of the hybrid system has been assessed by using 

the OptiCE optimization tool.  

4.2 Simulation 

Some of the equations used in the Matlab code were developed in the work conducted by 

Nookuea et al. (2016) which is a hybrid power system. For the simulation modulation, the 

“Simulation.m” m-file have been used. The first part of the code is to read the input data 

coming from the Excel file and the following section declares the six decisional variables. Most 

of the equations are taking from Duffie and Beckman (2013).  

The following sub-chapters will give a deeper description of the used equations in the OptiCE 

program. Since the program is a hybrid system, the program consists of several different files, 

which simulates different parts of the hybrid system such as the PV module, the battery, the 

wind tower and the diesel generator. 

4.2.1 Total solar radiation  

By summarizing all the irradiance towards a surface, in this case, a PV module, the total solar 

radiation could be calculated by the following equation: 

𝐺𝑡 = 𝐺𝑏 + 𝐺𝑑 + 𝐺𝑟  [𝑊/𝑚
2] 

Where Gb is the total beam radiation, Gd the total diffuse radiation and Gr the reflected 

radiation.  
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4.2.2 Angle of incidence 

The angle of incidence is the angle between the beam radiation, known as solar radiation, on a 

surface and the normal to the same surface. The angle of incidence was calculated by using 

following equation: 

𝑐𝑜𝑠𝜃 = sinθz∗ 𝑠𝑖𝑛𝛽 ∗ cos(𝛾𝑠 − 𝛾) + cosθz ∗ 𝑐𝑜𝑠𝛽 

Where θz is the zenith angle, β the tilt angle of the module, γs the solar azimuth angle and γ the 

surface azimuth angle. Since the zenith angle is equally too: 

𝜃𝑧 = 90° − 𝛼𝑠 

Where αs is the solar altitude, the angle of incidence was calculated by using the solar altitude 

angle:  

𝑐𝑜𝑠𝜃 = cos𝛼𝑠 ∗ 𝑠𝑖𝑛𝛽 ∗ cos(𝛾𝑠 − 𝛾) + 𝑠𝑖𝑛𝛼𝑠 ∗ 𝑐𝑜𝑠𝛽 

4.2.3 PV efficiency and power generation 

In order to calculate the operation efficiency of the PV module, the following equation was 

used: 

𝜂𝑃𝑉 = 𝜂𝑃𝑉,𝑆𝑇𝐶 ∗ (1 +
𝜇

𝜂𝑃𝑉
∗ (𝑇𝑎 − 𝑇𝑆𝑇𝐶) +

𝜇

𝜂𝑃𝑉,𝑆𝑇𝐶
∗
𝑁𝑂𝐶𝑇 − 20

800
∗ (1 − 𝜂𝑃𝑉,𝑆𝑇𝐶)) ∗ 𝐺𝑡   [%] 

Where ηPV,STC is the standard test condition (STC) efficiency of the PV module, μ is the 

temperature coefficient of the power output, Ta is the ambient temperature, TSTC is the STC 

temperature, in this case, set to 25˚C and NOCT is the nominal operation cell temperature, 

usually set to 45˚C. In order to calculate the electricity power output, which is what the PV 

module can generate, the equation below were used: 

𝑃𝑃𝑉 = 𝜂𝑃𝑉 ∗ 𝐴𝑃𝑉 ∗ 𝐺𝑡  [𝑊] 

Where APV is the area of the PV module.  

4.2.4 Battery  

The battery has two states; either charging when the energy production is higher than the load 

or discharging when the load is bigger than the energy production. The state of charge (SOC) 

indicates the energy stored in the battery (Kanase-Patil, Saini, & Sharma, 2011):  

𝐶ℎ𝑎𝑟𝑔𝑒: 𝑆𝑂𝐶(𝑡) = 𝑆𝑂𝐶(𝑡 − 1) ∗ (1 ∗ 𝜎) + (
𝐸𝑙𝑜𝑎𝑑(𝑡)

𝜂𝑖𝑛𝑣
− 𝐸𝑔𝑒𝑛(𝑡)) ∗ 𝜂𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 

𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒: 𝑆𝑂𝐶(𝑡) = 𝑆𝑂𝐶(𝑡 − 1) ∗ (1 ∗ 𝜎) − (−
𝐸𝑙𝑜𝑎𝑑(𝑡)

𝜂𝑖𝑛𝑣
+ (𝑡)) 
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Where t is the time in hours, σ is the self-discharge rate, in this case, set to 0.2%, ηinv is the 

efficiency of the inverter, Egen is the power generated from the system and ηB is the efficiency 

of the battery. Since the battery can both charging and discharging, following constraints have 

been set: 

𝑆𝑂𝐶 ≥ 100% = 𝑜𝑛𝑙𝑦 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 

𝑆𝑂𝐶 < 100%  &  𝑆𝑂𝐶 > 𝐶𝐶 𝑙𝑖𝑚𝑖𝑡 = 𝐶ℎ𝑎𝑟𝑔𝑒 𝑜𝑟 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 

𝑆𝑂𝐶 ≤ 𝐶𝐶 𝑙𝑖𝑚𝑖𝑡 𝑜𝑛𝑙𝑦 𝑐ℎ𝑎𝑟𝑔𝑒 

When the SOC is equal to 100% means that the battery is fully charged and can be used as a 

backup power. When the load is higher than the generated power and the SOC is above the 

battery´s charge control limit (CC limit), the battery will be discharged. Similarly, the battery 

will be charged if the generated power is higher than the load and the battery is not fully 

charged.  

4.2.5 Wind system 

The wind power output (PWT) from the wind system has been expressed by the following set of 

equations (Campana & Zhang, 2016): 

𝑃𝑊𝑇 =

{
 
 

 
 
0                                   (𝜈 < 𝜈𝑖 𝑎𝑛𝑑 𝜈 > 𝜈0 )
1

2
𝜂𝑚𝜂𝑒𝜌𝐴𝐶𝑝𝜈

3                    (𝜈𝑖 ≤   𝜈 ≤ 𝜈𝑟 )

𝑃𝑊𝑇,𝑟                                     (𝜈𝑟 ≤   𝜈 ≤ 𝜈0 )

0                                   (𝜈 < 𝜈𝑖 𝑎𝑛𝑑 𝜈 > 𝜈0 )

  

Where ν is the actual wind speed, νi, νr and ν0 are the cut-in, rated and cut-out characteristic 

speeds of the wind power curve, ηe and ηm is the electrical and machine efficiency, ρ the air 

density, A the rotor area, Cp the power coefficient and PWR,r is the wind turbine rated power.  

4.2.6 Diesel generator 

In order to calculate the fuel consumption of the diesel generator, the following equation has 

been used (Campana & Zhang, 2016): 

𝐹𝐶𝑑𝑖𝑒𝑠𝑒𝑙 = 𝛼 ∗ 𝑃𝐷𝐺 + 𝛽 ∗ 𝑃𝐷𝐺,𝑅  [𝑊] 

Where α and β are the experimental coefficients of the fuel consumption curve, in this case, set 

to 0.246 and 0.08145. PDG is the power output from the diesel generator meanwhile PDG,R is the 

rated power output of the diesel generator. To calculate the CO2 emissions, the following 

equation has been used: 

𝐶𝑂2 = 𝐹𝐶𝑑𝑖𝑒𝑠𝑒𝑙 ∗
2.63

1000
 [𝑘𝑔] 

Where the CO2 emissions from the diesel generator have been estimated to 2.63 tons/MWh.  
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4.2.7 Inputs simulation 

To run the simulations, several input data have been inserted into the Excel file to be read by 

the main code. Table 2 summarizes the main inputs for the solar radiation, PV system, battery, 

and wind system.  

Table 2. Main input values for the simulations 

Solar radiation 

Ground reflectance 0.2 
 

Standard meridian 105 ⁰ 

Local meridian 100 ⁰ 

PV system 

Maximum power module 300 W 

Efficiency module 15.46 % 

Area module 1.94 m2 

Vmp 36.27 V 

Isc 8.84 A 

Battery 

CC limit 10 % 

η 90 % 

σ 0.0002 
 

Wind power 

Vc 2.5 m/s 

Vr 10 m/s 

Vo 20 m/s 

ηm 80 % 

ηe 90 % 

Cp 0.4 
 

 

The ground reflection, also called albedo, quantifies a surface´s capacity of reflecting solar 

radiation. This value varies between different surfaces and water has a range of zero to one 

depending on the quality of the water, soil content, season and location. Zero refers to a black 

surface which absorbs all the income energy, meanwhile, one refers to a white surface which 

reflects all the income energy. (The National Snow and Ice Data Center, 2017)  

The chosen PV modules for the PV system comes from Yingli Solar, YL300-35b from 2015. The 

assumed battery referrers to the technical specification of Tesla power pack. The electric load 

for the simulations are referring to the load when wastewater treatment is included. Moreover, 

the input data of the wind speed, ambient temperature, global horizontal radiation, and the 

diffuse horizontal radiation for the exact place have been inserted in the MS Excel file. The 

average monthly global horizontal irradiations vary between 153-251 kWh/m2 while the 

average monthly wind speeds vary between 0.6-1.1 m/s, shown in Figure 6. 
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Figure 6. Average wind speed and solar irradiation for the case study location. (Meteotest, 2017) 

4.3 Optimization 

The purpose of the optimization is to minimize the Levelized Cost of Electricity (LCOE) and at 

the same time maximize the renewable reliability for the hybrid system. For the optimization 

modeling, the “Optimization.m” and “Optimizations_for_simulations.m” m-files have been 

used. If nothing else is mentioned, the equation is referenced from Campana and Zhang (2016). 

4.3.1 Economic evaluation  

The following equation has been used to calculate the life cycle cost (LCC) for the system when 

the initial capital cost (ICC) were known.  

𝐿𝐶𝐶 = 𝐼𝐶𝐶 −
𝑑𝑡

(1 + 𝑖)𝑛
∗ 𝑡𝑟 +

𝑎𝑡
(1 + 𝑖)𝑛

(1 − 𝑡𝑟) +
𝐼𝐶𝐶𝑐

(1 + 𝑖)𝑟𝑙𝑐
(1 − 𝑡𝑟) −

𝑠

(1 + 𝑖)𝑁
∗ 𝑡𝑟  [$] 

Where dt is the annual depreciation, i the interest rate, N the lifetime of the project, n the 

specific year, tr the tax rate, at the annual maintenance, ICCc the investment cost of the 

component, r the replacement number of the component, lc the lifetime of the component and 

s the salvage value. The total LCC were given by summarizing all the LCC for each system 

meanwhile the LCOE were calculated by the following cohesion. 

𝐿𝐶𝑂𝐸 =
𝐿𝐶𝐶𝑡𝑜𝑡𝑎𝑙

𝑡𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
 

Where the total electricity produced sums up the electricity of renewables, diesel generator or 

grid power. The reliability declares the system´s ability to completely fulfill the electric load.  

𝑅𝑒𝑙𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
𝐻𝑆𝐿
8760

∗ 100  [%]  
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Where HSL is the number of hours the renewable generated power supported by the battery 

system can meet the load.   

4.3.2 Inputs optimization 

The six decisional variables have both a low and a high boundary value, see Table 3.   

Table 3. The lower and higher values for the decisional variables  

Decisional variables LB HB 

Tilt angle (ᴼ) 0 30 

Azimuth angle (ᴼ) -10 10 

PV capacity (Wp) 0 100 000 

Wind tower (m) 0 80 

Wind capacity (W) 0 500 000 

Battery capacity (W) 0 2 000 000 
 

By setting a lower and higher boundary value for each decisional variable, the model can find 

the most optimal solution for the system. Furthermore, the specific cost for each system 

components have been inserted to get a realistic result, shown in Table 4.  

Table 4. Main input of the system costs for the optimization 

Main input of system costs 

Specific cost ground-mounted PV 3.4 USD/W 

Specific cost floating PV 2.6 USD/W 

Specific cost wind 1.7 USD/W 

Specific cost battery 0.5 USD/Wh 

Specific cost inverter 0.2 USD/W 

Specific cost diesel generator 1 USD/W 

Specific cost diesel  0.77 USD/liter 

Specific cost grid 0.0001 USD/Wh 

Specific cost grid surplus 0.00017 USD/Wh 

Project lifetime 25 year 

PV system lifetime 25 year 

Wind turbine lifetime 25 year 

Battery lifetime 5 year 

Inverter lifetime 10 year 

Diesel generator lifetime 5 year 

Tax rate 0.2 
 

Interest rate 0.015 
 

Maintenance rate PV 0.02 
 

Maintenance rate wind 0.02 
 

Maintenance rate battery 0.01 
 

Maintenance rate diesel 0.02 
 

 



27 

The reason why floating PV system has a lower specific cost than a ground-mounted is because 

of the high cost of land in Thailand. The price per square meters is approximately 150-170 USD 

(OkNation, 2012).  

4.4 Evaluated scenarios  

Several scenarios have been evaluated in order to find the most efficient system combination 

for the investigated shrimp farm. There are four main scenarios listed in Table 5. All four 

scenarios have been investigated both for on- and off-grid connection.  

Table 5. Evaluated scenarios 

  Scenarios  

Option S1 S2 S3 S4 

Ground-mounted PV x x - - 

Floating PV - - x x 

Tracking PV - - - x 

Wind turbine x - - - 

Battery - x x x 
 

Scenario 1 (S1) and scenario 2 (S2) will both consider ground-mounted PV system including 

wind and battery respectively. Scenario 3 (S3) and scenario 4 (S4) do both include the floating 

PV system and battery, but there S4 will compare fixed and tracking PV system.   

4.4.1 Electric grid 

Since OptiCE simulates off-grid hybrid systems, a new m-file called “electric grid” has been 

developed. The electric grid has the same function as the diesel generator, except that the 

surplus electric production and FITs have been considered as concerns the economic part. The 

following section of the code shown in Figure 7 shows how the grid annual income due to FIT 

and LCC have been calculated.  

 

Figure 7. Code for the electric grid considering FITs. 

4.4.2 Cooling effects of floating PV system 

Previous works and measurements have stated how the cooling effects from the water increase 

the efficiency of the floating PV modules. An estimated increased PV power of 7, 10 and 13% 

have been included into the code, see Figure 8.   
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Figure 8. Code for cooling effects for floating PV power, 13%. 

4.4.3 Tracking system 

In order to compare fixed and tracking PV systems, the angle of incidence should according to 

Duffie & Backman (2013) be adjusted. For one axis tracking, following condition are required: 

𝑐𝑜𝑠𝜃 = cos 𝜃𝑧 ∗ 𝑐𝑜𝑠𝛽 + 𝑠𝑖𝑛𝜃𝑧 ∗ 𝑠𝑖𝑛𝛽 

𝛾 = 𝛾𝑠 

𝛽 = 𝑐𝑜𝑛𝑠𝑡. 

In this case, the tilt angle was set to 10˚.  

4.5 Economic analysis 

In order to get a broader perspective of how external changes might affect the system´s LCOE, 

an economic analysis have been carried out for all four scenarios. Since on-grid systems have 

the possibilities of selling the surplus power to the grid, there is interesting to investigate how 

the system´s results changes with and without FITs. Without FITs means the producer will 

have the same price for both buying and selling electricity to the grid, see Table 6.  

Table 6. Input data regards FITs 

 
With Without 

Specific cost grid (USD/Wh) 0,0001 0,0001 

Specific cost grid surplus (USD/Wh) 0,00017 0,0001 
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5 RESULT 

This section presents the results from the model simulations and optimizations based on the 

scenarios defined in Chapter 4. The simulation results show the relationship between the LCOE 

and renewable reliability of each scenario (the maximum renewable reliability is 100%).  

5.1 Scenario results 

Figure 9 compares the results of S1, which are ground-mounted solar PV and wind power for 

on and off-grid connected system. The reliabilities of S1, both for the grid connected and off-

grid system, lays around 40%. The LCOE of the off-grid system is higher than the LCOE for the 

on-grid system, showing the importance of the electric grid as a backup to reduce the overall 

cost of electricity. 

 

Figure 9. Relationship between reliability and LCOE for S1. 

The reliability result is generally very low for both the on and off-grid systems, which is caused 

by the lack of an energy storage system. Figure 10 illustrates how the wind power capacity 

increases compare to an almost constant reliability.   
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Figure 10. Wind power capacity for S1. 

The red ring corresponds to a solar capacity of 100 kWp, which means that the wind power 

increases the reliability by 1-1.5 percentage points, with an effect of increasing the LCOE. This 

is due to the low potential of wind energy in the region. Increasing the wind power capacity has 

thus no benefits on the entire system´s reliability but has only the negative effect of increasing 

the LCOE. Figure 11 and Figure 12 illustrates how installing a battery to S1 will increase the 

reliability to 65%, by increasing the LCOE up to the values of 1 USD/kWh. Similar to the 

previous case, the increasing of wind power capacity has a negative effect on the system´s 

reliability.  

 

 

Figure 12. Relationship between reliability and LCOE for   
S1. 

 

Figure 13 compares the results of S2 and S3, which are ground-mounted and floating PV with 

battery for off-grid, respectively. The reliabilities for both scenarios increases sharply and then 

becomes stable after 0.55 USD/kWh at 63% and 69%, respectively. S3 was found to have a 

higher reliability than S2 when the LCOE is higher than 0.43 USD/kWh. Also, S3 have a 

minimized LCOE at 0.38 USD/kWh meanwhile S2 have a minimized LCOE at 0.43 USD/kWh, 

with the same reliability of 40%.  
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Figure 13. Relationship between reliability and LCOE for S2 and S3 for off-grid. 

Figure 14 illustrates how the daily power output varies for the floating PV for different cooling 

effects between 7-16%, where the “ref” is ground-mounted PV taking as a reference case. The 

values refer to the conducted work of Majid et al. (2014), Bahaidarah et al. (2013), and Choi 

(2014), who all studied the increased PV of floating PV systems compared to ground-mounted 

installations. Estimated cooling effect of 13% increases the daily output power to nearly 100 W 

at the peak hour 12 o’clock compared to ground-mounted PV.  

 

Figure 14. Effects of cooling for floating PV. Source 1. (Majid et al., 2014) Source 2. (Bahaidarah et al., 2013) 
Source 3. (Choi, 2014) 
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Figure 15 shows the monthly power output considering the cooling effects of floating PV 

compared to ground-mounted PV for different cooling effects as reported in the literature.  

 

 

Figure 15. Monthly power outputs for floating PV. Source 1. (Majid et al., 2014) Source 2. (Bahaidarah et al., 
2013) Source 3. (Choi, 2014) 

Figure 16 illustrates how the relationship between the reliability and LCOE for S3 varies for 

different cooling effects. The higher estimated cooling effect, the higher reliability at the same 

LCOE, where 16% has a reliability of 55% meanwhile 7% has a reliability of 51% at 0.4 

USD/kWh. Also, higher cooling effects get a lower minimized LCOE compared to the lower 

estimated cooling effects.  

 

Figure 16. Effects of cooling for S3, off-grid. 

Figure 17 compares the simulation results of S2, S3, and S4 for off-grid where S4 is tracking 
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50%, S3 around 61% while S4 almost covers 70% at the same LCOE of 0.45 USD/kWh. Also, 

the lowest LCOE for S4 0.36 USD/kWh which compared to S2 and S3 is lower.  

 

Figure 17. Relationship between reliability and LCOE for S2, S3, and S4 for off-grid. 

Figure 18 compares the relationships between reliability and LCOE for S2, S3, and S4 when 

the hybrid system is connected to the electric grid. At 0.2 USD/kWh, the reliability for S2 is 

around 52%, S3 is around 59% while S4 lay at 67%. The LCOE are significantly lower for on 

grid than for off-grid, due the low electric price and FITs system available in Thailand.  

 

Figure 18.  Relationship between reliability and LCOE for S2, S3, and S4 for on grid. 
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the load and the battery is fully charged. The reason why the dumped power is high is due to 

the high reliability. The simulation results show how the dumped power decreases as a function 

of bigger battery installed capacity since more energy can be stored, but become stable at 600 

kWh. 

 

Figure 19. Relationship between dumped power and battery capacity for S2, S3, and S4, off-grid. 

Figure 20 shows the relationship between the annual CO2 emissions and the LCOE for S2, S3, 

and S4 for off-grid. The results show how S3 and S4 both got a lower CO2 emission then S2 at 

the same LCOE, and where all three scenarios stabilize after 0.5 USD/kWh. Since S4 have a 

higher reliability than S2 and S3, it got a lower minimized emission of 74 tons/year compared 

to S3 of 89 tons/year and S2 of 101 tons/year.  

 

Figure 20. CO2 emissions for S2, S3, and S4 for off-grid. 
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The potential sizes of installed PV systems for the farm were 50, 100 and 200 kWp. Depending 

on which size the farm install, the results will vary. Figure 21 compares the simulation results 

of S2 for the three PV capacities. The result clearly shows how the PV capacity affects the 

reliability of the system, where the maximum reliability of 50 kW is 37%, 100 kW is 68% and 

200 kW is almost 95%. 

 

Figure 21. Reliability and LCEO for different PV capacities for S2. 

Figure 22 compares the results of different PV capacity for S3 where the reliability increases 

sharply and then become stable. The maximum reliability of 50 kW is 40%, 100 kW is 70% and 

200 kW is 97%. 

 

 

Figure 22. Reliability and LCEO for different PV capacities for S3. 

Figure 23 illustrates the result for S4 where the maximum reliability for 50 kW reaches 44%, 

100 kW reaches 75% and 200 kW reaches 98%.  
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Figure 23. Reliability and LCEO for different PV capacities for S4. 

5.2 Economic analysis 

One of the benefits of being connected to the national electric grid is the present FIT program, 

which makes possible for local farmers to sell their surplus power. Figure 24 compares S2, S3, 

and S4 for on grid systems when the FITs are included compared if the FITs program have 

been deregulated. At lower reliabilities, the results show how the LCOE for all three scenarios 

increases if a deregulation of the FITs program will happen. The higher the reliability, the 

smaller differences on the LCOE however FITs are included or not.  

 

Figure 24. Comparison for with and without tariffs for on grid systems. 

Table 7 shows the average results for the ICC and LCC for S2, S3, and S4 for the different PV 

capacities for off-grid systems. The ICC for S3 and S4 are similar since fixed and tracking PV 

system have assumed to have the same investment cost in this specific case.  
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Table 7. Average PV power, ICC, and LCC for different PV capacities, off-grid 

Scenario S2 S3 S4 S2 S3 S4 S2 S3 S4 

PV capacity (kW) 50 100 200 

ICC (1,000 USD) 180 139 139 360 279 279 715 555 556 

LCC (1,000 USD) 217 170 170 435 341 340 865 677 679 
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6 DISCUSSION 

In this chapter, the results from the previous chapter and the choice of method will be 

discussed.  

6.1 Scenario results 

The result from S1 shows how increased wind power capacity only have a negative effect on the 

LCOE and where the renewable reliability stays relatively low compared to the other scenarios. 

Due to the low average wind speed for the specific location, combining solar and wind sources 

are showed to be neither economic nor energy effective. However, adding battery increases the 

reliability but solar power is proved to be the most reliable source for the specific case study, 

from both an economic and energy performance perspective. Comparing the results of S2 and 

S3 shows how floating PV system provides a higher reliability for the system than ground-

mounted PV, for both on and off-grid systems. This is because of the increasing PV efficiency 

due to the cooling effects of the water. At 0.45 USD/kWh for off-grid systems, the reliability 

for S2 is around 50% meanwhile S3 reaches almost 62%. Comparing different cooling effects 

between 7-16% shows how higher cooling effects increase the reliabilities and decrease the 

LCOE. The cooling effect is then proved to have a direct impact on the energy and economic 

performances of the system, which can affect the case study in a long-term perspective. The 

scenario considering tracking floating system provides an even better result where the 

reliability for the same LCOE covers almost 70%. Tracking PV system is therefore proved to be 

more energy effective than fixed PV systems for this specific shrimp cultivation farm. Also, 

there a significant difference between the three scenario´s lowest LCOE, since S4 has a 

minimized LCOE of 0.36 USD/kWh meanwhile S3 has the lowest 0.38 USD/kWh and S2 0.43 

USD/kWh for the same reliability of 40% for off-grid.  

Comparing the simulated results for on and off-grid systems show how the LCOE decreases 

significantly for all four scenarios. The LCOE reduces more than 50% for all four scenarios for 

the same reliabilities due to the low electric price and FITs for surplus power. Even if the FITs 

program deregulates, the LCOE will remain lower than for the off-grid system. The declaration 

of whenever the shrimp farm are supplied by the national electric grid will have a huge impact 

on the operation cost and the LCOE if the low electric price remains. As the existing grid´s 

reliability is very unpredictable, grid dependent system could compose a risk for the cultivation 

process and would not, despite the lower LCOE, be recommended as the best alternative. It 

could, however, be important to follow the grid re-build development since grid dependent 

system can come to be more economic profitable in the future for the investigated shrimp farm.  

Another important factor to take into consideration is the size of installed PV capacity since it 

has a significant effect on the reliability. The PV capacity of 200 kWp reaches the reliability of 

almost 100% for S2, S3, and S4, which neither of the other capacities accomplished. The 

reliabilities curve of 200 kWp increases much faster for the same LCOE than it does for 50 and 

100 kWp, and can, therefore, be seen as a better alternative than the other sizes. Consequently, 

increasing the PV capacity, increases the dumped power as well, which for the on-grid system 
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will be sold to the grid meanwhile off-grid systems will get a huge amount of dumped energy. 

From an economic perspective, high dumped power is irrelevant since the LCOE maintain low, 

but could from an energy and nexus point of view be classified as inefficient. One proposed 

solution could be to install another battery for bigger storage capacity, but then the LCOE will 

increase as a result. Another solution could be to improve wastewater treatment for reducing 

the dumped power along with improving the water quality. The optimization has been done 

based on the load of including wastewater treatment, which the farm should consider installing 

since it is not included today.  

6.2 Economic analysis 

The results show how eliminating the existing regulations of FITs program affects the LCOE 

negatively, especially at lower reliabilities. For S3, the LCOE increase by 50% at the reliability 

of 40%, which can affect the shrimp farm´s financial performances in the long perspective. 

Also, the reliable of the LCOE results for S4 should be discussed since there have not been any 

further investigations on the investment costs of tracking systems. The ICC for fixed and 

tracking PV are in this study calculated to be the same and further analysis should be carried 

out to investigate the impact of installing tracking system for floating PV. Previous works have 

shown how tracking PV systems get the similar cost per energy outcome as fixed systems, 

despite higher investment costs. Because the increased of power generation from the tracking 

PV system, it will not be much more expensive since the outcome power will stabilize the 

system´s LCOE. The LCOE results for S4 can, therefore, bee assumed to be realistic in this case 

due to the increase of power output from the system.  

What can come to compete with the renewable solutions for off-grid systems in the future is 

the low electricity price from the electric grid. Expansion and re-building of the national 

electric grid can slow down the development of renewable installations among local farmers, 

especially if the low electric price remains at the current levels.  

6.3 Environmental and social 

The results for off-grid systems demonstrate how the annual CO2 emissions depend on the 

LCOE and reliability, where higher LCOE reduces the system´s emissions. As long as the 

systems do not succeed 100% renewable reliability, the requirement of diesel generator as a 

backup support is necessary. From a decision-making perspective, it can easily become a 

competition between minimizing the farm´s cost, reducing the environmental impact and 

secure the energy performance. At the same time, choosing the system with the lowest LCOE 

will not result in the highest reliability, which from an economic and energy performance 

perspective is inefficient. Comparing the different techniques, floating PV are proved to be 

more profitable than ground-mounted PV system, both from an economic and nexus 

perspective. Floating PV provides a higher renewable reliability at lower LCOE due to the 

cooling effects and increased PV efficiency. Also, floating PV have the advantage of reuse 
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already existing water surfaces which reduces the extra land costs, and at the same time 

generate a higher energy production.  

The social and ethical aspects of the investigated case study or the simulated results have not 

been considered for either of the four scenarios. The benefits of lower the system´s LCC and 

LCOE by installing floating PV can, however, be the farm´s overall financial development. 

Lower operation costs for the producing of shrimps can contribute to a higher salary for the 

workers, improvement of the existing processes and install of new and more efficient and safe 

technologies. Also, installing renewable technologies creates new job and education 

opportunities and improves the living standard, both from social and environmental aspects. 

The farm can become more self-sufficient and thus the necessity of diesel and electric grid 

support reduces.  

6.4 Method analysis 

The main outputs of the used model are the minimized LCOE and maximized renewable 

reliabilities for the specific case study. LCOE considers the economic aspects of different 

scenarios meanwhile the reliability takes into account the energy performance perspective in 

terms of renewable penetration. This makes the tool useful in decision-making processes 

where the economy is the limiting factor. Knowing the maximum LCOE or desired renewable 

reliability, quickly leads to the most optimal solution. 

The results in this study refer to this specific shrimp cultivation farm in Thailand and should, 

therefore, be carefully used for other farms. Although, the model can easily be reused for 

similar applications by inserting local input data for the required farm and system. OptiCE is 

proven to be suitable for solving multi-objective problems and have been used in several 

research studies with similar research questions.  

The results for S3 including different cooling effects between 7-16% shows the impact of 

cooling effects on the performances, both from an economic and energy perspective. Since this 

study has been theoretical, the scenarios including floating PV systems have been assuming a 

cooling effect of 10%, which is an average value from previous studies. The results can be seen 

as reliable and well-grounded for the decision-making process wheter the investigated shrimp 

cultivation farm should invest in floating PV systems or not.  

 

 

 

 

  



41 

7 CONCLUSION 

The purpose of this study has been to optimize renewable solutions using floating PV systems 

in a shrimp farm cultivation in Thailand, considering technical, environmental and economic 

aspects. The results presented the relationship between the renewable reliability and the LCOE 

for four scenarios, where floating PV system proved to give a higher reliability compared to 

ground-mounted PV system. It also showed that the choice of PV capacity significantly affects 

the reliability, where 200 kWp PV capacity reaching almost 100% for three scenarios.  

Floating PV system has proved to increase the energy efficiency compared to ground-mounted 

PV and at the same time reduce the water evaporation. Floating PV can be placed on water 

surfaces which normally would be empty and unused, which from a nexus perspective is 

efficient. The energy aspects of tracking floating system have been investigated, and results 

revealed how tracking PV system provides a higher reliability compared to fixed PV system for 

the investigated case study. Due to the absence of deeper economic research, tracking floating 

system cannot be recommended to the shrimp farm since deeper economic analysis are 

required. Connecting the farm to the electric grid will significantly decrease the LCOE, but due 

to the unpredictable electric supply capacity, the off-grid system might be preferable for the 

nearest future.  

The recommended renewable solution for this specific shrimp farm is floating PV with battery, 

with the PV capacity of 200 kWp. With this option, the system will become independent with a 

significantly high reliability and low LCOE compared to ground-mounted PV. The system has 

the potential to become 100% reliable on renewable energy, which from a sustainable 

perspective is encouraging.  
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8 SUGGESTIONS FOR FUTURE WORK 

There are two main proposals for future work topics concerning the outcome of this study, 

which are described below.  

In order to give a more comprehensive recommendation if the specific shrimp farm should 

install tracking or fixed floating PV system, a deeper economic analysis for the investment cost 

of tracking systems should be done. 

Due to the high dumped power outcome for the off-grid systems, it would be interesting to 

investigate how the farm can take care and either reduce or reuse the power in a most efficient 

and profitable way.  
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APPENDIX 1 – SIMULATION EQUATIONS 

Total solar radiation: 

Total beam radiation is the radiation received from the sun without been scattered by the 

atmosphere, and is given by: 

𝐺𝑏 = 𝐺𝑏,𝑛 ∗ 𝑐𝑜𝑠𝜃  [𝑊/𝑚
2] 

Where, Gb,n is the beam normal radiation and θ is the angle of incidence. The beam normal 

radiation war calculated by the following equation: 

𝐺𝑏,𝑛 =
𝐺𝑏,ℎ
𝑐𝑜𝑠𝜃𝑧

  [𝑊/𝑚2] 

Where, Gb,h is the beam horizontal radiation: 

𝐺𝑏,ℎ = 𝐺ℎ − 𝐺𝑑,ℎ  [𝑊/𝑚
2] 

Gh is the horizontal radiation and Gd,h the diffuse horizontal radiation, both gathered data for 

the exact location for the shrimp´s farm from Meteonorm database. The total diffuse radiation, 

scattered by the atmosphere, is given by: 

𝐺𝑑 =
𝐺𝑑,ℎ ∗ (1 + 𝑐𝑜𝑠𝛽)

2
  [𝑊/𝑚2] 

The reflected radiation was calculated by following equation where ρg is the ground reflection 

constant, in this study, assumed 0.2: 

𝐺𝑟 =
𝐺𝑑,ℎ ∗ 𝜌𝑔 ∗ (1 − 𝑐𝑜𝑠𝛽)

2
  [𝑊/𝑚2] 

Angle of incidence: 

The solar altitude angle αs is the angle between the horizontal and the line to the sun and, it is, 

calculated by the following equation: 

𝑠𝑖𝑛𝛼𝑠 = 𝑐𝑜𝑠𝜑 ∗ 𝑐𝑜𝑠𝛿 ∗ 𝑐𝑜𝑠𝜔 + 𝑠𝑖𝑛𝛿 ∗ 𝑠𝑖𝑛𝜑 

Where φ is the known latitude, δ is the declination angle and ω is the hour angle. The 

declination was calculated by the given day of the year (n) as follows: 

𝛿 = 23,45 ∗ sin (
(284 + 𝑛) ∗ 360

365
) 

The hour angle describes the displacement of the sun due to the rotation of the earth on its axis 

at 15˚. By include every hour (h) and the time correction (m) of a day, the hour angle is 

calculated by the following equation:  

𝜔 = ((ℎ − 12) +
𝑚

60
) ∗ 15 
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The time correction is defined by the time zone in Thailand and, it is calculated through the  be 

the following equation:  

𝑆𝑜𝑙𝑎𝑟 𝑡𝑖𝑚𝑒 − 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑡𝑖𝑚𝑒 = 4 ∗ (𝐿𝑠𝑡 − 𝐿𝑙𝑜𝑐) + 𝐸 

Where Lst is the standard meridian for the local time zone and Lloc is the local meridian of the 

same location. The parameter E is the equation of time, calculated in minutes:  

𝐸 = 229.2 ∗ (0.000075 + 0.001868 ∗ 𝑐𝑜𝑠𝐵 − 0.032077 ∗ 𝑠𝑖𝑛𝐵 − 0.014645 ∗ 𝑐𝑜𝑠2𝐵 − 0.04089

∗ 𝑠𝑖𝑛2𝐵) 

The angle B was calculated by the following equation: 

𝐵 =
360 ∗ (𝑛 − 1)

365
 

PV efficiency and power generation: 

The temperature coefficient of the power output was calculated by the following equation: 

𝜇 = 𝜂𝑆𝑇𝐶 ∗
𝜇𝑉𝑜𝑐
𝑉𝑚𝑝𝑝

    [%/℃] 

Where μSTC is the open circuit voltage temperature coefficient and Vmpp is the maximum 

voltage point of the PV module. 

Where APV is the area of the PV module, given below:  

𝐴𝑃𝑉 =
𝑃𝑝𝑒𝑎𝑘

𝜂𝑃𝑉 ∗ 𝐺𝑆𝑇𝐶
  [𝑚2] 
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