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Abstract

Water bodies like small lakes, canals, and rivers in urban areas serve to be a way forward
to deploy photovoltaic technology with no constraints to involve land procurement. This
research aims to estimate the potential deployment of a floating photovoltaic system on
an urban lake site to assess its scope and compare it with a similar specification on-ground
photovoltaic system. System Advisor Model (SAM) has been used for techno-economic
analysis of a site in Pakistan. The technical analysis involves observing the effect of real
time temperature drop and calculation of water reduction efficiency for FPV systems. The
economic parameters like net present value (NPV) and payback period are used to judge
the economic feasibility of the floating photovoltaic deployment project. The floating
photovoltaic deployment in an urban area is subject to soiling as the water reservoir being
used exists in an area close to or within the city boundaries. The required cleaning water
costs a one-time extraction rate of $1435, while for a floating photovoltaic system, the
extraction cost is estimated to be $1.35. Under standard temperature conditions (STC)
one-year capacity factor turns out to be 0.70% more, producing an additional energy yield
of 64 kWh/kW for lake scenarios when a 10 °C temperature drop is considered. The total
power potential for the entire NUST Lake turns out to be 4.47 MW. A 1 MW FPV system
in NUST lake would result in a water reduction efficiency of 11.6%/year. Under standard
temperature conditions, the net present value for the on-ground system becomes negative
while it remains optimistic for the floating photovoltaic system as no land costs are
required. Similarly, once the land cost is included in the feasibility analysis, the payback
period for the on-ground system goes beyond 15 years which is only 5.37 years for a
floating photovoltaic system signifying the economic feasibility of the floating

photovoltaic project.

Keywords: System Advisor Model (SAM); PV systems; Floating PV systems; Solar

Energy; Economic Feasibility; Technoeconomic Analysis
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Chapter 1: Introduction

1.1 Background

Climate change is real and is happening as a fast rate. Global warming, rising
temperatures, emission of greenhouse gasses has led the world to reconsider and move
towards renewable resources. Despite Covid-19 the renewable sector has had a rapid
growth with the most growth in the solar sector a 139 GW out of an estimated 760 GW of
installed power capacity [1]. But a new problem is emerging in which population growth
and urbanization are on the rise. People are moving towards the urban areas and land costs
are rising rapidly. In many countries’ population density is very high due to which land is
expensive. The heated debate of land usage for renewables has been toned down with the
emergence of floating PV systems as it requires no land cost to be deployed. FPV is a new
niche in the solar PV industry which requires the installation of PV modules on a floating
platform and deployed over a water reservoir [2]. Eastern China is an example where due
high population and scarce land FPV systems have been adopted instead of On-ground
PV system [3]. The latest installations of Floating Photovoltaic Projects that were initiated
and installed during 2020 include: the largest FPV power plant of 27.4 MW in Europe that
was integrated into the regional grid, was installed in a solar park in the Netherlands[4]
[5],in Ghana a 5 MW FPV was connected with the transmission system of the hydropower
reservoir of a dam on the Black Volta River [6], and Chile deployed its largest floating
project under the net billing scheme [7]. As of early 2021, the largest floating solar plant
in operation was a 181 MW plant off the west coast of Chinese Taipei [8]. A
technoeconomic analysis has been adopted by using System Advisor Model in which the
technoeconomic feasibility of FPV systems has been studied for Urban non utilizable
water reservoirs. SAM has been used in literature to calculate and compare the technical
analysis for power outputs, calculation of reduction in evaporation and comparison of FPV
systems with On-ground systems [9][10]. SAM also aids in performing a techno-economic

analysis [11] which is also the aim of this paper.
1.2 Emergence of Floating Photovoltaic Systems

The solar photovoltaic industry emerged with a new niche known as Floating Photovoltaic

Technology. This technology requires the installation of photovoltaic panels directly on



the water body with the help of a floating platform instead of installing them on land or
buildings [12]. A floating photovoltaic system can be installed on the surface of natural or
artificial water bodies such as lakes, rivers, dams, canals, and ponds [13]. Globally, in
2020, there were around 2.6 GW of total capacity of floating solar photovoltaic projects
that are either under construction or are completely functional in more than 60 countries
[14]. Floating solar photovoltaic projects are most common in Asia, but they are found all
over the world [15]. The floating solar industry continued to expand rapidly because land
is difficult to come by and expensive in several places and the floating solar capacity has
exceeded over 3 GW in 2020 as compared to 10 MW in 2015 [16]. Floating projects tend
to have higher costs than ground-mounted facilities, but they offer advantages like
reducing evaporation for water reservoirs, save land where it is scarce and they can be
combined with hydropower projects as well [17].

1.3 Advantages of Floating Photovoltaic Systems

Utilization of land for installation of Floating PV systems do not require land for
installation and hence bear no cost. These systems can be installed over a water reservoir.
[18] A major advantage of using FPV technology is the integration of Floating
Photovoltaic projects with hydropower reservoirs which increased in 2020 [19]. The
example of eastern China is an excellent instance of the widespread use of Floating
Photovoltaic deployments due to its high population density along with its low land
availability [3]. The main advantage of these hybrid systems includes decreased
evaporation, lower cost of the energy infrastructure, generation complementarity due to
seasonality and compensate the declining performance of the exiting hydro power plants
[20]. FPV systems reduce the evaporation of water of up to 15,000 to 25,000 m3 per mega-
watt, provide shade preventing algae growth and drop the temperature of overall reservoir.
This is essential for water scarce countries as it is said to reduce water loss by 25 to 70%.
[21], [12], [22], [23], [24] In another study at the University of Valencia the installation
of FPV on irrigation waters gave positive results by reducing the rate of evaporation [25].
FPV benefit from the natural cooling of the water reservoirs bringing the temperature
down in areas where temperatures are very high [23] [26]. FPV have a 12% better
efficiency than the on-ground system. This is due to the increase in water surface reflection

which is incoming on the PV modules increasing the power generation of the system [27]



[23]. This will enhance land incentives promoting land for other purposes like agriculture
and tourism while bringing in play a non-utilized water body to generate power through
renewable means. The FPV systems are cost competitive when compared to on ground
systems. These systems can be cleaned easily as water can be obtained from the water
reservoir directly as compared to on ground system where water needs to be extracted and

stored for cleaning of PV modules [12].
1.4 Potential Challenges to Floating PV Systems

FPV corrode due to the presence of metallic parts turning them rusty lessening the time
period of the entire system. The docking stations for ships and fishing is affected in the
area where FPV are installed. There is a large possibility of mishaps in the electrical wiring
traveling under the surface of water affecting the biodiversity of life under the water [12].
The FPV can reduce the penetration of sunlight into water reservoirs depriving the well-
being aquatic life. FPV technologies are installed on water due to which they cannot
withstand the high-speed wind swirls and turning the entire platform upside down. This is

the reason why a lot of mooring points are used in FPV installations [18].

1.5 Photovoltaic Systems and Technologies

The PV systems are used to convert solar energy into electrical energy. For this purpose,
semiconductor devices are used to create photoelectric effect. PV system in general has
PV modules installed over a mounting platform along with an inverter to convert DC
power generated by the modules into AC power which can be delivered to a load. Batteries
are also attached in the system for the purpose of storing the DC power generated by the
PV modules. PV system consists of solar module which are connected in series and
parallel to obtain the desired electric power output. PV installations can be either On-
ground systems, Rooftop systems, Wall Mounted Systems, Thin Film Technology or
Floating PV systems. PV systems have different technologies that are monocrystalline
silicon, polycrystalline silicon, and thin film as shown in Figure 1.1. In Floating PV
systems can use commercially available solar panels of all types of technologies. The

monocrystalline have a higher efficiency then the polycrystalline panels. [12][28].



Monocrystalline Polycrystalline Thin Film

Figure 1.1: Three different types of Photovoltaic Technologies [1]

1.6 Introduction and General Working of System Advisor Model

The System Advisor Model (SAM) is a software that deals with design and modelling of
renewable energy systems. It also provides a detailed economic evaluation of a renewable
system according to the parameters on which the systems have been modelled. It is an
open source and free to use software used by engineers, policy analysts, researchers, and
technology enthusiasts. Photovoltaic, battery storage, concentrating solar panels, fuel
cells, geothermal, biomass combustion for power generation, high concentration PV
systems, solar water heating, wind power, marine energy and industrial process heat from
parabolic trough and linear Fresnel systems are the technologies for which modelling,
designing and technoeconomic analysis can be performed. The financial models on the
other hand include Residential and commercial projects, Power purchase agreement
projects along with third party ownership projects [2]. This software deals with designing,
performance analysis and financial modelling of photovoltaic projects [3]. The SAM
software consists of database bearing information regarding photovoltaic panels, weather
conditions, inverter technology, irradiance values along with all components of a

renewable technology. The SAM software stores hourly data sets of 8760 values that



shows the yearly data against a defined parameter [3]. The parametric tool in SAM
software would be used for graphical representation of data. It is also used for comparison
and sensitivity analysis of results as done in this research.

The system advisor model starts by the selection of weather files based on the location
where the project needs to be installed. The next steps involve performance evaluation in
the form of input set in SAM in the form of system specifications and system losses. The
weather file input, system details and losses combine to result in the electricity production
of the PV system. Similarly, the inputs of the economic side of the designed PV model
include costs, compensation, incentives, and financing of the system. These inputs
produce annual, monthly, and hourly output, capacity factor, levelized cost of energy, net

present value, payback and revenue for the observed model as shown in Figure 1.2:

Steps to Model Renewable Energy In
System Advisor Model

Weather Data System Costs
! I
System Specs Compensation
l |
System Losses Financing

l |
Electricity Financial
Production Incentives

Results: Annual, Monthly, and Hourly Output.
Capacity factor, Levelized cost of energy, Net
present value, Payback and Revenue

Figure 1.2: Steps to Model Renewable Energy in System Advisor Model

1.7 Problem Identification

The Floating PV system can be deployed in Urban water bodies which are non-utilizable.
Due to increasing land costs, population burst and less availability of land FPV systems
can be an alternate solution to all the problems. Further, deployment of renewable

technology such as On-ground PV systems at the sacrifice of land incentives such as
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tourism, agriculture, deforestation and destruction of biodiversity is not a viable option.
In this regard, an Urban Lake site has been studied for power estimation, cleaning of PV
modules, and a technoeconomic analysis using SAM has been done to evaluate the
feasibility of FPV systems over On-ground systems.
1.8 Justification of Research
Floating PV have a lot of potential with a world-wide estimated capacity of 2.6 GW. The
selection of topic for research has the following reasons:

e FPV bears no land cost.

e Does not compromise on land incentives

e FPV growth in the international market

e No GHG emissions

e Power production using a non-utilizable water reservoir

e FPV cost effective in comparison to On-ground system

e Better Efficiency and more energy yield

e Less payback period with positive Net Present Value

1.9 Scope of Research

The experimental work has been conducted to determine the power potential of an urban
non-utilizable water reservoir along with performing a technoeconomic analysis using
System Advisor Model to evaluate comparison and performance of On-ground and FPV
systems. A novel and cost-effective urban lake deployment of FPV has been proposed to
as FPV system bears no land cost and has been performance and energy yield. The
cleaning system is also observed for such FPV systems and determine if the cleaning of
FPV requires less energy than On-ground PV system. Furthermore, economic analysis has
been performed using sensitivity analysis in the Parametrics tool in System Advisor
Model. To determine the feasibility of FPV system a comparison has been made and the
effect of rising land cost in case of on ground systems and increasing DC losses for FPV
system has been studied. The economic analysis is conducted in terms of the cost per watt
of electricity produced by on ground and FPV systems. The Net Present Value, Payback
period and Levelized Cost of Energy are the main parameters on which the economic

feasibility has been determined. This study can help to analyze and compare the On-



ground system with the FPV systems. Comparison of the cleaning system between On-
ground and FPV can help to reduce the cleaning cost by determining the better system,
the power potential gives an estimate of power which can be produced by utilizing a non-

functional lake using FPV technology.
1.10 Objectives of Research

The major objective of research includes finding the potential for Floating PV system
deployment in urban lakes for partial fulfilment of electricity. As a case study NUST lake
has been considered which acquires an urban lake site as well as a 100 kW on-ground
system.
1. To calculate the deployment potential of 100 kW FPV system.
2. To design and compare a 100 kW FPV system with a similar on-ground system in
SAM software technically and economically.
3. To observe the effect of real time temperature drop and DC losses on performance
and financial costs of FPV and On-ground PV systems.
4. To calculate the water reduction efficiency of 100 kW FPV system when deployed
in NUST lake.
5. To propose a cleaning system for FPV system and compare the cleaning costs of

100 kW FPV and on-ground systems.

1.11 Limitations of Research

The research carried out is based on simulation results and can be practically implemented
in the future. The lake location selected for the study of this research is part of an
educational institution where no recreational activities are performed, and it needs no
licensing, but this may not be the case for other urban water reservoirs. Conditions may
be difficult and acquiring a water reservoir for other sites along with social acceptability
are limitations towards the aimed project. The economic and technical assumptions taken
are as close to reality as possible but may change when the selected location and time of
installation is changed. The temperature drops and DC losses are proven by literature and
taken in simulation conditions, but the real time out-door experiment can be performed to
further solidify the results mentioned in the research. The installation and maintenance
costs calculated are not final and will be changing with time. Further while actual

deployment of FPV system a site study involving environmental impact assessment is

7



required along with studying the environmental effects of deploying an FPV in NUST
lake. FPV systems need to be observed in perspective of cleaning as if humidity increases
the soiling losses also increase in urban deployable FPV systems. The sediments within
the water of the reservoir need to be removed before cleaning of the system. The growth
of algae growth around the FPV system needs to be studied in correspondence to carbon
dioxide sequestration. The effect of partial shading when a cleaning system is deployed is

also a constraint while deploying and studying cleaning mechanisms for FPV systems.
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Summary

Floating PV system potential advantages and the problems related to land have been
briefly discussed in this section. A cleaning comparison to evaluate the cost of both FPV
and On-ground systems have been mentioned. Several economic parameters have been
considered, out of which Net present value, Payback Period and Levelized Cost of Energy
are the main comparison financial factors. The solar energy potential in the urban water
reservoir has been discussed from which Floating PV technology is selected due to its
advantages over the on-ground system. Moreover, the advantages, scope, and limitations
of the research are also stated in the end. A flow chart has also been made to show the

flow of thesis.
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Chapter 2: Literature Review

2.1 Covid 19 and Renewable Energy Sector

Despite COVID-19, the renewable energy sector increased by 265 gigawatts (G.W.) in
power capacity, the largest ever increase. In 2020, solar photovoltaics had the best
performing year of all renewable technologies, adding 139 GW to an estimated total of
760 GW. The majority of global renewables investments will go into wind and solar, with
solar making up nearly half (USD 148.6 billion, 12% increase) of all renewable
investments in 2020 [1].

2.2 Potential Power Calculation for FPV Technology

The potential power calculation has been done for various countries like Korea that has
been estimated to have a power production potential of 2932 GWh of FPV assuming only
10% of area coverage of all water bodies [2]. In the United States, assuming there is 27%
covered surface area of water bodies, energy production would be 2116 GW, about 9.6%
of the country's current generation [3]. The power potential for different coverage areas
of water weirs in Brazil categorized as average area of 19.4%, 50% and 70% had different
power productions of 2.3 TWh, 8.6 TWh, and 12 TWh, respectively [4]. Moreover, in a
similar context the proposal of deployment of Floating Photovoltaic Technology in
Pakistan is completely feasible due to sufficient water reservoirs (both natural and
manmade) along with suitable climatic conditions to meet the energy demands of the
country [5].

2.3 Floating Photovoltaic Technology as an Off-Grid System

Electrifying off-grid areas in the developing world is often the most cost-effective method
possible due to stand-alone solar systems and renewable-based mini-grids. FPV can be
used as decentralized solar power generation system reducing transmission losses and
carbon emissions [6].

2.4 Factors Effecting Performance FPV System

2.4.1 Effect of Temperature

Temperature is an important factor in understanding the behaviour of FPV technology.
The global average cumulative solar irradiation is 1275.6 kWh/m?/year, and the average

annual temperature is 13 “C. The temperature along with weather conditions are not the

14



same in all parts of the world due to change in climate, tropology, geography and terrain.
Temperature can rise up to 50 ‘C in Pakistan during peak hours of the day. This is the time
which can be taken advantage of and maximum energy can be harvested via solar
photovoltaic technology [7]. Solar incidence is responsible for energy production from
solar panels, but an increase in systems temperature above maximum limits will cause a
reduction in power efficiency delivered. The operational temperature of FPV systems is
3.5 °C less than on-ground systems due to the cooling effect of water. [8] The critical part
in studying temperature is the temperature difference between the On-ground and Floating
photovoltaic systems. According to Choi FPV produces 11% more energy generation and
is better at performing when compared with on ground photovoltaic systems [9]. The 11%
better efficiency is because of the cooling effect caused by the evaporation of the water
reservoir. The experiment was done by comparing 500 kW and a 100 kW FPV system
located at the Hapcheon Dam Reservoir to a on ground 1 MW system located 60 km South
of Hapcheon. The shading provided by the floating structure reduces the solar radiation to
fall on the water reducing its temperature. Thus, temperature resistance of Floating
photovoltaic systems should be ensured for tropical and hot areas. Many of the advantages
gained by FPV like lessening water evaporation and algae growth and also reduces the
costs of solar energy generation are because of lowering the photovoltaic operating
temperature caused by the cooling effect of water [3]. Higher temperature regions lessen
the life span of PV panels but can produce more energy. Conversely, high humidity,
increased soiling, and less light availability due to higher altitudes lead to less solar energy
production [10][11].

The rise in temperature due to climate change will lead to increased evaporation rates in
water bodies. The evaporation of a water body can be because of various metrological
parameters like solar irradiance, wind speed, air, water temperature, relative humidity, and
atmospheric pressure. The rate of evaporation increases with the increase in solar
irradiation, temperature and wind speed and low relative air humidity [12]. The loss of
efficiency due to rise in temperature of the photovoltaic cell depends upon the technology
being used for manufacture of the cell. Maximum power thermal coefficient expressed in
%/"C is used to check the variation in efficiency with change in each ‘C. This parameter

for commercial photovoltaic technologies is always negative reaching a maximum of 0.4
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to 0.45%/°C [13]. The level of power produced by the photovoltaic cell depends on
temperature and solar irradiance interacting with the photovoltaic cell. Thus, the energy
yield of the photovoltaic module can increase if either the photovoltaic panels are floating
on the water surface or submerged in it. The photovoltaic systems show a loss of efficiency
when the temperature increases. The concentration of radiations can lead to increased
temperature of up to 80 "C reducing the power efficiency [14].

2.4.2 Effect of Humidity

Cities having high relative humidity will sufficiently decreases photovoltaic cells
efficiency. It reduces sunlight irradiance because of water vapor particles, which causes
sunlight to refract, reflect or diffract. Size of water vapor particles also influences the
sunlight irradiance, as smaller particles will scatter light at a greater angle than large
particles, it directly effects the efficiency of photovoltaic system. Due to difference in
water vapor particle size a non-linear relationship is observed for relative humidity with
sunlight irradiance. About 15-30% of power is lost due to humidity. As humidity is a
dependent variable which depends on independent variables such as temperature, dust and
wind speed. A correlation between these variables exists and it determines the efficiency
of solar cell [15]. Efficiency of solar cells is the amount of sunlight that can be converted
into electricity. As efficiency depends on the maximum power point of the photovoltaic
cells and with increase in humidity the maximum power point is deviated from optimum
value. This results in decreased photovoltaic cell efficiency and amount of electricity
generated as output [16]. Relative humidity is the ratio of water vapors present in the air,
to the maximum capacity of air to hold water vapors at that temperature. High relative
humidity not only reduce the performance but also cause corrosion of the photovoltaic
cells, which reduces its life span. It can also aide the growth of microorganisms such as
fungi, which further halts optimum performance of photovoltaic cells. Water will start
penetrating inside the photovoltaic cells, if they are exposed in an environment with high
humidity for a very long time, results in decreased efficiency of photovoltaic system.
Moisture will cause interfacial adhesive bonds to become weaken, leading towards
delamination and corrosion of solar cells. Penetration of moisture inside solar cells also
destroys solder joints and it will aide chemical reaction between tin oxide and fluorine

that produces hydrofluoric acid, which damages the interconnections of photovoltaic cells.
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In areas with more than 70% relative humidity and low wind speed, overall life span of
photovoltaic systems is very short because moisture penetration will cause necrosis of
internal components in photovoltaic cells. Wind also influences the relative humidity in
the air, with the increase in wind speed relative humidity will decrease resulting in
improved photovoltaic system efficiency and vice versa. High wind speed also have a
major drawback that it spreads dust particles over photovoltaic panel resulting in
stratification on the edges of the solar panel, which deteriorates the performance of solar
system. High relative humidity also increases the dust particle adhesion to solar panel
surface, it not only decreases the efficiency of photovoltaic system but also damage its
surface. Dust particles act as hygroscopic material, which attracts more water droplets
especially in the early morning when relative humidity is high and photovoltaic panels are
colder than the ambient air temperature. Due to micro and macro dust particles, solar panel
glass surface will become rough with the passage of time, results in scattering of sunlight
rather than absorbed by the solar cells, it will further decrease the overall output of
photovoltaic system. The risk of solar panel corrosion by high relative humidity increases
with higher temperatures in that area, it will eventually deteriorates the metal components
and polymer adhesion inside the solar cells [17][18]. Humidity is an important factor that
plays its role in electricity production as it reduces the amount of irradiance to be absorbed
by a solar cell which decreases the total electrical current and open-circuit voltage of
photovoltaic panel that ultimately reduces the efficiency of the entire installed
photovoltaic system [19].

2.5 Techno-economic Feasibility of FPV Technology Using SAM

In a worldwide context, the past research related to FPV reflects upon studies that
performed a techno-economic feasibility analysis along the lines of FPV deployment and
its comparison with the on-ground photovoltaic systems [20] [21] [22] [23] [24] [25]. For
comparison various studies have used System Advisor Model, a software that deals with
the design and modelling of renewable energy systems for energy gain estimation[26].
SAM has been used to calculate and compare observed and actual electric power outputs
by using FPV technology [21], for the calculation of evaporation [4], comparison of FPV
with an on-ground photovoltaic system and evaluation of the technical potential for FPV

technology [27]. SAM also aids in performing a techno-economic analysis [22] which is
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also the aim of this paper. The feasibility of an FPV system can be determined by
Levelized cost of energy [28].

The objective of this research is to explore the potential of FPV deployment in the urban
water reservoirs where land is hardly available. As a case study, the National University
of Science and Technology (NUST) Lake (a water reservoir in an urban area) is used for
finding the potential of FPV system. The 100 kW on-ground photovoltaic system already
deployed in NUST is used as a reference to compare its performance with a similar
floating photovoltaic project. The simulation of FPV weather conditions considering
temperature as the main parameter is modelled in System Advisor Model (SAM). SAM is
used for comparison and building up a sensitivity analysis focusing on temperature
variation for both systems. Further, as FPV technology is being deployed in urban
conditions, cleaning of FPV would be required. A cost comparison has been made
between Floating photovoltaic and On-ground Photovoltaic systems. The cleaning of both
systems and evaluating the cost of electricity required for attaining water from pumping
systems is analysed. A financial comparison has also been made keeping in view urban
land costs and water-saving costs in which the Net Present Value and Payback Period of

the on-ground photovoltaic system and FPV system is analysed.
2.6 Selection of SAM Software

There are multiple software packages that can be used for the technical and financial
analysis such as RETScreen developed by the Canadian Government, PVGIS developed
by Joint Research Center from the European Commission's in-house science services,
PVWatts, Homer, System Advisor Model all developed by The National Renewable
Energy Laboratory stated in Washington, D.C., United States of America. The projects
initiated by NREL have been compared briefly by Psomopoulos and Ionnidis in 2015 [29]
along with Blair and Dobos in 2014 [30].

System Advisor Model is a free tool to use for evaluating the future performance of
renewable based energy technologies and evaluating the financial feasibility of any
renewable energy project. The availability of performing a techno economic analysis on
a particular project is the reason why SAM has been chosen as the first choice of the
project. The software comes with various advantages like performing a sensitivity,

parametric, statistical and probability-based analysis on any renewable energy technology
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[30]. SAM has also been used for design and modelling of renewable energy systems for
energy gain estimation.

System advisor model has been used to evaluate all kinds of photovoltaic technologies
including solar dish technology, solar thermal technologies, on-ground photovoltaic
system, concentrated photovoltaic technologies and floating photovoltaic technologies.
The subject of our study is floating solar photovoltaic technologies but let us have a
glimpse at how these technologies can be analysed by using System Advisor Model. SAM
combines time series energy modelling with financial modelling to figure out the levelized
cost of energy of any project.

2.7 Utilization of SAM Software in Literature

SAM has been used in various different papers showing the scope in which it can be
used. SAM has been used to do economic analysis, technical analysis, battery storage
capacity, sensitivity analysis and life cycle analysis. Various different models have been

adopted to run the simulations. A few examples have been listed in Table 2.1:
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Summary

The growth of renewables despite COVID 19 has been seen. Along with it the FPV power
estimation for NUST lake has been observed. The main factors affecting the performance
of FPV and On-ground system are temperature and humidity. System Advisor model has
been selected as the main software and a technoeconomic analysis performance has been
hinted by designing and comparing a 100 kW system in the upcoming chapters. Further

research gap has also been discussed in the ending.
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Chapter 3: Research Methodology

3.1 Case Study Site

The information on NUST lake was obtained using Google Earth Mapping Tool. The
dataset provided by the mapping tool included the name, area, length, width, longitude,
and latitude of the selected area. Choosing NUST lake as a choice was made to
compare an Urban water body with an already installed on the ground system of 100
kW in NUST premises. It was also done willingly to promote the utilization of NUST
lake to save land costs for on-ground PV system installations. NUST lake has been
divided into two areas namely Area 1 and Area 2 which have a surface area of 11,575
m? (2.86 acres) and 11,100 m? (2.74 acres) respectively [1]. The surface areas of the
subsections and the further lengths and widths of each subsection of respective areas
where FPV deployment is proposed were calculated using Path Tool to determine the

arca.
3.2 FPV Plant in NUST Lake

The area of NUST lake is considered as non-utilizable land in an educational
institution and bears no land cost [1]. The feasibility of the lake can be further
solidified as it is not used for any ecological, economic, or tourist purposes. The lake
has also been chosen to compare the 100kW on the ground system with the FPV
system to save land cost by finding the potential of a non-utilizable land. The
plantation of the PV system to find out the NUST Lake potential for FPV deployment
starts by choosing appropriate PV panels and choosing the right inverter size. Since
the FPV deployment is also based on finding out advantages and comparing both
technologies. Thus, specifications for the solar panels and inverter are kept identical

to that of the 100 kW on-ground system.

3.3 Potential Power Estimation for FPV Plant

The first lake area has a surface area of 11,575 m? (2.86 acres) as observed in Figure
3.1. The length of the lake is 463 meters while the width of the lake is 25 meters. Seven
different-sized potential installations have been considered. The lake water level may
vary in different seasons, so an ideal approach has been taken to cover the maximum

area of the observed site.
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Figure 3.1: Potential Area 1 For the deployment of FPV [10]

The second lake area has a surface area of 11,100 m? (2.74 acres) as shown in Figure
3.1. The length of the lake is 444 meters, and the width of the lake is 25 meters. Three
different-sized potential FPV installations have been considered. A similar approach

as that of area 1 has been adopted for area 2 as well as shown in Figure 3.2:

Figure 3.2: Potential Area 2 For the Deployment of FPV Project [10]

The calculation of the number of modules per string and the number of strings in a
sub-array depends on the size of the solar panel. Thus, the solar panel chosen is TSM-
385DE14H(II), 385-Watt polycrystalline panel as this is the same panel used in the
on-ground system. The solar panel dimensions are 1.95 meters by 1 meter. The solar

panels should be facing the southern side and be in orchestration with the southern line
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on the map, maintaining a ground coverage ratio of 1.3 times the length of the panel
which is held in 90 degrees direction. The ground coverage ratio (GCR) of 1.3 times
is chosen as a similar GCR is used in the on-ground system that has already been
installed in NUST. The power output from PV arrays is homogenous because the
azimuth and tilt angle are the same and can be united on the same inverter.

3.4 Designing of 1.0 MW FPV System in SAM

For the analysis, the PV panels used were TSM-385DE14H(II) and the Inverter used
was SMA America: STP 50-US-41 [480V]. Further specifications of solar panels and
inverter are mentioned in Table 3.1:

Table 3.1: Solar Module Characteristics in System Advisor Model

Module Characteristics at Reference Conditions
Nominal Efficiency 19.66%
Maximum Power 385.36 Wqc
Max Power Voltage 40.10 Ve
Max Power Current 9.60 Agc
Open Circuit Voltage 48.50 Vqc
Short Circuit Current 10.00 Agc

Since we are designing a 50 kW PV system for being compared with an on-ground 50
kW system. Both systems will have no major difference in terms of designing as one
50 kW inverter is used, having a total number of 128 modules and 8 strings in parallel
covering an area of 250 m?. The modules per string in subarray are 16. The actual
difference observed is in the weather files of both systems. A modular approach can
be adopted in which similar 50 kW systems can be combined to match the power
potential of an observed site. For the FPV system, especially altered weather
conditions are put in SAM as temperatures in water reservoirs are 5 to 10 "C lower as
compared to on-ground PV systems [2]. The power produced by the FPV system is

more as compared to on-ground systems due to the cooling effect of the water bodies

[31[4] [5][6].
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Table 3.2: Solar Inverter Characteristics in System Advisor Model

Inverter Characteristics

Maximum AC Power 50010.00 Wy
Maximum DC Power 51309.20 W
Power use during operation 111.32 Wqc
Power use at night 15.00 Wac
Nominal AC Voltage 480.00 Vac
Maximum DC Voltage 800.00 Ve
Maximum DC Current 70.77 Aqgc
Minimum MPPT DC Voltage 500.00 Vqc
Nominal DC Voltage 725.00 V4c
Maximum MPPT DC Voltage 800.00 Ve

Thus, a comparative analysis has been done under different temperature conditions to
see the effect on various financial parameters to check the feasibility of the potential
that has been calculated in terms of cost-saving. The different temperature conditions
include simulating weather conditions for a normal temperature data set, for a 5 °C
temperature drop data set, for a 10 ‘C temperature drop data set, and a 20 C
temperature drop data set. Since the drop in temperature will deem a drop in financial
costs the 20 °C temperature drop tells us if the trend continues when the temperature

drops at extreme weather conditions.

3.5 Cleaning of Floating Photovoltaic System and comparison with

On Ground Photovoltaic System

The cleaning of FPV, when deployed in urban areas, would require the same cleaning
that is required for on-ground systems. The dust deposition on PV modules (glass
sheet) over time in NUST have a dust density of 3.179 g/m?, 4.618 g/m?, and 5.522
g/m? at a dust deposition rate of 0.106 g/m?, 0.154 g/m?, and 0.184 g/m? at different
tilt angles of 60°, 34.5" and 15° over a span of 30 days [7]. Thus, the soiling losses
would account for less power production so cleaning would be required. A per module
cleaning comparison would clarify the cost difference for cleaning both PV systems.

For the maximum cost efficiency and enhancing water-saving capabilities of flat fan
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nozzles (model VP110 015), the cleaning technique can be used for the cleaning of
both systems [7]. As the flat fan nozzle technology can be effectively used for cleaning
of the commercial-scale PV system, the major cost concern appears to be the extraction
of water from the water reservoir for cleaning both systems and the amount of water
required for cleaning in gallons. The cleaning systems for the on-ground system in
NUST require water to be pumped from the under-ground bore from a depth of 106.68
meters. Meanwhile, the cleaning of the FPV system would require water to be pumped
from 1.82 meters directly from the water reservoir. For 100 kW FPV system part 2 of
area 2 can be considered for deployment as it has a potential (118.35 kW) exceeding
the required potential (100 kW) for comparison of both PV systems.

The power required for water pumping would be different for both systems. The power
required for pumping water based on a known given height can be calculated by the

following equation 1 [8]
Q*H+9.81%1000 0
Pump Ef ficiency

Where Q is the rate of water flow which is 0.00450 m?/sec, H is the head height. At

Power Required =

different head heights, the power required for an on-ground PV pump to extract water
for cleaning can be calculated. Similarly, for FPV installation a lower head height
would be required with a lower wattage pump. The total power required for the
extraction of water would be a sum of the number of pumps required based on the
number of liters of water that would be required for pump cleaning. The number of
pumps required depends on the pump specifications and the area of coverage for
cleaning of PV systems.

3.6 Financial Comparison of FPV with On-ground System

The financial parameters of both the FPV system and the On-ground system are
compared under different weather simulation conditions to check the feasibility of the
proposed FPV potential system. The analysis in SAM revolves around the Net Present
Value and Payback period of the system. The payback period can be calculated as

shown in equation 2: [9]

Total Cost of PV System to be Invested
Estimated Annual Net Cash flow

Payback period = 2)

Similarly, the Net Present Value of any cash flow can be calculated as shown in

equation 3: [9]
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n
Net present Value = Z Zeoc Co 3)

t=o (1+1)E
Where E; is the income generated from electricity sales per annum, C; is the
operational cost of developed systems, n is the operational period of the deployed
system, r is the discount rate while Cy is the initial deployment of the system. A flow
diagram shows a better depiction of the step being taken in SAM and practical
designing.

Financial analysis includes using a Parametrics tool in SAM to check the effect of
varying land costs and DC losses on the Net Present Value and Pay Back Period of the
FPV system. Moreover, the increase in DC losses would affect the system's financial
parameters as FPV installation is being done in Urban premises. The simulation of
different weather conditions having different temperatures was simulated and results
were obtained using SAM. A flow diagram in Figure 3.3 shows a better depiction of

steps being taken in SAM for designing, technical and financial analysis.
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Figure 3.3: Flow Chart showing steps taken in System Advisor Model (SAM) for

Technical and Economic Comparisons

3.7 PV System Design Parameters and Economic Assumptions in

SAM

To calculate the LCOE of 100 kW FPV and on-ground systems, the selection of
parameters has been done according to the already installed 100 kW on-ground
systems. The local solar irradiance and weather datasets are combined with the
technical and financial parameters and assumptions to build a PV performance model.

The performance and financial models are developed by National Renewable Energy

33



Laboratory (NREL) to find out the location specific energy outputs against a PV
systems lifetime. Following are the technical and financial assumptions:

e Module: Trina Solar TSM-385DE14H(II)

e Inverter: SMA America: STP 50-US-41 [480V]

Note: The module and the inverter have been selected from the System Advisor
Model database matching the specifications of the 100 kW On-ground PV system for
comparison purposes.

e System DC Design Size: 100 kW

e DC to AC Ratio: 1.02

Note: The DC to AC Ratio has been kept close to unity to match the energy
production and financial efficiency. Traditionally this ratio ranges from 1.1-1.2. (Fu
et al., 2015)
e PV Tracking:
i.  Fixed Tilt
ii.  Tilt Angle: 20
iii.  Ground Coverage Ratio: 0.3
¢ Annual Degradation Rate: 0.5%/year
e Direct Capital Cost:
i.  For Module: $0.30/Wqc
ii.  For Inverter: $0.14/Wgc
e Contingency: 3%
e Discount Rate:
i.  Nominal Discount Rate: 9.06%/year
il.  Analysis period: 25 years
iii.  Real Discount Rate: 6.4%
iv.  Inflation Rate: 2.5% (Fu et al., 2015)
Note: The discount rate entered in SAM represents present value of money in dollars
in project cash flows to calculate annual costs.
¢ Internal Rate of Return:
1. IRR Target: 19.3%
ii.  IRR target year to achieve: 25 years

e Project Taxes:
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1. Federal income tax rate: 0%/year (Hall and Greeno, 2019)
ii.  Sales Tax: 0% (Hall and Greeno, 2019)
iii.  Insurance Rate: 0.5%
e Depreciation Method: 5-year MACRS depreciation method as per SAM (Fu et
al., 2015)
e The losses considered in SAM include following losses: (da Costa and da Silva,
2021)
1. Annual Soiling loss: 5%
ii.  Module Mismatch loss: 2%
iii.  Diode and connection losses: 0.5%
iv.  DC wiring loss: 2%
v.  AC wiring loss: 1%
vi.  Nameplate loss: 5%

vii.  Transformer loss: 0%
3.8 Simulation of FPV and On-ground Systems in SAM

The simulation for both the systems and their comparison has been done in System
Advisor Model (SAM). The simulations are done step by step in the software. The
simulation starts by selecting the renewable technology which is “Photovoltaic” and
selecting a “Residential Model”. A 50 kW system is designed in the SAM software
which alters in the weather file conditions. The temperature and humidity conditions
would differ for FPV conditions when compared to on-ground conditions.

3.8.1 Input Weather Files

A SAM weather file contains data in hourly and minutely time steps. The data perfectly
describes the up-to-date solar and wind resource of a location under observation in
SAM. A weather file contains typical year data for a year. The data collected is via
ground weather stations, data from satellites or it can be a combination of both. The
weather files used can be altered easily and the data can be changed as according to
the scenario. The weather files used in this study involve two basic alterations one in
temperature data and the other in humidity data. The temperature in the case of on-
ground is higher while in case of FPV is cooler due to the cooling effect of the water
bodies. The Solar Resource for Islamabad has been altered bringing the data as close
to real time weather conditions as possible. A sample from the weather file has been

shown in Table 3.3 and Table 3.4:
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Table 3.3: Sample for SAM Weather File Time Series Data.

Source | Location | City State Country
ID
NSRDB | 20086 - - -

Year Month Day Hour Minute

2014 1 1 0 0
2014 1 1 1 0
2014 1 1 2 0
2014 1 1 3 0
2014 1 1 4 0
2014 1 1 5 0
2014 1 1 6 0

Table 3.4: Sample for SAM Weather File Solar And Wind Resource Data

Local Time | Clear Clear sky DNI Clear sky Dew

Zone sky DHI | Units GHI Units | Point
Units Units

Temperature | Pressure | Relative Humidity | Wind Wind

Direction Speed

8 940 15.24 65.3 2

7 940 16.59 67.5 1.9

7 940 17.8 65.4 1.8

7 940 18.04 61.4 1.7

8 940 15.04 62.4 1.5

7 940 19.04 61.4 1.7

7 940 20.21 55.1 1.7

6 940 21.22 49.7 1.8

3 940 56.99 78 29

3.8.2 Location and Resource Page
In the Location and Resource Page the city under observation is selected. In this case
Islamabad is selected and the relevant weather file has been downloaded. SAM has the

latest meteorological data library for various locations. When a desired location is
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chosen SAM will take the weather data from its library. This up-to-date weather data
is used to generate energy output simulations. The location and resource page is shown

in Figure 3.4:

-Solar Resource Library
The Solar Resource library is a list of weather files on your computer. Choose a file from the library and verify the weather data information below.

The default library comes with only a few weather files to help you get started. Use the download tools below to build a library of locations you frequently model. Once you build
your library, it is available for all of your wark in SAM,

Filter: Name i

Name Latitude Longitude Time zone Elevation Station|D Source

10 degree decrease 33.65 73.05 6 0 20086 NSRDB

15 degree decrease 33.65 73.05 6 20086 NSRDB I
5 degree decrease 33.65 7305 6 0 20086 NSRDB
islamabad_33.694796_73.064527_psm3_60_2014 3365 73.05 6 0 20086 NSRDB
islamabad_33.694796_73.064527_psm3_60_2000 33.65 73.05 6 0 20086 NSRDB

iclamahad 32 AOAT0A T2 NARARIT mem2 AN 2001 2R 72305 A n 2NN2A ncpNR

SAM scans the following folders on your computer for valid weather files and adds them to your Solar Resource library. To use weather files stored on your computer, click
Add/remove Weather File Folders and add folders containing valid weather files,

CA\Users\HAMZA HAFEEZ/SAM Downloaded Weather Files

Add/remove weather file folders...
C:/Users/HAMZA HAFEEZ/SAM Downloaded Weather Files/islamabad

Refresh library

Figure 3.4: System Advisor Model (SAM) Location and Resource Interface.

3.8.3 Selection of Module

The selection of module depends upon the latest industry standards being followed all
over the world. Availability of the selected module in the real scenario is also an
important factor. The selection of module in this case is dependent upon the
comparison being done with the On-ground system. Thus, the TSM-385DE14H(II),

385-Watt mono crystalline panel has been used as shown in Figure 3.5:

‘Module Characteristics at Reference Conditions

Reference conditions: Total Irradiance = 1000 W/m2, Cell temp = 25C

Trina Solar TSM-385DE14H(II)

Nominal efficiency 19.6613 %
10F _—
'é- Maximum power (Pmp) 385.361 Wdc
% Max power voltage (Vmp) 40.1 Vdc
E Max power current (Imp) 9.6 Adc
5 5F
ﬁ Open circuit voltage (Voc) 48.5 Vdc
§ Short circuit current (Isc) 10.0 Adc
=
i | ; | -Bifacial Specifications
Dg 10 20 30 40 (] Module is bifacial
Module Voltage {Volts) — . T
Transmission fraction 0.013 0-1
Bifaciality 0.65 |0-1
Ground clearance height Tim

Figure 3.5: System Advisor Model (SAM) Module Characteristics.
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3.8.4 Selection of Inverter

SMA America: STP 50-US-41[480V] 50 kW inverter has been selected having a
Minimum MPPT DC Voltage of 500 V4. and a Maximum MPPT DC Voltage of 800
Vic. The inverter page in SAM is shown in Figure 3.6:

-Datasheet Parameters

Maximum AC power 50010 Wac
Maximum DC power 51309.2 Wdc

Power use during operation 111.328 Wdc
Power use at night 15.003 Wac

Nominal AC voltage 480 Vac
Maximum DC voltage 800 Vdc
Maximum DC current 70.7713 Adc
Minimum MPPT DC voltage 500 Vdc
Nominal DC voltage 725 Vdc
Maximum MPPT DC voltage 800 Vdc

Figure 3.6: System Advisor Model (SAM) Inverter Characteristics

3.8.5 System Design Specifications

A 100-kW system has been designed for comparison of both on-ground and FPV
systems. The selection of number of modules must be such which maintains the DC to
AC Ratio of our system close to unity. A modular approach can be adopted to match
the similar system for a larger area. The system design page in SAM has been shown

in Figure 3.7:

rSizing Summary

Nameplate DC capacity 102,506 kWdc Number of modules 266
Total AC capacity 100.020 kwWac MNumber of strings 14
Total inverter DC capacity 102.618 kwdc Total module area 5214 m?

Figure 3.7: System Advisor Model (SAM) Sizing Summary.

The optimal PV tilt angle for Islamabad city is 3°. The azimuth angle is 180° and the
GCR would be 0.3. The purpose of choosing these specifications is that the already

installed on ground system has similar specification.
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3.8.6 DC Losses Specifications

The effect of increasing Name plate DC losses of 5%, 10% and 13% respectively has
been observed using parametric tool. These DC losses reflect the effect of increased
water vapor quantity in the atmosphere for floating PV systems. The increase in this
parameter would have effects on PV power production along with increase in the

financial costs. The 5% and 10% DC losses are shown in Figure 3.8:

Module mismatch (%) 2
Diodes and connections (%) 0.5
DC wiring (%) 2

Tracking error (%) 0
MNameplate (%) 5

DC power optimizer loss (%) 0
Total DC power loss (%) 9.218

Figure 3.8: System Advisor Model (SAM) DC Loss (Name Plate DC Loss: 5%)

Selection Interface.
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Summary

A case study has been presented on NUST Lake being a non-utilizable water storage
reservoir in NUST premises. The lake is a perfect place to install FPV system and thus
a potential is calculated for NUST lake as to how much energy can be generated from
the non-utilizable water reservoir. After the power estimation a 100 kW PV system
has been designed in SAM software to compare both on-ground and FPV systems.
Cleaning of both systems have been analyze. After that a technoeconomic analysis has
been done in SAM software covering Net present value, Payback Period and Levelized
Cost of Energy as financial parameter and capacity factor, energy yield and net electric

out put have been observed as technical parameters.
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Chapter 4: Results and Discussion

4.1 Power Estimation of FPV Plant

The area under consideration in NUST lake can be dissected into areas for precise
estimation and potential power calculation. Area 1 and Area 2 comprise a non-
utilizable area of 11,575 m? and 11,100 m?. A 100 kW PV system designed in SAM

turns out to be 521.4 m? as shown in Figure 4.1:

-Sizing Summary

Nameplate DC capacity 102.506 |kWdc Number of modules 266

Total AC capacity 100.020 |kWac Number of strings
Total inverter DC capacity 102.618 |kWdc Total module area 5214 |m?

Figure 4.1: Sizing Summary for a 100 kW PV system designed in System Advisor
Model

In System Advisor Model the exact power for this area is 102.5 kWgc. One can use
modular approach to calculate the exact power potential for the entire NUST lake. The
Area 1 for NUST lake as specified has a total area of 11,575 m?. The total FPV system
that can be installed in Area 1 turns out to be 2.27 MW while for Area 2 having a total
area of 11,100 m? turns out to have a power potential of 2.18 MW. The total power

potential for the entire NUST Lake turns out to be 4.47 MW.

4.2 Cleaning of FPV systems and its comparison with On Ground

system

The cleaning area required for deployment of 100 kW On-ground and FPV system is
521.40 m? calculated using SAM. This 521.40 m? area requires 938.52 litres or 248
Gallons of water for cleaning the entire area with 55% water coverage using flat fan
nozzles (model VP110 015) which require 1.8 litres of water for cleaning an area of
1m? [1]. The water for the On-ground system needs to be extracted while for FPV
system water required for cleaning of the PV panels is easily available from the
reservoir itself. This advantage is contributing in the widespread acceptance of
Floating PV technology [2]. The difference in cleaning both the systems come in the
Cost per Watt for extraction of water. Thus, the 100 kW on-ground PV system extracts

water for a boring motor which is installed at a head height of 106.68 meters having a
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water flow rate of 0.00450 m>/sec. The water is than stored in water storage tanks and
later utilized for PV cleaning. The power required for an on-ground PV system to
pump water from a depth of 106.68 meters is 10,195 Watts or 10.195 kW for a single
one-time PV cleaning cycle. The pump is turned on for 15 mins to extract water
utilizing 2.54875 kWh of electricity. The FPV system has a head height of 1.82 meters.
Due to the difference in head heights, the FPV system would consume less power as
compared to the on-ground system each time cleaning is done.

As NUST comes under Islamabad Electric Supply Company (IESCO) as a commercial
load as a sanctioned load of 5 kW and above. Thus, it is charged with the off-peak rate
of $0.13/kWh. The 2.54875 kWh of electricity consumed leads to an additional
$0.33/kWh which is the cost required for each time the boring pump will be used to
extract water.

4.3 SAM Analysis for Temperature Change

The swirling of wind and natural cooling effect of water in the lake’s surrounding leads
to a temperature drop that increases the capacity factor of the system yielding more
energy as seen from the results tabulated in Table 4.1. A decrease in temperature
brings down the operation and installation cost of the PV system by lowering the
Levelized Cost of Energy (LCOE). The Levelized Cost of Energy for the 100 kW
FPV system turns out to be 5.64 ¢/kWh which is far less than 10 ¢/kWh the average
retail electricity price of IESCO for a commercial area.This shows the
economic feasibility for installing an FPV system. Moreover, the reduced
temperature leads to an increase in Net present value of the system indication
profitability. The reduction in Payback Period indicates reduced installation costs for
the FPV system. The results of financial analysis when different weather conditions
are simulated are mentioned in Table 4.1:

Table 4.1: Financial simulation results for various temperature weather files

Parameters Normal File | 5°C Drop | 10 °C Drop | 20 'C Drop
Metric Value Value Value Value
Capacity factor (year 1) 17.80% 18.20% 18.50% 18.90%
Energy yield (year 1) 1,559 1,591 1,623 1,654
kWh/kW kWh/kW kWh/kW | kWh/kW
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Levelized COE (nominal) | 5.84 ¢/kWh | 5.72 ¢/kWh | 5.61 5.51 ¢/kWh
¢/kWh

Levelized COE (real) 4.66 ¢/kWh | 4.57 ¢/kWh | 4.48 4.39 ¢/kWh
¢/kWh

Net savings with system | $14,439 $14,666 $14,893 $15,118

(year 1)

Net present value $79,845 $82,462 $85,068 $87,655

Simple payback period 4.6 years 4.5 years 4.4 years 4.3 years

4.4 Calculation of Water Reduction Efficiency for FPV system

The reduction is water losses is proportional to the area occupied by the FPV system
(Goswami and Sadhu, 2021). The calculation of evaporation is a complex phenomenon
due to the time duration of calculation, incoming water, infiltration and precipitation
(Waheeb Youssef and Khodzinskaya, 2019). Hence, the evaporation rate is constant
across the NUST lake. Thus, the mathematical relation to calculate evaporation
reduction efficiency for partially covered water bodies has been used (Assouline et al.,
2011) in equations 4 and 5;

a=—, 0<oa<l “4)

where Sc is the partially covered surface area while S is the total are of the water
reservoir.

e=1-(1-a)?? (5)
where € represents the evaporation reduction efficiency while a represents the ratio of
covered surface area of the water reservoir to the total surface area of the water
reservoir. The evaporation reduction efficiency turns out to be only 1.17%/year.
Assuming a 1 MW FPV system in NUST lake would result in a water reduction
efficiency of 11.6%/year.
Finally, a 100 kW FPV system covered area would be deployed over 3ML of water.
An evaporation reduction efficiency of 1.17% means about 35100 litres of water can
be saved by deploying the FPV system. This FPV system would add an additional
6,167 kWh of annual energy worth $800 US dollars. An implementation of such an

FPV system at a national scale would lead to additional energy production and cost

savings of significant amount.
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4.5 Comparison of On-ground and FPV Systems

A sensitivity analysis has been done by using Parametric tool in SAM has been used
to check the effect of land cost on net present value and payback period of an On-
ground PV system. In Figure 4.2 the net present value of On-ground PV installation
can be observed. The NPV decreases and turns negative showing the non-feasibility
of the project as time passes. Meanwhile, the payback period increases with the
increase in land cost and crosses a 15-year mark. The increasing Payback period shows
the increasing installation cost of On-ground PV system. High installation cost makes
it difficult for investment in such a project. Thus, an FPV system should be utilized as
an alternative to On-ground PV system due to having no land cost. The results are

shown in Figure 4.2 and Table 4.2:
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Figure 4.2: Effect of Increasing Land Cost on Net Present Value and Payback Period
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Table 4.2: Sensitivity Analysis of Land Cost vs Net Present Value and Payback

period

Land Cost Net Present | Payback
Fixed ($) Value ($) (years)

200000 -84485.9 16.0081
180000 -68052.8 14.8831
160000 -51619.7 13.7552
140000 -35186.6 12.6241
120000 -18753.5 11.4892
100000 -2320.37 10.3503
80000 14112.7 9.2067

60000 30545.8 8.05808
40000 46979 6.90202
20000 63412.1 5.73869

Moreover, the increasing DC losses represent the increased water vapor quantity in the
atmosphere representing increased humidity for both on-ground and floating PV
systems. The Net Present Value (NPV) decreases as the DC losses are increased. This
decrease in Net Present Value shows an economically non-feasible PV system. When
the humidity is at a rise water vapors cover the PV panels in a way that direct sunlight
is blocked reducing power production from the DC side leading to losses. Similarly,
the increasing payback period of our system results in high installation cost, less cash
incentive and increased operation costs indicating less economic feasibility of our

installed PV project. The results can be seen in Figure 4.3 and Table 4.3:
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Figure 4.3: Effect of Increasing DC Loss on Net Present Value and Payback Period

Table 4.3: Sensitivity Analysis of DC Losses vs Net Present Value and Payback
DC Loss (%) | Net Present Value ($) | Payback (Years)
2 8239.1 4.48
4 79714.1 4.57
6 77237.2 4.64
8 74357.6 4.74
10 71678.2 4.84
12 68998.2 4.94
14 66317.5 5.04
16 63636.1 5.14
18 60953.9 5.25
20 58270.9 5.37

As the FPV system has no land cost, the increase in DC losses up to 20% still does not
make Net Present Value to become negative. Similarly, when compared to the On-
ground system the payback period for FPV is under 6 years which sky-rocketed to 16

years for the On-ground system. With the increase in DC loss the net energy produced
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on an annual scale is decreased. The effect of DC losses on the Annual Net Energy

(kWh/year) and Annual DC Power Loss (kWh) is shown in Figure 4.4:
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Figure 4.4: Effect of Increasing Irradiance on Annual DC Energy and DC Loss

Table 4.4: Sensitivity Analysis of DC loss vs Net DC Annual Energy Produced and

Annual DC Losses

DC Loss (%) | Annual DC | Annual DC
Net Energy | Loss (kWh)
(kWh/yr)

2 168675 3602.3

4 165233 7204.6

6 161791 10806.9

8 158348 14409.2

10 154906 18011.5

12 151464 21613.8

14 148021 25216.1

16 144579 28818.4

20 137694 36023
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Summary

The power potential for non-utilizable urban lake Area 1 and Area 2 (11,575 m? and
11,00 m?) turns out to be 2.27 MW and 2.18 MW. A total of 4.47 MW of renewable
energy can be obtained from this non-utilizable water storage facility using Floating
Photovoltaic System. In the on-ground system due to the difference in head height of
the motor installed for extraction of water from the under-ground boring system for 15
mins, an addition cost of $0.33/kWh will be charged which is not applicable for
Floating Photovoltaic system as water is readily available. The temperature drop
increases the capacity factor yielding more energy and results in Levelized Cost of
Energy for a 100 kW FPV system to be 5.64 ¢/kWh which is far less than 10 ¢/kWh
the average retail electricity price of IESCO for a commercial area. In the sensitivity
analysis done in SAM net present value of the on-ground PV system turns negative at
$-2320.37 when land cost reaches to $100,000 showing non-feasibility of the project
but remains positive at $58270.9 for the FPV system even when the DC losses are
increased up to 20%. The payback period for the FPV system goes to 5.4 years when
DC losses are increased up to 20% while for On-ground system the payback period

crosses 15-year mark when land cost is increased up to $200,000.
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Chapter 5: Conclusion and Recommendation

5.1 Conclusion

The power potential for non-utilizable urban lake Area 1 and Area 2 (11,575 m? and
11,00 m?) turns out to be 2.27 MW and 2.18 MW. A total of 4.47 MW of renewable
energy can be obtained from this non-utilizable water storage facility using Floating
Photovoltaic System. In the on-ground system due to the difference in head height of
the motor installed for extraction of water from the under-ground boring system for 15
mins, an addition cost of $0.33/kWh will be charged which is not applicable for
Floating Photovoltaic system as water is readily available. The temperature drop
increases the capacity factor yielding more energy and results in Levelized Cost of
Energy for a 100 kW FPV system to be 5.64 ¢/kWh which is far less than 10 ¢/kWh
the average retail electricity price of IESCO for a commercial area. In the sensitivity
analysis done in SAM net present value of the on-ground PV system turns negative at
$-2320.37 when land cost reaches to $100,000 showing non-feasibility of the project
but remains positive at $58270.9 for the FPV system even when the DC losses are
increased up to 20%. The payback period for the FPV system goes to 5.4 years when
DC losses are increased up to 20% while for On-ground system the payback period
crosses 15-year mark when land cost is increased up to $200,000.

SAM can be utilized before-hand to analyze the capability of any renewable
technology by performing a technoeconomic analysis. The FPV system is preferable
to deploy in urban areas where water bodies are available. The land cost in such areas
is high due to which conventional large-scale on-ground systems must bear the land
costs and become unfeasible to deploy as the payback period increases immensely.
Thus, the deployment of FPV in such locations saves the land cost involved in the
deployment process. Further the results suggest a recoverable payback period for the
FPV system while the net present value also stays positive. On the contrary, increase
in humidity leads to a reduction of solar irradiance reaching the solar panel increasing
the DC losses as we install the FPV system on a water body. The net present value of
the FPV system decreases with the increases in DC losses. Despite the decrease in net
present value when compared to the on-ground system the FPV system performs better
when only financial constraints are observed. Over time, the floating photovoltaic

system serves better and requires less maintenance as it reduces the probability of dust
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being deployed on the panels and is independent of the effect of rising land costs in
urban area.

5.2 Recommendations

A small scale 100 kW FPV project as in case of NUST lake requires no mooring lines
and floating structures are comparatively cheap (Barbuscia, 2018). In addition, the
wind potential is also low making the installation cost of 100 kW FPV system bearable.
A $100/panel installation cost can be considered due to minimum movement of water
in the water storage facility (Muhammad et al., 2021b). Thus, the installation cost for
a 100 kW FPV, 266 module PV system turns out to be $26,600. The overall operation
and maintenance (O&M) costs are higher for FPV but they depend on the scale of
project (Barbuscia, 2018). Under the proposed cleaning system maintenance costs can
be lowered as water is readily available for FPV cleaning. The O&M cost is $13/kW-
year (da Costa and da Silva, 2021) which is the price of module cleaning, component
replacement and land purchase agreement. While the O&M costs for FPV varies on
many factors among which the main factors are water quality, its level, wear and tear
of equipment and dust accumulation on the PV modules. The dust accumulation will
be lesser as compared to on-ground PV as the structure would float on a reservoir. The
water quality is also considerable as no residues reside in the water as it is
accumulation of rainwater. The effect of algae growth on floating solar PV can be
studied as a future recommendation.

Further, no water reservoir license is required for FPV deployment as it is located
within the university premises and owned by the university. The Levelized Cost of
Energy for the 100 kW FPV system turns out to be 5.64 ¢/kWh which is far less than
02 10 ¢/kWh, the average retail electricity price of IESCO for a commercial area. FPV
system requires no land procurement, saving land costs. The increase in DC losses up
to 22% still does not make Net Present Value to become negative. Similarly, when
compared to the on-ground system, the payback period for FPV is under 6 years which
reached 16 years for the on-ground system reflecting the economic non feasibility.
NUST is an educational institution, and its electricity resources are fulfilled by IESCO
Islamabad Electric Supply Company. The additional FPV power potential of 100 kW
would be a boast to the local grid contributing additional electricity by renewable
means. No additional electricity infrastructure is required and the FPV system can be

directly linked to the local grid. Such utility based FPV systems will contribute to the
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energy mix as current energy mix is dominated by hydro, gas and oil-based electricity
production and such a system will introduce new method of electricity production in
densely populated areas. This will be a great way to reduce the evaporation and
conservation of local lakes. The utility will have no carbon emissions and will be save
to the environment as it would require no land use no deforestation and no aquatic life
exists in NUST lake.

Social acceptability of PV systems in general has barriers due to lack of awareness of
the solar technology in rural areas. Also, the local residents lack experience and
knowledge of practical solutions for solar energy problems (Irfan et al., 2019). Having
said this, offshore project initiation attracts public. Similarly, the FPV system
deployment is discouraged in areas of tourism and frequent recreational activities
concerns (Hooper et al., 2021). Moreover, the deployment of FPV with wind energy
can help lower the carbon footprint of offshore technologies. An infrastructure in terms
of flatform can be used for multiple purposes like energy production and aquaculture.
(Schupp et al., 2019) A potential 100 kW FPV system for NUST lake is to be installed
in an educational institution which would provide a learning opportunity for students
and provide employment to the locals.

FPV will have lesser environmental impacts than on-ground PV systems (Pimentel Da
Silva and Branco, 2018). FPV system is bound to provide energy advantages but has
some environmental concerns as it would increase the death of birds due to the
attraction towards the solar panels (Grippo et al., 2015). The FPV system provide a
natural shade to the water body, preventing algae growth and improving water quality
(Pringle et al., 2017). This shadow also has a negative impact as it might affect the
food chain of the lake instigating rivalry between marine life in search of sunlight
(Burgess, 2017). Thus, lakes with water protection issues, recreational activities and

fishing purposes should not be considered for FPV deployment (Choi, 2014).
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Summary

This session concludes the over-all discussion by implying that the SAM can be
utilized before-hand to analyze the capability of any renewable technology by
performing a technoeconomic analysis. The FPV systems are better than on-ground
system in all aspects may it be financially or technically. They produce more energy
and have better efficiency. Further, FPV can be installed in urban water bodies to
utilize a baren water reservoir. The on-ground systems are not suitable for deploying
on land due to high land cost in cities while on roof tops out-door HVAC system
increase the temperature of the panels. It is very difficult to achieve a perfect south due
to the orientation of the building. While a true south can be achieved in water as it has

no restrictions to move the floating platform on which the FPV is deployed.
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ABSTRACT

Keywords:
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Water bodies like small lakes, canals, and rivers in urban areas serve to be a way forward to deploy photovoltaic
technology with no constraints to involve land procurement. This article aims to estimate the potential
deployment of a floating photovoltaic system on an urban lake site to assess its scope and compare it with a
similar specification on-ground photovoltaic system. System Advisor Model (SAM) has been used for techno-
economic analysis of a site in Pakistan. The technical analysis involves observing the effect of real time tem-
perature drop and calculation of water reduction efficiency for FPV systems. The economic parameters like net
present value (NPV) and payback period are used to judge the economic feasibility of the floating photovoltaic
deployment project. The floating photovoltaic deployment in an urban area is subject to soiling as the water
reservoir being used exists in an area close to or within the city boundaries. The required cleaning water costs a
one-time extraction rate of $1435, while for a floating photovoltaic system, the extraction cost is estimated to be
$1.35. Under standard temperature conditions (STC) one-year capacity factor turns out to be 0.70% more,
producing an additional energy yield of 64 kWh/kW for lake scenarios when a 10 °C temperature drop is
considered. The total power potential for the entire NUST Lake turns out to be 4.47 MW. A 1 MW FPV system in
NUST lake would result in a water reduction efficiency of 11.6%/year. Under standard temperature conditions,
the net present value for the on-ground system becomes negative while it remains optimistic for the floating
photovoltaic system as no land costs are required. Similarly, once the land cost is included in the feasibility
analysis, the payback period for the on-ground system goes beyond 15 years which is only 5.37 years for a
floating photovoltaic system signifying the economic feasibility of the floating photovoltaic project.

1. Introduction and background:

Despite COVID-19, the gross investments in PV solar industry have
risen by 12% to an investment of USD 148.6 billion. During 2020-21,
solar photovoltaics (PV) was the best performing industry compared to
all renewable technologies, adding 135 GW to the future estimated total
of 1 TW by 2022 (Jager et al., 2021). The solar PV industry emerged with
a new niche known as Floating Photovoltaic Technology (FPV) that re-
quires the installation of photovoltaic panels directly on the water body
with the help of a floating platform instead of installing them on land or
buildings (Green et al., 2012). Also, there is a heated debate about land

usage among different renewable technologies, and the FPV systems can
tone down this debate. It can be installed on the surface of natural or
artificial water bodies such as lakes, rivers, dams, canals, and ponds
(Galdino and de Almeida Olivieri, 2017). Globally, during 2020, around
2.6 GW of total capacity of floating solar PV projects were either under
construction or fully functional around the globe (IRENA, 2021).
Although FPV systems are desirable in Asian countries, they can be
found worldwide (IRENA, 2021). The floating solar industry continued
to expand rapidly due to land constraints, and the floating solar capacity
exceeded over 3 GW in 2020 compared to 10 MW in 2015 (Program and
Singapore, 2019). Floating projects tend to have higher costs than

Abbreviations: AC, Alternating Current; DC, Direct Current; FPV, Floating Photovoltaic; GCR, Ground Coverage Ratio; IESCO, Islamabad Electric Supply Company;
LCOE, Levelized Cost of Energy; NPV, Net Present Value; NREL, National Renewable Energy Laboratory; NUST, National University of Science and Technology; OPV,
On-ground Photovoltaic; PV, Photovoltaic; SAM, System Advisor Model; STC, Standard Temperature Conditions.
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