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There are several types of large-scale photovoltaic (PV) installations systems with high directnormal irradiance (DNI), but two of them are a cost-effective deployment strategy. They are a
fixed-tilted, one axis tracking photovoltaic system with horizontal orientation north-south. The
target of this thesis is to study and to make a model which to calculate total irradiance and power
output of the bifacial module with a one-axis tracking system for future research of the influence
and increase the share of one-axis tracking bifacial photovoltaic modules on scenarios of energy.
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LIST OF ABBREVATIONS AND ACRONYMS
AC

alternating current

A-CAES

adiabatic compressed air energy storage

AEP

annual energy production

AOI

angle of incidence

ASHRAE

American Society of Heating, Refrigerating, and AirConditioning Engineers

BNEF

Bloomberg New Energy Finance

capex

capital expenditure

CCGT

combined cycle gas turbine

crf

uniform capital recovery factor

CSP

concentrating solar thermal power

DC

direct current

DNI

direct normal irradiation

DoY

day of the year

EoT

equation of time

ETP

Energy Technology Perspectives

FLH

full load hours

GHG

greenhouse gas

GHI

global horizontal irradiation

HDKR

Hay–Davis–Klucher–Reindl model

HV

high voltage

IAM

incidence angle modifier

ICE

internal combustion engine

IEA

International Energy Agency

IEA PVPS

Photovoltaic Power Systems Programme of the IEA

IIASA

International Institute for Applied Systems Analysis

ITRPV

International Technology Roadmap for Photovoltaic

LCOC

levelized cost of curtailment

LCOE

levelized cost of electricity

LCOS

levelized cost of storage

LCOT

levelized cost of transmission.
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LUT

Lappeenranta University of Technology

LV

low voltage

MV

medium voltage

NOCT

nominal operating cell temperature

OCGT

open cycle gas turbine

opex

operational expenditure

PERC

Passivated Emitter, and Rear Contact

PHS

pumped hydro storage

precip

average monthly precipitation value

PtG

power-to-gas

PtH

power-to-heat

PV

photovoltaic

rampCost

cost of ramping technology

RE

renewable energy

reg

all considered regions

Shell

Royal Dutch Shell

SoC

state of charge

STC

standard test conditions

tech

all considered technologies

TES

thermal energy storage

totRamp

annual ramping values of the technology

TPED

total primary energy demand

VLS-PV

very large-scale PV

WACC

weighted average cost of capital

WBGU

German Advisory Council on Global Change

WEC

World Energy Council

WEO

World Energy Outlook

WWF

Worldwide Fund for Nature
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Subscripts

Amb

ambient

el

electric units

fix

fixed

h

hour index

inv

inverter

mod

module

p

peak or nominal capacity

r

subregion index

sh

shaded

soil

soiling

T

total

t

technology index

th

thermal unit

var

variable
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1 INTRODUCTION
Solar photovoltaics (PV) play a significant role in renewable energy industries, and it is supposed
that it is amidst the primary the future energy sources [1]. Renewable energy (RE) offers an
ecological and economical alternative option to fossil fuels, it already plays a significant role in
energy production which is expected to rise further, as seen in Fig. 1.

Fig. 1. Global energy mixes up until 2100 as predict by the Scientific Advisory Board of the
German government [2]. Forecast provides that Photovoltaic will take large part of the world’s
energy uses in future.
During last five years, the worldwide annual installation speed of PV systems had enhanced from
29 GW/a to 98 GW/a [3]. The region in solar photovoltaic electricity investment to the sum
electricity request is 4.1% – 15.9% (2030 year), 5.5% – 18.2% (2040 year) and 19.9 – 29.0% (2050
year) [1]. The introduction of bifacial cells is progressing since the structure of Passivated Emitter,
and Rear Contact (PERC) solar cell makes it easy for bifacial power generation. Major PV
manufacturers are continuously investing in the improvement of efficiency. [3] The main point of
factors is cost demotion of generation technologies. For the target of declining the cost of solar
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energy production, photovoltaic industries focus on improving module efficiency, lifetime and PV
module’s energy yield. Bifacial PV modules, for instance, generate power from both sides of the
module, absorb solar radiation. Bifacial PV modules make a promise to further decrease the
levelized cost of energy (LCOE) of PV modules [4] on the other side to estimate the bifacial
modules LCOE and additionally, efficiency, it is essential to estimate accurately how high the gain
in energy production is. The determining of the produce of bifacial modules energy is rather
multiplex, compared to that of a standard module. In addition to that, to classical dependencies, it
furthermore depends on the land reflection, the interval between rows of module, between next
modules, the self-shadowing of modules on ground, and the module installation height.
As International Technology Roadmap for Photovoltaic (ITRPV) forecasts it in Fig. 2. is
demonstrated that the global market portion for bifacial PV is doing bigger following in around
35% percentage of “true” bifacial module in the 2028 year. It would be about 70-100 GWp. The
practice area is going to be major large-scale systems of photovoltaic with more albedo a lot of
them also mixed with one-axis tracking, fixed-tilt [5].

Fig. 2. Bifacial technology forecast from ITRPV 2018 [5].
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1.1

Background and motivation

If we look a little into history already from the end of the 20th century, solar energy experts began
to declare a constant interest in a bifacial module, unlike a standard module, a bifacial module has
a 30-50% increase in output power. Khan [6] notes in his study that the vertical double-sided
module has two peaks during the day, the first peak occurs in the morning and the second closer
to evening. the second peak is comparable to the power requirement. This method of installation
for large scales will predict 10-20% more energy than a standard module.
Last years, experts confirmed that one-axis tracking horizontal systems are cost-effective enough
to be set for bifacial PV modules in regions of the Earth with high direct normal irradiance (DNI),
unlocking raised irradiances on both sides of the bifacial PV modules. In these regions the bifacial
yield between 5-15% for standard PV module with fixed tilted is not significant share by
compression one-axis tracking system yield between 20-30%, by these factors, research of the
technical role of the bifacial PV module with a one-axis tracking horizontal system is required
more to be carried out.
One of the critical problems of humanity is that it needs more electricity than one Earth
planet [7]; part of this need relates to energy system emissions and resource exploitation. Hence,
it makes sense to create more various methods to solve problems, as experts describe [8] that only
way to solve these issues is a transition for a completely sustainable power system. Nowadays, the
two primary solar technologies which are solar thermal power and solar photovoltaic [1]. The last
decades, photovoltaic has become faster growing kind of energy technology in the world [9] and
making a tremendous contribution to the global energy scenarios. However, financial renewable
energy experts make note that installations of PV will grow to 80 GW annually (2020) and 206
GW (2040) [10].
There is a lot of energy system investigations that have been studied to plan the energy mixture
for the next decennaries as global and as regional scale. Two crucial issues of PV in the worldwide
energy mixture, the first is what percentage of the PV share is being represented in the energy
scenario, and second is what will be LCOE of PV in the global energy scenarios. Several models
for global energy scenarios have been demonstrated in the last decade. All kind of energy transition
mixtures are presented in the Table 1. and Fig. 3. Contribution of solar PV electricity to energy
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scenarios request composes 4.1%–15.9% (2030 year), 5.5%–18.2% (2040 year), and 19.9%–
29.0% (2050 year). The prediction for 2050 cannot be matched with 2030 year and 2040 year due
to several following scenarios presented dates for 2050 years. Special, the World Energy Outlook
(WEO) of the IEA has the minimum expectation. However, the portion of solar PV in world energy
scenarios in the 2050 year is anticipated to be around 20% by Greenpeace, which is remarkably
low, and to compose approximately 30% by WWF. However, other experts demonstrated
completely different predictions. For instance, LUT system modelling predicts that the solar PV
electricity portion of the full production to be around 41%, the translation towards power system
scenarios for the 2030 year will grow by (12 TWp) and for an anticipated request 2100 year.
approximately up to (42.3 TWp) [11]. Also, Jacob et al. [12] did prediction a 100% RE systems;
hence, every energy segment estimate a request of 32.7 TWp, this investigation is somewhat near
to LUT Energy system model. During last years, researches of a share of PV in energy scenarios
has increased dramatically.

Fig. 3. PV capacity and portion of PV in worldwide electricity production [13]

LUT energy system model include several different types of technologies which are used for
sources of converting RE into electricity they are Ground-mounted PV (fixed tilt and one axis
from north to south orientated horizontal system of tracking), and photovoltaic of rooftop,
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concentrating Solar Thermal Power-(CSP), wind onshore, run-of-river of hydro, dam of hydro,
geothermal, wastes, biomass residues [1]. Hence, there are the energy storage technologies which
is used in the model, such as Pumped Hydro Storage-(PHS), Adiabatic Compressed Air Energy
Storage-(A-CAES), Thermal Energy Storage-(TES) in Fig. 4 are presented energy translation
scenarios. The major problem of 100 % RE scenarios is LCOE, the last years LCOE of PV is
declining to compare other RE sources. Afanasyeva [13] used two types of utility-scale (with
single axis tracking and without tracking) which demonstrate results of research that the worldwide
average LCOE reduces at 6%; therefore, the capacity of utility-scale PV rises at 25% and capacity
of wind reduces by 34%.

Table 1
Scenarios of global energy [13]
Author, research

WBGU [14]

Rep

PV
installation
scale
Unknown

WWF [7]

Rep.

Unknown

Unknown

95% of the request of energy covered by renewables by the 2050 year; significant decrease in power intake is
supposed; photovoltaic contributes to nearly (30%) of the worldwide electricity production by the 2050 year

IIASA [15]

Rep.

Unknown

Fixed-tilt

The portion of RE in TPED grows to 28–74% (in some areas above 90%) in the 2050 year. In most areas, the
power of solar becomes the predominant power source. The PV compose about 8%-20% of TPED in the 2030
year and 2050 year

Disser.

Unknown

Fixed-tilt

Lower cost of all system is obtained when 1-pervasion of renewable energy composes at 90%; 2-photovoltaic
and concentrating solar power form 70% of general wind and mounting of solar; 3- transmission lines of power
and storage systems expand significantly

Rep.

Unknown

Unknown

Percentage of RE electricity production rises to roughly 50% in the 2050 year. CSP and PV produce electricity
nearly 18%

Aboumahboub [16]

WEC [17]

View of
research

Tracking system

Comments

Fixed-tilt

The demand for worldwide energy enhances several times by the 2100 year matched with 2000 year as a result
of the significant rise of intake and a dramatic rise in output of energy. PV and concentrated solar power (CSP)
production is the Total Primary Energy Demand (TPED) (67%) by the 2100 year

Shell [18]

Rep.

Unknown

Unknown

Electricity obtains energy request (40%) in the 2070 year. PV provides power near to 40 % by 2060

Komoto [19]

Book

Unknown

Fixed-tilt

PV and CSP ensure TPED approximately 3.3%-25.3% in the 2050 and 2100 years. In the 2100-year VLS-PV
compose (50%), country, and mini-grid composes (30%), city and society systems compose nearly (20%) of the
sum installed PV power

Plebmann [20]

Artic.

Unknown

Fixed-tilt

The cost optimum decentralized electric method studied based on sources of RE 100%. Wind-solar portion
(including photovoltaic and concentrating solar power) compose about (50/50). Installed photovoltaic capacity
provides (7300 GWp), that overlay electricity deliver 33%

Troendle [21]

Disser.

Unknown

Different photovoltaic
plants mixture

Systems 100% of renewable energy are researched to concentrate on the power repository demands. Installed
power surplus admits declining the electricity cost and capacity of storage. A different photovoltaic plants
collaboration per grid cell in tilted angle terms, direction with and no tracking photovoltaic systems is supposed.
How it is considered in the determination of yield of energy is misunderstandable.

Rep.

Unknown

Unknown

There are four scenarios that are taken into account that 'Reference' Bau policy, request increases close to 65%
till the 2050 year from 326,900 PJ/a, Energy [r]evolution' demand increases close to 12% till the 2050 year, and

Teske [22]
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Ádvance energy [r]evolution' 100% of system of RE and demand increases close to 7% till 2050 yea). In Ádv. Er
scenario installations of PV achieve (92995 GWp) and give TPED 20% till the 2050 year
IEA, ITP [23]

Rep.

Rooftop and

Unknown

Enlarged effectiveness, RE using, carbon increasing and keeping and energy of nuclear are the critical factors to
CO2 emissions decline. The electricity approximately (30%) is produced by wind-solar by the 2050 year. Rooftop
PV gives the global electricity request (17%) in the 2050 year

Utility-scale
IEA, WEO [24]

Rep.

Unknown

Unknown

Two scenarios are taken into account, including ‘450’scenario, New Policies Scenario, and Current Policies
Scenario. Growing the variable RE level demands usual energy plants, power accumulation and request answer.
The PV portion in the worldwide electricity production composes (3.6% of CPS), (5.5% of NPS), and (9.4% 450)
in the 2040 year

BNEF [25]

Rep.

Rooftop and

Unknown

Worldwide energy generation by solar-wind achieves (10,591 TWh) (30%) in the 2040 year. Photovoltaic of
solar obtains the worldwide installed capacity (29%) which composes (13,464 GW), the worldwide production
capacity 100% will be photovoltaic of rooftop

Fixed-tilt and
tracking of single axis

Transition to a system (100%) of renewable energy in the 2050-year TPED keeps in 2012 level. Largephotovoltaic and concentrating solar power give (24.9%) (3481 TWh/a) and photovoltaic of rooftop (28.2%)
(3334 TWh/a) to TPED by the 2050 year. The installed capacity of large-scale PV depends on module thickness
and length ratio. Distance coefficient takes into one axis tracking. How one axis tracking is considered for the
yield is incomprehensive

Utility-scale
Jacobson [11]

Rep.

Rooftop and
Utility-scale

Breyer [1]

Artic.

Groundmounted
and rooftop
systems

Fixed-tilt and
tracking of single axis

Systems100% of RE investigated by the 2030-year admission: region, area-wide, and integrated. The sampling
frequencies composes hour. A percentage of photovoltaic in electricity request composes region-wide (42%),
area-wide (36%), and integrated (41%). A portion of the fixed tilt plants of the whole land-mounted large-scale
PV power plants composes region-wide (28%), area-wide (6%), and integrated (2%) on medium world. The
proportion of the photovoltaic of rooftop capacity of the overall photovoltaic capacity forms between (31-52%)
on medium world a function of the used scenario, achieving (3.7 TWp) in sum

Afanasyeva [13]

Artic.

Utility-scale
and rooftop

Fixed- tilt and tracking
of single axis

The system (100%) of renewable energy researched for the 2030 year that the percentage of PV of global
production rises between 47%-59%, and total power 20% is produced by with tracking PV system. Hence, the
wind energy portion declines between 31% and 21%. The sum LCOE reduces by 6% between 54.8 and 51.4
€/MWh

As Bogdanov and Breyer [12] argue that the optimization model for the global energy scenarios
should correspond to the proposed cost by 2030, they described the detail of technical
assumption [12] entirely. The Solar PV is expected OPEX may have more ambitions than Capex,
in 2015 in Germany was achieved lower than that supposed in the 2030 year [26], how the
worldwide average operational expenditure (opex) cost which was realized in the years 2011-2015
had reduction around (15%/a) [26], since, approximately (5%) are required to get the level of cost
supposed in study. An analysis of sensitivity demonstrates that a 0.1% yearly OPEX enhance as a
Capex leads percentage to around 1% upper LCOE of solar PV. All scenarios should be set about
7% of the Weighted Average Cost of Capital (WACC); however, for private PV users, WACC
should be placed around 4% due to the financial return requirement.
The solar energy portion of TPED in a future scenario obtains about 18% for 2040, and are
generally 20-30% for 2050, but a study by Jacobson [11] expects it to be around 40%. However,
the portion of solar PV expected is more interesting for the year 2100, and uncommonly 67% to
the WBGU [14] scenario from the 2003 year. Shell’s research [19] is near to 40%. The experts of
this article make first indications that positive results for the future scenarios (2100 year) should
be above realist in the 21st century half, due to LCOE of PV is declining so fast [1].
There are several options for large-scale PV mounting systems: fixed tilt-tracking methods.
According to research by Breyer [27], the significant economic solution for utility-scale PV
mounting system is single axis with horizontal from north to south direction tracking system.
Furthermore, the results show a dramatic influence when using one axis tracking PV system in
global energy scenarios [13], as the result of the research shows [28,29] that usually one-axis
tracking enhances the yield around by 25-30% compared with a fixed-tilted system. It is necessary
to note that single-axis tracking demand more capital expenditures (CapEx) and operational
expenditures (opex); therefore, it does not promise economic growth. Hence, the goal is to use the
significant benefit of bifacial which is a big decline of LCOE through more energy yield.
The method of fixed-tilted PV is the most used in the studies of energy systems; however, some
investigations include single-axis tracking systems. In a study of single-axis PV tracking system it
is necessary to include several factors, for instance, a research by Jacobson [31] does focus on the
distance between panels, but it was unclear how they are used in the yield estimation of systems.
There is another a research where Breyer [1] considered five views of PV systems: three of them
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are different of photovoltaic self-intake segments for living, industrial photovoltaic prosumer, and
two of them for large-scale photovoltaic energy plants which is using fixed tilt-one-axis tracking.
As research results show that electricity mixture is detected for three systems scenarios for the
2030 year by reducing the LCOE of the power system. The average portion of fixed tilt of largescale depends on scenarios which applied, usually the total ground-mounted PV is 2-28%. Few
types of research give such information about the global energy scenarios which are optimal to
models and economical, and technical sides are prosperous.
A study by Afanasyeva [13] shows the dramatic result when energy system model of LUT includes
single-axis tracking PV. The solar photovoltaic has a high total generation share from 47% to 59%
as presented in Fig. 4., since the wind has a low percentage of the whole production from 31% to
21%. As it is mentioned in this article that the total power system cost was declined by around
6 % due to less curtailment, less storage demand, and less power transmission demand. Mainly,
due to a good combine of one-axis tracking photovoltaic production with the loading compared
with fixed tilt energy stations. Table 2 and Fig. 5 demonstrate the difference between fixed tilt and
one-axis tracking photovoltaic production.
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Fig. 4. Production portion of total PV between two scenarios: fixed tilt (a), and one-axis
tracking (b), total difference (c), and comparative difference [13].
It is essential to disclose the used processes to track and influence, since, correct forecasts allow
to resolve smart policymaking and create opportunities for contributions in the photovoltaic power
sector. Furthermore, many world types of research apply a concerning big time step size of the
year [26]. Nevertheless, significant RE portion involves the high sampling frequency to introduce
the movements due to a discontinuous wind nature and solar power. In order to correctly perform
production and load profiles, reduction, and keeping cycles throughout the day, a time step of one
hour is demanded.
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Table 2
The result of Global financial for two types scenarios fixed-tilted and singe-axis tracking [13].

Fig. 5. LCOE between two scenarios: fixed tilt (a), and one-axis tracking (b), total difference (c),
and comparative differences [13].
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1.2

Objective

This thesis will aim to use bifacial PV module with two scenarios to rise the solar photovoltaic
yield generation in the global energy mixture which is determined for a system 100% of renewable
energy by the year 2030. This thesis focuses on a one axis horizontal tracking photovoltaic system
with a north-south orientation. The main goal of this thesis is to make a model to calculate the total
irradiance and power output of the bifacial PV module to apply the energy system model of LUT
[12, 30] for finding share in global energy scenarios, further. The spatially resolved data uses 0.45 ͦ
· 0.45 ͦ and hourly resolved time data. Section 2 shortly explains the energy system model of LUT
and optimization which was published by Bogdanov and Breyer [12]. Section 3 describes
characteristic of tracking the sun. A detailed bifacial PV model for determining the yield of energy
for the one axis tracking photovoltaic system is demonstrated in section 4, which presents the key
factors influencing the output of the one axis tracking PV system energy plant. Hence, section 5,
demonstrates results of the simulation for bifacial photovoltaic with the one-axis horizontal
tracking system, and their validation. Two types of scenarios: single-axis horizontal tracking
system and fixed-tilted are compared to show the influence of the tracking on the optimal mix of
energy. Section 6 concludes the research.
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2

METHOD FOR ENERGY SYSTEM MODELING

Fig. 6. The full block model of energy technologies in the Energy System model of LUT (a), and
system optimization framework [13].
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Fig. 6. illustrates the energy system model of LUT which will use results of this thesis in the future.
All the economic and technical parameters are used in the LUT model, and the technologies
description can be found in [12, 30]. As well-known, the Earth landmass is separated into 145
regions. A present installed power, further optimal request, and every technology cost are based
on literature. Modelling are done in an hourly permit for an entire year. Fig. 4a demonstrates all
kind of technologies applied in the energy system model of LUT, they can be separated into three
different views: 1) conversion of RE, 2) transmission of electricity, and 3) energy storage.
The conversion of RE technologies involve two types ground-mounted (with tracking PV system
and without tracking), solar PV rooftop, plants of Concentration Solar Thermal Power (CSP), wind
onshore, wind offshore, run-of-river of hydro, dam of hydro, geothermal, solid biomass, biogas,
and wastes.
The technologies of energy storage involve Thermal Energy Storage (TES), battery storage,
Adiabatic Compressed Air Energy Storage (A-CAES), Pumped Hydro Storage (PHS), and Powerto-Gas (PtG). However, applying synthesis methods convert electricity into synthetic natural gas
which involving air capture of CO2 directly, electrolysis of water to reach methanation, gas, and
hydrogen storage.
During last years, lithium-ion batteries demonstrate an incredible decline in costs, and experts
expect cost decrease based on their experience-curve-driven [31-35]. Hence, batteries become
more appealing for utility-scale applications. Approximative assumptions of battery cost can be
found in Breyer (2017) [1].
The article [36] determined the potential of the global resource for A-CAES which is used. The
authors give more detailed description of economic assumptions and technical conditions of
suitable geological for the used technology of A-CAES. This research shows that A-CAES may
be an essential energy storage version since it has a tremendous potential global, and a perfect
efficiency, which is supposed to be 70% by 2030 year. Wind illustrates a repetitious pattern with
cycles in a week diapason. Accordingly, A-CEAS relates to wind energy, as it is good for weekly
storage of electricity. As author of article [37] did mention that characteristic of the wind can be
more effectively moderated by the continental grid’s flexibility.
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Biogas is produced by city bio-wastes, then it is burned to produce electricity. Another option,
biogas may be upgraded to biomethane and stored to be applied as a fuel for Combined and Open
Cycle Gas Turbine (CCGT and OCGT). There are additional options that Power-to-Heat (PtH) can
convert straight electricity into heat and it is stored in TES. However, these types are more helpful
and to take balance easy the electricity request, and production.
The energy system model of LUT includes transmission lines between subregions and the interior
sub-regional grid. For the sub-regional interior allocation and transmission, usually, an alternative
current (AC) grid is applied. High Voltage Direct Current (HVDC) lines of transmission use for
long distance. However, there is one crucial moment for sub-regional grid model that it considers
average losses of resistive for total subregion [38]. The HVDC model of transmission system has
resistive losses depending online length of transmission at the converter station.
At first level, the specific power yield installed capacity per unit of the measured methods is
estimated. This method is applied as an entrance for the measurer, which determines each
technique installed capacity to reduce the full annual energy system cost. (Eq. (49)). Optimization
of photovoltaic prosumer is performed before the permanent optimization of energy system, the
methodology and an input follow [37]. (Eq. (50)) describes that a balance of power must be met
for each sub-region at every hour. An operational system principle is predetermined. The line
interior dot optimizer is applied. The foundation for defining the optimal mixture of energy is
illustrated by Fig. 4b [39].
𝑟𝑒𝑔
min ∑𝑟=1 ∑𝑡𝑒𝑐ℎ
𝑡=1 (𝑐𝑎𝑝𝑒𝑥𝑡 ∙ 𝑐𝑟𝑓𝑡 + 𝑜𝑝𝑒𝑥𝑓𝑖𝑥 𝑡 ) ∙ 𝑖𝑛𝑠𝑡𝐶𝑎𝑝𝑡,𝑟 + 𝑜𝑝𝑒𝑥𝑣𝑎𝑟 𝑡 ∙ 𝐸𝑔𝑒𝑛 𝑡,𝑟 + 𝑟𝑎𝑚𝑝𝐶𝑜𝑠𝑡𝑡 ∙

𝑡𝑜𝑡𝑅𝑎𝑚𝑝𝑡,𝑟 ,

(1)

𝑟𝑒𝑔
𝑟𝑒𝑔
𝑠𝑡𝑜𝑟
𝑠𝑡𝑜𝑟
𝑠. 𝑡. ∑𝑡𝑒𝑐ℎ
𝑡=1 + ∑𝑟=1 + ∑𝑡=1 𝐸𝑠𝑡𝑜𝑟 𝑑𝑐ℎ 𝑡,ℎ = 𝐸𝑑𝑒𝑚𝑎𝑛𝑑,ℎ + ∑𝑟=1 𝐸exp 𝑟,ℎ + ∑𝑡=1 𝐸𝑠𝑡𝑜𝑟 𝑐ℎ 𝑡,ℎ +

+𝐸𝑐𝑢𝑟𝑡 ℎ ,

(2)

Where (capex) is capital expenditures, (opexfix) is fixed operational expenditures, (opexvar) is
variable operational expenditures, (crf) is uniform capital recovery factor, (Egen) is annual
electricity generation, (rampCost) is ramping technology cost, (totRamp) is annual ramping
technology values, (t) is technology index, (r) is sub-region index, (tech) is all considered
technologies, and (reg) is all considered regions. The variable operational expenditures comprise
different kind of costs for fuel and GHG emission, which are proportional to produce electricity.
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The capital recovery factor of uniform is determined:

𝑐𝑟𝑓 =

𝑊𝐴𝐶𝐶∙(1+𝑊𝐴𝐶𝐶)𝑁
(1+𝑊𝐴𝐶𝐶)𝑁 −1

,

(3)

Where WACC is the Weight Average Cost of Capital and N is technical lifetime. In this research,
the WACC is installed 7%, expect for residential photovoltaic prosumers, for which WACC is
around 4% to mirror lower costs of total financing.
There are several rules to fulfil the proposed research:
➢ Environmental conditions data which include such as speed of wind, irradiation of solar,
and precipitation;
➢ Load profile data for each sub-region;
➢ The sub-regions shape and correlation to each other;
➢ Economic and technical parameters for all technologies used, comprising energy yield,
efficiency, boundaries for installed capacity, lifetime, capex, and opex.

The datasets of environmental conditions are found on NASA SSE 6.0 databases (Solar Energy
and Surface Meteorology) [40], the German Aerospace Center have converted these databases into
an hourly resolution [6]. The data spatial resolution composes 0.45ͦ x 0.45ͦ . The profiles of future
load for sub regions are found on publicly available temperature, hourly load data, and the gross
domestic product predictions and population.
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Fig. 7. Global horizontal irradiation map [41] with validation of indicated locations: 1. Brasilia
(Brazil); 2. Ouarzazate, (Morocco); 3. Munich (Germany); 4. Lappeenranta (Finland); 5. Tajewa
(India); 6. Kuala Lumpur (Malaysia); 7. Xilin Gol (China).
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3

GENERAL CHARACTERISTICS OF THE CONDITIONS OF
APPLICATION OF TRACKING THE SUN

This standard applies to devices (systems) tracking the Sun, designed to work in photovoltaic
systems. The Sun tracking system is a complex of devices and mechanisms that ensure, by
following the course of the Sun over the sky, the literally specified state of the receiving surfaces
of photovoltaic devices relative to the Sun and thereby increasing the solar radiation entering the
receiving surfaces [42].
The real standard establishes small requests to the sun tracking systems, providing complete
information about a specific sun tracking system. Methods of testing tracking systems for the Sun
as a whole and their main components. Part of the test methods establishes methods for measuring
and calculating the characteristics specified in the passport data of a particular sun tracking system,
another part of the testing methods is specialized to determine whether the characteristics of the
sun tracking systems correspond to the required values.
The second part of the test is also specialized for identifying the structures of the sun tracking
systems, which will have a high failure rate, in contrast to structures that can perform their
functions in accordance with the technical documentation with the highest strength.
The results of the mechanical tests cited in real standards do not apply to the foundation and parts
of building structures to which the test tracking system for the Sun is attached, since this type of
conformity is also determined by building codes, rules and features of the installation site, for
example: land, soil, etc. The real standard can still exist when developing solar devices and systems
of other types.
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3.1 Classification
Sun tracking systems designed for implementation in photovoltaic systems are divided into two
main classes:
➢ Sun tracking systems for placement of flat photovoltaic modules;
➢ Sun tracking systems for placement of photovoltaic modules with concentrators.
Any of these classes of tracking systems for the Sun can be further divided into categories
according to the number and direction of the axes, layout solutions for serviceable devices, types
of drives, climate performance, type of vertical mounting and foundation, type of control, type of
signal formation on the Sun and other including in accordance with the characteristics listed below.
According to the number of directions of the axes of rotation:
➢ uniaxial, which, in turn, are divided in the direction of the axis:
➢ with a horizontal axis;
➢ with a vertical axis;
➢ inclined.
➢ biaxial, which, in turn, are divided in direction
By type of drive:
➢ with the electric drive;
➢ with hydraulic drive;
➢ with a passive drive.
By type of actuation:
➢ with individual actuation;
➢ with group actuation.
By type of management:
➢ with passive control;
➢ with functional control;
➢ with preventive control.
By type of vertical mounting:
➢ on vertical supports or racks;
➢ carousel.
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According to the place of installation:
➢ on the ground;
➢ on the water;
➢ on a building (roof, wall) or on another object;
➢ built into the building / object.
By type of foundation:
➢ on the foundation of deep occurrence;
➢ on the surface foundation.

3.2 Application

Sun tracking systems for placing flat photovoltaic modules are required to ensure a decrease in the
angle between the cursor on the sun and the normal to the receiving (working) surface of the
photovoltaic module. Due to this, the most complete use of all the incoming energy of the Sun is
guaranteed and the number of energies supplied to the receiving surface of the photovoltaic
modules increases during the same period of time.
Flat photovoltaic modules convert both direct and scattered solar radiation, incident at any angle,
and generate electricity, even when their receiving surface is not oriented directly towards the Sun.
Tracking in photovoltaic systems with flat photovoltaic modules is used to increase the amount of
energy received from the direct component of solar radiation.
High tracking accuracy in sun tracking systems to accommodate flat-panel photovoltaic modules,
as a rule, is not required. Plane photovoltaic modules placed on the tracking systems for the Sun
with a tracking accuracy of ± 5 ° have every chance to obtain 99.6% of the incident radiation
energy.
Sun tracking systems for placing photovoltaic modules with hubs are required to guarantee the
realization of the advantages of optical devices (hubs). Optical devices of such photovoltaic
modules / devices are required to direct perpendicular to the flux of direct solar radiation with
greater accuracy than the receiving surfaces of ordinary flat photovoltaic modules.
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The main types of designs are uniaxial sun tracking systems.
➢ with a horizontal axis of rotation;
➢ with a vertical axis of rotation;
➢ with an inclined axis of rotation.
The axis of rotation of the uniaxial system of tracking the sun with a horizontal axis of rotation is
horizontal with respect to the surface of the earth. It is recommended to place the horizontal axis
of rotation along the true northern meridian. When using special tracking algorithms, the horizontal
axis of rotation can be determined in any direction.
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4

PROCESS FOR BIFACIAL PHOTOVOLTAIC MODULE WITH ONE
AXIS HORIZONTAL TRACKING SYSTEM MODELLING

The bifacial photovoltaic module yield is calculated in terms of electrical power output of bifacial
photovoltaic systems dependence on its location, the beam normal irradiance (BNI), the global
horizontal irradiation environmental conditions, and photovoltaic systems elements: inverter,
transformer, and cabling Fig. 7. In order, the one-axis tracker is assumed to have their rotation axis
running along the North-South oriented, and so tracking the sun between East-West. Position of
the tracker may be characterized by zenith, azimuth, and incidence angle. To determine angles
equations are got from [43].

Fig. 8. Simplistic structure of determining the energy output of the photovoltaic system [13].
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4.1 Geometry factors of solar
Firstly, to find irradiation on a surface of tilted, it is necessary to estimate the sun position
comparative to the surface, and it may be declared by azimuth, zenith, incidence angle, and
tracking angle. All equations for estimate these angles are got from [13].
The solar zenith (θz) is the angle, which is located between two lines, first a line from supervising
to the sun and second a line normal to a surface of horizontal. Solar azimuth (γs) is between the
direction to north and guidance to a flat surface. The incidence angle is the angle between a ray
irradiation on a surface and a perpendicular to a module surface.

𝜃𝑧 = arccos(𝑠𝑖𝑛𝜑 ∙ 𝑠𝑖𝑛𝛿 + 𝑐𝑜𝑠𝜑 ∙ 𝑐𝑜𝑠𝛿),
𝛾𝑠 = arcsin (

𝑐𝑜𝑠𝛿∙𝑠𝑖𝑛𝜔
𝑐𝑜𝑠𝜃𝑧

),

(4)
(5)

Where (φ) is the latitude of geographic, (𝜃𝑧 ) is the zenith of solar, (𝛾𝑠 ) is the azimuth of solar, (𝛿)
is the angle of tilted and (𝜔) is the hour angle.
For one-axis tracking system is detected from:

𝜃𝑖 = arccos( 𝑐𝑜𝑠𝜃𝑧 ∙ 𝑐𝑜𝑠𝛽 − cos(𝛾𝑠 − 𝛾) ∙ 𝑠𝑖𝑛𝜃𝑧 ∙ 𝑠𝑖𝑛𝛽),

(6)

Where (𝛾) is an azimuth angle of surface and (𝛽) is an angle of tracking.
The Surface azimuth angle is located between the plane of a line perpendicular of the horizontal
surface and south. As it was mentioned above that single-axis tracking system is valid for any
orientation in this paper we study north-south direction; accordingly, 𝛾 = 90 ͦ when face west of
the PV modules (𝛾𝑠 > 0 ͦ), and 𝛾 = −90 ͦ when face east of the PV modules (𝛾𝑠 ≤ 0 ͦ).
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The tracking angle consists of between sheet of the ground and surface of the tracking angle.
Therefore, the southern hemisphere is positive, and the northern hemisphere is contrary, they are
between -90 ͦ and 90 ͦ .
𝑠𝑖𝑛(𝛾 −180)

𝑠
𝛽 = 𝑎𝑟𝑐𝑡𝑎𝑛 ( 𝑡𝑎𝑛(90−𝜃
),
)

(7)

𝑧

4.2 Irradiation of solar on the tilted surface
The bifacial PV module energy output depends on the irradiance amount arriving at the front and
rear surfaces. The Hay-Davis-Klucher-Reindl model (HDKR) [43] is well-known for estimating
overall illumination, but the HDKR model is used for a monofacial, but since this project uses a
bifacial module, this method can be used to calculate the front side:

𝐼𝑓𝑟𝑜𝑛𝑡 = 𝐼𝑑𝑐𝑑 + 𝐼𝑔𝑟 + 𝐼𝑑ℎ ,

(8)

𝐼dcd = (𝐼𝑏 + I𝑑 ⋅ 𝐴𝑖 ) ⋅ 𝑅𝑏 ,

(9)

𝐼𝑔𝑟 = (𝐼 ⋅ 𝑎 ⋅ (

1−𝑐𝑜𝑠 𝛽
2

1+𝑐𝑜𝑠 𝛽

𝐼𝑑ℎ = 𝐼𝑑 (1 − 𝐴𝑖 ) ⋅ (

2

),

(10)
𝛽

) ⋅ (1 + 𝑓 ⋅ 𝑠𝑖𝑛3 ( 2 )),

𝑅𝑏 = 𝑐𝑜𝑠 𝜃𝑖 / 𝑐𝑜𝑠 𝜃𝑧 ,
𝐴𝑖 = 𝐼𝑏 /𝐼0 ,
𝑓 = √𝐼𝑏 /𝐼 ,

(11)
(12)
(13)
(14)

Where: (Ifront) is front incident irradiation, (Idcd) is direct and circumsolar diffuse, (Igr) is ground
reflected, and (Idh) is diffuse sky and horizon irradiation. (Ib) is the beam horizontal irradiation, (Id)
is the diffuse horizontal irradiation, (I) is the global horizontal irradiation, (I0) is the extraterrestrial
irradiation, (Rb) is the view factor, (Ai) is the index of anisotropy, (f) is the modular factor for
horizon brightening correction to consider cloudiness, and (𝑎) is the albedo.
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To calculate the rear part of the bifacial module it is needed to include Perez model to find diffuse
irradiance. The Perez model estimates diffuse irradiation on tilt surface which divide three parts
isotropic, circumsolar and horizontal brightening. Therefore, for calculation the angle of surface
tilt, angle of surface azimuth, diffuse irradiance, beam normal irradiance, extraterrestrial
irradiance, angle of sun zenith, angle of sun azimuth, and relative airmass are used. An optional
selector can be used to specify any of coefficient of Perez's model sets [44].

𝐼𝑟𝑒𝑎𝑟 = 𝐼(𝑏)𝑟𝑒𝑎𝑟 + 𝐼(𝐴𝑙𝑏)

𝑟𝑒𝑎𝑟

+ 𝐼(𝑑𝑖𝑠𝑜)

𝑟𝑒𝑎𝑟

+ 𝐼(𝑑𝑐)

𝑟𝑒𝑎𝑟

+ 𝐼(𝑑ℎ)𝑟𝑒𝑎𝑟 ,

𝐼(𝑏)𝑟𝑒𝑎𝑟 = 𝐷𝑁𝐼 ⋅ 𝑐𝑜𝑠( 𝜃𝑖 ),
𝐼(𝑑𝑖𝑠𝑜)𝑟𝑒𝑎𝑟 = 𝐷𝐻𝐼 ⋅ 0,5 ⋅ (1 − 𝐹1) ⋅ (1 + 𝑐𝑜𝑠( 𝛽),

(15)
(16)
(17)

𝐼(𝑑𝑐)𝑟𝑒𝑎𝑟 = 𝐷𝐻𝐼 ⋅ 𝐹1 ⋅ 𝐴/𝐵,

(18)

𝐼(𝑑ℎ)𝑟𝑒𝑎𝑟 = 𝐷𝐻𝐼 ⋅ 𝐹2 ⋅ 𝑠𝑖𝑛( 𝛽),

(19)

Where I(Alb)rear is the total ground – reflected albedo irradiance incident the specified surface
(ground reflection parameters), I(diso)rear is diffuse isotropic, I(dc)rear is diffuse circumsolar, I(dh)rear is
diffuse horizontal brightening, I(b)rear is beam horizontal. (F1-F2) are respectively the circumsolar
and horizon reduced coefficients of brightness, A-B are two terms describing the incidenceweighted solid angle sustained by the circumsolar region as seen respectively by the surface of
tilted and the horizontal [45].
respectively to
𝐼(𝐴𝑙𝑏)𝑟𝑒𝑎𝑟 = 𝐼(𝐴𝑙𝑏)𝐼𝑠𝑜 + 𝐼(𝐴𝑙𝑏)𝑑𝑖𝑟𝑒𝑐𝑡 + 𝐼(𝐴𝑙𝑏)𝐶𝑖𝑟 ,

(20)

To find total albedo light on the bifacial module back surface it is required to include self-shading,
which it is divided into three parts self-shading and irradiances of circumsolar diffuse, self-shading
isotropic diffuse irradiance. Self-shading should be studied carefully because shadow from bifacial
module decreases light onto the land and therefore, decreases albedo [46].
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Fig. 9. Self-shading of illumination onto the land from (a) direct-circumsolar, and isotropic [46]
Fig. 9. (a) gives concerns that piece of the ground does not accept direct and circumsolar diffuse
irradiance because of self-shading by the bifacial module. Thence, part of unshaded of the ground
influence on ground-reflected. It can be calculated by [46]:

𝐼(𝐴𝑙𝑏)𝐷𝑖𝑟 = 𝑎 ⋅ (1 − 𝑐𝑜𝑠 𝑑 (𝛽))/2 −
−𝑉𝐹𝑠ℎ𝑎𝑑𝑒𝑑 ⋅ 𝐿𝑠ℎ𝑎𝑑𝑜𝑤 ⋅ 𝐷𝑁𝐼 ⋅ 𝑐𝑜𝑠 𝑑 (𝜃𝑧 ),
𝐼(𝐴𝑙𝑏)𝐶𝑖𝑟 = 𝑎 ⋅ (1 − 𝑐𝑜𝑠 𝑑 (𝛽))/2 − 𝑉𝐹𝑠ℎ𝑎𝑑𝑒𝑑 ⋅ 𝐿𝑠ℎ𝑎𝑑𝑜𝑤 ⋅ 𝐷𝑁𝐼 ⋅ 𝐼(𝑑𝑐)𝑟𝑒𝑎𝑟 ,

(20)
(21)

Where 𝑎 is albedo, VFshaded is the view factor from the shaded region of the ground to the rear side,
Lshadow is the length of shadow cast by the bifacial module.
As shown in figure 9 (b) that part of isotropic diffuse goes through locked area by the bifacial
module to the ground-reflected

+∞

𝐼(𝐴𝑙𝑏)𝐼𝑠𝑜 = 𝐼(𝑑𝑖𝑠𝑜)𝑟𝑒𝑎𝑟 ⋅ 𝑎 ⋅ ∫−∞ 𝑉𝐹𝑥→𝑠𝑘𝑦 (𝑥),

(22)
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4.3 Full load hours (FLH)
𝐹𝐿𝐻 = 𝐴𝐸𝑃/𝑃,

(23)

Where (AEP) is annual energy production, (P) is installed capacity.
4.3.1 The bifacial PV system yield calculation
There are several factors which affect the yield of the bifacial module like how: the bifacial
photovoltaic module soiling, shading, and reflection. Usually, the ratio performance system for
bifacial PV is around 80-90%. To gain the annual energy production (AEP) for bifacial
photovoltaic plant is used in this equation:
𝑁

ℎ
𝐴𝐸𝑃 = ∑ℎ=1
𝑃𝑚𝑜𝑑 ℎ ⋅ 𝜂𝑖𝑛𝑣 (𝑃𝑚𝑜𝑑 ℎ ) ⋅ 𝜂𝑎𝑑𝑑,

(24)

∗
∗
𝑃𝑚𝑜𝑑 ℎ = 𝑃𝑚𝑜𝑑 𝑓ront ℎ (𝐼front
ℎ , 𝑇𝑚𝑜𝑑 ℎ ) + 𝑃𝑚𝑜𝑑 𝑟ear ℎ (𝐼rear ℎ , 𝑇𝑚𝑜𝑑 ℎ ),
∗
∗
𝑃𝑚𝑜𝑑 𝑓ront ℎ (𝐼front
ℎ , 𝑇𝑚𝑜𝑑 ℎ ) = 𝑃𝑚𝑜𝑑 𝑓ront 𝑆𝑇𝐶 ⋅ 𝜂(𝐼front ℎ , 𝑇𝑚𝑜𝑑 ℎ ) 𝐼
∗
∗
𝑃𝑚𝑜𝑑 𝑟ear ℎ (𝐼rear
ℎ , 𝑇𝑚𝑜𝑑 ℎ ) = 𝑃𝑚𝑜𝑑 𝑟ear STC ⋅ 𝜂(𝐼rear ℎ , 𝑇𝑚𝑜𝑑 ℎ ) 𝐼

(25)

∗
𝐼front
front 𝑆𝑇𝐶 𝑚𝑜𝑑
∗
𝐼rear

rear STC 𝑚𝑜𝑑

,

,

(26)
(27)

∗
𝑠ℎ
𝐼front
ℎ = 𝐼front ℎ ⋅ 𝐼𝐴𝑀ℎ ⋅ 𝜂soil front ℎ ,

(28)

𝑠ℎ
∗
𝐼rear
ℎ = 𝐼rear ℎ ⋅ 𝐼𝐴𝑀ℎ ⋅ 𝜂soil rear ℎ ,

(29)

where (Pmod) is the power output and (η) is the conversion efficiency of the PV module, and
(IrearSTC) is the irradiation on the module in standard test conditions (STC), (IrearSTC) is the
irradiation on the module in standard test conditions (STC), respectively, (ηinv) is the inverter
efficiency, and (ηsoil) is the efficiency due to soiling losses.
In finally, ηadd is an additional reduction in efficiency which is appended to consider losses of
electrical in the cables and the transformer, and the inaccessibility losses. In Gueymard [11] there
are all parameters to find standard test conditions (STC). As total incident irradiation on the module
(𝐼𝑇∗ ) and temperature of module (𝑇𝑚𝑜𝑑 )were mentioned in equation that it is used to conversion
efficiency of module. In this calculation, the incidence angle modifier (IAM) is used to consider
the rise in the reflection losses when an abnormal sun beam hits the surface of the module. The
subscript ‘h’ is the hour index.
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Table 2
All total photovoltaic system losses [13]
Losses view

Losses source

Comments

Losses of

Shadow

part-shading has a high influence. Self-shading between

environmental

photovoltaic module rows is taken into account. They
depend on the day-time, the length between rows of
photovoltaic and the array configuration
Soiling

Dirt on the module surface cause losses; hardly
dependent on the environmental condition and
concretion. The efficiency diapason is 0.75-0.98

Reflection

The increase of losses of reflection occurs when the
angle of incidence deflects from the normal to the
photovoltaic surface element.

Losses of module

Irradiation level

The manufacturer gives conversion efficiency for the
STC. The module efficiency declines for c-Si
photovoltaic modules when the irradiance is lower than
the STC

Temperature

With enhancing temperatures, the conversion losses
rise. The typically such losses depend on the irradiation,
environmental temperature, cell design, and speed of the
wind

System losses

Inverter

The manufacturer indicates that losses of inverter
depend on power. Extra losses may be caused by the
inverter under-sizing, which is made to reduce the
energy cost by keeping on Capex and losing only a small
share of the total generated electricity

Transformer and cables A compensator combines the plant of photovoltaic with
the grid of high-voltage. Losses of power happen as a
cable resistance result. Usually designed to be under 3%
Not availability

Downtime

Because of service, usually highly below. The
availability diapason is between 0.95 and 0.995
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4.4 Front side losses modeling

4.4.1 Shading losses
It should be noted that in the thesis only the PV arrays self-shading is considered. In the model,
which is used in a calculation, it is taken into account the only influence of shading on circumsolar,
and direct. The main point is found on computation on the geometry of the shaded area and
considering the shaded blocks numbers Fig. 10.

𝑁𝑆𝐵

𝑠ℎ
𝐼𝑓𝑟𝑜𝑛𝑡
= 𝐼𝑑𝑐𝑑 ⋅ (1 − 𝑓𝑠ℎ ) ⋅ (1 − 𝑁

) + 𝐼𝑔𝑟 + 𝐼𝑑ℎ ,

𝑇𝐵 +1

𝑓𝑠ℎ = 𝐴𝑠ℎ /𝐴𝑇 ,

(30)
(31)

where (fsh) is shading factor, (Ash) is the surface area of shaded, (AT) is the module total surface
square, and (NSB) and (NTB) are shaded blocks numbers and the blocks total number, accordingly.

Fig. 10. The photovoltaic arrays self-shading [13].
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The surface square of shadowed (Ash) is determined by applying the next equations:

𝐴𝑠ℎ = 𝑤𝑠ℎ ⋅ 𝑙𝑠ℎ ,

(32)

𝑐𝑜𝑠 𝜃

𝑤𝑠ℎ = 𝑤 − 𝑑 ⋅ 𝑐𝑜𝑠 𝜃𝑧 ,

(33)

𝑖

𝑙𝑠ℎ = 𝑙 − 𝑑 ⋅

𝑠𝑖𝑛 𝛽⋅𝑐𝑜𝑠 𝛿⋅𝑠𝑖𝑛 𝜔
𝑐𝑜𝑠 𝜃𝑖

,

(34)

Where: (w) is width and (l) is the length of photovoltaic array, (wsh) is shaded width and (lsh) is
shaded area length, and (d) is the distance photovoltaic arrays.

4.4.2 Losses of soiling
There is such an inevitable effect, and this effect is created as a factor applying to radiation.

𝜂𝑠𝑜𝑖𝑙 = 4.5 ⋅ 𝑒 −0.3663⋅𝑝𝑟𝑒𝑐𝑖𝑝 + 0.5,

(35)

Where: precip is precipitation quantity.
4.4.3 Reflection losses
The easiest way to get more radiation is that when the solar module receives average radiation,
this is not practical because many factors influence it. Since the thesis uses a two-sided model.
There is the STC to determine the average incidence of radiation for the bifacial module front side.
Any changes of STC rises reflection losses, and it can be included by the incidence angle modifier
(IAM) [43].
1

𝐼𝐴𝑀 = 1 − 𝑏0 (𝑐𝑜𝑠 𝜃 −1),
𝑖

where b0 is coefficient

(36)
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4.4.4 Losses because of high irradiance and high temperature
The most happening in the field of photovoltaics meets crystalline silicon which is used for
photovoltaic systems of utility-scale. One of the significant factors of the PV module is efficiency.
It is such a factor when the temperature and irradiation are low, and it falls when, one the contrary,
it also falls. It means that it needs certain conditions. There are equations which determines the
photovoltaic module efficiency by applying the total irradiation of module and temperature of
module [48].

𝜂𝑚𝑜𝑑_ 𝑓𝑟𝑜𝑛𝑡 (𝐼𝑓𝑟𝑜𝑛𝑡 , 𝑇𝑚𝑜𝑑_ 𝑓𝑟𝑜𝑛𝑡 ) = (1 + 𝛼𝑖 (𝑇𝑚𝑜𝑑_ 𝑓𝑟𝑜𝑛𝑡 − 𝑇𝑚𝑜𝑑 𝑆𝑇𝐶 )) ⋅
𝐼

2

𝐼

⋅ [1 + 𝑐1 𝑙𝑛 ( 𝑓𝑟𝑜𝑛𝑡
) + 𝑐2 (𝑙𝑛 ( 𝑓𝑟𝑜𝑛𝑡
) ) + 𝛽𝑣 (𝑇𝑚𝑜𝑑_ 𝑓𝑟𝑜𝑛𝑡 − 𝑇𝑚𝑜𝑑 𝑆𝑇𝐶 )],
𝐼
𝐼
𝑆𝑇𝐶

𝑆𝑇𝐶

(37)

𝜂𝑚𝑜𝑑_ 𝑟𝑒𝑎𝑟 (𝐼𝑟𝑒𝑎𝑟 , 𝑇𝑚𝑜𝑑_ 𝑟𝑒𝑎𝑟 ) = (1 + 𝛼𝑖 (𝑇𝑚𝑜𝑑_ 𝑟𝑒𝑎𝑟 − 𝑇𝑚𝑜𝑑 𝑆𝑇𝐶 )) ⋅
𝐼

2

𝐼

⋅ [1 + 𝑐1 𝑙𝑛 ( 𝐼𝑟𝑒𝑎𝑟 ) + 𝑐2 (𝑙𝑛 ( 𝐼𝑟𝑒𝑎𝑟 ) ) + 𝛽𝑣 (𝑇𝑚𝑜𝑑_ 𝑟𝑒𝑎𝑟 − 𝑇𝑚𝑜𝑑 𝑆𝑇𝐶 )].
𝑆𝑇𝐶

𝑆𝑇𝐶

(38)

Where (ISTC) is the total irradiation and (Tmod STC) is temperature of module under standard test
conditions (STC), coefficients c1 = 0.033, c2 = -0.0092, αi = 1.2·10-3 ͦ C-1, and βv = 4.6·10-3 ͦ C-1.
The bifacial module generate power which is determined from:

𝑃𝑚𝑜𝑑_ 𝑓𝑟𝑜𝑛𝑡 =
𝑃𝑚𝑜𝑑_ 𝑟𝑒𝑎𝑟 =

𝜂𝑚𝑜𝑑_ 𝑓𝑟𝑜𝑛𝑡 (𝐼𝑓𝑟𝑜𝑛𝑡 ,𝑇𝑚𝑜𝑑_ 𝑓𝑟𝑜𝑛𝑡 )⋅𝑃𝑆𝑇𝐶 ⋅𝐼𝑓𝑟𝑜𝑛𝑡
𝐼𝑆𝑇𝐶

𝜂𝑚𝑜𝑑_ 𝑟𝑒𝑎𝑟 (𝐼𝑟𝑒𝑎𝑟 ,𝑇𝑚𝑜𝑑_ 𝑟𝑒𝑎𝑟 )⋅𝑃𝑆𝑇𝐶 ⋅𝐼𝑟𝑒𝑎𝑟
𝐼𝑆𝑇𝐶

,

,

(39)
(40)

The module temperature is determined from the empirical equation [43]

𝐼

9.5

𝑇𝑚𝑜𝑑_ 𝑓𝑟𝑜𝑛𝑡 = 𝐼𝑓𝑟𝑜𝑛𝑡 ⋅ 5.7+3.8⋅𝑉 ⋅ (1 −
𝑁𝑂𝐶𝑇

𝜂𝑚𝑜𝑑
𝜏⋅𝛼

()(𝑇𝑁𝑂𝐶𝑇 − 𝑇𝑎𝑚𝑏𝑁𝑂𝐶𝑇 )𝑎𝑚𝑏 ),

(41)

40
𝐼

9.5

𝑇𝑚𝑜𝑑_ 𝑟𝑒𝑎𝑟 = 𝐼 𝑟𝑒𝑎𝑟 ⋅ 5.7+3.8⋅𝑉 ⋅ (1 −
𝑁𝑂𝐶𝑇

𝜂𝑚𝑜𝑑
()(𝑇𝑁𝑂𝐶𝑇
𝜏⋅𝛼

− 𝑇𝑎𝑚𝑏𝑁𝑂𝐶𝑇 )𝑎𝑚𝑏 ),

(42)

where (Tamb) is the ambient temperature, (V) is the wind speed at the height of the module
installation, (ηmod) is the efficiency of the module, and (τ∙α) is the effective transmittanceabsorptance product. Usually, τ∙α = 0.9 is applied [47], the nominal operating cell temperature
(NOCT) is TNOCT = 45 – 48 °C
𝑉
𝑉0

= 𝑙𝑛

ℎ
𝑧0

ℎ

/ 𝑙𝑛 0,
𝑧0

(43)

Where V is wind speed at height h of the module is found by logarithmic law [48], V0 is wind speed
determined at the reference height h0

41

4.5 Rear side losses modeling
However, concerning that normal irradiation does not fall on the bifacial module back side, that
every radiation is received from the ground reflection, it means that there is a considerable angular
loss of reflection. The determination of angular losses is used as an analytical model by Martin N.
[46] this model includes three factors which are estimated by:

𝐹𝐵 (𝛼) =
1

1−(1−𝑒𝑥𝑝(− 𝑐𝑜𝑠 𝑑(𝜃𝑖 ))/𝑎𝑟 )
(1−𝑒𝑥𝑝(−1/𝑎𝑟 ))

,

𝛽−𝑠𝑖𝑛 𝛽

(44)
𝛽−𝑠𝑖𝑛 𝛽 2

𝐹𝐴 (𝛽) ≅ 𝑒𝑥𝑝 [− 𝑎 (𝑐1 (𝑠𝑖𝑛 𝛽 + 1−𝑐𝑜𝑠 𝛽 ) + 𝑐2 (𝑠𝑖𝑛 𝛽 + 1−𝑐𝑜𝑠 𝛽 ) )],
𝑟

1

𝐹𝐷 (𝛽) ≅ 𝑒𝑥𝑝 [− 𝑎 (𝑐1 (𝑠𝑖𝑛 𝛽 +
𝑟

𝜋−𝛽−𝑠𝑖𝑛 𝛽
1+𝑐𝑜𝑠 𝛽

) + 𝑐2 (𝑠𝑖𝑛 𝛽 +

𝜋−𝛽−𝑠𝑖𝑛 𝛽 2
1+𝑐𝑜𝑠 𝛽

) )],

(45)

(46)

Where 𝛼𝑟 is the angular loss coefficient, (typical 𝛼𝑟 = 0,16-0,17), β is tilt angle; α incidence angle
of solar irradiation, FB is direct losses factor, FD is diffuse losses factor, FA albedo losses factor
[49].
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4.6 Losses of inverter
Losses of inverter are demanded to transform the direct current (DC) produced by the bifacial
photovoltaic module to alternative current (AC) demand by the grid. Schmidt model uses [50] in
this thesis, which allows determining the efficiency of inverter from three efficiency quantities at
(10%, 50%, and 100%) of the nominal inverter power. The manufacturer presents the curve of
efficiency to get these data
2 )/𝑃
𝜂inv = 1 − (𝑝𝑒 + 𝑢𝑒 ⋅ 𝑃inv + 𝑟𝑒 ⋅ 𝑃inv
inv ,
5

1

1

𝑝𝑒 = − 36 ⋅ 𝜂inv 10 + 4 ⋅ 𝜂inv 50 − 4 ⋅ 𝜂inv 100 ,
5

33

4

𝑢𝑒 = 12 ⋅ 𝜂inv 10 − 12 ⋅ 𝜂inv 50 + 3 ⋅ 𝜂inv 100 + 1,
5

5

𝑟𝑒 = − 12 ⋅ 𝜂inv 10 + 2 ⋅ 𝜂inv 50 −

20
9

⋅ 𝜂inv 100 ,

(47)
(48)
(49)
(50)

where (ηinv) is the efficiency of inverter, (ηinv=10), (ηinv=50) and (ηinv=100) are the efficiency
of inverter at (10%, 50%, and 100%) of the nominal power of inverter, and (Pinv) is the power of
input.
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5

RESULTS

5.1 Validation of the bifacial PV module single-axis tracking model
In this master's work, seven different locations which are demonstrated in Fig. 7, with different
climatic zones were used for validation of the model. Table 3 presents the major geographical
parameters of all locations. The essential parameters of a bifacial PV system are introduced in
Appendix ΙΙ in Table ΙΙ.1. Hence, Fig. 11-17 present results of simulation of irradiance and power
output of the bifacial PV modules in different location in the world. The figures show the radiation
received throughout the year from 20 modules; each of the modules is represented by single line
on the plots. Calculation of rear side shows that peak is around 400 Wh/m2 in morning and
afternoon. Since a uniaxial tracking system was used in the simulation, the first peak occurs in the
morning and the second peak in the evening on the back side of the module, because on the day
the module is in a horizontal state. Therefore, the back side of the module does not receive radiation
in a large flow. Front side irradiance has absolute another maximum. Hence, these irradiances of
both sides are used to determine power output. However, it should be noted that the view factor
plays a very important role for calculating the radiation of the rear part of the module. From the
graphs it can be noted that when the radiation is received more but the output of the power is not
very even, it can be explained by the local weather conditions: as we know the temperature is
different everywhere. as already noted, that the temperature is one of the important factors in the
simulation. The main objective of the study is to create a model that calculates the radiation and
output power of a bifacial PV module. These results will be used to determine annual energy power
output, thus, to find direct current and alternating current.
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Table 3
Geographical parameters of locations [13]
№

Location

Latitude

Longitude

time zone

GHI

Annual

[kWh/m2·a]

average
Tamb, [ͦ C]

1

Brasilia,

15.5S

48.0 W

-3

1852.27

24.5

Brazil
2

Ouarzazate,
Morocco

30.9N

6.9W

0

2024.8

15.2

3

Munich,
Germany

48.13N

11.57 E

1

1100.3

8.6

4

Lappeenranta,
Finland

61.1N

28.2 E

2

983.2

4.8

5

Tajewa, India

27N

70.6 E

5.5

1905.6

29.3

6

Kuala
Lumpur,
Malaysia

3.1N

101.68 E

8

1884.9

28.8

7

Xilin Gol,

43N

113 E

8

1550

6.4

China
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a)

b)

Fig. 11. Irradiance of the bifacial PV modules (red line-front side, blue line-rear side) (a) and
power output (b). Brasilia, Brazil.

a)

b)

Fig. 12. Irradiance of the bifacial PV modules (red line-front side, blue line-rear side) (a) and
power output (b). Ouarzazate, Morocco.
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a)

b)

Fig. 13. Irradiance of the bifacial PV modules (red line-front side, blue line-rear side) (a) and

power output (b). Munich, Germany.

a)

b)

Fig. 14. Irradiance of the bifacial PV modules (red line-front side, blue line-rear side) (a) and
power output (b). Lappeenranta, Finland.
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a)

b)

Fig. 15. Irradiance of the bifacial PV modules (red line-front side, blue line-rear side) (a) and
power output (b). Tajewa, India.

a)

b)

Fig. 16. Irradiance of the bifacial PV modules (red line-front side, blue line-rear side) (a) and
power output (b). Kuala Lumpur, Malaysia.
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a)

b)

Fig. 17. Irradiance of the bifacial PV modules (red line-front side, blue line-rear side) (a) and

power output (b). Xilin Gol, China.
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5.2

Global simulation results of the bifacial PV yield

For comparing the power output of the bifacial PV module system with standard PV module with
fixed tilted to nominal power output for location in Ouarzazate, (Morocco) (30.9 ͦ N, 6.9 ͦ W) is
demonstrated in Fig. 18. For standard PV module with fixed tilt is taken the maximize energy gain
ever the full year. As for with one-axis tracking system that it allows nonstop the sun tracking,
hence, every hour output is maximized personally. One-axis tracking system shows high power
out in the morning and evening during the year by comparison with standard PV module with fixed
tilted. There is a surprising fact that a standard PV module with fixed tilted produce more power
in the winter than summer. This observation can be explained by several reasons: angle of tilt and
temperature. For instance, of Ouarzazate, the standard PV module tilt angle is 25 ͦ. The latitude of
location is 31 N. Hence, the angle of standard PV module and the solar plane is not optimum in
summer at noon. Due to temperature, the standard PV module with fixed tilt has high losses in the
summer. Accordingly, Fig.18., to results that one-axis tracking system has more output. Hence,
the main reason for the difference between summer and winter for standard PV module with fixed
tilted is the geometry parameters.

a)

b)
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c)
Fig. 18. Normalized electrical power output [Wel/Wp] of optimally fixed tilted (a) and single
axis tracking bifacial PV system in the north-south orientation (b), and the absolute difference
between them (c) for Ouarzazte – Morocco (30.9 ͦ N, 6.9 ͦ W).

51

6

CONCLUSION

The main objective of the thesis was to determine the total irradiance and power output of bifacial
PV module with a one-axis tracking horizontal system by orientation the north-south for different
location of the world. A model which calculates irradiation of front and back on tilt surface by
using HDRK model and Perez model was used. The purpose of this model is to find direct current
and alternative current of bifacial PV for the transition to the grid and to integrate into global
energy scenarios to increase the share of photovoltaic, respectively.
For comparison, the one-axis tracking system of bifacial PV module was used standard PV module
with fixed tilted. The primary data for calculation was taken from the NASA SSE resources
database. The plant simulation was modeled in an hourly resolution.
The yields in specific generation kWh/kWp may be determined from 5% to 15% for ground
reflection (albedo) 0.2-0.5 for fixed tilted structures and between 10%-25% for one-axis tracking
system. The results of bifacial yield show that one axis tracking PV system is more significant
than standard PV module with fixed titled.
Notably, the results of the model are sensitive enough to the assumptions for energy scenarios.
Hence, future work requires careful analysis for applying in energy scenarios. This analysis will
allow the best understanding of global scenarios and estimate role PV in energy mixture.

52

REFERENCES

1.

Breyer, Christian, et al. "On the role of solar photovoltaics in global energy transition
scenarios." Progress in Photovoltaics: Research and Applications 25.8 (2017): 727-745.

2.

Knies, Gerhard, and Trans-Mediterranean Renewable Energy Cooperation. "Deserts as
sustainable powerhouses and inexhaustible waterworks for the world." Global Conference
on Renewable Energy Approaches for desert Regions, Jordan. 2006

3.

IEA PVPS – International Energy Agency Photovoltaic Power Systems Program,
2018.Snapshot of Global PV Markets 2017. St. Ursen. [Online]. Available: http://www.ieapvps.org/fileadmin/dam/public/report/statistics/IEA-PVPS_A_Snapshot_of_Global_PV__1992-2017.pdf

4.

Shoukry, Ismail, et al. "Modelling of bifacial gain for stand-alone and in-field installed
bifacial PV modules." Energy Procedia 92 (2016): 600-608.

5.

International Technology Roadmap for PV [online, accessed 11.05.2019]. Available from:
http://www.itrpv.net

6.

Khan, M. Ryyan, et al. "Vertical bifacial solar farms: Physics, design, and global
optimization." Applied energy 206 (2017): 240-248.

7.

[WWF] – World Wild Fund for Nature International. Living Planet Report 2014: species
and spaces people and places, WWF, Zoological Society of London, Global Footprint
Network, Water Footprint Network, Gland, 2014.

8.

Child, Michael, and Christian Breyer. "Transition and transformation: A review of the
concept of change in the progress towards future sustainable energy systems." Energy
Policy 107 (2017): 11-26.

9.

Ren21, Renewables. "Global status report." REN21 secretariat, Paris 2016 (2016).

10.

[BNEF] - Bloomberg New Energy Finance. New Energy Outlook 2015. BNEF: London,
2015; June 23

11.

Jacobson, Mark Z., et al. "100% clean and renewable wind, water, and sunlight all-sector
energy roadmaps for 139 countries of the world." Joule 1.1 (2017): 108-121

12.

Bogdanov, Dmitrii, and Christian Breyer. "North-East Asian Super Grid for 100%
renewable energy supply: Optimal mix of energy technologies for electricity, gas and heat
supply options." Energy Conversion and Management 112 (2016): 176-190.

53

13.

Afanasyeva, Svetlana, Dmitrii Bogdanov, and Christian Breyer. "Relevance of PV with
single-axis tracking for energy scenarios." Solar Energy 173 (2018): 173-191.

14.

WBGU, 2003. World in Transition – Towards Sustainable Energy Systems, German
Advisory Council on Global Change. Berlin. [Online].Available:https://www.eea.europa.
eu/data-and-maps/indicators/global-and-european-temperature-1/wbgu-2003accessed:
11.05.2019

15.

Johansson, Thomas B., et al., eds. Global energy assessment: toward a sustainable future.
Cambridge University Press, 2012

16.

Aboumahboub, Tino. Modeling and optimization of the global electricity generation
system with high shares of fluctuating renewable energy sources. Diss. Technische
Universität München, 2012

17.

WEC – World Energy Council, 2013. World Energy Scenarios – Composing Energy
Futures to 2050. London. [Online]. Available:<http://bit.ly/1OeF9SQ>(accessed:
22.04.2019).

18.

Marion, Bill, et al. "Performance parameters for grid-connected PV systems." Conference
Record of the Thirty-first IEEE Photovoltaic Specialists Conference, 2005.. IEEE, 2005.

19.

Krupa, Joel. "Energy from the Desert: Very Large-Scale Photovoltaic Power-State of the
Art and Into the Future." Energy Policy 61 (2013): 1608-1609.

20.

Pleßmann, Guido, et al. "Global energy storage demand for a 100% renewable electricity
supply." Energy Procedia 46 (2014): 22-31.

21.

Tröndle, Tobias Wolfgang. Development of a global electricity supply model and
investigation of electricity supply by renewable energies with a focus on energy storage
requirements for Europe. Diss. 2015.

22.

Teske, Sven, et al. "Energy [r] evolution-a sustainable world energy outlook 2015." (2015).

23.

Diczfalusy, B., et al. "Energy Technology Perspectives 2012: Pathways to a Clean Energy
System (ETP 2012)." (2012).

24.

Kittner, Noah, Felix Lill, and Daniel M. Kammen. "Energy storage deployment and
innovation for the clean energy transition." Nature Energy 2.9 (2017): 17125

25.

BNEF – Bloomberg New Energy Finance, 2016. New Energy Outlook 2016, London.

26.

Vartiainen, Eero, G. Masson, and Ch Breyer. "PV LCOE in Europe 2014-30." European
Photovoltaic Technology Platform: Munich, Germany (2015).

54

27.

Breyer,

Christian.

Economics

of

hybrid

photovoltaic

power

plants.

Diss.

Universitätsbibliothek Kassel, 2012.
28.

Dolara, Alberto, et al. "Performance analysis of a single-axis tracking PV system." IEEE
Journal of Photovoltaics 2.4 (2012): 524-531.

29.

Narvarte, L., and E. Lorenzo. "Tracking and ground cover ratio." Progress in
photovoltaics: research and applications 16.8 (2008): 703-714.

30.

Barbosa, Larissa de Souza Noel Simas, et al. "Hydro, wind and solar power as a base for a
100% renewable energy supply for South and Central America." PloS one 12.3 (2017):
e0173820

31.

Lacey, Stephen. "Storage is the New Solar: Will Batteries and PV Create an Unstoppable
Hybrid Force?." Greentech Media (2014).

32.

Nykvist, Björn, and Måns Nilsson. "Rapidly falling costs of battery packs for electric
vehicles." Nature climate change 5.4 (2015): 329.

33.

Schmidt, Oliver, et al. "The future cost of electrical energy storage based on experience
rates." Nature Energy 2.8 (2017): 17110.

34.

Hummel, Patrick, et al. "Will solar, batteries and electric cars re-shape the electricity
system." UBS Global Research 20 (2014): 1-58.

35.

Aghahosseini, Arman, and Christian Breyer. "Assessment of geological resource potential
for compressed air energy storage in global electricity supply." Energy Conversion and
Management 169 (2018): 161-173.

36.

Gulagi, Ashish, Dmitrii Bogdanov, and Christian Breyer. "A cost optimized fully
sustainable power system for Southeast Asia and the Pacific Rim." Energies 10.5 (2017):
583.

37.

Stackhouse, P. W., and C. H. Whitlock. "Surface meteorology and solar energy (SSE)
release 6.0 Methodology, NASA SSE 6.0." Earth Science Enterprise Program, National
Aeronautic and Space Administration (NASA), Langley 7.3 (2009): 291-313.

38.

Breyer, Christian, and Alexander Gerlach. "Global overview on grid‐parity." Progress in
photovoltaics: Research and Applications 21.1 (2013): 121-136.

39.

Koskinen, Otto, and Christian Breyer. "Energy storage in global and transcontinental
energy scenarios: a critical review." Energy Procedia 99 (2016): 53-63.

55

40.

Stetter, Daniel. "Enhancement of the REMix energy system model: Global renewable
energy potentials, optimized power plant siting and scenario validation." (2014).

41.

PVsyst SA, 2017. PVsyst website. Satigny, Switzerland. [Online]. Available:<www.
pvsyst.com>(accessed: 12.05.2019).

42.

Reca-Cardeña, Juan, and Rafael López-Luque. "Design Principles of Photovoltaic
Irrigation Systems." Advances in Renewable Energies and Power Technologies. Elsevier,
2018. 295-333.

43.

Duffie, J. A., Beckman, W. A., & Worek, W. M. (2013). Solar engineering of thermal
processes (Vol. 3). New York: Wiley.

44.

Perez, Richard, et al. The development and verification of the Perez diffuse radiation
model. No. SAND-88-7030. Sandia National Labs., Albuquerque, NM (USA); State Univ.
of New York, Albany (USA). Atmospheric Sciences Research Center, 1988.

45.

Metayer, Matthieu, Christian Breyer, and Hans-Josef Fell. "The projections for the future
and quality in the past of the World Energy Outlook for solar PV and other renewable
energy technologies." 31st European Photovoltaic Solar Energy Conference and
Exhibition. 2015.

46.

Sun, Xingshu, et al. "Optimization and performance of bifacial solar modules: A global
perspective." Applied energy 212 (2018): 1601-1610.

47.

Gueymard, C. A., D. Myers, and K. Emery. "Proposed reference irradiance spectra for solar
energy systems testing." Solar energy 73.6 (2002): 443-467.

48.

Huld, Thomas, Marcel Šúri, and Ewan D. Dunlop. "Geographical variation of the
conversion efficiency of crystalline silicon photovoltaic modules in Europe." Progress in
photovoltaics: Research and applications 16.7 (2008): 595-607.

49.

Martín, N., and J. M. Ruiz. "Annual angular reflection losses in PV modules." Progress in
Photovoltaics: Research and Applications 13.1 (2005): 75-84.

50.

Schmidt, H., et al. "Modellierung der Spannungsabhängigkeit des WechselrichterWirkungsgrades, 23." Symposium Photovoltaische Energieversorgung, Bad Staffelstein,
March. 2008.

56

Appendix Ι. Calculation of the tilt and hour angle

Angle of tilt is an angle which located between the sun rays and equatorial horizontal of earth.
Angle of hour is two angles which located the area latitude and a line projected on the equatorial
horizontal of the sun ray. The angle of tilt lies diapason -23.45 ͦ and 23.45 ͦ. For the hemisphere of
northern, the angle of tilt parameters is negative in winter and they are positive in summer, which
is reverse for the hemisphere of the southern.

𝛿 = 23.45 ͦ ∙ sin (360 ∙

284+𝐷𝑜𝑌
𝑁𝑑

),

(Ι.1)

Where Nd is the days number in a year (365 or for leap year 366), and DoY is the day of the year.

Fig. Ι.1. The bifacial PV module position on the surface of the earth comparative to the equator,
the beams of the sun (a), and the sun position in the sky comparative to the bifacial PV module
position [13].
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The angle of hour has negative parameters before the noon of the solar or it lies in diapason
180 ͦ and 180 ͦ .
𝜔=

15 ͦ

ℎ

(Ι.2)

∙ (𝑡𝑠 − 12),

Where h is the day hour, ts is solar time which found from
𝑡𝑠 = 𝑡𝑠𝑡 +

𝐸𝑜𝑇
60

−

(𝜆𝑠𝑡 −𝜆)
15

− 𝑑,

(Ι.3)

Where (λ) is the longitude of geographic, (λst) is the reference longitude of the time zone, and (tst)
is the local standard time. Equation of time (EoT) is approximated from
𝐸𝑜𝑇 = (75 ∙ 10−6 + 1.868 ∙ 10−3 ∙ 𝑐𝑜𝑠𝐵 − 3.2077 ∙ 10−2 ∙ 𝑠𝑖𝑛𝐵 − 1.4615 ∙ 10−2 ∙ 𝑐𝑜𝑠2𝐵 −
180∙4

4.09 ∙ 10−2 ∙ 𝑠𝑖𝑛2𝐵) ∙ (
𝐵=

360
𝑁𝑑

𝜋

(𝐷𝑜𝑌 − 1).

The angle of position demonstration is presented in Fig. A1.

),

(Ι.4)
(Ι.5)
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Appendix ΙΙ. Large-scale one-axis tracking bifacial PV system design parameters

Table ΙΙ 1
The main one-axis tracking bifacial PV system design parameters [13]
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