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Abstract

Installing a grid-connected rooftop solar system for a household is an important issue; therefore, there are many factors that
need to be considered before the installation is decided. The main factors to be noted are the total cost of the installation, the
amount of electricity generated as well as the government's support policies for the development of solar energy. This article
presents the design, simulation and economic analysis of an 8.36kWp grid-connected rooftop solar power project for a

household in Thu Dau Mot City, Vietnam. The study calculates the generated electricity, the efficiency of the Photovoltaic
(PV) power system, the ability to reduce the amount of CO; emitted into the environment and the economic indicators of the
project. This research is useful for stakeholders investing in residential rooftop solar PV systems and Vietnam’s energy

policymakers as well.
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1. Introduction

The exploitation of environmentally friendly renewable
energy sources has been the world’s essential issue in
recent years [1, 2]. Scientists and engineers around the
world are actively involved in the development of
alternative energy sources. The most common of them are
converted into electrical energy, including wind energy [3];
kinetic energy of water flow (river) [4]; energy of sea tides;
kinetic energy of pressing [5, 6] and solar electromagnetic
radiation [7].

Among these energy sources, solar radiation is an
extremely important one in Vietnam [2, 8]. On average, the
total solar radiation in Vietnam is about 5 kW/h/m?/day in
the central and southern provinces, and 4 kW/h/m?/day in
the northern provinces; the number of sunny hours per year
in the Northern Vietnam is 1500-1700 hours while in the
Central and Southern Vietnam it is about 2000-2600 hours
per year [9,10]. Realizing such a huge potential, Vietnam
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has issued the renewable energy development strategy up
to 2050, including rooftop solar power [11]. In particular,
the Decision No. 13/2020/QD-TTg, issued by the Prime
Minister of the Government, created a clear and strict legal
corridor for rooftop solar power buyers and sellers as well
as encourages more people and businesses to invest in
rooftop solar power projects [12].

The application of design and simulation software for
the purpose of exploiting solar power is also an inevitable
trend of the world. Currently, many research institutes and
solar cell manufacturers have been developing the software
such as PVsyst [13], Solar Pro [14], Sunny Design [15],
PV*SOL [16], etc. As a result, there are a large number of
studies on evaluating and analysing rooftop solar energy as
follows:

S.K. Kyprianou et al. [17] conducted a feasibility study
of a 50kWp photovoltaic park in Cyprus. The performance
of the PV system was simulated by the PVsyst software and
the economic factors were evaluated by using a tool
designed by the Cyprus Institute of Energy.
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Paras Karki et al. [18] presented a study on comparing
the efficiency of 60kW photovoltaic systems in Kathmandu
and Berlin by using PVsyst. The author evaluated the
energy generated and losses in the two cities by using the
simulation software.

Sharma, V., and Chandel, S.S. [19] analysed the
efficiency of the first 190kWp grid-connected solar
photovoltaic plant installed in India. The result showed that
the estimated amount of electricity is almost similar to the
measured productivity of the solar power plant.

Al Ali, M., and Emziane, M. [20] evaluated the
performance of seven different PV systems. The study
showed that rooftop solar PV efficiency in Abu Dubai is
feasible.

Mounir Bouzguenda et al. [21] designed, simulated and
analysed an independent solar power system at King Faisal
University. In this study, shading problem was analysed
and it is shown that it had a little effect on the system
performance.

Priya Yadav et al. [22] presented simulation results of
1kWp solar power system by using PVsyst for Hamirpur,
India. Efficiency ratio was 72.4% and produced energy and
system losses were also simulated.

An independent photovoltaic system was simulated by
Y. M. Irwan et al. [23] by using PVsyst software. The
annual energy of the system obtained is 841.31 kWh/year.

Okello, D. et al. [24] analysed the performance of a
3.2kWp rooftop solar project in Port Elizabeth, South
Africa and compared the simulation results with actual
measurements, showing the similar values.

Tarigan, E. et al. [25] performed an economic and
technical assessment of an 1kWp residential rooftop solar
PV project in Surabaya, Indonesia by using software PVsyt
and RETScreen. The result showed that in terms of
technology the system could meet the household’s basic
demand, however the payback period was long, 17.6 years.

Matiyali, K., & Ashok, A. [26] conducted a study on
the efficiency of a 400kWp grid-connected solar power
system installed in Dhalipur by using PVsyst software. The
simulation results showed that the performance ratio was
78.1%, the generated electricity ranged from 3.14
kWh/kWp/day to 5.65 kWh/kWp/day.

Ashwini, K. et al. [27] evaluated a 100kWp rooftop
solar PV system installed at Poornima University, Jaipur,
India. The simulation was performed by PVsyst software,
the evaluated values included reference yield, final yield,
energy injected to grid and performance ratio.

Sharma, R., and Gidwani, L. [28] used PVSOL
software to simulate a 234kW solar power system, the
research shows that the system can generate enough
electrical energy for consumption and reduce energy
consumption from the grid as well as reduce the
dependence on the grid. Financial analysis of this system
by assuming some indicators was also performed in this
study.

In a simulation project of a 100kWp grid-connected
solar power system, Kumar, N. M., Kumar et al. [29] used
PVsyst simulation software and the weather data
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Meteonorm 7.1. It is showed that the annual energy
generated is 165.38 MWh and the performance rate is 80%.

Vineet Mediratta et al. [30] analysed and designed a
grid-connected PV system in Zirakpur (Punjab) with the
latitude of 30.40°N and the longitude of 76.50°E. The
author used PVsyst software and measured the parameters
such as maximum power, solar radiation, angle of
inclination and loss of the system.

Dondariya, C. et al. [31] simulated the rooftop solar PV
system by using PV*SOL, PVGIS, SolarGIS and SISIFO
software. Research results showed that PVSOL software is
rated the most reliable.

Korsavi, S. S. et al. [32] evaluated the economic and
energy efficiency of 14 rooftop solar power projects in two
climatic regions of Iran. The assessment was based on both
simulation results and actual measurements. The actual
measurement data were used to calculate economic
indicators of projects such as pay-back period (PBP), net
present value (NPV), return of investment (ROI) and
levelized cost of energy (LCOE).

Elamim, A. et al. [33] evaluated the efficiency of a
5.94kWp system with three types of PV panels (a-Si, pc-Si
and mc-Si) in the city of Errachidia, Morocco. The results
showed that the highest values in terms of daily final yield,
capacity factor, performance ratio, levelised cost of
electricity and payback time were recorded by pc-Si solar
module.

Akpolat, A. N. et al. [34] used PVSOL software to
perform a simulation study for a project at Marmara
University in Istanbul, Turkey. Simulation results showed
that the 84.75kWp rooftop solar power system gave
positive results.

Kumar, N. M. et al. [35] used PVsyst software to
simulate and predict the efficiency and losses of a 200kW
rooftop solar system installed at IRB Complex-5,
Chandigarh, in the North of India. The annual energy
obtained was 292954 kWh; losses were 26.5%.

Dey, D., & Subudhi, B. [36] designed, simulated and
economically evaluated a 90kWp grid connected solar
power project at National Institute of Technology (NIT)
Rourkela, Odisha, India. The simulation was performed by
PVsyst 6.70 software; the cost of the PV system and the
amount of CO; emission saved were also calculated.

Cristea, C. et al. [37] presented the economic evaluation
of grid-connected civil solar photovoltaic systems in
Romania under the new policy. The results showed that the
PV systems were economically viable under subsidies,
especially those with a smaller energy production capacity.

Ali, H., & Khan, H. A. [38] simulated two 42kWp PV
systems. The simulation results were compared with one-
year measured data of the PV systems installed at Lahore
University of Management Science (LUMS), Lahore,
Pakistan. The comparison results showed that Copper
Indium Selenide (CIS) was a better choice from a
performance ratio perspective because its annual energy
output was higher than p-Si. However, p-Si had a better
levelised cost of electricity, which made the technology a
more viable commercial solution in Pakistan.
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Although the rooftop solar power has been paid a close
attention to over all the world, it is still a new field in
Vietnam [39]. Therefore, the results of this study will
contribute to promoting solar energy exploitation and
helping to reduce the amount of CO» emitted and electricity
costs for households in Vietnam.

The purposes of this article are:

e Designing, calculating and selecting solar panels,
inverters and other equipment of the system according
to the technical criteria for a household based on the
actual load data;

e Using PVsyst software to simulate and evaluate the
performance of the selected system;

e Using MS Excel software to calculate economic
indicators based on the simulated data and different
interest rate index scenarios to evaluate the economic
viability of the project;

o Calculating the amount of CO, emissions saved.

2. The proposed grid-connected PV
system

2.1. Components of On-grid PV system

Based on the grid connection and its components, the
rooftop solar power systems can be classified into on-grid
systems, off-grid solar battery systems and hybrid rooftop
solar battery systems [40]. The on-grid solar PV system is
widely applied to households in Vietnam and its
components are shown in the Figure 1 [41]. The system
includes PV modules, inverters, wires, mounting system,
electrical cabinets, protection components and two-way
meters [42]. The PV module converts solar radiation into
direct current (DC) which flows through the DC
distribution box to the inverter. The inverter converts the
direct current from the PV modules to the alternating
current that powers the load and grid [43]. There are three
main types of inverters: stand-alone inverters, grid-
connected inverters [44] and battery backup inverters [45].
The stand-alone inverters supply power to electrical
equipment in the system, but do not connect to the grid.
The grid-connected inverters can connect to the grid and
they are designed to automatically disconnect from the grid
when there is a power cut, however, they do not provide
backup power during the power cut. Battery backup
inverters are a combination of the two previously
mentioned types; they can supply the power to the system
and they can also connect to the grid. The grid-connected
inverters are widely used in rooftop solar power systems in
Vietnam [41].

Under favourable weather conditions, the PV arrays
absorb solar energy and generate electricity. Solar panels
generate DC current that passes electricity through the DC
connection boxes and then the inverters. During the
daytime, depending on the household consumption and the
solar PV system installed, the household consumption may
be less or more than the electricity produced by the solar
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system at that time. When the PV system's electricity
production exceeds the customer's demand, the excess
energy of the system automatically passes through the bi-
directional meter to the grid. In contrast, when the solar
power system's electricity output is not enough to supply
the household’s demand, the shortage is taken from the
grid. This connection is continuous and measured by a two-
way meter. The excess energy from PV system is sold to
the grid at a price of 8.38 cents US/kWh (equivalent to
1,916 VND/kWh) [12] while the electricity purchase price
from the state power company is based on the retail
electricity tariff [46].

O INVERTER
EEEEE ] =
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EEEEE DC distribution $

PV Array Pox
—px Consumer
T s Distribution
¥ Panel —
o AC distribution
Power Grid Bi-directional box
meter

v
Consumer Load

Figure 1. Diagram of the typical grid-connected PV
system in Vietham

2.2. Design of the Grid-connected PV
System for Household

Designing a solar power system for a household must meet
both technical and cost-optimal requirements. In particular,
the selection of solar modules and inverters plays an
important role in determining the initial investment cost
and the quality of the system.

The most popular PV panel technologies can be divided
into two main groups: crystalline technologies and thin
film technologies. In which, crystal technology includes
two main types: polycrystalline and monocrystalline [47].
In addition, the most common types of solar panels used
are polycrystalline and monocrystalline [48,49]. Therefore,
in this project, monocrystalline silicon solar panels are
chosen because of their higher efficiency compared to
polycrystalline silicon [50].

The solar modules are wired in series and connected to
the inverter. The proposed design process is described in
Figure 2 below.
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Figure 2. Procedures for Rooftop Solar System
Design

¢ Site information

In this project, we design a rooftop solar system in Thu
Dau Mot City, Vietnam at the latitude and longitude of
11°00'09" and 106°39'17", respectively (Figure 3). The
direction of the house is north-south and the solar radiation
coefficient on the horizontal plane in one year is 1804
kWh/m?/year [9,10]. Tilt angle of the roof is 38°.

GLOBAL SOLAR ATLAS

Thi xa Thi Dau Mgt
1100109, 106" 391 7

Optirum th of PV modules  OPTA 13/ 180

Ar temparsture TEMP 78

Tertan elevation EE 13

Figure 3. Site information and solar radiation [6].

¢ Estimation of household demand
The quantity of electrical equipment, power and estimated
hours of use are presented as in Table 1 below. The total
power of the appliances is 7,039 W and the estimated
household energy consumption is 26,626 Wh/day.

Table 1. Estimation of household's daily load profile.

Power Uses Energy

Appliances W) Quantity (h/day)  (Wh/day)

2 EA

LED Light

Tube 18 1 6 108
Decorative

Light 12 4 3 144
LED

Recessed 6 48 6 2,016
Light

Balcony

LED Light 12 6 2 144
LED Square

Light 18 3 1 54
Induction 55 3 6,000
Cooking

Air- L1252 3 6,750
conditioner

Computer 150 3 5 2,250
Electrical

Cooker 800 1 2 1,600
Fan 55 4 5 1,100
Ventilator 25 | 05 25
Fan

TV 117 3 5 1,755
Fridge 195 1 24 4,680
Total 7,039W 26,626

e Calculating daily energy required from the PV system

The energy that needs to be produced by solar arrays is
[42]:

=1.3x26626 =34613.8 (Wp/day) (1)

Where, Epy requirea 18 the total amount of energy that
the solar system needs to produce in a day; Eraq: daily
energy consumption of the household.

The required power of the PV system is

By - Epyraina 346138 00 o (WD) )

e C, 4.94

Where, Ppy, requirea: Power of PV system needs to be
installed (Wp); Epv, requirea: The total amount of energy that
the solar system needs to produce in a day (Wh/day); C;:
Solar radiation capacity (kWh/m?/day).

In this study, the possibility of future load expansion is
also considered, so the required system power to be chosen
is 8 kWp.

Panels with a power of 380 Wp are selected, then the
number of panels to be installed is:

P requirec 8000
panel ,required = —Ereqired. == 2105
})panel Jrate 3 80 (3)

E =13xE,,

PV ,required i

Where, Npanel, required: Number of solar panels needs to be
installed; Ppy, required: Power of PV system needs to be
installed (Wp); Ppanel, rate: Rated power of solar panel
(Wp).

In this project, the selected number of modules is 22 and
their type is LX-380M/156-72.

¢ Sizing of inverter

The power of the inverter is selected according to the rule
[42, 51]:
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Piny = 125%X Prosa= 125%x7039 =8798.75 (Wp)  (4)

Where, Pinv: the rated power of the inverter, Pro.d: the
household’s demand.

In this project, the power of the inverters selected is
10kWp. Two inverters will be installed; and the power of
each inverter is SkWp.

Number of modules per string:

Nmax = Vmerr/Vuer = 480/39.8 = 12.1 )
Where, Nmax: Number of modules per string; Vwppr:
Maximum input MPPT DC voltage of the Inverter given by
the manufacturer (V); Vimpp: Maximum DC Voltage of PV
Module (V).

In this project, 22 solar modules are equally divided
into two strings, each connected to one inverter. The single-
line diagram of the PV system is described in Figure 4. The
3D model of the house after being installed with the panels
is shown in Figure 5. Table 2 describes the main parameters

Rated output power

Max. efficiency

Max. input voltage

Full power MPPT voltage range
(VmepT)

Max. input current per MPPT
(ImppT)

No. of inverters

Net weight

Dimensions (mm) (LxWxH)

5kW
98.58%
600V

260 — 480V

11A
2

10.6 kg
375x375x161.5

of equipment used in the household solar PV system.

B_ B B :_m

Inverter SkW x2

Ij. LA Ij

AN

Figure 4. The single line diagram of the grid-
connected PV system

Table 2. Main equipment of the grid connected PV

system.
Parameters Specification
PV module
Model LX - 380M/156 -72+
Manufacturer Luxor

Types of PV cells

Number of cells

Rated Power (Pmax)

Voltage at maximum power
(Vmep)

Current at maximum power
(Imep)

Short-circuit current (Isc)
Open-circuit voltage (Uoc)
Efficiency at STC/ module area
Efficiency at STC/ cells area
Temperature Coefficient of Pmax
No. of modules

Module dimensions (mm) (LxW)
Total cell area

Total module area

Space requirement for system
installation

PV field orientation
Tilt/Azimuth

Inverter

Model

Manufacturer

Grid connection

Monocrystalline
silicon

72

380Wp

39.8V

9.58A

10.05A
47.5V
19.6%
21.7%
-0.39%/°C
22

1956 x 992
38.5 m2
42.7 m?

45 m2

2 orientations
38°/90° and 38°/-90°

SUN2000L-5KTL
Huawei Technologies
Single phase

Figure 5. 3D house model in Sketchup software

2.3 Initial investment cost

Based on the current prices of equipment and services, the
total initial investment cost is calculated as below:

Table 3. Initial investment for the rooftop solar PV

system.

) Prices Costs
Items Quantity (VND) (VND)
Solar Panel 22 3,040,000 66,880,000
(380Wp) T T
Inverter 5kWp 2 12,500,000 25,000,000
Cabling,
installation 40,566,707
cost, and
others
Total Initial 132,446,707
Cost

2 EA

23,270.00 VND/I USD
3. Simulation

Simulating a rooftop solar power system requires input
parameters such as solar radiation intensity, local weather
conditions, building direction and other technical factors.
In this study, PVsyst 6.7.0 software [13] is used to simulate
the system because of its reliability [19, 24, 52].

3.1 Performance parameters
Solar PV system efficiency evaluation is carried out
according to the guidance of IEC 61724 standard [53]. It is

described as follows:

e Array Yield (Ya)
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__Ep (©6)

“p

PV rate

Where, Y. (array yield): the ratio of PV array power
output to its rated power [kWh/kWp/day]; Epc: daily DC
energy output from solar arrays (kWh/day); Ppv, rae: the
rated output power of the PV array (kWp).

e System Yield (Yr)

Y. = EAC
7P
PV ,rate (7)
Where, Y (system yield): the ratio between the total AC
energy obtained from the inverter's output and the rated
power of the solar PV arrays [kWh/kWp/day]; Eac: the total
AC energy of the inverter generated by the PV power
system for a specific time (kWh).

e Reference System Yield (Yr)

y =5 ®)

Where, Y; (reference system yield): the ideal array yield
according to array nominal installed power at standard
condition as defined by manufacturer, without any loss; Y.
numerically equal to the incident energy in the array plane,
expressed in [kWh/m*day]; S;: the total horizontal
radiation on the panel (kW/m?); G,: the global radiation at
standard test conditions (1kW/m?).

e Performance Ratio (PR)

PR=—L ©)

Where, performance ratio (PR) of the whole system is
related to the finally output power of the PV system and
the nominal installed PV power.

e Collection Loss (Lc)

Lc is the loss of PV arrays. It is calculated by:
L=Y-7Y, (10)

o System Loss (Ls)

Lsis the inverter loss in the PV system. It is calculated by:
L =Y - Yf (11

3.2 Simulation by PVSYST Software

The simulation process using PVSYST software with
Meteonorm 7.1 built-in weather data [23, 29, 54] is
described in Figure 6.

2 EA

Setting location and meteo

l

Setting tilt and azimuth angle

|

[
[
[ Selecting solar modules
[
[
[

|

Selecting inverter

|

String arrangement of PV modules

l

Run simulation

[ N S S

l

()

Figure 6. Simulation process by PVsyst software

3.3. Results of Simulation and Discussion

The simulation results show that the total energy generated
is 11.106 MWh/year, the monthly production is shown in
Table 4 and the annual average performance ratio (PR)
which shown in Figure 7 is 81.7%.

Table 4. The weather of the proposed location and
monthly energy production

GlobHor DiffHor T Amb Globinc GlobEff EArray E_Grid PR
kWh/m? KWhjm? °C KW him? kWh/m? MWh MWh

January 153.7 70.82 26.33 136.8 1321 0.968 0.936 0.818
February 1479 69.96 2711 1314 127.3 0922 0.891 0812
March 169.7 82.87 28.40 1523 1480 1.063 1.027 0.807
April 152.0 82.57 29.04 136.2 1321 0.954 0.921 0.809
May 163.9 90.72 28.50 1462 1417 1.029 0.994 0813
June 1551 80.91 27.50 138.0 1337 0975 0.942 0817
July 1635 90.47 27.34 1457 1411 1033 0.999 0.820
August 161.5 86.98 27.29 1449 1405 1027 0.992 0819
September 1354 82.64 26.67 1202 116.4 0856 0.826 0.822
October 1439 81.42 26.75 1286 1244 0915 0.883 0.821
November 134.5 74.67 26.35 1206 116.4 0.861 0.831 0.824
December 1414 64.38 26.21 126.2 121.8 0.895 0.864 0819
Year 18225 958.41 27.29 1627.0 1575.5 11.488 11106 0817
Legends: GlobHor Horizontal global irradiation GlobEff Effective Global, corr. for IAM and shadings

DiffHor Horizontal diffuse iradiation EArray Effective energy at the output of the array

T Amb Ambient Temperature E_Giid Energy injected into grid

Globine Global incident in coll. plane PR Performance Ratio
0.830 Average Performance Ratio = 0.817

)
0,825 082 0,823 825'824
2
0818 /820,819 0,819
0,820 * 0,817
0,815 0,812 0,813
809
:
0,810 0,80})
)
0,805 I
0,800
0,795
Month

Figure 7. Graph of monthly performance ratio of the
grid PV system

Figure 8 shows a diagram of the losses of the rooftop solar

power system. The results show that the loss of heat and

global incident irradiation are high (10.6% and 10.7%

respectively). The heat loss is high because Thu Dau Mot
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City is located in the South of Vietnam where the
temperature is high compared to the standard conditions. In
addition, the loss of global incident irradiation is aslo high
since the tilt angle of the panel is steeper than the optimal
angle (13°-16°) [7]. However, the other losses are quite
small, ranging from 0.1% to 3.3%.

1823 kWh/m?

Horizontal global irradiation

-10.7% Global incident in coll. plane
-3.1% |AM factor on global

1576 kWh/m?® * 43 m* coll. Effective irradiance on collectors

efficiency at STC = 19.62% PV conversion

13.20 MWh Array nominal energy (at STC effic.)
PV loss due to irradiance level

PV loss due to temperature
Module quality loss

Mismatch loss, modules and strings
Ohmic wiring loss

Mixed orientation mismatch loss
11.50 MWh Array virtual energy at MPP

Inverter Loss during operation (efficiency)
Inverter Loss over nominal inv. power
Inverter Loss due to max. input current
Inverter Loss over nominal inv. voltage
Inverter Loss due to power threshold
Inverter Loss due to voltage threshold
Night consumption

11.11 MWh Available Energy at Inverter Output

11.11 MWh Energy injected into grid

Figure 8. Loss diagram of the grid-connected PV
system

Figure 9 shows the types of losses in kWp of the system
power output, in which the PV array loss is 0.69
kWh/kWp/day and the inverter loss is 0.13 kWh/kWp/day.
The amount of electricity produced by the system is 3.64
kWh/kWp/day. There is not much difference in the power
generated in different months of the year. The electricity
generated from March to August is slightly higher than the
remains, because it is the dry season.

Mormalized productions (per installed kWp): Nominal power 8.36 kWp

6 T T T T T T T T T T T
0.60 kWKW piday

L Lc : Collection Loss (PV-array losses)
Ls: System Loss (inverter, ...) 0.13 kWhikWpiday
5 ¥f: Py useful energy (inverter output) 3.64 KWh IWp/day =1

Energy

Jan Feb Mar Apr May  Jun Jul Aug Sep Oct MNaov  Dec

Figure 9. Normalized power production and loss
factors

2 EA

4. Economic and Environmental Impact
Analysis

4.1 Economic Indicators

Based on the simulation results and the total cost of
installing the system, the authors analyse the economic
indicators of the project, including net present value
(NPV), benefit cost ratio (BCR), internal rate of return
(IRR), payback period (PB) and levelised cost of energy
(LCOE) [55-59]. The lifetime of the PV system is
estimated to be 20 years, and 10 years for the inverter.

Table 5. Electricity tariffs of urban areas in Vietnam

[46]
Segment Tariff Price per unit (VND/kWh)
0 —50 kWh 1,678
51— 100 kWh 1,734
101 — 200 kWh 2,014
201 — 300 kWh 2,536
301 — 400 kWh 2,834
Above 401 kWh 2,927

The profit generated by the solar PV system is equal to
the amount of electricity sold to the utility company plus
the amount of electricity consumed on a daily basis.

According to the tiered electricity tariff, when a solar
energy system is adopted, the household does not have to
pay for electricity at the rate of 2,834 VND/kWh (applied
for the consumed electricity amount from 301 to 400 kWh
per month), shown in Table 5. Therefore, the monthly
savings is calculated by multiplying the consumed
electricity amount by 2,834 VND. The buying price of
solar power by the power company is 1,916 VND/kWh.
Assuming that household energy consumption between
daytime and night-time is equal. Such assumption is based
on the actual survey and shown in Table 6.

Assuming that the load and electricity price are constant
during the life of the project, and the performance
degradation of the panel is 1% per year. Then, the annual
profit is calculated in Table 6 and Table 7.

EAI Endorsed Transactions on
Energy Web
07 2021 - 09 2021 | Volume 8 | Issue 35 | e11



Thanh Ba Nguyen, Phuong Hoang Van

Table 6. Energy consumption and profitability of the
rooftop solar PV system

Household  Energy Unused Revenue of
Month Energy by Energy PV System
Consumption  PVsyst
(kWh) (kWh) (kwWh) (VND)
Day Night
(1) (2) @) G-1) (@
1 22145 22145 936.00 714.55 1996667.10
2 240.85 240.85 891.00 650.15 1928256.30
3 247.70 247.70 1027.00 779.30 2195120.60
4 236.25 236.25 921.00 684.75 1981513.50
5 21785 217.85 994.00 776.15 2104490.30
6 26145 26145 942.00 680.55 2044883.10
7 23625 236.25 999.00 762.75 2130961.50
8 197.25 197.25 992.00 794.75 2081747.50
9 256.85 256.85 826.00 569.15 1818404.30
10 201.85 201.85 883.00 681.15 1877126.30
11 27065 270.65 g31.00 560.35 1840652.70
12 275.2 275.2 864.00 588.80 1908057.60
Total: 23907880.80

Where, Revenue (Z) = (1) x 2,834 + (3-1)x 1,916

Table 7. Cumulative cash flow at discount rate of 11%

End Total Revenue Net Cumulative
of Cost of PV Cash Cash
Year System Flow Flow
(1000 (1000 (1000 (1000
VND) VND) VND) VND)

0 -
132446.7 132446.7 -132,446.7
1 1324.5 23907.9 225834 -112,101.3
2 1324.5 23695.1 22370.6 -93,944.8
3 1324.5 23484.4 22160.0 -77,741.6
4 1324.5 23275.9 219514 -63,281.5
5 1324.5 23069.4 21744.9 -50,377.0
6 1324.5 22865.0 21540.5 -38,860.5
7 1324.5 22662.6 21338.2 -28,582.8
8 1324.5 22462.3 21137.8 -19,410.6
9 1324.5 22264.0 20939.5 -11,224.8
10(%) 26324.5 22067.6 -4256.9 -12,724.0
11 1324.5 21873.2 20548.8 -6,204.2
12 13245 21680.8 20356.3 -385.6
13 1324.5 21490.3 20165.8 4,807.4
14 13245 21301.6 19977.2 9,442.0
15 13245 21114.9 19790.4 13,578.3
16 1324.5 20930.0 19605.6 17,269.9
17 1324.5 20747.0 19422.6 20,564.6
18 1324.5 20565.9 19241.4 23,505.1
19 1324.5 20386.5 19062.0 26,129.5
20 1324.5 20208.9 18884.4 28,471.8

(*): Inverter Replacement
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Figure 10. Cumulative Cash Flow at discount rate of
11%
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Figure 11. Cumulative Cash Flow at discount rate of
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Figure 12. Cumulative Cash Flow at discount rate of
0%

NPV is the net present value, which is the difference of
the present value of the cash inflow minus the present value
of the cash outflow [57]. The project is effective if NVP >
0. The calculated result is shown in Table 7. The formula
for calculating the NPV is:

N N
NPV = B__ G,
n=0 (1+l)n n=0 (1+l)n (12)

Where, B,: expected benefit at the end of the year n; Cy:
expected cost at the end of year n; r: discount rate; N: total
lifetime of the system; n: the n'" year.

IRR is the internal rate of return which means the rate
of return for the project itself. If the IRR value is greater
than the expected interest rate, then the project is assessed
as feasible [57]. IRR is the solution of the equation NPV =
0 where 1 = IRR, the calculated results are shown in Table
8.

EAI Endorsed Transactions on
Energy Web
07 2021 - 09 2021 | Volume 8 | Issue 35 | e11

20



Design, Simulation and Economic Analysis of A Rooftop Solar PV System in Vietnam

N N
3 Bn. -y Cn. _0 (13)
A+ E A+

Benefit cost ratio (BCR) is the ratio of the total present
value benefit over the total present value cost given by
equation (14), the BCR value greater than one indicates a
profitable PV project [58].

N B

n

= (1+1)"
BCR =2 D"
1+i9)"

n=0

(14)

Payback period (PB) determines how long it takes for a
project to reach break-even point. The shorter the payback
period is, the better it is [58].

N

2.(8,-C,)=0

n=0 (15)
Levelised cost of electricity (LCOE) [57, 58] is the

marginal cost of electricity production, used to compare

costs from different sources. LCOE is calculated in the

following formula (16).

N
Initial Cost + Z C, —
o (+7)

Lifetime energy production S

,,Z::‘ (+r) (16)

LCOE — Lifecycle cost

Where, E, is the n™ year energy produced by the PV
system.

Table 8. Economic indicators

Economic Discount Discount Discount
evaluation rate rate rate
criteria at 0% at 3 % at11 %
Payback 6.0045 6.7409 12.0742
Period
(years)
NPV (VND) | 256,117,22 | 159,424,54 | 28,471,809
3.18 5.93 .08
IRR (%) 14.40 14.40 14.40
BCR 2.11 1.71 1.03
LCOE 909.53 1124.01 1825.36
(VND/KWh)
Project life 20 years

The calculation results of economic indicators are
described in Table 8, corresponding to 3 cases where the
discount coefficient is 0%, 3% and 11%, respectively.

In the case of discount rate of 0%, both the expected
interest rate (estimated to be 8%) and inflation (estimated
to be 3%) are not considered. In the case of discount rate of
3%, only the inflation coefficient is considered while the
expected interest rate is not considered. In the case of
discount rate of 11%, both the expected interest rate and
the inflation rate are taken into account.

According to the calculated results, the IRR is greater
than the discount coefficient (14.40% > 11%) and NPV >
0; payback period is 12.0742 years, 6.7409 years and

D EA

6.0045 years corresponding to discount rates of 11%, 3%
and 0%, respectively; BCR is 1.03, 1.71 and 2.11
corresponding to discount rates of 11%, 3% and 0%,
respectively.

Figure 10 to 12 show the cumulative cash flow at
discount rate of 11%, 3% and 0%, respectively.

4.2 Environmental Impact

The rooftop solar project not only brings economic benefits
and contributes to solving the problem of electricity
shortages, but also contributes to reducing CO; emissions
to the environment.

The amount of CO; emission reduction of the project in
20 years is 174.9 tons, calculated by the following formula

(17).

N
leo, = Z EGridn xEF,,
n=1 (17)

Where, Egrian: the energy produced by the system in nt
year; EFgra (the CO, emission factor of the Vietnamese
grid) = 0.8649 tcoo/MWh [41].

5. Conclusion

Although the rooftop solar power system has thrived in
Vietnam in recent years, few studies on economic and
technical evaluation for residential rooftop solar power
projects have been in place so far. Therefore, in this article,
the authors tried to present the detailed information on
designing, simulating and economically evaluating the
8.36 kWp rooftop solar power project at a specific
household of Vietnam. The findings are summarized
below:

e The main details of the installation of the solar
power system have been clearly reviewed and
explained.

e The annual energy generated is 11,106 kWh; the
amount of CO» saved is 174.9 tons/20 years and
annual average system efficiency is 81.17%.

e  The 8.36kWp rooftop solar power system requires
an initial investment of 132,446,707 VND
(equivalent to 5,691.7 USD) while the annual
profit from selling electricity to the power
company is 23,907,880.8 VND (equivalent to
1,027.4 USD).

e The economic analysis of the system indicates
that the project is economically feasible at the
discount rate of 11%, the payback period of
12.0742 years; BCR of 1.03; LCOE of 1825.36
VND/kWh; IRR = 14% and NPV>0.

In conclusion, the above economic and technical
analyses showed that the rooftop solar PV system is
profitable for households, helps to reduce environmental
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pollution and contributes to the implementation of green
economy development in Vietnam in the context of rapidly
increasing global climate change. However, two economic
weaknesses should be noted. If both the bank interest rate
and the inflation rate are taken into account, the BCR is low
and the project's payback period is long. Nevertheless, it is
clear that there is an advantage of developing a household
rooftop solar PV system, that is, the price of solar panels
and inverters is reducing, making solar power projects
more economical.

It is expected that this study will help stakeholders in

the Vietnamese market understand the viability of
residential rooftop solar PV installations.
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