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SIZING OPTIMIZATION OF A PHOTOVOLTAIC/BATTERY SYSTEM
BASED ON ANALYSIS OF THE ANNUAL TOTAL SOLAR RADIATION
IN THE NORTH OF VIETNAM

Nguyen Thi Hoai Thu
Hanoi University of Science and Technology

ABSTRACT

This paper proposed a novel method for optimal capacity designing of photovoltaic (PV) system
combined with battery supplying to 2 types of load pattern in the North of Vietham. The
optimization problem is to minimize the levelized cost of energy (LCE) and satisfy the required
grid dependency (GD). Generally, GD was estimated based on the time series of weather data. In
this research, we developed an empirical formula of the GD. The GD was simulated using the
meteorological data over the past 15 years in 7 locations in the North of Vietnam. From the results,
the GD could be estimated based on the annual total solar radiation, the capacity of PV and battery
without consideration of the time series of the weather data. After obtaining the empirical formula,
the optimal configuration of the PV/battery system was calculated. The developed formula can
lead to the simplicity in process of sizing optimization. Additionally, the sensitivity analysis was
also conducted to investigate the results when the price of PV and battery changes. The results
show that the proposed method is highly accurate and can be applied to any location in the North,
especially with incomplete weather data.
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~ TINH TOAN DUNG LUQONG TOIUU
CHO HE THONG PIN MAT TROI/ AC QUY TAI MIEN BAC VIET NAM
DUA TREN PHAN TICH TONG LUQNG BUC XA HANG NAM

Nguyén Thi Hoai Thu
Truong Pai hoc Bach Khoa Ha Noi

TOM TAT

Bai bdo nay dua ra 1 phuong phap dé xac dinh dung luong ti wu cua hé thong pin mat troi két hop
dc quy cung cip dién cho 4 loai tai ho gia dinh va van phong ¢ khu vuc mién Béc Viét Nam. Bai
toan dugc xdy dung v6i ham myc tiéu la t01 thiéu chi phi tinh to4n hang nim (LCE) va rang bude
vé do phu thudc vao ludi (GD) theo yéu cdu cho trude. Thong thudng GD phu thude vao chudi sb
lidu thoi tiét cia birc xa mat troi. Tuy nhién nghién ciru ndy da xay dung cong thirc wéc luong GD
12 ham s6 cua tong lugng birc xa hang nam, dung luong cia battery va PV sir dung s6 liéu thoi tiét
trong 15 nam cta 7 tinh mién Bac Viét Nam. Tir d6 c6 thé sir dung phwong phap lap dé tim cu
hinh t6i wu ciia hé thong tuong tmg v6i GD yéu cau mot cach don gian. Ngoai ra, nghién ciru ciing
tién hanh phan tich d6 nhay khi chi phi ctia hé théng pin mit troi va ic quy thay doi. Cac két qua
tinh toan cho thdy phwong phap dé xuit c6 do chinh xac cao va c6 kha ning ap dung véi nhiing
khu vuc khac & mién Bic khi khong c6 s6 lidu thoi tiét day du.

Tw khéa: dung luong 16i wu; hé théng dién mat troi; battery; dé phu thudc ludi, t(fng lwong burc
xg hang nam
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1. Introduction

The increasing energy demand, the global
warming issues as well as the energy crisis
promotes the use of renewable energy sources
all over the world [1]. However, along with
the advantages, there are some drawbacks
associated with renewable energy (RE)
including their unpredictable nature, their
intermittency and fluctuation depending on
the weather. Battery is one of the possible
solutions to these obstacles because of its
advantage of its fast dynamic characteristics
and high round — trip efficiency [2].

Designing the system capacity plays an
important role for enhancing RE applications
due to the high cost of the system. Oversizing
of the RE system can lead to the reliability as
well as the economic issues. There are various
approaches for determining the optimal sizing
of the system reported in literatures, such as
dynamic  programming  [3],  graphic
construction technique [4], linear
programming, probabilistic approaches [5],
iterative methods [6], and artificial intelligent
methods [7]. In [6], Yang et al. proposed an
iterative method to solve the optimization
problem for a hybrid solar — wind system
based on Hybrid Solar-Wind System
Optimization Sizing model, which included 3
parts: the model of the hybrid system, the
model of Loss of Power Supply Probability
(LPSP) and the model of the Levelized Cost
of Energy (LCE). Using iterative procedure,
several possible combinations of solar — wind
generation capacities that satisfied the
requirement of LPSP were obtained. For each
configuration, the LCE is then calculated and
the configuration with the lowest cost is
considered as the optimal one.

However, the system capacity was designed
using the weather data of typical year. The
simulation needs to perform for at least
decades of year due to the changing of the
weather. In our previous study [8], the
empirical formulas for calculating the grid

dependency of a PV/battery system in the
North of Vietnam supplying to several kinds of
load patterns were developed. This paper
focuses on the optimal sizing of the PV/battery
system using iterative method and the formulas
of the GD depending on the total annual solar
irradiation and the devices capacity.

2. Sizing formulation

Figure 1 shows the RE system under study.
The PV arrays are connected with a battery
supplying power to the load through a DC
network. The PV panels are connected to a
DC bus through a power conditioner (PCS)
while the others are connected to DC bus by
converter/inverter. The use of DC bus is
popular in the RE generation based microgrid
due to its advantages over AC energy
distribution [9].

DC-BUS
| 1
l | | l

Battery

|
| I Pcs |
=E o
Figure 1. The PV/Battery system

2.1. System modeling

The PV module is comprised of solar cells
that convert solar energy to electricity
[Optimization of a hybrid system for solar-
wind-based water desalination by reverse
osmosis: Comparison of approaches]. The PV
output power mainly depends on the solar
irradiance and the temperature. It can be
modeled as [8]:

PV-BA system

Ry(®)=Cpyx— S() X s (1) X ”DC/DC (1)

Moss(t) =1— /I(Tcell - 25) (2)
ceII (t) T (t) S( ) x (TNOCT 20) (3)

where Ppy(t), Cpv are the output power and
the rated power of PV (kW), respectively.
S(t), Ssto are the real solar irradiance at the
tilted surface of PV panels (kW/m?) and the
standard solar irradiance (1 kW/m?),
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respectively. ¢, is the efficiency of the
DC/DC converter. 5, (r) is the efficiency

standing for the loss due to the temperature
increase. A stands for the temperature coefficient
(0.00485/°C). Tean(t), Ta(t) and Tnocr are the
temperature of the PV cell, the ambient
temperature (°C) and the nominal operating cell
temperature (45°C), respectively.

In this paper, we used the model of solar
irradiance on the tilted surface that was
described in detail in detail in [9]. The model
includes 3 components: the direct beam,
diffuse radiation and reflected light.

Battery is a device which can be used in the
renewable energy system to compensate the
fluctuation and to work as a short-term
storage [8]. Besides the advantages of fast
charging/discharging capacity and high round
— trip efficiency, battery also has low energy
density, self-discharge and leakage. Battery
will charge the surplus power and discharge
the shortage power (Eg. 4, 5). The energy in
battery can be estimated using equation 6.

PEA(t) = Py (1) — 'jlo_(t) @
Preae (t) = F;o_(t) e -

EBA(t) = EBA(t _1)X (1_ ‘7)"'
PBA.ch PDBCAs‘izieSCh(t _1)JX At (6)

DCside(t _1)X 7 x Hcony =~ gisen
n XMNeony

where Ega(t) is the energy in the battery at
time t, PEAS (1), PRAYN (1) is the charge and

discharge power allocated to the battery at DC
bus side of DC/DC converter, ¢ is the self-
discharge rate of the battery (0.0046 /day =
0.0046/24 h), At is time step (1 h). n°" and n@s"
are the efficiencies of the charge and discharge
process, respectively (0.9), BNV n°NV are the
inverter/converter efficiency (0.9).

When battery is deeply discharged, the

insufficient power will be supplied from the
grid and can be calculated as below:

Pgrid (t) = PD (t) - PPV (t) - Psgiddi;(:h (t) (7)

My

In case of fully charged battery, the surplus
energy will be dumped.

The system was to supply to 2 load profiles,
that are household, office load which are
shown in Figure 2.

2.2. Optimization problem

@ Office

0 Household

0.15

0.1

(kW/kWh)

0.05

Power demand

0
1 357 911131517192123

Time (O’clock)

Figure 2. Load pattern for office and domestic household
The objective of the problem is to determine
the optimal capacity of PV panel and battery
in order to minimize the levelized cost of
energy (LCE).
min LCE = min f(Cpv, Cga)

LCE is defined as the constant price per unit of
energy and calculated as the below equation:

LCE=Sm )

Dyear

where Cra = Cac + Caom + Caer 9)

CAC = (Cequip + Caux )X CRF (10)
crF = JA*D" (11)
@+p"-1
Yea 1

Cequip = ka XCPV + kBA X CBA x

e () e (12)
Ypcioe

+Kpepe X (Cpy +Cpgp) % jZo: 1+ i)ijDc/DC

C.=C

aux

equip X raux (13)
Crom =(C +Cux) X Tom (14)

equip

8760

Cher = AEg kg, = Z(Pgrid () x1)>< Kep (15)

t=1

where Cra is the total annual cost of the
system. Cac is the annual cost for the

45

http://jst.tnu.edu.vn; Email: jst@tnu.edu.vn


http://jst.tnu.edu.vn/
mailto:jst@tnu.edu.vn

Nguyen Thi Hoai Thu

TNU Journal of Science and Technology

225(13): 43 - 50

equipment which includes the capital cost of
the main and the auxiliary equipment, Caowm,
Caer are the annual cost of operation and
maintenance, the annual cost for purchasing
the electricity from the grid. CRF is the
capital recovery factor. i is the interest rate, N
is the project lifetime. Kkpy, kga, Kocioc
represent the unit price, Cpy, Cga are the
capacity of the devices, respectively. rax is
the ratio of the auxiliary equipment cost to the
main equipment cost, rom is the ratio of the
operation and maintenance cost to the
equipment cost. Lea, Locioc are the lifetime of
the battery and DC/DC. yga, Yocioc are the
number of replacements of these during the
project lifetime.

The objective is subject to the following
constraints of the required grid dependency:

GD < GDreq (16)

Grid dependency is the ratio of the total
energy purchasing from the grid to the
demand energy in one year.

8760

Z Pyia (D) x1
GD:—”(Eg i (17)

Dyear

The above equation expresses the power
equality of the system. In addition, there is
also the constraint of the energy in battery.
The algorithm to calculate the GD based on
the time series of the weather data was
described in detail in [8].

3. Methodology

Because of the intermittency of the PV power
output, the GD of a PV system is commonly
calculated using time series data. Therefore,
the conventional capacity designing methods
is based on an iterative method with the
combination of the PV/ battery capacity and
the time series of weather data. The
calculation will be too enormous if all
lifetime time series of weather conditions are
taken into account. In addition, when the data

is not available for several days or months,
the calculation will be difficult or inaccurate.

In this paper, we proposed a new designing
method based on the analysis of the annual
total irradiation. Firstly, we developed an
empirical formula of GD depending on and
the devices capacity. GD was calculated using
hourly time series data of solar irradiation and
temperature during 15 years in 7 locations in
the North of Vietnam to create a database for
analyzing the relationship between GD and
other parameters. Secondly, after developing
the empirical of GD, we can obtain the
optimal capacity of PV/battery system in a
simpler way using iterative method.

3.1. Development of GD formula

As mentioned above, the proposed designing
method will be based on the formula of GD
depending on the PV/battery capacity and
the weather conditions. Therefore, in this
part, we analyze the relationship of GD and
those parameters, namely the annual total
radiation S, the capacity of PV and
battery Cpv, Cga, based on the GD
calculating from the real data of temperature
and solar irradiance of 7 provinces (Son La,
Quang Ninh, Hai Phong, Ha Noi, Nghe An,
Da Nang and Hue) in the North of Vietnam
during 15 years combined with different
capacities of PV/battery system. Figure 3
shows the example of the solar radiation and
temperature in Hanoi in 2003.

40 : 1
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20 | }
10}
1.0 1 i
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St |
m
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T 1 T
01/Jan/2003 01/Jul/2003 31/Dec/2003

Temperature
(°C)

=
wn

(KW/m?)

Solar irradiance

Figure 3. Solar irradiation and temperature
in Hanoi in 2003
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Figure 4. The dependence of GD on the annual
total irradiation
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Figure 5. The dependence of GD on the annual
PV energy

The regression model was used to develop the
relationship of GD and Siota, Cev, Cga. First,
we fit the dependence on 1 variable, and then
each regressive coefficient was derived from
the left wvariables. The coefficient of
determination R? was used to evaluate the
accuracy of the fitting. The closer to 1 the
coefficient of determination is, the higher the
accuracy is.

The relationship between GD and St Was
shown in Figure 4. It can be seen that GD is
approximately linear with the annual total
radiation Sww regardless of which year and
location. The significantly high correlation of
GD and Sy leads to the fact that the GD can be
estimated using Sww Without consideration of
time series of weather data as well as the region.

Based on the finding of the linear relationship of
GD and the annual total irradiation Siot, the GD
is expectedly dependent on the annual PV
power generation Epy as the following equation:

8760

Erv =S XCpy :(Zs(t)'At)XCPV (18)
t=1

Figure 5 depicts this relationship in several

case of Cga. From the results, it is clearly

seen that all the points distributed on an

exponential curve.

GD=axe®™ +1-a (19)
in which a, k are the regressive coefficients.

These regressive coefficients are fitted as
functions of Cga using the least square
method as following regression equations:

a— {al XcaBi =+ a2 (CBA < Cl) (20)
a, xe“® +a; (C,<C,,)
klchAJrkZ (CBA<C2)
k={k xCZ +k, xCq +k; (C,<Cy <C,) (21)
ke ><CBA + I(7 (C3 < CBA)

The value of these coefficients was described
in Table 1.

Although each fitting step has high accuracy,
the 2-step formula establishment may result in
significantly error. Therefore, we evaluated
the final formula by the mean absolute error
(MAE). The result shows that MAE for all the
formula of all the patterns is generally of
0.04, a reasonably small value meaning that
the obtained formulas are considerably
accurate and can be applied to estimate GD.

Table 1. The coefficient of empirical formula of
GD corresponding to each load pattern

Load Ci Co Cs ai az
1 0.2 0.12 0.9 0.303 0.908
2 0.6 0.16 1 0.710 0.427
as as as k1 k2

1 -0.08 -2.05 1.017 -0.93 -2.95

2 -2.108 -4.369 1.009 3.429 -5.277
k3 ka ks ks k7

1 0.076 -0.225 -3.015 -0.073 -3.098

2 -3.249 6.094 -5558 -0.037 -2.691

3.2. Selection of Sital

In order to estimate the GD by the formula,
which value of S Should be selected. In this
part, we estimate the GD for a PV/battery
system which includes a 2 kW-PV, a 3 kWh-
battery supplying to household that uses 10
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kWh/day in Thanh Hoa, Vietnam in 2 ways.
The GD was calculated using the irradiation
time series in 20 years and then compared
with the GD estimated by the formula
developed in the subsection 3.1.

-
-

1 1
T

Cumulative probability

0.0 02 04 06 08 1.0
[

12 13 14 15 16 17
Annual total solar insolation (MWh/m?)

Figure 6. The cumulative probability of the Siota
Figure 6 shows the cumulative probability of
the Sita in Thanh Hoa. The comparison of
GD in 2 ways was also carried out. The GD
which was determined by conventional
method ranges from 0538 to 0.598,
approximately similar to the values of GD
calculated by the developed formula.

GD,,
v

J=j+1 Configuration j (Cpy Cpa)

¥

Calculate GD

[ Pattern of load, E44y, Sioras ]

Select the configuration
with the lowest LCE

)

Decide the optimal
configuration (Cpyops Chaop)

Figure 7. Algorithm to select the optimal
configuration corresponding to GDeq based on the
developed formula
In addition, aiming at estimating the GD by
the formula, it is necessary to choose the Sital.
It can be realized that GD is inversely
proportional to the St Then selecting large
Stotat Will result in small GD, which means the

estimated grid dependence may be less than
the actual one. Thus, the selected St Needs
to be reasonably small to avoid unexpectedly
small GD. Based on the cumulative
probability of the Swwm in Figure 6, the GD
can be calculated corresponding to different
cumulative St By comparison those values,
it was found that the S With respect to the
S0 — called “guaranteed probability of 95%”,

e.g. S?()Stoé‘i (1.253), results in the GD of 0.594

similar to the maximum real GD. This

indicates that we can use Sia to estimate the

GD through the developed formula.
3.3. Designing method

In the previous subsections, we developed the
empirical formula of GD which depends on
the Sital as well as the device capacity. Based
on this formula, we can design the PV/battery
system simply. The algorithm of the proposed
method is shown in Figure 7. The input data

includes the actual load profile, Eiday, Siory

and the GDrequirea. Firstly, select the formula
of GD corresponding to the load pattern
which is the most similar with the actual load.

Then, using the S?é’{Z‘i, the capacity (Cga*,
Crv*), calculate GD and LCE and check the
requirement of GD. Change the
configurations and repeat the process until all
the configurations in the considered range are
evaluated. The configuration that satisfies the
required GD and has the lowest LCE will be
the optimal configuration.

It is noted that we assumed obtained optimal
sizing (Cgaopt™,Crvopt™) is corresponding to
the load energy of 1 kWh/day. Therefore, the
optimal capacity of PV and battery will be
determined as below:

CBAopt = CBAopt X Elday ' CPVopt = CPVopt X Elday (22)
4. Optimization result

The proposed sizing method was applied to
design the PV/battery system supplying to a
household in Thanh Hoa which is supposed to
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consume 1 KkWh/day. The S?gfg‘i was

determined of 1,253 MWh/m?. The economic
parameters was listed in Table 2.

Table 2. The economic parameters

kev Ksa Kpcioc n j
312/0.26  170/2.1  751/2 20 0.08
$/kw $/kWh  $/KW  years
ybc/be yBA Faux 'm Kep
10years 4years 10% 1%  0.1$/kWh

The optimal configurations corresponding to
several GDrq was shown in Table 3.
Corresponding to each GDyeq, We can find out
the optimal PV/battery sizing with the
minimum LCE (LCEmin). In the case of the
value of GDyq is 0, the LCEmin Iis
1.229%/kWh, 12 times of the electrical price
by purchasing from the grid. On the other
hand, when the GDryq is of 1 meaning the
system completely depends on the grid then
the LCE is 0.1$/kWh which result is suitable.

1.4
1.2

— Battery price halves
1 —PV price halves

0.8 —Basic case

0.6

0.4

0.2
0

Minimum levelized cost of
energy LCE,;, ($/kWh)

0 0.2 0.4 0.6 0.8 1

The required grid dependency GD,

req

Figure 8. The dependence of GD on the annual
PV energy
In addition, sensitivity analysis when the
PV/battery price changes were also carried
out. Fig.8 compares the change of LCEmin
corresponding to different GDyeq in the basic
case and the case of PV/battery price halve.
The corresponding optimal sizing of PV
system and battery were shown in Table 2. It
can be realized that when the price of battery
decreases, the system will be optimal using
battery with high capacity if GDrq is low.
However, if GDyq is higher, about 0.04 and

above, then the optimal configuration is
unchanged. This can be explained that when
the battery capacity is large enough, its value
has insignificant effect on the GD. Therefore,
when the GDyq is high, meanwhile, if the PV
price reduces, the system will be economic
when using large PV capacity.

However, the proposed one can obtain an
acceptable optimal capacity and especially, it
is a very simple method to solve the
optimization problem of PV/battery system.

5. Conclusion

In this work, the empirical formula of GD of a
PV/battery system depending on the annual
total insolation and the system capacity was
developed corresponding to two types of load
patterns in the North of Vietham. The GD is
found to be linearly proportional to the Based
on the developed formula; we can estimate
the GD in a simple and accurate way without
using the time series of weather data again,
especially for the area in the North of
Vietnam where the data is unavailable or
insufficient. Then, the optimal sizing of the
system can be calculated using simple
iterative algorithm by minimizing the
levelized cost of energy while the GD was
guaranteed as required. Additionally, the
analysis on the sensitivity was conducted to
investigate the change of LCE and optimum
configuration when some parameters like the
PV/battery decrease. The results show that
corresponding to these decreases, the optimal
sizing is nearly unchanged with low GD and
slightly changed with high GD. In conclusion,
the proposed method is not only simple but
also considerably accurate and can be applied
to design the PV/battery system developed in
the North of Vietnam, especially for the area
in the North of Vietnam where the data is
unavailable or insufficient.
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Table 3. Optimal sizing of the PV/battery system supplying to a household of 5kWh/day in Thanh Hoa
for different cases of Pv/battery price

The main case

The price of battery halves

The price of PV halves

GDreq vaopt Cba.opt LCEmin va.opt Cba.opt LCEmin va.opt Cba.opt LCEmin
0 7.2 8 1.229 7.2 8 1.172 7.45 7.5 0.932
0.01 6.25 6.85 1.064 6.15 7.1 1.013 6.4 6.6 0.810
0.02 5.6 6.45 0.970 55 6.7 0.922 5.7 6.25 0.741
0.03 5.2 6.05 0.904 51 6.3 0.860 5.25 5.95 0.693
0.04 4.8 5.95 0.854 4.8 5.95 0.811 5 5.55 0.655
0.05 4.5 5.8 0.813 4.5 5.8 0.771 4.75 53 0.625
0.06 4.3 5.55 0.778 4.3 5.55 0.739 4.5 5.15 0.600
0.07 4.1 54 0.749 4.1 54 0.710 4.3 5 0.578
0.08 3.95 5.2 0.723 3.95 5.2 0.685 4.05 5 0.560
0.09 3.8 5.05 0.699 3.8 5.05 0.663 3.8 5.05 0.545
0.1 3.6 51 0.679 3.6 51 0.642 3.9 4.55 0.529
0.2 2.8 3.75 0.530 2.8 3.75 0.503 2.9 3.55 0.414
0.3 2.1 3.25 0.434 2.1 3.25 0.411 2.2 3.05 0.346
0.5 1.45 1.65 0.299 1.45 1.65 0.288 1.6 1.35 0.237
0.8 0.5 0 0.137 0.5 0 0.137 0.5 0 0.117
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