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Abstract- With the significant increase of the prosumers in the world, the battery energy storage system (BESS) has become
an important device to enhance the performance of renewable energy generation. By focusing on residential scale of rooftop
PVs, BESS has been developed and applied in many aspects especially in terms of electricity charge saving. Many papers
propose the methodology to control the operation of BESS, while many papers propose the methodology to determine the
battery capacity. As for this paper, the proposed methodology will simultaneously determine the operation schedule and
battery capacity of BESS for rooftop PVs under a net-metering scheme (NMS). The main objective is to maximize the net
present value (NPV) of the prosumers. The battery capacity will be constrained by the period of the NMS compensation which
will be effective for only one year of each electricity bill. The numerical results show that, for the TOU tariff structure without
demand charge, an appropriate BESS should have Cnom,pc as high as possible to increase the revenue from BESS and have
Pnompc as low as possible to reduce the total investment cost (TTC). Also, by considering the limit period of the NMS
compensation, an appropriate battery capacity should not be higher than monthly residential load consumption. Lastly, the
sensitivity analysis of electricity tariff shows that the NPV will increase proportionally by the increment of electricity price,
which will reduce the break-even year of the investment.

Keywords Battery Energy Storage System (BESS), Electricity Charge Saving, Net-Metering Scheme (NMS),
Net Present Value (NPV), Operation Schedule.

Nomenclature Prvpc(?) DC power from rooftop PVs at time ¢ (kW)

Prv(?) AC power from rooftop PVs at time ¢ (kW)

Time Window of Interest Rinverter The efficiency of PV inverter (%)

t Time (1* hour = 1, 2™hour =2, ...)

d Day (1 day =1,2"day =2, ...) Battery Energy Storage System

m Month (1% month = 1, 2" month =2, ...) PgEss(?) AC power from BESS at time ¢ (kW)

y Year (1% year=1, 2% year =2, ...) Caess(?) Existing stored energy in BESS at time ¢

At Length of the time interval (hours) (kWh)

Y A lifetime of the project (years) HBi-inverter The efficiency of battery inverter (%)

Sa Number of time intervals in day d IRT Battery roundtrip efficiency (%)

Sm Number of time intervals in month m Crompc Nominal energy capacity (kWh)

Sy Number of time intervals in year y Prom,pe Nominal power capacity (kW)
Cnom AC nominal energy capacity (kWh)

Rooftop PVs Prom AC nominal power capacity (kW)
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Crer(f) Usable energy capacity at time ¢ (kWh)
Prer(?) Usable power capacity at time ¢ (kWh)
SoC(%) State of charge at time # (%)

CBEss, Max(f) Maximum usable energy capacity (kWh)
CsEess, Min(f) Minimum usable energy capacity (kWh)
S0CwMax Maximum state of charge (%)

SoCwmin Minimum state of charge (%)

EP Energy to power ratio

TBEss A lifetime of BESS (hours)

PgEss, Max(f) Maximum usable power capacity at time ¢
(kW)

Maximum usable power capacity at time ¢
(kW)

PgEss, min(f)

Integrated Residential Power Components
r(f) Electricity tariff at time ¢ in year y (THB/kWh)

Pa(t) AC power from the grid at time ¢ (kW)

PL(?) Load consumption at time ¢ (kW)

Ra(?) Net electricity charges at time ¢ (THB/kWh)

R Montm(m)  Electricity charges at month m (THB/Month)

RL(?) Electricity charges from the load consumption
at time ¢ (THB/kWh)

Rev(?) Electricity charge savings from the rooftop
PVs at time 1 (THB/kWh)

Rgess(?) Electricity charge savings from BESS at time ¢
(THB/kWh)

Total Cost of BESS

j Christian Era (2017, 2018, ...)

ceic(f) Energy installation cost at year j (THB/kWh)

cric(f) Power installation cost at year j (THB/kW)

cric(f) Total investment cost at year j (THB)

croc(j,y) Total operating cost at year y for battery

investment in year j (THB)

cop Rate of operating cost (%)

crrce(j,y) Total cost at year y for battery investment in
year j (THB)

1. Introduction

With the extreme growth of rooftop PVs for residential
prosumers, a net-metering scheme (NMS) has been widely
popular in many countries. By the end of 2018, the NMS has
been implemented in at least 66 countries [1]. For example,
in Thailand, timelines of the government’s policy for rooftop
PVs have been reported in [2]. From 2014-2016, the FiT
scheme had been implemented, while from 2016-2019, the
NMS has been gradually implemented especially in
residential load. The trend to implement NMS seems to
occur not only in Thailand, but also in some other countries.
Therefore, this paper will consider only the NMS.

To enhance the benefit from rooftop PVs, the battery
energy storage system (BESS) is applied. Many studies
proposed the methodology to implement BESS with various
approaches [3-6]. One of the major applications of BESS is
customer energy management services [7-9]. For BESS with
residential scale of rooftop PVs, the relevant studies mostly
focused on the benefit of prosumers and can be classified
into two main issues: (1) battery capacity sizing and (2)
operation scheduling.

For battery capacity sizing, the proposed method to
determine a battery capacity for a grid-connected PVs under
the NMS was presented in [10]. The objective was to
minimize the electricity charges and the investment while
satisfying the peak shaving requirement by using the Mixed
Integer Linear Programming (MILP). This approach was
efficient but did not consider the NMS compensation period,
which is the period that the excess energy from rooftop PVs
can be effective, and the details of the total cost of BESS
(TTC). In [11], the Genetic Algorithm (GA) was used to
optimally investigate the size of the rooftop PVs and BESS
under the self-consumption scheme. The concept of
minimizing the total cost of Home Energy Management
System (HEMS), including the total investment cost and the
total operating cost was applied. However, the lifetime and
the optimal operation schedule of BESS were not considered.
Another application of GA for battery sizing was presented
in [12]. An approach to design hybrid renewable energy
system, which consists of PVs, wind generator and BESS,
was proposed by considering multi-objective function.
However, the details of the total cost and operation
scheduling were not considered.

For battery scheduling for rooftop PVs under the NMS,
the effective and convenient method was proposed in [13].
The objective was to maximize the operation saving while
limiting the reverse power flow to the grid by applying the
Quadratic Programming (QP). However, the proposed
method was not appropriate for long term planning since the
TTC and the lifetime of BESS were not taken into account.
In [14], an approach for daily operation scheduling under the
TOU tariff structure with a demand charges and self-
consumption scheme was developed. The real-coded Genetic
Algorithms (RCGAs) was used to minimize the energy and
demand charges. However, this method was not appropriate
for long term planning since the TTC and the detailed
characteristics of BESS were not considered. An alternative
mode-based approach for designing a real-time operation
schedule of BESS by considering the rooftop PVs was
proposed in [15]. By using the MILP, the proposed method
was aimed to minimize the electricity charges and BESS
degradation cost was determined. However, this approach
did not considered the details of the total cost of BESS
(TTC). In [16], the notable approach for BESS scheduling of
BESS under the TOU tariff structure and NMS was
proposed. The objective function was to minimize the energy
and demand charges by formulating the problem to Linear
Programming (LP). This method was convenient for long
term planning and appropriate for further studying on battery
capacity sizing.

Besides, some other studies proposed an approach for
simultaneous investigation on battery capacity and operation
schedule of BESS as follows. In [17], the Linear
Programming (LP) was used to optimally determine the
battery capacity and operation schedule of BESS under the
FiT. The objective was to minimize the cost of electricity and
the cost of battery degradation. The proposed method for
optimal design of the integrated PVs, BESS and electric
vehicle charging vehicle station system (PBES) was
presented in [18]. The capacity of PVs and BESS together
with the operation schedule under the NMS was determined
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by considering the electric vehicle charging patterns. The
Multi-Agent Particle Swarm Optimization Algorithm
(MAPSO) was used to minimize the levelized cost of
electricity (LCOE). However, the proposed approach did not
consider the lifetime of BESS and the NMS compensation
period as well.

In the literature, the papers relevant to battery capacity
sizing mostly focused on maximizing the electricity charge
savings, while minimizing the total cost of BESS and rooftop
PVs. For the battery scheduling, most papers also target to
maximize the electricity charges. The MILP and LP is a
convenient and effective algorithm for long term scheduling.
However, the NMS compensation period, which significantly
affects the battery capacity, has never been mentioned in the
past researches. Therefore, this paper proposes a
methodology to investigate the battery capacity and
operation schedule of BESS for the prosumers who have
already installed the rooftop PVs under the NMS (the cost
and benefit of the rooftop PVs are excluded in this paper).
The installed capacity of rooftop PVs is assumed to be equal
to the maximum load of a monthly load profile for peak load
shaving only. The objective is to maximize the net present
value (NPV) of the prosumers while the electricity selling is
constrained by the NMS compensation period. The main
contributions of this paper are shown as follows:

» An optimization model simultaneously determining
the appropriate battery capacity and operation schedule is
proposed by considering the total cost (TTC) and the lifetime
of BESS.

» The details of the NMS compensation period, which
limit the benefit of electricity selling is considered to achieve
a higher accuracy of battery capacity sizing.

» Linear Programming Optimization is applied in
terms of the matrix form to solve the problem with a fast
calculation time.

This paper is organized as follows. The modeling of
residential power components consisting of rooftop PVs,
BESS, residential load, and integrated system is presented in
Section 2. Cost and benefit modeling from electricity charge
savings is presented in Section 3. Section 4 presents the
proposed methodology consisting of the detailed NMS
compensation and problem formulation. The simulation
results are shown in Section 5, and then the conclusions are
drawn in Section 6.

2. Modeling of Residential Power Components

To formulate the problem, the modeling of residential
power components (rooftop PVs, BESS, residential load, and
integrated system) is applied in this paper. A brief
explanation of these modeling is as follows.

2.1. Rooftop PVs

To produce power to the grid at time t, rooftop PVs
convert Pevpc(f) from the PV module to Pev(f) using an
inverter, as shown in Eq. (1). Note that PV module
degradation is neglected in this paper.

By (1) = Boy e () X Mhperier (1

2.2. Battery Energy Storage System

BESS converts DC to AC via the bi-directional battery
inverter. The operation schedule of BESS is typically
classified into the two modes of discharging and charging.
For discharging, the discharged power from BESS is injected
into the grid (Psess(f) > 0). On the other hand, for charging,
charged power from the grid is injected into BESS (Psess(f)
< 0). The amount of charged/discharged power depends on
CsEss(?), which can be determined from Eq. (2) [13].

Cress = Crss 0)- z Fiess () x At (2)

Typically, BESS can be characterized by the following

parameters (Energy Capacity, State of Charge, Power
Capacity, and Lifetime of Battery):

» Energy Capacity

Nominal battery energy capacity (Cnompc) is the rated
capacity of a battery module in kWh. To convert from DC to
AC, a roundtrip efficiency (nrr) and bi-directional battery
inverter efficiency (#Bi-inverter) are considered as shown in (3).
Other than the energy capacity, Crer(¢), which is the amount
of energy that the battery can be fully charged with or
discharged from at time ¢, is also considered in this paper. In
theory, without the degradation of BESS, Crer(?) is equal to
Cnom. However, Crer(f) is practically lower due to the
degradation of BESS [19-20], which will be addressed later.

C

NOM —

Crom.pe X Mainverter X T 3)
» State of Charge

The state of charge (SoC(¢)) of the battery is the existing
stored energy in the battery (Csess(f)) divided by the usable
energy capacity (Crer(?)), as shown in Eq. (4) [19-21]. By
applying Eq. (4) with the boundary of the state of charge, the
lower and upper limits of Csess(¢) can be determined by Eqgs.
(5) and (6), and so Csess(?) is constrained by Eq. (7).

SoC(r)="SmsD 9004 &)

Rer
Cogssin (1) =S0Cyy5, X Cogre (£) 5)
Coss o (1) =50Cyp X Crge (1) (6)
Cossin (DS Cppss (1)< Crps prax (1) (7

» Power Capacity

Besides the energy capacity, the battery performance can
also be interpreted in terms of the power in kW, known as
the power capacity (Psessnom). The energy to power (EP)
ratio, which is the ratio between Cnowm and Pgess,noMm, can be
applied with Crer(¢) to illustrate Pgessmax(f), as shown in
Egs. (8) and (9), respectively, while the magnitude of
Pgessmin(f) in this paper is assumed to be equal to the
magnitude of Pgessmax(f), as shown in Eq. (10) [19-21].
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C

Ep= —Nomnc 3
Bompe ®

Crer (
Fissamn () = %p 9)
Biesstin (1) == Fypss max () (10)

» Lifetime of Battery

A lifetime of battery (7BEss) in this paper is expressed in
terms of calendric life, so that it will be more practical and
convenient to apply to the financial aspect. The lifetime of a
lithium-ion battery is degraded only at the end of the year
and assumed to be a linear function [19, 22], as shown in Fig.
1. Therefore, Crer(f) in each time ¢ can be formulated as
shown in Eq. (11), where L(t) is the battery degradation
coefficient, which can be determined from Eq. (12). Note
that lifetime of the lithium-ion battery is counted when
Crer(?) falls to 80% and the self-discharge is neglected in this

paper.

Crep (1) =L(1)x Cyoyy (11)
Lit-1); d 3
S, /At
L(t)= ) ) ) (12)
0.80% +|1— ; el
[TBESSJ [ TBESSJ S, At

2.3. Residential Load in Thailand’s TOU Tariff Structure

The electricity tariff in Thailand is divided into the
Normal, TOU (Time of Use), and TOD (Time of Date)
structure [23]. For load profiles in Thailand’s distribution
systems, there are classified into eight groups. This paper
considers only residential load with a TOU tariff structure,
which is one of the target groups for the installation of
rooftop PVs with an incentivized self-consumption scheme
in Thailand as shown in Fig. 2. The electricity tariff is 4.2097
THB/kWh during on-peak period and 2.6295 THB/kWh
during off. Note that load growth is neglected in this paper.

2.4. Integrated System

Configurations of a BESS with rooftop PVs are
commonly categorized into AC or DC coupling systems [24].
Typically, the AC coupling system is for prosumers who
already have an installed rooftop PVs. Due to the efficiency
and existing technology, BESS with rooftop PVs and load in
this paper is integrated with AC coupling systems as shown
in Fig. 3. Prv(?), Ps(f), PL(f), and Psess(?) are subject to the
power balance equation as shown in Eq. (13), where Ra(?) is
the electricity charges at time ¢ and can be determined from
Eq. (14). The electricity charges on month m can be shown in
terms of Rg,Mont(), which can be determined from Rpv(?),
Ri(¢) and RgEss(?), as shown in Eqs (15)—(17).

F () = B(0)-(By (D) + By (1))

R (8) =Py () x At xr, (1)

(13)
(14)

Sm
RG,Monlh (m) = Z RG (t)

(15)
Resaoms () =21, (1) P, (1) x At (16)
RG:Momh (m) :i[RL (Z)'(va O] + Rypss (t))] (17)

3. Cost and Benefit Modeling

The cost and benefit modeling of a BESS is proposed in
this section. There are two subsections, which consist of the
modeling of the total cost (TTC) and the benefit from
electricity charge savings. Note that the currency exchange
rate in this paper is assumed to be 35 Baht/USD.

3.1. Total Cost Modeling

Typically, the cost of BESS can be classified into two
groups, the total investment cost (TIC) and the total
operating cost (TOC). For the TIC, this paper considers only
in terms of the hardware costs, including the cost of battery
module, cost of battery inverter and balance of system cost
[24]. The hardware costs are categorized by components of
BESS into energy and power components.
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<
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Time [hr]

0 20,000

Fig. 1. Battery degradation coefficient
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Fig. 2. TOU tariff structure in Thailand
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For the energy component, the battery module cost is
modeled in terms of THB/kWh, known as the energy
installation cost (cric(j)). cric(j) 1is determined by
extrapolating the historical average cost of a lithium-ion
battery module from the Bloomberg New Energy Finance
(BNEF) [25], as shown in Fig. 4 (solid line). For the power
components, including the battery inverter cost and balance
of system cost, are modeled in terms of THB/kW, and are
known as the power installation cost (cric(f) [21, 25]. cpic())
is determined by extrapolating the historical cost from BNEF
and NREL [25-26], as shown in Fig. 4 (dash line). As a
result, the TIC can be modeled in terms of cEic(f), cric(f),
Cnom,pc, and Prnompe as shown in Eq. (18).

e () = e () % CNOM,DC + o ()X Pyompe

(18)

For the TOC (croc(j,))), this paper assumes to be 1% of
the TIC and constant. By applying the Discount Cash Flow
model (DCF), ctoc(j,y) can be modeled as shown in Eq.(19).
It should be noted that y is the year applied for cash flow
calculation starting from year 1,which is the first investment
year of BESS. However, j is the Christian Era applied for
extrapolating TIC, e.g. 2017, 2018, ..., etc.

Y

. CorCric (/)
Croc(J,1) = Z—(OIP+T;§y_1
y=I1

(19)

Therefore, by integrating the TIC and the OMC, the
TTC can be modeled as shown in Eq.(20).

CTTC (.]’ y) = CT[C (.]) + CTOC (y) (20)

3.2. Benefit of Battery Energy Storage System

The focused benefit from BESS in this paper is the
electricity charge savings, which can be formulated as shown
in Eq. (21). r(¢) is electricity tariff at time ¢, which will be
escalated in each year y.

RBEss (t) :’3, (I)PBESS (I)At

21)

To evaluate the profitability of an investment, the NPV
is applied in this paper in terms of Reess(f) and crrc(j,y), as
shown in Eq. (22). By substituting Eq.(20) into (22), the
NPV can be determined as shown in Eq. (23). Note that the
lifetime of the project (Y) is assumed to be equal to the
lifetime of BESS in this paper.

y=1 m=1 t=1 (1 + l)} TTC\/ >

NPV = isz) & RBESS (Z) _ i CorCriC (]) _

Y=l m=1 =1 (I‘H’)y*l =1 (1‘*'1')%1

(22)

Cnc (/) (23)

3. Proposed Methodology

This section presents a proposed methodology to
simultaneously determine the battery capacity and operation
schedule of BESS for maximizing the electricity charge
savings of prosumers. There are two subsections, which
consist of net-metering scheme compensation and problem
formulation.

3.1. Net-Metering Scheme Compensation

The NMS allows the prosumers to get their benefit at the
retail rate from the net energy injected into the grid [27-28].
Typically, the benefit is effective within one year starting
from the initial date of the electricity. As shown in Fig. 5,
when Rq(?) is negative (total supplied energy from rooftop
PVs and BESS exceed the total load consumption in a
month), the excess energy can be transferred to compensate
for electricity bills in another month. However, the period of
compensation for excess energy must not be over the
limitation of the time frame, which is typically one year. The
NMS compensation period constraint is one of the significant
points which will limit the benefit from BESS and impact on
battery capacity sizing.

This paper will take into account the NMS compensation
period and formulate it as one of the constraints of the linear
optimization programming as shown in Eq.(28).

3.2. Problem Formulation

This paper applies the CPLEX Linear Programming in
Matlab programming to investigate a battery capacity and
operation schedule [29]. ceic(f) and cpic(j) are determined by
selecting the year j as shown in Fig. 4. The objective function
is to maximize the NPV of the investment in BESS for
prosumers, as shown in Eq. (24). The decisive variables are
Cnom,pc, Prnom,pc, PEss(f).
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Fig. 4. Energy and power installation cost
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Fig. 5. The net-metering scheme compensation period
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The constraints in this paper can be classified into four
groups, i.e. the constraints of energy capacity, power
capacity, E/P ratio, and the NMS compensation. The energy
capacity constraint is formulated in terms of an inequality
constraint by substituting Egs. (2), (5) and (6) into Eq. (7) to
derive Egs. (25). The power capacity constraint is formulated
in terms of an inequality constraint, as shown in Egs. (26).
To comply with the practical design of BESS, the E/P ratio
constraint is formulated in terms of an inequality constraint
to limit the E/P ratio, as shown in Eq. (27). The constraint of
the NMS compensation is formulated as shown in Eq. (28).

Objective Function

Maximize NPV (24)
Decisive Variables: Cnom,pc, PnoM,bc, PEss(f)
Subject to:
CBESS,Min (t) S CBESS (O) - (z PBESS (n) x At js CBESS,Max (t) (25)
PB]:'SS,Min (t) S PB[:SS (t) S I)BESS,MAX (t) (26)
EPR,, <EP<ER,,, 27
S, S,
ZZ[RL(I)_(RPV(I)+RBF_SS(Z))] 20 (28)

m=1 t=1
4. Simulation Results

The simulation results, which consist of optimal battery
capacity and sensitivity of electricity tariff, are presented in
this section, and are based on the residential load profile
from the MEA and the rooftop PV profile from
Chulalongkorn University as shown in Fig. 6 and 7
respectively. Also, the parameters and assumptions for the
simulation in this paper are shown in Table 1. Note that load
growth and PV module degradation are neglected in this

paper.

Table 1. Parameters and assumptions

1.00

0.80

0.60

Py (f) (kW/Customer)

18:00
Time [hr]
Fig. 6. Residential load profile
T poeemeee

0.80

0.60

Ppypc(f) (kW)

6:00 12:00
Time [hr]

Fig. 7. Rooftop PVs profile

18:00

3.1. Optimal Battery Capacity

In this subsection, the optimal battery capacity is
determined by the proposed methodology. The simulation
results consist of the NPV break-even year, operation
schedule, and battery capacity as follows. Note that the
growth rate of electricity tariff is neglected in this subsection.

» NPV Break-Even Year

The comparison of the NPV of BESS in each year is
presented as shown in Table 2. By considering the cost trend
of BESS and the TOU tariff structure for Thailand's
residential prosumers in this paper, the NPV break-even year
is 2030. During 2017-2019, BESS should not be installed
because the investment is not economically viable due to the

Parameters Assumptions| high TTC comparing with the revenue from BESS. After
2030, the investment in BESS becomes economically viable.
1. Time Window Of Interest (Af) 1.00 hr In the years 2030 and 2031, the NPV of BESS is 10.26 THB
2. Install Capacity of the Rooftop PVs (kW) | 1.00 kW apd ,f2’913'6,1 THB (riespfctg/lely: T?e It\IgV of Bf]'atis
- significantly increases due to the significant decrease of the
3. Efficiency of the PV Inverter (%) 93.00% TTC. It should be noted that the optimal Cnompc and
4. Efficiency of the Battery Inverter (%) 95.00% Pnompc are not changed because the load growth is
5. Rountrip Efficiency 80.00% neglected in this paper.
5. Maximum state of charge (%) 90.00%
6. Minimum state of charge (%) 10.00% Table 2. NPV break-even year
7. Initial state of charge (%) 30.00% Year
— Parameter
8. Lifetime of the battery (y) 12y 2017 [ ... | 2029 | 2030 | 2031
9. Discount rate () 1.50% Revenue (THB) 68,612.70(68,612.70
10. Rate of operating cost (%) 1.00% Total Cost (THB) 68,602.44/65,702.09
11. EPMax/ EPMin 10/0.5 NPV (THB) . 1026 | 291061
No appropriate BESS
Cnom,pc (kWh) 9.75 9.75
Prom,pc (KW) 0.975 0.975
E/P ratio 10 10
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» Operation Schedule

The one-week operation schedule of BESS is presented
in terms of the SoC(¢) and Pq(f) as shown in Fig. 8 and 9
respectively. The operation schedule in this section is
determined based on the investment of BESS in the year
2030.

It is obvious that the main factor that impacts on the
operation schedule in this paper is the Thailand TOU tariff
structure which can be divided into four scenarios, i.c.,
workdays (Tuesday—Thursday), pre-weekend workday
(Friday), weekends (Saturday—Sunday) and post-weekend
workday (Monday). In each scenario, the operation schedule
can be classified into three patterns due to the different
possible operation schedules during first and second off-peak
period as shown in Table 3.

(1) Workdays (Tuesday—Thursday)

During the first off-peak period (0:00-9:00 h), the first
charging occurs to prepare BESS for discharging during the
on-peak period. BESS is charged until 80% of SoC(¢), which
is the upper limit of Cgess(f). Then, during the on-peak
period (9:00-22:00 h), BESS is charged and discharged
repeatedly. However, the amount of discharged energy is
higher than the amount of charged energy. Finally, during the
first off-peak period (22:00-23:59 h), the first charging
occurs. The first charging is to raise the Cgess(f) to the same
level at the beginning of the day. Therefore, BESS is charged
until 30% of the SoC(t).

(2) Pre-weekend workday (Friday)

During the first off-peak period, the first charging
occurs. After that, during the on-peak period, the first
discharging occurs similarly on Tuesday—Thursday. The
operation schedule during the first off-peak period is
classified into the two possible cases of charging and no
operation. To prepare for the next on-peak period on
Monday, BESS can be either charged or idled during this
period and charged anytime between the Friday evening and
Monday morning.

(3) Weekends (Saturday and Sunday)

For weekends, there is only an off-peak period.
Therefore, similar to Friday evening, BESS can be charged
anytime during the weekend to prepare for the next peak-
period on Monday.

Table 3. Summary of operation schedule
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Idling | L o2
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Fig. 9. Output power from grid in one week

(4) Post-weekend workday (Monday)

During the first off-peak period, there are two possible
cases, either charging or idling. BESS can be charged to
prepare for discharging, but if Cgess(f) reaches the upper
limit before Monday BESS would be idled. In addition,
during the on-peak period, BESS is discharged while during
the first off-peak period BESS is charged similarly to the
operation schedule on Tuesday—Thursday.

» Battery Capacity

In this part, the comparison of the battery capacity is
presented based on the TIC in the year 2030, as shown in
Fig. 10. The appropriate battery capacity from the proposed
methodology is the capacity that will maximize the NPV of
the investment of BESS. Due to the NMS compensation
period, BESS operates to reduce the monthly electricity
charges to be approximately zero. Therefore, the appropriate
Crxompc is 9.75 kWh, which is not higher than monthly
residential load consumption (11 kWh).

In the details, for the battery capacity, the maximum
NPV is calculated based on the optimal capacity as shown in
Fig. 10(a). In case that Cnompc is higher than the optimal
capacity, due to the NMS compensation period, the NPV is
reduced because of the decrease of revenue and the increase
of the TTC as shown in Fig. 10(b) and 10(c), respectively.

For the power capacity, the appropriate Pxompc is 0.975
kW, which reaches the upper limit of E/P ratio as shown in
Fig. 10(a). In case that Cnompc is higher or equal to the
optimal capacity, the high E/P ratio (low Pnom,pc) will lead
to the high NPV because of the constant revenue and the
increased TTC, as shown in Fig. 10(b) and 10(c),
respectively. On the other hand, in case that Cnom,pc is lower
than the optimal capacity, the low E/P ratio (high Pnom.pc)
will lead to a high NPV because of the increased revenue and
the decreased TTC as shown in Fig. 10(b) and 10(c),
respectively.

To sum up, the maximization of NPV maximizes the
benefit of electricity charge savings and minimizes the TTC.
As a result, the proposed methodology maximizes Cnom.pc
and minimizes Pxowm,pc due to the TOU tariff structure for the
residential load in Thailand, which has only energy charge.
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Crompc is mainly influenced by load consumption and has a
greater impact on the electricity charge savings than Pxom,pc.
Moreover, both Cnompc and Pnompc are limited by the
constraints of the NMS compensation and the E/P ratio,
respectively.

3.2. Electricity Tariff Sensitivity

In this section, the effect of electricity tariff is assessed
by comparing the growth rate of electricity tariff and NPV as
shown in Fig. 11. The NPV will increase when the electricity
tariff rises because the revenue from BESS increases while
the TTC is unchanged. Cnom,pc and Pnom,pc in each case are
equal because the load consumption is identical.
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Fig. 10. The comparison of battery capacity in terms of (a)
NPV, (b) Total revenue, and (c) Total cost
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5. Conclusion

According to the simulation results, the installation of
BESS for electricity charge savings is not economically
viable at present for a residential load in Thailand. However,
by projecting the TIC, the installation of BESS will be
economically viable after 2030.

In this paper, an appropriate BESS should have Cnompc
as high as possible to increase the revenue from BESS and
has Pnowm,pc as low as possible to reduce the TTC. Cnom,pc
has a higher impact on electricity charge saving than
Prnompce, due to the Thailand TOU tariff structure for
residential load, which consists only of energy charge.
However, the optimal Cnompc should not be over the
monthly load consumption due to the NMS compensation
period. Oversized battery capacity will lead to decreased
NPV because of the NMS revenue limitation. Another
significant factor is the growth rate of electricity tariffs. The
higher rate will lead to higher NPV, which will bring BESS
to be feasible faster than the prediction.

For the operation schedule of BESS, the charging will
occur anytime on Friday evening, Saturday, Sunday, and
Monday morning to prepare for the discharging. The
discharging will mostly occur during the on-peak period of
workdays. The charging and discharging of BESS are limited
by the constraints of the battery energy capacity and battery
power capacity. Moreover, there will be an increase of
reverse power flow feeding back to the grid during the peak
time of rooftop PVs (10:00 AM - 2:00 PM), which
negatively affects the utility operation. However, BESS still
has a positive effect by decreasing the demand during peak
time at night. For the sensitivity of electricity tariff, by
varying the growth rate of electricity tariff, the NPV will
increase when the electricity tariff rises due to the increase in
revenue gained from BESS. To sum up, the battery energy
capacity is mainly influenced by load consumption and the
NMS period, while the battery power capacity is mainly
influenced by E/P ratio. The TTC and electricity tariff

directly affect the NPV.
Acknowledgements

This paper was supported by Ratchadaphiseksomphot
Endowment Fund, Chulalongkorn University.

References

[1] REN21, "Renewables 2019 Global Status Report," 2019.

[2] Federal Ministry for the Environment, Nature
Conservation, Building and Nuclear Safety, "Thailand
Solar PV Policy Update 01/2017," Deutsche Gesellschaft
fiir Internationale Zusammenarbeit (GIZ) GmbH, 2017.

[3]L. A. Wong, V. Ramachandaramurthy, P. Taylor, J.
Ekanayake, S. L. Walker and S. Padmanaban, "Review
on the optimal placement, sizing and control of an energy
storage system in the distribution network," Journal of
Energy Storage, pp. 489 - 504, 2019.

[4]C. Pradip, P. Cherukad and L. M, "A Comprehensive
Overview on PV based Hybrid Energy Systems,"

1731



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH
C. Prapanukool and S. Chaitusaney, Vol.9, No.4, December, 2019

International Journal of Renewable Energy Research,
2019.

[5]Y. Mizuno, M. Tanaka, I. Colak and N. Matsui,
"Estimation of Optimum Capacity of Battery by
Combined Use of a Renewable Energy System and
Distributed Emergency Generators in a Large Hospital,"
in 2017 IEEE 6th International Conference on Renewable
Energy Research and Applications (ICRERA), San
Diego, CA, USA, 14 December 2017.

[6]H. Turker and P. Favre-Perrod, "Management, optimal
sizing and technical-economic analysis of batteries for
constant production in photovoltaic systems," in 2016
IEEE International Conference on Renewable Energy
Research and Applications (ICRERA), Birmingham, UK,
20-23 Nov 2016.

[7]Sandia National Laboratories, "DOE/EPRI 2015
Electricity Storage Handbook in Collaboration with
NRECA," United States. National Nuclear Security
Administration, Albuquerque, Livermore, California ,
2015.

[8] H. Gong, O. Akeyo, V. Rallabandi and D. M. Ionel, "Real
Time Operation of Smart Homes with PV and Battery
Systems under Variable Electricity Rate Schedules and
Transactive Power Flow," in 2018 7th International
Conference on Renewable Energy Research and
Applications (ICRERA), Paris, France, 14-17 Oct. 2018.

[9] A. Zurfi, G. Albayati and J. Zhang, "Economic
feasibility of residential behind-the-meter battery energy
storage under energy time-of-use and demand charge
rates," in 2017 IEEE 6th International Conference on
Renewable  Energy Research and  Applications
(ICRERA), San Diego, CA, USA, 5-8 Nov. 2017.

[10]Y. Ru, J. Kleissl and S. Martinez, "Storage Size
Determination  for  Grid-Connected  Photovoltaic
Systems," IEEE Transaction On Sustainable Energy, vol.
4,no. 1, 2013.

[11]L. Zhou, Y. Zhang, C. Li, Z. Cai and A. P. Yang,
"Optimal Sizing of PV and BESS for a Smart Household
Considering Different Price Mechanisms," IEEE Access,
vol. 6, pp. 41050 - 41059, 2018.

[12]K. D. Mercado, J. Jiménez and C. G. Quintero M.,
"Hybrid renewable energy system based on intelligent
optimization techniques," in 2016 IEEE International
Conference on Renewable Energy Research and
Applications (ICRERA), Birmingham, UK, 20-23 Nov.
2016.

[13]E. L. Ratnam, S. R. Weller and C. M. Kellett,
"Scheduling residential battery storage with solar PV:
Assessing the benefits of net metering," Applied Energy,
vol. 155, pp. 881 - 991, 2015.

[14]Y. Yourim and K. Yong-Hyuk, "Charge Scheduling of
an Energy Storage System under Time-of-Use Pricing
and a Demand Charge," The Scientific World Journal,
vol. 2014, 2014.

[15]1G. Henri, N. Lu and C. Carrejo, "Design of a novel
mode-based energy storage controller for residential PV
systems," in 2017 IEEE PES Innovative Smart Grid
Technologies Conference Europe (ISGT-Europe), Torino,
2018.

[16]T. A. Nguyen and R. H. Byrne, "Maximizing the cost-
savings for time-of-use and net-metering customers using
behind-the-meter energy storage systems," in 2017 North
American Power Symposium (NAPS), Morgantown,
WV, USA, 2017.

[17]H. C. Hesse, R. Martins, P. Musilek, M. Naumann, C. N.
Truong and A. Jossen, "Economic Optimization of
Component Sizing for Residential Battery Storage
Systems," Energies, vol. 10, no. 7, pp. 1-19, 2017.

[18]Q. Dai, J. Liu and Q. Wei, "Optimal
Photovoltaic/Battery Energy Storage/Electric Vehicle
Charging Station Design Based on Multi-Agent Particle
Swarm Optimization Algorithm," Sustainability, 2019.

[19]B. Xu, "Degradation-limiting Optimization of Battery
Energy Storage Systems Operations," 2013.

[20]Y. Riffonneau, S. Bacha, F. Barruel and S. Ploix,
"Optimal Power Flow Management for Grid Connected
PV Systems With Batteries," IEEE Transactions on
Sustainable Energy, vol. 2, no. 3, pp. 309-320, 2011.

[21]IRENA, "Electricity Storage And Renewables: Costs
And Markets To 2030," International Renewable Energy
Agency, Abu Dhabi, 2017.

[22]R. Spotnitz, "Simulation of capacity fade in lithium-ion
batteries," Journal of Power Sources, vol. 113, no. 1, pp.
72-80, 2003.

[23]MEA, ‘"Electricity Tariffs,"
http://www.mea.or.th/en/profile/109/111.
October 2017].

[24]1K. Ardani, E. O'Shaughnessy, R. Fu, C. McClurg, J.
Huneycutt and R. Margolis, "Installed Cost Benchmarks
and Deployment Barriers for Residential Solar
Photovoltaics with Energy Storage: O1 2016," NREL,
2017.

[25]C. Curry, "Lithium-ion Battery Costs and Market,"
BNEF, 2017.

[26]R. Fu, D. Feldman, R. Margolis, M. Woodhouse and K.
Ardani, "U.S. Solar Photovoltaic System Cost
Benchmark: Q1 2017," NREL, 2017.

[2711IEA PVPS, "Task 1: Review And Analysis of PV Self-
Consumption Policies," 2016.

[Online].  Available:
[Accessed 15

[28]Hawaiian Electric, "Customer Renewable Programs,"
[Online]. Awvailable: https://www.hawaiianelectric.com/
products-and-services/customer-renewable-programs/
private-rooftop-solar/net-energy-metering. [Accessed 15
September 2019].

[29]1BM, "IBM ILOG CPLEX Optimization StudioGetting
Started with CPLEX for MATLAB," 2017.

1732



