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With a significant growth of the rooftop photovoltaic systems (PVs) under the behind-the-

meter scheme (BTMS), the battery energy storage systems (BESS) have been developed to enhance 

the performance of rooftop PVs in many aspects, especially the electricity charge savings. The 

BTMS can be typically classified into three schemes of self-consumption scheme, net-metering 

scheme, and net-billing scheme. Other than these schemes, the solar power purchase agreement 

(SPPA) has been developed to be one the most attractive business models. The SPPA is the scheme 

where the investors propose to directly sell an electricity from rooftop PVs with BESS to the 

customers without passing through the utility’s infrastructure, such as electricity meter, distribution 

line, etc. The proposed rates are typically performed in terms of the discount rates on Time-of-use 

(TOU) tariff. Therefore, this dissertation proposes a novel methodology to investigate the battery 

capacity, operation schedule of the BESS and SPPA discount rates for rooftop PVs under the BTMS 

and SPPA. The mode-based operation of the BESS was adopted and developed for self-

consumption, net-metering, net-billing schemes, and SPPA. For the typical BTMS, the objective was 

only to minimize the electricity charge of the customers. For the SPPA, the main objective was to 

minimize the electricity charges of the customers while maintaining the internal rate of return of the 

investors. In addition, as a working example, the TOU tariff with demand charges for large general 

service load in Thailand was implemented with the proposed methodology to evaluate the effects of 

installed capacity of rooftop PVs, battery capacity, rate of excess energy and battery degradation. 

The result showed that the installed capacity of rooftop PVs, the rate of excess energy and the 

battery degradation have significant effects on the battery capacity, operation modes of the BESS 

and SPPA discount rates. Under the typical BTMS, it is obvious that an increase of the installed 

capacity of rooftop PVs will extremely increase the battery capacity and operation modes in 

charging and discharging modes when the reverse power flow is available with high rate of excess 

energy. In addition, the consideration of battery degradation will lead to an increase of battery 

capacity. Under the SPPA, the proposed SPPA discount rates from the investors will be constrained 

when the battery capacity is increased, and the installed capacity of rooftop PVs is oversized. The 

consideration of the battery degradation will also limit the proposed SPPA discount rates. 
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CHAPTER 1 

INTRODUCTION 
 

To begin with, this chapter presents with the problem statement which 

identifies the problem to be solved in this dissertation in Section 1.1. Then, the 

objective, scope of work, and steps of study are described in Section 1.2-1.4 

respectively. Finally, the dissertation structure is shown in Section 1.5. 

 

1.1 Problem Statement 
 

 With the trend in decentralized energy system, the growth of rooftop 

photovoltaic generation systems (PVs) under the behind-the-meter scheme (BTMS) 

has significantly increased in many countries [1, 2]. As for Thailand, the timelines of 

the government’s policy for rooftop PVs have been reported in [3]. The BTMS has 

been gradually implemented since 2016. To enhance the capability of rooftop PVs, 

the implementation of battery energy storage systems (BESS) has widely expanded in 

various applications and evolved into the trendy topics [4, 5]. One of the major 

applications for the customers is the electricity charge saving which includes retail 

electric energy time shift and demand charge management. The combination of 

rooftop PVs and BESS under the BTMS is anticipated to become more effective and 

widely applicable in residential and commercial loads [6]. However, the major 

concern point is the economic feasibility of the rooftop PVs with BESS, which should 

be considered thoroughly. 

 The BTMS is the scheme where the rooftop PVs with BESS directly 

connected to the load without passing through the utility’s meter. The BTMS can be 

categorized by the condition of the reverse power flow and rate of excess energy [7-

10]. If the reverse power flow is unavailable, the BTMS can be called self-

consumption scheme. On the other hand, if the reverse power flow is available, the 

BTMS can be either the net-metering scheme or the net-billing scheme depending the 

rate of excess energy injected to the utility’s grid [11]. For the net-metering and net-
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billing scheme, the benefit from the excess energy is typically performed in terms of 

the electricity charge compensation over a specific period [12]. Hence, in view of 

economic aspect, the different metering scheme would significantly affect the design 

and operation of the rooftop PVs with BESS. 

 The reduction in the cost of rooftop PVs with BESS also leads the 

development of new relevant business models proposed by several investors. The 

business models of rooftop PVs with BESS based on the BTMS can be categorized 

into four groups of (1) community-owned solar, (2) solar power purchase agreement 

(SPPA), (3) solar leasing agreement, and (4) roof rental agreement [13]. One of the 

most attractive models in current market is the SPPA. The cumulative installed global 

capacity of the corporate renewable PPA schemes, including solar and wind, had 

reached 20 GW by the end of 2018 with most of the projects being SPPA [14]. The 

SPPA is the scheme where the investors act as a third party to directly sell electricity 

from their rooftop PVs with BESS to the customers at a lower rate than the utility’s 

retail rate [15, 16]. The SPPA proposed rates are generally divided into the two 

options of a fixed rate and a discount on the utility’s retail rate [17]. The discount rate 

option is more practical and convenient for applying with a time-of-use (TOU) tariff 

with demand charges. The benefit to the customers under the SPPA is the electricity 

charge savings without any capital investment, or operating expenses. For the 

investors, the challenge is the competitive SPPA discount rates that can propose to the 

customers, while the project remain the target internal rate of return. 

 Therefore, by considering the trend of the rooftop PVs with BESS under the 

BTMS and the growth of the SPPA, this dissertation proposes methodologies to 

determine the battery capacity and operation scheduling of the BESS for rooftop PVs 

under the BTMS and SPPA. The mode-based operation was adopted and developed 

for applying with self-consumption, net-metering and net-billing schemes. For the 

SPPA, the discount rates on the TOU tariff with demand charges were implemented 

and investigated. The proposed methodologies will be useful for the customers and 

investors to evaluate the economic feasibility and make an investment decision on the 

rooftop PVs with BESS. Moreover, for the SPPA, these proposed methodologies can 

be used as a criterion for adding the profit margin of the SPPA project. The main 

contributions of this dissertation are shown as follows: 
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(a) An adaptive mode-based operation model of rooftop PVs with BESS for 

self-consumption, net-metering, and net-billing schemes.  

(b) A novel model of the solar power purchase agreement with discount rate 

option for rooftop PVs with BESS under the BTMS. 

(c) A novel optimization model for designing the battery capacity, operation 

modes and SPPA discount rates on TOU tariff with demand charges for 

rooftop PVs with BESS under the SPPA and BTMS. 

(d) Implementation case studies of the proposed methodologies with the tariff 

structure in Thailand to evaluate the sensitivity analysis of the installed 

capacity of rooftop PVs, battery capacity, and rate of excess energy. 

 

1.2 Literature Review 
 

Relevant studies on this dissertation can be classified into 2 main categories: 

(1) Techno-economic analysis of rooftop PVs with BESS and (2) Optimization model 

for battery capacity sizing and operation scheduling as follows: 

 

(1) Techno-Economic Analysis of rooftop PVs with BESS 

For the techno-economic analysis, many papers evaluated impact of rooftop 

PVs under the BTMS on electricity charge saving. In [18], the economic feasibility 

analysis of the customers in Thailand who invest in rooftop PV for electricity charge 

savings was presented. The value of the bill savings of the customers, which consist 

of residential load, small general service, medium general service and large general 

service, was evaluated with various factors, including electricity tariffs, PV-to-load 

ratios and metering schemes (net-metering and net-billing scheme). Under the current 

utility’s retail rate, the values of the bill savings of residential and small general 

service groups are slightly higher than medium and large general service groups due 

to the demand charges. Load profiles do not significantly impact the values of the bill 

savings for all customer groups. In addition, the net-metering scheme causes a smaller 

variation in bill savings as compared to net-billing scheme, which would be more 

flexible for the customers to design the installed capacity of rooftop PVs. On the other 

hand, the net-billing scheme would encourage customers to limit the installed capacity 

of rooftop PVs to the impact on the utilities. 
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The similar concept to evaluate the value of bill savings from rooftop PVs for 

residential load in California with various installed capacity of rooftop PVs and 

metering scheme was presented in [19]. A comparative assessment between net-

metering scheme and feed-in-tariff scheme for rooftop PVs in residential load was 

proposed in [20]. The effect of the installed capacity of rooftop PVs and utility’s retail 

rate were investigated. From the results, for the residential load, it showed that the 

net-metering scheme becomes more profitable than the feed-in-tariff scheme. In [21], 

the case study to review and analyze the effect of the net-metering scheme and net-

billing scheme in Chile was presented. The value of output energy from rooftop PVs 

under the net-metering and net-billing scheme was evaluated by using levelized cost 

of electricity (LCOE). From the result, to promote the rooftop PVs, the net-metering 

scheme would be a better policy due to the rate of the excess energy injected to the 

utility’s grid. However, the net-billing scheme would be a better policy to prevent the 

excess energy injected to the utility’s grid. For the customers, the benefits of this 

scheme would be obvious when the installed capacity of rooftop PVs is smaller than 

the load consumption. 

Several studies evaluated an economic analysis of rooftop PVs with BESS by 

applying the discounted cash flow (DCF), net present value (NPV) and return on 

investment (ROI). In [22], an economic feasibility of residential rooftop PVs with 

BESS under the self-consumption scheme was proposed by applying DCF and NPV. 

The case study in Italy was implemented with various factors: levels of insolation, 

electricity purchase prices, electricity sales prices, investment costs of rooftop PVs, 

specific tax deduction of rooftop PVs, battery capacity, investment costs of BESS, 

lifetime of a battery, increases of self-consumption following the adoption of BESS, 

and subsidies of BESS. From the results, it showed that the increase of the share of 

the self-consumption scheme is the main significant factor. In [23], the ROI was used 

to evaluate the sensitivity analysis of the electricity price and investment cost of the 

BESS by varying battery capacity and ageing. This paper also analyzed the break-

even year of the BESS for residential rooftop PVs by considering the German market 

price trends. In [24], an economic analysis of the BESS under the BTMS with an 

electricity charge discount program in Korea was presented. From the results, it 
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showed that the electricity charge discount program has improved the profitability of 

the BESS under the BTMS in Korea market. 

Furthermore, some studies evaluate an economic analysis of the BESS under 

the BTMS for the demand charge reduction. The study report on the BESS under the 

BTMS for demand charge reduction in the presence of rooftop PVs from NREL was 

presented in [25]. This study simulated the impact of lithium-ion batteries based on a 

peak-shaving control algorithm on electricity costs, and then investigate the cost-

optimal battery configurations and their impact on load. From the results, it showed 

that the small and short-duration batteries are most cost-effective regardless of solar 

power levels. The concept to evaluate the ability of commercial PVs with BESS in 

reducing demand charges by considering the case study in Australia was also 

presented in [26]. 

For the SPPA, the relevant studies on the SPPA are limited. An economic 

analysis of the SPPA and solar leasing agreement were proposed using the NPV in 

[27]. The proposed methodology to determine the optimal solar lease payment in the 

solar lease business for residential load was presented by considering the benefit of 

the customers and the investors in [28]. 

 

(2) Optimization Model for Battery Sizing and Operation Scheduling 

For the optimization model, the relevant studies can be divided into (1) 

operation scheduling and (2) capacity sizing. For the operation scheduling, many 

studies have proposed a methodology to control rooftop PVs with BESS under the 

BTMS for electricity charge saving and cost optimization by applying the genetic 

algorithm. The cost optimization model to control the BESS of the residential 

customers under the TOU tariff with demand charges for electricity charge savings 

applying the GA was presented in [29]. Another study that applied the GA for 

determine the operation schedule of the BESS was presented in [30]. The 

methodology to investigate the optimal operation scheduling of the residential BESS 

for two different applications, namely PV self-consumption and demand-load shifting 

under different dynamic tariff structures, was proposed. In addition, from the result, it 

showed that the greatest value of the BESS is obtained when the BESS was applied 

for PV self-consumption under a single, flat tariff. Moreover, by including the 
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demand-load shifting, the value of the BESS was increased due to the decrease of the 

levelized cost. 

Several studies proposed a notable concept of mode-based operation by 

applying dynamic programming (DP). [31] proposed and developed the notable 

model to design the charging and discharging strategy of the BESS for PV self-

consumption, Peak shaving, and price arbitrage management by applying dynamic 

programming (DP). The similar concept of DP was also applied in [32]. This study 

proposed a novel mode-based methodology to design the real-time operation of the 

BESS by considering the rooftop PVs. The Mixed Integer Linear Programming 

(MILP) was implemented to minimize the electricity charges.  

Another efficient methodology was proposed by applying linear programming 

(LP) and quadratic programming (QP). In [33], an economic analysis of the BESS 

under the BTMS and formulated the nonlinear optimization problem to design the 

operation scheduling of the BESS for minimizing the energy and demand charges 

under the TOU tariff with demand charges and net-metering scheme using the LP was 

presented. The LP and QP was also applied for operation scheduling of the BESS 

with rooftop PVs under the net-metering scheme in [34]. The LP was applied and 

formulated to maximize the operation savings of the customers. In addition, to 

balance the benefit of the customers and concerns of the utility, the QP was applied 

and formulated to maximize the operation saving while limiting the reverse power 

flow injected to the utility’s grid. The similar concept that applied LP to 

simultaneously determine the operation schedule and battery capacity of the BESS for 

rooftop PVs under a net-metering scheme was presented in [35]. The main 

contribution in this paper was the consideration of the net-metering scheme 

compensation period in the cost optimization model. 

For capacity sizing, several studies proposed a methodology to simultaneously 

determine battery capacity and the operation of rooftop PVs with BESS. The cost 

minimization concept was applied to investigate the battery capacity and operation of 

rooftop PVs and BESS under the BTMS with various algorithms. In [36], the cost 

optimization model to simultaneously investigate battery capacity and operation 

schedule of the BESS for rooftop PVs using the LP was proposed. The trade-off 

between energy purchase, feed-in remuneration, and battery aging was considered. 
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The economic analysis of three battery technologies, such as (1) lead-acid (PbA), (2) 

lithium-iron-phosphate (LFP) and (3) lithium-nickel-manganese-cobalt (NMC) 

cathode, was compared. From the results, it showed that different storage technology 

and component sizing provide the best economic performances, depending on the 

scenario of load demand and output power from rooftop PVs. In [37], the proposed 

methodology to determine size of rooftop PVs and BESS with the concept of cost 

minimization in home energy management system (HEMS) considering the different 

price mechanism was presented. The analysis also evaluated the impact of tariff 

structure, subsidies of rooftop PVs and uncertainty of load profiles and PV output. 

The methodology to determine the optimal size and power management of rooftop 

PVs, electric vehicle charging load, household consumption load, battery capacity, 

and power converters was presented in [38]. The proposed optimization aimed to 

enhance PV self-consumption and frequency control. The teaching-learning-based 

optimization (TLBO) algorithm was used to calculate the total costs and revenue. The 

battery aging and depth of discharge was also considered to investigate the operation 

schedule. 

Some studies have applied a similar concept for electric vehicle charging 

stations to determine the size and operation of rooftop PVs and BESS. In [39], an 

optimization model for grid-connected PVs, BESS and electric vehicle charging 

station to size PVs, BESS, and investigate the operation schedule of the BESS using 

the multi-agent particle swarm optimization (MAPSO) algorithm was proposed. The 

EV charging pattern was calculated based on the load simulation model. In addition, 

[40] proposed a real-time charging optimization scheme using mixed-integer linear 

programming (MILP) to coordinate the charging or discharging power of EVs along 

with the power dispatches of utility’s grid and BESS based on the EV charging 

pattern priorities and electricity price preferences.  

In the literature, relevant studies evaluated the techno-economic analysis and 

formulated optimization model of the rooftop PVs with BESS under the BTMS with 

various factors and algorithms but did not consider the electricity charge 

compensation period. Several concepts for operation scheduling were proposed, 

however the mode-based operation was comfortable and convenient to develop for 

applying with all self-consumption, net-metering and net-billing schemes. In addition, 
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although these proposed methodologies were efficient for ascertaining the economic 

feasibility of rooftop PVs with BESS under the BTMS, studies focusing on the SPPA 

are limited with scant details. The methodology for designing the SPPA has also not 

ever been reported. Moreover, the studies on the SPPA should not only focus on the 

minimization of the electricity cost of the customers, but also consider the revenue of 

the investors to ensure its long-term viability to both partners. 

 

1.3 Objective 
 

(a) To propose a mode-based operation model of rooftop PVs with BESS for 

self-consumption, net-metering, and net-billing schemes.  

(b) To propose a model of the solar power purchase agreement with discount 

rate option for rooftop PVs with BESS under the BTMS. 

(c) To propose an optimization model for designing the battery capacity, 

operation modes and SPPA discount rates on TOU tariff with demand 

charges for rooftop PVs with BESS under the SPPA and BTMS. 

(d) To investigate an appropriate battery capacity for rooftop PVs under the 

BTMS based on the TOU tariff with demand charges in Thailand. 

(e) To show the effects of installed capacity of rooftop PVs and rate of excess 

energy on the battery capacity, operation modes and SPPA discount rates. 

 

1.4 Scope of Work and Limitations 
 

(a) This dissertation considers the standard load profile and tariff structure of 

large commercial load from Metropolitan Electricity Authority (MEA). 

(b) This dissertation considers the generation profile and seasonal effect of 

rooftop PVs from Chulalongkorn University and PVsyst program, 

respectively. 

(c) This dissertation considers only rooftop PVs with BESS under the AC 

coupling system. 

(d) This dissertation considers only the lithium-ion battery module. 

(e) The losses in balance of system and distribution line are neglected.   
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(f) The replacement of the rooftop PVs with BESS over a project life is 

neglected. 

 

1.5 Steps of Study 
 

(a) Literature Review and Background Knowledge 

1. Studying the relevant literatures on supported policy of rooftop PVs and 

BESS. 

2. Studying the relevant literatures on BTMS for rooftop PVs. 

3. Studying the relevant literatures on battery operation scheduling and 

capacity sizing. 

4. Studying the relevant literatures on the economic feasibility of rooftop PVs 

with BESS. 

5. Studying the relevant literatures on business models of rooftop PVs and 

BESS. 

6. Studying the tariff structure and load profile in Thailand. 

7. Studying the relevant literatures on the modeling of rooftop PVs and 

BESS. 

8. Studying the principle of optimization programming. 

 

(b) Problem Formulation  

9. Developing the methodology to investigate operation scheduling of 

rooftop PVs with BESS under the self-consumption, net-metering and net-

billing schemes. 

10. Formulating the modeling of the electricity charge compensation period 

for net-metering and net-billing scheme.  

11. Developing the methodology to determine battery capacity for rooftop PVs 

under the BTMS. 

12. Developing the modeling of the solar power purchase agreement for 

rooftop PVs with BESS under the BTMS. 

13. Developing the methodology to determine SPPA discount rates on TOU 

tariff with demand charges for rooftop PVs with BESS under the BTMS 
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14. Developing the methodology to determine SPPA discount rates operation 

schedule and battery capacity for rooftop PVs with BESS under the SPPA 

and BTMS. 

 

(c) Simulation Results and Discussion 

15. Simulating the proposed methodology by applying to the TOU tariff with 

demand charges in Thailand. 

16. Concluding the simulation results and contribution of this dissertation.  

 

1.6 Dissertation Structure 
 

The rest of this dissertation is organized as follows. In the Chapter 2, the 

fundamental principle of rooftop PVs, BESS, load profile, retail tariff in Thailand and 

behind-the-meter schemes are presented. In the Chapter 3, the methodology to 

evaluate the economic feasibility of rooftop PVs with BESS is presented. The 

proposed methodology to determine the operation modes of the BESS and battery 

capacity for the self-consumption, net-metering and net-billing schemes are presented 

in the Chapter 4. The simulation results and discussion are shown in Chapter 5, and 

then the conclusions and future works are drawn in Chapter 6. 
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CHAPTER 2 

ROOFTOP PVS WITH BESS 
 

This chapter presents necessary principles of main components in this 

research. Firstly, modeling of rooftop PVs is presented in Section 2.1. Type of 

connections and relevant parameters for rooftop PVs are also presented. Secondly, 

principles and modeling of BESS are reviewed and illustrated in Section 2.2, 

including type of battery, parameters, and application in power system. Thirdly, load 

profiles and tariff structure in Thailand are presented in Section 2.3. The integrated 

system among rooftop PVs, BESS, and load is presented in Section 2.4. Lastly, the 

concept of the rooftop PVs with BESS under the BTMS is presented in Section 2.5. 

 

2.1 Rooftop PVs 
 

Rooftop photovoltaic generation systems (PVs) are the type of distributed 

generation (DG) that convert solar radiation into an electricity. Typically, rooftop PVs 

can be divided by grid connection into three types: (1) grid-connected rooftop PVs (2) 

off-grid rooftop PVs and (3) hybrid systems. In this dissertation, the grid-connected 

rooftop PVs is implemented as shown in Figure 2.1. 

To produce power at time t, rooftop PVs convert DC power to AC power 

using a grid-connected inverter as shown in Eq. (2.1). An availability of reverse 

power to the utility’s grid depends on the metering scheme and supported policy, 

which will describe in Section 2.5. 

,inverterpv pv dc pv( ) ( )  P t P p t=  (2.1) 
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PG (t)

PPV (t)

ɳinverterRooftop PVs

Utility

-PG (t)

 
 

 Figure  2.1 Grid-connected rooftop PVs 

 

2.2 Battery Energy Storage Systems 
 

Energy storage systems (ESS) are the technology that charge electricity from 

the utility’s grid or a power plant and discharge at a later period [41]. The role of the 

ESS is can be the variable load and sources depending on the purpose of the users 

[42]. Many technologies of ESS have been launched and developed for various 

applications, such as flywheels, pumped hydroelectric storage, compressed air energy 

storages, battery energy storage, flow battery energy storage, capacitor, super 

capacitor, fuel cell, thermal storage, etc. [43]. For the application with rooftop PVs, 

battery energy storage systems (BESS) are and considered in this dissertation. 

BESS are the storage technology that store electricity by using the principle of 

electrochemistry. The BESS typically consist of battery module, battery inverter (bi-

directional inverter), balance of system components and metering devices. The battery 

module is a part of the storage device. Battery inverter is the power conversion device 

which is a bi-directional device to convert DC to AC, or vice versa as shown in Figure 

2.2. Balance of system components are other components which are necessary to 

maintain the health and safety of the system, such as, switchgear, disconnecting 

switch, etc. The metering devices are the components to monitor the parameters that 

the utility can also detects. This information is also necessary for the battery 

monitoring and control system for operation and control the BESS in compliance to 

the grid requirements. [5]. 
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Figure  2.2 Battery Energy Storage Systems 

 

 

 

2.2.1 Performance and Parameters 
 

The performance and characteristics of the BESS in this dissertation can be 

modeled and characterized by the following parameters [34, 43-45]: 

 

(1) Battery Capacity 

Battery capacity is classified into battery energy capacity in kWh and battery 

power capacity in kW. The rated battery energy capacity (Cnom,dc) and power capacity 

(Pnom,dc) are the nominal capacity from the manufacturer. By considering the system 

roundtrip efficiency (ηrt,sys), the usable battery energy capacity (Cnom) which is the 

total amount of energy that BESS can be fully charged or discharged without any 

degradation is shown in Equation (2.2). The usable power capacity (Pnom), which is 

the total amount of power that BESS can be charged or discharged is shown in 

Equations (2.3). By applying the degradation coefficient, the available battery energy 

capacity at time t can be determined as shown in Equation (2.4). The relationship 

between battery energy and power capacity can be expressed in terms of energy to 

power ratio as shown in Equation (2.5).  

nom nom,dc rt,sys= C C  (2.2) 

nom nom,dc rt,sys= P P  (2.3) 

avail nom( ) ( )C t L t C=   (2.4) 
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nom,dc

nom,dc

E/P ratio
C

P
=  (2.5) 

 

(2) Battery Roundtrip Efficiency 

Battery roundtrip efficiency or DC to DC energetic efficiency is the ratio of 

energy output (kWh) to energy input (kWh) of BESS during one cycle. The battery 

roundtrip efficiency shows the fraction of energy put into the storage that can be 

restore and is typically around 80%. By considering the battery round trip efficiency 

(ηrt) and the bi-directional inverter efficiency (ηbi-inverter), the system roundtrip 

efficiency can be determined from Equation (2.6) [46]. 

rt,sys bi-inverter rt  =   (2.6) 

 

(3) Charged and Discharged Power 

The discharged and charged power from the BESS are defined to be positive 

and negative, respectively. The amount of charged and discharged power typically 

depends on the stored energy of battery, which can be determined from Equation 

(2.7). By applying available capacity of battery and energy to power ratio, the limits 

of charged and discharged power can be determined from Equations (2.8) and (2.9). 

In this dissertation, the energy to power ratio will be constant, therefore the limits of 

charged and discharged power will also decrease when the battery is degraded.   

bess bess bess

1

( ) (0) ( )
=

= − 
t

n

C t C P n t  (2.7) 

limit avail
bess,dis

( )
( )

E/P ratio

C t
P t =  (2.8) 

limit avail
bess,ch

( )
( )

E/P ratio

C t
P t −=  (2.9) 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 18 

(4) State of Charge  

State of charge (σ(t)) is expressed the amount of stored energy in battery, as 

shown in Equation (2.8). By applying with the boundary of the state of charge and 

available capacity of battery, the lower and upper limits of stored energy in the battery 

were determined from Equation (2.9). By applying Equations (2.8) and (2.9), the 

upper energy limits and lower energy limits were determined from Equations (2.10) 

and (2.11), respectively: 

bess

avail

( )
( )

( )

C t
t

C t
 =  (2.8) 

avail min bess avail max( ) ( ) ( )C t C t C t      (2.9) 

upper bess avail max
bess

( ) ( )
( )

C t C t
P t =

t

− 


 (2.10) 

lower bess avail min
bess

( ) ( )
( )

C t C t
P t =

t

− 


 (2.11) 

 

(5) Lifetime of Battery 

Lifetime of battery in this dissertation is formulated based on the Lithium-ion 

battery model. As shown in Figure 2.3 [47], the degradation of lithium-ion battery can 

be divided into 4 regions: (1) Region A, (2) Region B, (3) Region C and (4) Region 

D. The rate of battery degradation is initially high in region A and significantly 

decreased in region B. Battery capacity is slowly decreased in region C. In region D, 

battery is rapidly decreased when the battery capacity is lower than 80% of rated 

capacity, which is typically defined as end of battery lifetime from manufacturer. 

From region A to C, the lifetime of battery can approximately express as linear 

function with different slope. However, to simplify the model of lifetime of battery, 

this dissertation will consider the battery degradation as linear function with one 

constant slope. 

The battery degradation in this dissertation is performed in term of battery 

degradation coefficient, which can be classified into self-degradation and operating 
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degradation as shown in Equation (2.12). For the self-degradation, the BESS 

constantly degrades itself at the self-degradation rate (εself) on a time-based 

characteristic as shown in Equation (2.13). For the operating degradation, it is linearly 

expressed in terms of cycle aging, as shown in Equation (2.14). Lmin is the minimum 

operating degradation coefficient that the battery will be linearly degraded and define 

to be 0.80 (end of region C). By applying the concept of Coulomb Counting approach, 

the number of battery cycle used are formulated subjecting with the charged and 

discharged power of the BESS, as shown in Equation (2.15). 

 In addition, the methodology to estimate the battery capacity as explained in 

detail in Chapter 2.2.4. 

self op( ) ( ) ( )= L t L t L t  (2.12) 

self self( ) 1L t = −  (2.13) 

min
op count

total

( 1)
( ) 1 ( )

L
L t N t

N

−
= +   (2.14) 

bess,ch bess,dis

1 1

count

avail

Min ( ) , ( )

( )
( )

t t

n n

P n P n t

N t
C t

= =

 
 

 =

 
 

(2.15) 

 

 
 

 Figure  2.3 Degradation of lithium-ion battery capacity  [47] 
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(6) Specific Energy and Energy Density 

Specific energy is a battery energy capacity per unit mass in Wh/kg. Energy 

density is a battery energy capacity per unit volume in Wh/l. 

 

(7) Specific Energy and Energy Density 

Specific power is a battery power capacity per unit mass in W/kg. Power 

density is a battery power capacity per unit volume in W/l. 

 

2.2.2 State of Charge Estimation Methodology 
 

To evaluate the battery degradation, the methodology to estimate the state of 

charge of the battery is essential because it shows the stored energy and available 

capacity of the battery at specified time. In the literature, the estimation techniques 

can be classified into 5 categories as follows [48, 49]:  

 

(1) Direct Measurement Approach 

Direct measurement applies physical battery properties such as the terminal 

voltage and impedance to evaluate the state of charge. Typically, the direct 

measurement methodology can be divided into 4 groups: (1) open circuit voltage 

approach, (2) terminal voltage approach, (3) impedance measurement approach, and 

(4) impedance spectroscopy approach. 

 

(2) Book-keeping Estimation Approach 

Book-keeping estimation applies the concept of the charging and discharging 

current to estimate the state of charge. Under this methodology, the internal effects of 

battery, such as self-discharging and discharging efficiency, can be considered. There 

are 2 types of book-keeping estimation: (1) Coulomb Counting approach and (2) 

Enhance Coulomb Counting approach. Various applications in battery energy 

management system practically apply the Coulomb Counting approach due to its 

simplicity and convenience for implementation. However, there are several factors 

that did not be considered but should affect the accuracy of this approach, such as the 
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battery temperature, battery history etc. Therefore, the Enhance Coulomb Counting 

approach is developed with more complicated function to overcome the concern 

points of the Coulomb Counting approach.  

 

(3) Model-Based Approach 

The model-based approach is the methodology that applied the mathematical 

model of a battery to estimate the state of charge by applying state space model. This 

approach can improve an accuracy against measurement error. There are 3 types of 

model-based approach: (1) Equivalent Circuit Model (ECM), (2) Empirical Model 

(EM) and (3) Data Driven Learning Model (DDLM). ECM is the model that applies 

the Thevenin equivalent circuit model and the open circuit voltage is performed as a 

mathematical function of the state of charge. The relationship between open circuit 

voltage and state of charge can be formulated by applying regression model. EM is 

the model that represents terminal voltage as a mathematical function of the state of 

charge. The EM can be classified into 3 models of (1) Shepherd model, (2) Unnewehr 

universal model and (3) Nemst model. The DDLM is the model that applied the data 

mining method in the machine learning area, such as artificial neural network (ANN) 

or Support Vector Machine (SVM), to formulate the state space model.  

To estimate the state of charge, all state space models are applied the state 

estimation techniques, such as Kalman Filter (KF), Extended Kalman Filter (EKF), 

Adaptive Extended Kalman Filter (AEKF) and (4) Observer-Based State Estimation. 

 

(4) Learning Algorithm Based Approach 

The learning algorithm-based approach formulates the state of charge 

estimation problem with the novel machine learning and data mining techniques by 

applying the historical data of the nonlinear relationship between state of charge and 

measurable parameters, such as temperature, terminal voltage, etc. There are various 

techniques that are applied for these techniques such as Artificial Neural Network 

(ANN), Support Vector Machine (SVM), Extreme Learning Machine, Fuzzy Logic, 

Genetic Algorithm (GA), etc. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 22 

(5) Hybrid Approach 

The hybrid approach applies the advantages of each methodology to estimate 

the optimal state of charge with high accuracy, such as, the combination of the EKF 

and Coulomb Counting [50], the combination direct measurement and Coulomb 

Counting [51], etc. 

 

This dissertation applies the Coulomb Counting approach to estimate the state 

of charge of the battery, which is practically used in various application, especially in 

battery energy management system due to its simplicity and convenience for 

implementation.  

 

2.2.3 Type of Battery 
 

The battery can be categorized by charging capability into two groups of 

primary battery and secondary battery. The primary battery is the non-rechargeable 

batteries. The secondary battery is the rechargeable batteries. In this dissertation, the 

only secondary battery is considered. The secondary battery can be classified by 

technology into four groups as described below [43]. 

 

(1) Lithium-ion Battery 

Lithium-ion batteries are the rechargeable battery in which lithium ions move 

from the negative electrode to the positive electrode during discharge and back when 

charging. Lithium-ion batteries are many popular for power electronics application 

due to the high energy density and power density by comparing to other batteries. 

There are four types of materials for a lithium-ion battery, i.e., Manganese 

(NMC/LMO), Cobalt (NCA/LCO), Phosphate (LFP) and Titanium (LTO). Most of 

the lithium-ion battery in the market is NMC and LFP [43, 52, 53] . 

 

(2) Lead-acid Battery 

Lead-acid batteries are the oldest and most widely deployed rechargeable 

battery based on the number of installations and cumulated installed capacity. Lead-

acid batteries typically utilize in a good in a wide range of applications due to the 
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lowest cost. There are two main design forms of lead-acid batteries, i.e., vented lead 

acid (VLA) and sealed or valve-regulated lead acid (VRLA). 

 

(3) High Temperature Battery 

High temperature batteries or molten salt batteries are the batteries that use 

molten salt as an electrolyte and must operate at high temperatures. There are two 

typical types of high temperature batteries in the market, i.e., Sodium Sulphur (NaS) 

and Sodium nickel chloride (NaNiCl) [54]. 

 

(4) Flow Battery 

Flow batteries are reaction stacks separated from one or more of the 

electrolytes held in external storage tanks. Either one or both active materials are 

solution in the electrolyte. There are three typical types of flow batteries, i.e., 

vanadium redox flow battery (VRFB), zinc-bromine flow battery (ZBFB), and 

polysulfide bromide flow battery (SB) [5].  

The specifications of each battery, which consist of calendar life, cycle life, 

depth of discharge, energy density, power density, self-discharge, roundtrip efficiency 

and energy installation cost, are shown in Table 2.1 
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2.2.4 Battery Energy Storage Systems in Current Markets 
 

By surveying in the current market, most of BESS for rooftop PVs is the 

Lithium Iron Phosphate (LFP) and Lithium Nickel Manganese Cobalt Oxides (NMC). 

An example of the battery specification is shown in Table 2.2. Maximum depth of 

discharge is between 90 - 96%. Roundtrip efficiency is approximately 90 – 98%. 

 

Table  2.2 Battery energy storages systems in current market  

Parameters Specifications of each BESS in current market  

Type of Battery LFP LFP LFP NMC NMC 

Battery Energy 

Capacity (kWh) 
3 kWh 10.24 kWh 5.5 kWh 3.5 kWh 14 kWh 

Battery Power 

Capacity (kWh) 
1.5 kW 10 kW 5 kW 3.2 kW 5 kW 

Roundtrip Efficiency 95% - 98% 95% 90% 

Depth of Discharge 90% 96% 90% 95% 96% 

 

2.2.5 Applications of Battery Energy Storage Systems 
 

Applications of energy storage can be categorized into three groups of (1) on-

grid applications; (2) off-grid applications; and (3) transportation, as shown in Figure 

2.3. For on-grid application, it can be classified into five categories of (1) bulk energy 

services; (2) ancillary services; (3) transmission infrastructure services; (4) 

distribution infrastructure services; and (5) customer energy management services. 
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 Figure  2.4 Applications of energy storage in power system  [43] 

 

(1) Bulk Energy Services 

The BESS are applied to supply energy at the specified period without energy 

from renewable energy. This application consists of electric energy time-shift 

(arbitrage) and electric supply capacity. 

 

(2) Ancillary Services 

The BESS are applied to maintain grid stability and security. This application 

consists of frequency and voltage regulation, supplemental reserves, voltage support, 

and black start.   

 

(3) Transmission Infrastructure Services 

The BESS are applied to defer or reduce an investment in transmission system 

upgrades. This application consists of transmission upgrade deferral and transmission 

congestion relief. 

 

(4) Distribution Infrastructure Services 

 As similar as the concept of transmission infrastructure service, the BESS are 

applied to defer or reduce an investment in distribution system upgrades. This 

application consists of distribution upgrade deferral and voltage support. 
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(5) Customer Energy Management Services 

The BESS are applied to increase benefits of the customers. This application 

consists of power quality, power reliability, retail electric energy time-shift, demand 

charge management and increased self-consumption of solar PV. In this dissertation, 

the customer energy management services are implemented for electricity charge 

savings which include both energy and demand charges. 

 

2.2.6 Characteristics in Power System Applications 
 

The main characteristics of the BESS for applying to each power system 

application consist of battery power, discharge durations, operation cycles, and 

response time, as shown in Table 2.3. 

 

Table  2.3 Characteristics of the BESS in power system applications  [55] 

Applications 
Battery Power   

(MW) 

Discharge 

Durations 

Operation 

Cycles 

Response 

Time 

Bulk Energy 

Services 

Electric Energy 

Time-Shift 

(Arbitrage) 

100 to 2,000 8 hrs. to 24 hrs. 
0.25 to 1 

 per day 
> 1 hr. 

Electric Supply 

Capacity 
1 to 400 1 min. to 1 hr. 

0.5 to 2  

per day 
< 15 min. 

Ancillary 

Services 

Regulation 1 to 2,000 
1 min. to 15 

min. 

20 to 40  

per day 
1 min. 

Load Following 1 to 2,000 
15 min. to 24 

hrs. 

1 to 29 

 per day 
< 15 min. 

Voltage Support 1 to 40 1 sec. to 1 min. 
10 to 100  

per day 
millisec. to sec. 

Black Start 0.1 to 400 1 hr. to 4 hrs. < 1 per year < 1 hr. 

Spinning Reserve 

and Non-Spinning 

Reserve 

10 to 2,000 
15 min. to 2 

hrs. 
0.5 to 2 per day < 15 min 

Transmission 

Infrastructure 

Services 

Transmission 

Upgrade Deferral 
1 to 500 2 hrs. to 5 hrs. 

0.75 to 1.25 

 per day 
> 1 hr. 

Transmission 

Congestion Relief 
10 to 500 2 hrs. to 4 hrs. 

0.14 to 1.25  

per day 
> 1 hr. 
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Applications 
Battery Power   

(MW) 

Discharge 

Durations 

Operation 

Cycles 

Response 

Time 

Distribution 

Infrastructure 

Services 

Distribution 

Upgrade Deferral 
1 to 500 2 hrs. to 5 hrs. 

0.75 to 1.25  

per day 
> 1hr. 

Distribution 

Congestion Relief 
10 to 500 2 hrs. to 4 hrs. 

0.14 to 1.25  

per day 
> 1hr. 

Customer 

Energy 

Management 

Services 

Retail Electric 

Energy Time-Shift 
0.001 to 1 

Minutes to 

hours 

1 to 29 

 per day 
< 15 min. 

Demand Charge 

Management 

(Peak Reduction) 

0.001 to 1 
Minutes to 

hours 

1 to 29  

per day 
< 15 min. 

 

From Table 2.3, the bulk energy service generally requires high battery power 

and discharge duration, but low operation cycles per day. The response time are 

varied from less than 15 minutes to more than an hour depending on the application. 

For the ancillary service, the specifications are also subject to the power application. 

For example, the regulation, load following, and operating reserve requires high 

battery power with varied discharge duration. For transmission and distribution 

infrastructure services, the specifications are quite similar. For the customer energy 

management service in this dissertation, it requires low battery power with high 

operation cycles per day and instantaneous response time.  

By considering the specification of the BESS in Table 2.1, the current 

technology in the market and the customer energy management services in Table 2.3, 

lithium iron phosphate battery is the most appropriate type because of the high cycle 

life and roundtrip efficiency, which was considered in this dissertation. 

 

2.3 Load Consumption in Thailand’s Distribution System 
 

The electricity structure in Thailand is in a form of enhanced single buyer 

model. For power generation system, Electricity Generating Authority of Thailand 

(EGAT) and private power producers are the main participants. EGAT is also act as 

the transmission system operator. For the distribution system, there are two 

distribution system operators, i.e., Metropolitan Electricity Authority (MEA) and 
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Provincial Electricity Authority (PEA). MEA is responsible for Bangkok and nearby 

provinces. PEA is responsible for the others. 

Focusing on the private sector, the power producer is divided into 4 groups of 

(1) Independent Power Producers (IPP), (2) Small Power Producers (SPP), (3) Very 

Small Power Producers (VSPP), and (4) Prosumers, as shown in Table 2.4. Most 

residential and commercial rooftop PVs are classified as prosumer, which was 

considered in this dissertation. 

 

Table  2.4 Power producers in Thailand 

Power Producers 
Responsible 

 Operators 
Installed Capacity 

Independent Power Producers (IPP) EGAT > 90 MW 

Small Power Producers (SPP) EGAT, MEA, PEA 10 – 90 MW 

Very Small Power Producers (VSPP) MEA, PEA 1 - 10 MW 

Prosumers MEA, PEA < 1 MW 

 

2.3.1 Load Profiles 
 

Load profiles in Thailand’s distribution system are divided into 8 groups of (1) 

residential load; (2) small general service; (3) medium general service; (4) large 

general service; (5) specific business service; (6) non-profit organization; (7) 

agricultural pumping; (8) temporary service [56]. The load profiles of each group on 

Workday, Saturday and Sunday are shown in Figure. 2.4-2.9. In this dissertation, only 

large general service was considered. 

 

(1) Residential Load 

 The load profiles of residence, which include households, monasteries, house 

of priest, and religious places of worship are shown in Figure 2.4, the load profiles on 

Workday, Saturday and Sunday are quite similar. The peak period is approximately 

from 8.00 pm to 11.00 pm, while the load profiles are steady during the daytime. The 
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tariff structures for the residential load are classified into 2 types depending on the 

customer’s purpose: (1) Normal rate and (2) Time-of-Use (TOU). 

 

Figure  2.5 Residential Load 

 

(2) Small General Service 

The load profiles of small general service, which include businesses with 

residential, industrials, government institutions, local authorities, state enterprises, 

embassies, establishments related to foreign countries or international organizations, 

and so on, including their compounding with an average load demand in 15 minutes 

lower than 30 kW, are shown in Figure 2.5.  

The load profile on Workdays is higher than the others, especially during on-

peak period. On Workdays and Saturday, there are two peak period on daytime: (1) 

First-peak period (10.00 am to 12.00 am) and (2) Second-peak period (2.00 pm to 

4.00 pm). On Sunday, the load profile is quite steady with small peak on nighttime 

(from 8.00 pm to 11.00 pm). The tariff structures for the small general service are also 

classified into 2 types depending on the customer’s purpose: (1) Normal rate and (2) 

Time-of-Use (TOU). 
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Figure  2.6 Small general service 

 

(3) Medium General Service 

The load profiles of medium general service, which include businesses, 

industrials, government institutions, local authorities, state enterprises, embassies, 

establishments related to foreign countries or international organizations, and so on, 

including their compounding with an average load demand in 15 minutes from 30 kW 

to 1,000 kW and an average load consumption in the last 3 consecutive months is not 

over 250,000 kWh per month, are shown in Figure 2.6. 

The load profile on Workdays is also higher than the others, especially during 

on-peak period. On Workdays and Saturday, there are two peak period on daytime as 

well: (1) First-peak period (10.00 am to 12.00 am) and (2) Second-peak period (2.00 

pm to 4.00 pm). However, on Sunday, the load profile is quite steady without any 

peak-period for all time. The tariff structures for the medium general service are also 

classified into 2 types depending on the customer’s purpose and the starting date of 

electricity use: (1) Normal rate with demand charges and (2) Time-of-Use (TOU) with 

demand charges. 
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Figure  2.7 Medium general service 

 

(4) Large General Service 

The load profiles of large general service, which include businesses, 

industrials, government institutions, local authorities, state enterprises, embassies, 

establishments related to foreign countries or international organizations, and so on, 

including their compounding with an average load demand in 15 minutes from 1,000 

kW and over or an average load consumption in the last 3 consecutive months is over 

250,000 kWh per month, are shown in Figure 2.7. 

The load profile on Workdays is also higher than the others and includes two 

peak periods with small difference. The load profile of on Saturday is also similar. For 

the load profile on Sunday, there is the small peak period during daytime. The tariff 

structures for the medium general service are also classified into 2 types depending on 

the customer’s purpose and the starting date of electricity use: (1) Time-of-Day 

(TOD) with demand charges and (2) Time-of-Use (TOU) with demand charges. 
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Figure  2.8 Large general service 

 

(5) Specific Business Service 

The load profiles of specific business service, which include hotels, guest 

houses or lodging businesses, including the load that an average demand in 15 

minutes from 30 kW and over, are shown in Figure 2.8. The trend of all load profiles 

on Workdays, Saturday and Sunday is quite similar, while the load demand on 

Sunday is the smallest. The tariff structures for the medium general service are also 

classified into 2 types: (1) Normal rate with demand charges and (2) Time-of-Use 

(TOU) with demand charges. All customers under the specific business service must 

be applied to TOU, while the customers who have not installed the TOU meter can 

temporarily be applied to Normal rate. 
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Figure  2.9 Specific business service 

 

(6) Non-Profit Organization 

The load profiles of non-profit organizations that offering non-charge services 

are shown in Figure 2.9. It is obvious that the load profile on Workdays is the highest 

with the two peak periods from 10.00 am to 12.00 am and 2.00 pm to 4.00 pm. The 

load profiles on Saturday and Sunday are similar with the smaller peak from 10:00 am 

to 3:00 pm. The tariff structures for the medium general service are also classified 

into 2 types: (1) Normal rate and (2) Time-of-Use (TOU) with demand charges. 
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Figure  2.10 Non-profit organization 

 

(7) Agricultural Pumping and Temporary Services 

For the agricultural pumping and temporary services, the load profiles are 

subject to the purpose of the customers. The agricultural pumping is the electricity 

usage of water pumps for agricultural purposes of government, agricultural 

cooperatives, farmer groups that have been registered and farmer groups that are 

legalized by government. The tariff structures for the agriculture pumping are 

classified into 2 types: (1) Normal rate and (2) Time-of-Use (TOU) with demand 

charges. In addition, the temporary service is the electricity use for construction, 

temporarily special events, places without registration number and electricity 

customers who are not followed utility’s grid codes. 

 

2.3.2 Retail Tariff in Thailand 
 

In this section, the details of retail tariff in Thailand are presented by dividing 

into tariff components and structures as follows: 
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2.3.2.1 Tariff Components 
 

The retail tariff in Thailand is consisted of 7 components: (1) Energy charge; 

(2) Demand charge; (3) Service charge; (4) Power factor charge; (5) Minimum 

charge; (6) Automatic tariff adjustment (Ft); and (7) Value added tax (VAT). The 

details of each components are shown as follows: 

 

(1) Energy Charge 

Energy charge is an electricity charge, which measures energy used in terms 

of THB/kWh. The energy charge is reflected cost of power plants, transmission and 

distribution system construction and operation according to the voltage level. 

 

(2) Demand Charge 

Demand charge is an electricity charge, which measures peak demand in terms 

of THB/kW. The peak demand is typically an average in 15 minutes of maximum 

demand during the on-peak period in any specified month. Demand charge is 

reflected cost of power plants, transmission and distribution system construction and 

operation according to the voltage level. 

 

(3) Service Charge 

Service charge is a customer cost, which includes administration fee, operation 

fee and service fee from the utility 

 

(4) Power Factor Charge 

Power factor charge is collected from the customer who causes the lagging 

power factor. When the maximum of an average reactive power demand is higher 

than 61.97% of the maximum of an average active power demand in any period, the 

power factor charge will be considered. 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

38 

(5) Minimum Charge 

Minimum charge is the minimum electricity charge that the customers must 

pay. The minimum charge typically cannot be lower than 70% of maximum demand 

charge in the last 12 months. 

 

(6) Automatic Tariff Adjustment (Ft) 

Automatic tariff adjustment or Ft is an adjustment tariff in THB/kWh. The FT 

is reflected the cost of fuel for power generation system and typically adjusted in 

every 4 months. 

 

(7) Value Added Tax (VAT) 

Value added tax or VAT in Thailand is currently 7%. 

 

2.3.2.2 Retail Tariff Structures 
 

With the formulation of each tariff components in 2.3.2.1, the retail tariff 

structure in Thailand is divided into 3 types of (1) Normal rate; (2) Time-of-Date 

(TOD); and Time-of-Use (TOU). 

 

(1) Normal Rate 

Normal rate can be divided into 2 types: (1) Normal rate and (2) Normal rate 

with demand charges. For the typical normal rate, there only consists of the energy 

charges and service charges. The electricity bills will be calculated based on load 

consumption in kWh. The tariff rate will be higher if the monthly load consumption is 

higher. The normal rate is applicable to the residential load, small general service, 

non-profit organization, agricultural pumping and temporary service. For the normal 

rate with demand charges, it consists of energy charges, demand charges and service 

charges, which is only applied to the medium general service. 

 

(2) Time-of-Date 

The Time-of-Date (TOD) tariff is the structure that consists of energy charges, 

demand charges and service charges. The demand charges are divided into peak 
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demand charges and partial demand charges. Under this structure, the peak period is 

from 6:30 pm to 9:30 pm every day and the partial peak period is from 8:00 am to 

6:30 pm every day. The TOD is only implemented to the large general service who 

applied this scheme before November 2015. 

 

(3) Time-of-Use 

The Time-of-Use (TOU) tariff can be divided into 2 types: (1) TOU tariff and 

(2) TOU tariff with demand charges. The TOU tariff, which consists only energy 

charges and service charges, is only applicable to residential load and small general 

service. The energy charges are divided into on-peak energy charges and off-peak 

energy charges. Another structure is TOU tariff with demand charges, which is 

applicable to medium general service, large general service, specific business service, 

non-profit organization, and agricultural pumping. In this dissertation, the rooftop 

PVs with BESS for large general service under the TOU tariff with demand charges 

was considered. 

The on-peak energy charges, off-peak energy charges and demand charges in 

this dissertation can be determined from Equations (2.16)-(2.19). The on-peak period 

is from 9:00 AM to 10:00 PM on Workdays (Monday–Friday) and the remaining time 

is the off-peak period, as shown in Figure 2.10. 

on

on on

base

1

( ) ( )
mS

g

t

R m = r P t t
=

   (2.16) 

off

off off

base

1

( ) ( )
mS

g

t

R m = r P t t
=

   (2.17) 

demand demand

base g peak( ) ( )R m = P t r  (2.18) 

total on off demand

base base base base( ) ( ) ( ) ( )R m R m R m R m= + +  (2.19) 
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Figure  2.11 On-peak and off-peak periods in Thailand 

 

From Section 2.3.1 and 2.3.2, the retail tariff for each load group are 

summarized as shown in Table 2.5. 

 

Table  2.5 Summary of retail tariff for each load group in Thailand 

No Group Types 
Demand 

Charges 

Energy 

Charges 

Service 

Charges 

P.F. 

Charges 

Minimum 

Charges 
VAT Ft 

1 
Residential 

Load 

Normal, 

TOU 
  ✓ ✓   

✓ ✓ 

2 
Small General 

Service 

Normal, 

TOU 
  ✓ ✓     ✓ ✓ 

3 
Medium 

General Service 

Normal, 

TOU 
✓ ✓ ✓ ✓ ✓ ✓ ✓ 

4 
Large General 

Service 

TOD, 

TOU 
✓ ✓ ✓ ✓ ✓ ✓ ✓ 

5 
Spec. Business 

Service 
TOU ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

6 
Non-Profit 

Organization 

Normal, 

TOU 
  ✓ ✓   ✓ ✓ ✓ 

7 
Agricultural 

Pumping 

Normal, 

TOU 
✓ ✓ ✓   ✓ ✓ ✓ 

8 
Temporary 

Service 
Normal   ✓       ✓ ✓ 
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2.4 Rooftop PVs with BESS 
 

To produce power at time t, rooftop PVs convert DC power from the PV 

module to AC power using a PV inverter. The configurations of rooftop PVs with 

BESS can typically be divided into four groups of (1) AC coupling system, and (2) 

DC coupling system (3) AC battery system and (4) Hybrid system [57]. 

 

(1) DC Coupling System  

DC coupling system is the configuration that the BESS are connected to 

rooftop PVs at the DC power system. The MPPT solar charge controller is required to 

control the direct DC charged power from rooftop PVs to the BESS as shown in 

Figure 2.12. The efficiency of the BESS is typically high by using the MPPT solar 

charge controller. However, this configuration is only convenient for small load 

demand. It would be more complicated to additionally install the PV or battery 

module if the load demand is higher. Therefore, this configuration is typically applied 

for off-grid application. The notable manufacturer for this inverter type is such as 

Victron Energy Multiplus [58]. 

 

Figure  2.12 DC Coupling System  
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(2) AC Coupling System  

AC coupling system is the configuration that the rooftop PVs and BESS are 

operated separately and connected at the AC power system. The inverter and balance 

of system for each rooftop PVs and BESS are required as shown in Figure 2.13. The 

efficiency of the BESS is slightly less than the DC coupling system. However, this 

configuration is comfortable for high load demand and typically applied for on-grid 

application. The notable manufacturer for this type of battery inverter is such as SMA 

Sunny Boy inverter, Victron Energy Multiplus and Quattro inverter [58, 59]. 

 

 

Figure  2.13 AC Coupling System  

 

(3) AC Battery System 

AC battery system is the configuration that the BESS is connected to AC 

power system without any additional inverter. AC battery system is the all-in-one 

package that consists of the battery module, battery management system and battery 

inverter. The inverter and balance of system for each rooftop PVs and BESS are 

required as shown in Figure 2.14. The efficiency of the BESS is typically less than the 

DC and AC Coupling system. This configuration will be convenient for the customers 

who have an existing rooftop PVs and need to additionally install the new BESS at 
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the AC power system. The notable manufacturer for this inverter type is such as Tesla 

Powerwall 2 and Sonnen Batterrie Eco [60, 61]. 

 

Figure  2.14 AC Battery System  

 

(4) Hybrid System 

Hybrid system is the configuration that rooftop PVs with BESS can be either 

operated in on-grid and off-grid application. The battery inverter for this system is the 

multi-mode invertor which can function in AC and DC coupling system. The 

efficiency of the BESS depends on the application of the end users. The notable 

manufacturer for this inverter type is such as SMA Sunny Island inverter, Victron 

Energy Multiplus and Quattro inverter and Selectronic SP Pro inverter [58, 62, 63].  
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Figure  2.15 Hybrid System  

 

In this dissertation, rooftop PVs, BESS, and load were integrated with AC 

Coupling systems. Accordingly, Ppv(t), Pg(t), Pl(t), and Pbess(t) are subject to the power 

balance equation, as shown in Equation 2.19, 

g pv bessl( ) ( ) ( ) ( )P t =P t - P-P t t  (2.20) 

 

2.5 Behind-The-Meter Scheme 
 

In this section, the concepts of the rooftop PVs with BESS under the behind-

the-meter scheme (BTMS) are presented. Firstly, the modeling of rooftop PVs with 

BESS under the BTMS and the concept of the compensation period are presented in 

Section 2.5.1. Type of the BTMS, which can be divided into self-consumption 

scheme, net-billing scheme (NBS), and net-metering scheme (NMS), is presented in 

Section 2.5.2. The concept of solar power purchase agreement (SPPA) is presented in 

Section 2.5.3 
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2.5.1 Rooftop PVs with BESS under Behind-the-Meter Scheme 
 

The BTMS is the scheme where the rooftop PVs directly connected to the load 

without passing through the utility’s meter. The customers who installed the rooftop 

PVs with BESS under the BTMS can be called “prosumers”, to reflect the role of both 

producers and customers [10]. However, in this dissertation, the output power 

produced from rooftop PVs will be firstly supplied to the load. If the output power of 

rooftop PVs is higher than the load demand, the excess power can be used to 

compensate an electricity bills depending on the government’s policy. The main 

components typically consist of the PV module, battery module, PV and battery 

inverters, and metering scheme. The metering system under the BTMS is typically a 

bi-directional meter. The bi-directional meter is operated by spinning forward to 

measures the amount of electricity a customer consumes and spinning backward to 

measures the amount of electricity a customer generates. Therefore, the meter will run 

backwards when the customer’s electricity production exceeds the load consumption. 

The BTMS can be categorized into self-consumption and net-billing, and net-

metering scheme, as described in Section 2.5.2.  

 

2.5.2 Type of Behind-the-Meter Scheme 
 

Type of the BTMS can be classified by the condition of the reverse power 

flow [7-10]. If the reverse power flow is unavailable, the BTMS can be called “self-

consumption scheme” or “non-incentivized self-consumption scheme”. On the other 

hand, if the reverse power flow is available, the BTMS can be called “incentivized 

self-consumption scheme”, which can be either the net metering scheme or the net 

billing scheme depending the rate of excess energy injected to the utility’s grid [11]. 

 

2.5.2.1 Self-Consumption Scheme 
 

The self-consumption scheme is the scheme which the customers consume 

output power from rooftop PVs to supply only the demand of the customers, as shown 

in Figure 2.13. Under this scheme, the reverse power flow is unavailable. If the output 
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power from rooftop PVs is higher than the load demand, it will be curtailed to be 

equal to the load by zero export controller. 

 

Figure  2.16 Self-consumption scheme 

 

2.5.2.2 Net-Metering and Net-Billing Scheme 
 

With an availability of the reverse power flow, net-metering scheme (NMS) 

and net-billing scheme (NBS) are a tariff-based supported policy to evaluate the value 

of the excess energy injected to the utility’s grid by the customers who have an on-site 

renewable energy system, which is the rooftop PVs with BESS in this dissertation. 

The NMS and NBS are classified by the rate of excess energy, which can be 

performed in terms of the utility’s retail rate, as shown in Equations (2.20)-(2.21). The 

NMS is the scheme where the rate of excess energy is equal to the utility’s retail rate. 

On the other hand, the NBS is the scheme where the rate of the rate of excess energy 

is different from the utility’s retail rate [7, 64, 65]. 

On On

Excessr = r   (2.20) 

Off Off

Excessr = r   (2.21) 
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Figure  2.17 Net-metering and net-billing scheme 

 

The benefit of the NMS and NBS is typically performed in term of an 

electricity charge compensation.  Under these schemes, the output power from rooftop 

PVs with BESS will be deducted from load demand at the end of the billing cycle. 

The utility bills the customers based on the net energy, regardless of when the 

electricity was produced or absorbed. If the total production from rooftop PVs with 

BESS exceed the monthly load consumption, the excess energy can be “rolled over” 

or transferred as a credit to the next billing cycle. This concept was applied in this 

dissertation as electricity charge compensation period as shown in Figure 2.15. The 

electricity charge compensation period is typically effective within one year. At the 

end of the period, if there is any remaining credit left, it would be reset to be zero.   
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Figure  2.18 Electricity charge compensation period 

 

2.5.2.3 Solar Power Purchase Agreement 
 

The SPPA is a power purchase agreement, where the investors invest, install, 

and operate rooftop PVs on the customers’ site. As shown in Figure 2.16, the rooftop 

PVs directly produce and supply electricity to the customers without having to pass 

the utility’s infrastructure [17]. Under this scheme, the investors offer an electricity 

rate that is lower than the utility’s retail rate to the customers for a specified number 

of years. The investors must take responsibility for the operation and maintenance of 

the rooftop PVs during the period of the SPPA. In addition, at the end of the SPPA, 

the ownership of rooftop PVs can be transferred to the customers in some cases, 

depending on the agreement. There are two common options for the proposed 

electricity rates. The first option is a fixed rate with an escalation over the contract 

period, while the other option is a discount on the utility’s retail rate. The second 

option is practically more favorable for the customer to easily express the electricity 

charge saving under the TOU tariff.  
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Figure  2.19 Solar power purchase agreement 
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CHAPTER 3 

ECONOMIC FEASIBILITY ANALYSIS 
 

To evaluate the economic feasibility and make an investment decision on the 

project, the modeling of cost and revenue of the rooftop PVs with BESS should be 

carefully formulated. To begin with, the total project cost, which consists of the total 

cost of rooftop PVs and BESS, is presented in Section 3.1. Secondly, the modeling of 

revenue is presented in Section 3.2 by dividing into three schemes of (1) self-

consumption scheme, (2) net-metering and net-billing scheme, and (3) solar power 

purchase agreement. In Section 3.3, methodologies to evaluate economic feasibility of 

rooftop PVs with BESS are presented by applying net present value and internal rate 

of return. 

 

3.1 Modeling of Project Cost 
 

The total project cost (TPC) was formulated by dividing into the total cost 

(TC) of rooftop PVs and the BESS [43, 66, 67], the TC of each component consists of 

the total investment cost (TIC) and the total operation cost (TOC). The TIC is the 

amount of money spent to purchase and install the rooftop PVs with BESS, which 

considered only the hardware cost in this dissertation. The TOC is the amount of 

money spent on operation and maintenance of rooftop PVs with BESS. The TOC in 

each year (y) was assumed to be a percentage of the TIC and constant in every year. 

The currency exchange rate in this dissertation was assumed to be 30 Baht/USD and 

the TIC was projected by least mean square method. 

 

3.1.1 Total Cost of Rooftop PVs 
 

The TIC of rooftop PVs can be breakdown into two categories, i.e., soft costs 

and hard costs, as shown in Figure 3.1. Soft costs include installation, labor, and 

development cost. Hard costs include hardware costs, i.e., inverter, PV module cost 

and balance of system cost. Approximately 60 percent TIC is hard costs. In this 

dissertation, the TIC considered only PV module, PV inverter and balance of system 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

51 

cost. By considering the trend of TIC over the past 10 years, the TIC of residential 

PV, which is typically a rooftop PVs, has significantly decreased. The component, 

which has the highest reduced cost, is the PV module. 

 

 

Figure  3.1 Total investment cost of photovoltaic systems  [68] 

 

For the TOC in each year, it was modeled in terms of the percentage of the 

TIC of rooftop PVs. As a result, the TC of rooftop PVs can be formulated by applying 

the discount cash flow methodology as shown in Equation (3.1), 

1pv

op inftotal

pv pv,dc

1

1
(1 )

Y

y
y

c r
c P c

i −
=

 
=  + 

+ 
  (3.1) 

 

3.1.2 Total Cost of Battery Energy Storage Systems 
 

For the battery energy storage system (BESS), the TIC of the BESS for 

rooftop PVs consists of the cost of battery module, cost of battery inverter, and 

balance of system cost, as shown in Figure 3.2. The TIC can be categorized into 

energy installation cost and power installation cost [43, 66].  The TOC of the BESS 

was modeled in terms of the percentage of the TIC of the BESS. As a result, the TC of 
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the BESS can be formulated by applying the discount cash flow methodology as 

shown in Equation (3.2), 

nom,dc picc

op inftotal

bess ei nom,dc 1
1

1
(1 )

Y

y
y

c r
c c P c

i
C

−
=

  
=  +  +  

+  
  (3.2) 

 

 

Figure  3.2 Total investment cost of the rooftop PVs with BESS  [66] 

 

(1) Energy Installation Cost 

Energy installation cost is the cost of battery module, which is modeled in 

term of THB/kWh. The trend of cost of battery module is extremely decreased the 

past 10 years [43, 66]. By extrapolating the historical average cost of lithium-ion 

battery module from Bloomberg New Energy Finance (BNEF) and IRENA, the 

energy installation cost can be projected as shown in Figure 3.3. 
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Figure  3.3 The trend of the energy installation cost 

 

(2) Power Installation Cost 

Power installation cost covers the cost of battery inverter and balance of 

system cost, which are modeled in term of THB/kW. The trend of cost of battery 

inverter in this research was assumed following the trend of Module-Level Power 

Electronics (MLPE) inverter. By extrapolating the historical cost [11], the trend of 

cost of MLPE inverter, balance of system cost and battery power installation cost can 

be projected as shown in Figure 3.4.  

 

Figure  3.4 The trend of the power installation cost  
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3.1.3 Total Cost of Rooftop PVs with BESS 
 

For the rooftop PVs with BESS, the AC coupling system have a higher TIC 

than the DC coupling system due to the cost of PV inverter and battery inverter. In 

addition, in case that the BESS was added to the existing rooftop PVs, the TIC will be 

higher due to balance of plant cost. The TC of rooftop PVs with BESS were 

formulated as shown in Equation (3.3), 

total total total

pv bessc c c= +  (3.3) 

 

3.2 Modeling of Revenue 
 

This section presents the concept of the revenue from rooftop PVs with BESS 

under the BTMS, which can be divided into three schemes: (1) Self-consumption 

scheme (2) Net-metering and Net-billing scheme and (3) Solar power purchase 

agreement. 

 

3.2.1 Revenue under the Self-Consumption Scheme 
 

The self-consumption scheme is the scheme where the customers consume the 

output power from rooftop PVs with BESS for their local demand only. The 

investment capital and operating expenses are responsible by the customers as shown 

in Figure 3.5. The investors act as the contractor that are hired for installation, 

operation, and maintenance. The utility only must monitor the reverse power flow 

from the customers, which is unavailable. Therefore, the revenue of the customers 

under this scheme is the electricity charges saving. 
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Figure  3.5 Business mechanism of the self-consumption scheme 

 

3.2.2 Revenue under the Net-Metering and Net-Billing Scheme 
 

The net-metering scheme (NMS) and net-billing scheme (NBS) are the 

scheme where the customers consume the output power from rooftop PVs with BESS 

for their local demand and export the excess energy to the utility with the specified 

rate. The investment capital and operating expenses are responsible by the customers 

as shown in Figure 3.6. The investors also act as the contractor that are hired for 

installation, operation, and maintenance. The reverse power flow is available and 

considered as the additional revenue to the customers. The utility has to compensate 

the excess energy from the customers. Therefore, under these schemes, the revenue of 

the customers is from electricity charge savings and excess energy injected to the 

utility’s grid. 
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Figure  3.6 Business mechanism of the net-metering and net-billing scheme 

 

3.2.3 Revenue under the Solar Power Purchase Agreement 
 

The solar power purchase agreement (SPPA) is a power purchase agreement, 

where the investors invest, install, and operate rooftop PVs on with BESS the 

customers’ site. The rooftop PVs with BESS directly produce and supply electricity to 

the customers without having to pass the utility’s infrastructure. Under this scheme, 

the investors offer an electricity rate that is lower than the utility’s retail rate to the 

customers for a specified number of years. The investors must take responsibility for 

the operation and maintenance of the rooftop PVs during the period of the SPPA as 

shown in Figure 3.7. The customers can save the electricity charges without any 

investment capital and operation expenses. In addition, at the end of the SPPA, the 

ownership of rooftop PVs with BESS can be transferred to the customers in some 

cases, depending on the agreement. In case that the reverse power flow is available, it 

can be considered as the additional benefit to the investors. 
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Figure  3.7 Business mechanism of the solar power purchase agreement 

 

There are two common options for the SPPA proposed rates. The first option 

is a fixed rate with an escalation over the contract period, while the other option is a 

discount on the utility’s retail rate. The second option is practically more favorable for 

the customer in order to easily express the electricity charge saving under the TOU 

tariff with demand charges. Therefore, the modeling of the SPPA in this dissertation 

was formulated by applying the SPPA discount rate options, which can be classified 

into three variables: SPPA on-peak discount rate (α1), SPPA off-peak discount rate 

(α2), and SPPA demand charge discount rate (β1), as shown in Equations (3.4)-(3.6): 

( )on on

sppa 11r = r−   (3.4) 

( )off off

sppa 21r = r−   (3.5) 

( )demand demand

sppa 11r = r−   (3.6) 
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3.3 Economic Feasibility Analysis 
 

The economic feasibility in this dissertation was evaluated by applying net 

present value (NPV) and internal rate of return (IRR). NPV is the present value of the 

net cash flow over a period as shown in Equation (3.7). The NPV is applied for capital 

budgeting and investment planning to analyze the economic feasibility of a projected 

investment. For the IRR, it is a metric used in capital budgeting measuring the 

profitability of potential investments. Internal rate of return is a discount rate that 

makes the net present value (NPV) of all cash flows from a particular project equal to 

zero by applying the NPV formula, as shown in Equation (3.8): 

0

1

( )
NPV

(1 )

S

t

t

c t
c

i=

= −
+

  (3.7) 

0

1

( )
0

(1 )

S

t

t

c t
c

IRR=

= −
+

  (3.8) 

In this dissertation, by applying the TC of rooftop PVs with BESS in Equation 

(3.3), the economic feasibility of the rooftop PVs with BESS can be determined as 

shown in Equation (3.8). The model of the revenue depends on the scheme of the 

project as shown in Equation (3.9), 

total
total total

pv bess

1 1

( )
NPV

(1 )
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  (3.9) 
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CHAPTER 4 

OPTIMAL BATTERY OPERATION  

AND CAPACITY SIZING 
 

This chapter presents the proposed methodology, which consists the operation 

principle of rooftop PVs with BESS and the methodology for sizing BESS. In Section 

4.1, the operation principle of rooftop PVs with BESS was proposed by dividing into 

operation mode and operation power. The operation mode of the BESS was 

formulated by classifying to charging, discharging, and idling modes. For the 

operation power, the methodology for self-consumption, net-metering and net-billing 

schemes were proposed. In Section 4.2, the modeling of the SPPA and the 

methodology to design the SPPA for rooftop PVs were proposed. In Section 4.3, the 

methodology for sizing the BESS was formulated by dividing into 3 schemes: (1) 

Self-consumption scheme, (2) Net-metering and net-billing scheme and (3) Solar 

power purchase agreement.   

 

4.1 Operation Principle of Battery Energy Storage Systems 
 

In Section 4.1, the operation principle of rooftop PVs with BESS was 

proposed by dividing into operation mode and operation power. The operation mode 

of the BESS was formulated by classifying to charging, discharging, and idling 

modes. For the operation power, the methodology for self-consumption, net-metering 

and net-billing schemes were proposed. In Section 4.2, the modeling of the SPPA and 

the methodology to design the SPPA for rooftop PVs were proposed. In Section 4.3, 

the methodology for sizing the BESS was formulated by dividing into 3 schemes: (1) 

Self-consumption scheme, (2) Net-metering and net-billing scheme and (3) Solar 

power purchase agreement.   
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4.1.1 Operation Mode 
 

Operation modes of the BESS are typically classified into the three modes of 

charging, discharging, and idling. K(t) was formulated to represent each selected 

operation mode. The charging and discharging mode, K(t), are defined to be -1 and 1 

respectively. The charged power (Pbess,ch(t)) and discharged power (Pbess,dis(t)) are 

defined to be negative and positive respectively. For the idling mode, K(t) is defined 

to be 0 and the output power from the BESS is zero. 

 

(1) Charging Mode 

Charging mode is the operation mode that the BESS put an energy into a 

battery module via electromechanical process. The charging process depends on the 

energy capacity, power capacity and type of battery. In this dissertation, the charging 

mode is the operation mode that the BESS can be charged from the rooftop PVs and 

utility’s grid. 

 

(2) Discharging Mode  

Discharging mode is the operation mode that the BESS export the stored 

energy from the battery module to the load or utility’s grid. The discharging process 

depends on the energy capacity, power capacity, load demand, metering scheme and 

type of battery. In this dissertation, the discharging mode is the operation mode that 

the BESS is prioritized to supply the load. If the load demand is satisfied, the excess 

energy injected to the utility’s grid will depend on the metering scheme.  

 

(3) Idling Mode 

Idling mode is the operation mode that the BESS operate with zero charged or 

discharged power.  

 

4.1.2 Operation Power 
 

The operation power can be divided into the charged and discharged power, 

which were subject load demand, battery energy limit and battery power limits. In 
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addition, the rooftop PVs is designed to satisfy load demand firstly. If the output 

power from rooftop PVs is higher than the load demand, the excess energy can be 

used for charging the BESS. For the BESS, the BESS is also designed to satisfy load 

demand firstly. If the load demand is satisfied and there is the stored energy, the 

BESS can be discharged to the grid in case that the reverse power flow is available. 

By considering the constraint of reverse power flow, the modeling of the operation 

power was classified into (1) Self-consumption scheme and (2) Net-metering and net-

billing scheme.   

 

(1) Self-Consumption Scheme 

The charged and discharged power are expressed in terms of rooftop PVs, load 

and utility’s grid. For the charged power, the BESS can be charged from the rooftop 

PVs and utility’s grid. The amount of charged power is subject to output power from 

rooftop PVs, load demand, maximum charged power limit, and upper energy limit, as 

shown in Equations (4.1)-(4.3): 

pv grid

bess,ch bess, ch bess, ch( ) ( ) ( )P t P t P t+=   (4.1) 

pv upper limit

bess, ch l pv bess bess, ch( ) Min (0, Max ( ( ) ( ), ( ), ( )))P t P t P t P t P t−=  (4.2) 

grid upper upper

bess, ch bess l pv bess

limit limit

bess, ch l pv bess, ch

( ) Min (0, Max ( ( ) ( ) ( ), ( ),

( ) ( ) ( ), ( ) ))

P t P t P t P t P t

P t P t P t P t

− −

− −

=
 (4.3) 

Under the self-consumption scheme, the discharged power is formulated to 

supply the load only due to the unavailability of the reverse power flow. The amount 

of discharged power is subject to output power from rooftop PVs, load demand, 

maximum discharged power limit, and lower energy limit, as shown in Equations 

(4.4)-(4.5): 

load

bess,dis bess, dis( ) ( )P t P t=  (4.4) 

load lower limit

bess, dis l pv bess bess, dis( ) Max (0, Min ( ( ) ( ), ( ), ( )))P t P t P t P t P t−=  (4.5) 
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(2) Net-metering and net-billing scheme 

For the net-metering and net-billing scheme, the charged and discharged 

power are also expressed in terms of load and utility’s grid. The formulations for the 

charged power are also the identical to the self-consumption scheme, as shown in 

Equations (4.1)-(4.3). For the discharged power, the BESS is formulated and 

prioritized to supply the load. If the load demand is satisfied, the BESS can be 

discharged to the utility’s grid depending on the condition energy and power limits. 

The amount of the discharged power is subject to output power from rooftop PVs, 

load demand, maximum discharged power limit, and lower energy limit, as shown in 

Equations (4.6)-(4.8): 

load grid

bess,dis bess, dis bess, dis( ) ( ) ( )P t P t P t+=  (4.6) 

load lower limit

bess, dis l pv bess bess, dis( ) Max (0, Min ( ( ) ( ), ( ), ( )))P t P t P t P t P t−=  (4.7) 

grid lower limit

bess, dis bess l pv bess, dis l pv

lower limit

bess bess, dis

( ) Max (0, Min ( ( ) ( ) ( ), ( ) ( ) ( )

, ( ), ( )))

P t P t P t P t P t P t P t

P t P t

− − − −=
 (4.8) 

 

 As a result, as shown in Figure 4.1, the procedure for designing operation 

modes and power of BESS can be summarized as follows: 

 

(1) Operation Mode Initialization 

To begin with, K(t) for each time over the project period will be randomly 

generated and initially selected from the genetic algorithm (GA). 

 

(2) Battery Operation Mode Verification 

Transforming the value of K(t) for each time t into the operation modes of 

the BESS: Charging mode (K(t) is -1), Discharging mode (K(t) is 1) and 

Idling mode (K(t) is 0).  

 

(3) Battery Energy Limit Verification 

For the charging mode and discharging mode, the battery energy limit at 

time t, has to be confirmed. To operate in charging mode, the lower energy 
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limit would be considered to verify that there is the amount of capacity 

that can be charged from rooftop PVs or grid. On the other hand, for 

discharging mode, the upper energy limit would be considered to verify 

that there is the amount of energy that can be discharged to load or grid. If 

the energy limit is not satisfied, the BESS would be assigned to operate in 

idling mode. 

 

(4) Load demand and PV output power 

The charged and discharged power will firstly be subjected to the 

condition of load demand and output power from rooftop PVs. For the 

charging mode, if the load demand is higher than the output power from 

rooftop PVs, the BESS would be directly charged from the grid. For the 

discharging mode, if the load demand is lower than the output power from 

rooftop PVs the BESS would be directly discharged to the grid. 

 

(5) Excess Energy from Rooftop PVs 

The excess energy from rooftop PVs and the energy limit will be 

considered. For charging, if the excess energy is not higher than the upper 

energy limit, the BESS will be charged from rooftop PVs only. Otherwise, 

the BESS will be charged from both rooftop PVs and grid. For 

discharging, if the excess energy is not lower than the lower energy limit, 

the BESS will be discharged to load only. Otherwise, the BESS will be 

discharged to load and grid. 

 

(6) Fitness Function Calculation 

When all operation power over the project period have been determined, 

the fitness function will be calculated depending the objective function and 

constraints. 

 

(7) Revised Operation Modes 

If the operation modes are not the optimal value, the revised operation 

mode of the BESS will be generated by genetic algorithm process, which 
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consist of (1) Selection process, (2) Crossover process and (3) Mutation 

process. The genetic algorithm process will be repeated until the stopping 

criteria is satisfied. In this dissertation, the GA will stop when there is no 

improvement of the operation modes for 50 iterations 

 

 

Figure  4.1 Flowchart showing the approach to design  

operation modes and power of BESS 
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4.2 Designing SPPA Discount Rates 
 

The modeling of the SPPA was formulated by dividing into (1) SPPA with the 

self-consumption scheme and (2) SPPA with the net-metering and net-billing scheme. 

In addition, the proposed methodology to design the SPPA discount rates for rooftop 

PVs was proposed by applying the cost and revenue concept of each scheme. 

In each scheme, the modeling of the SPPA for rooftop PVs was formulated by 

dividing into (1) Customers’ side and (2) Investors’ side. For the customers’ side, the 

modeling of the total electricity charges under the SPPA was formulated based on the 

TOU tariff with demand charges, as shown in Equation (4.9). For the investors’ side, 

the modeling of the revenue under the SPPA was also formulated by applying the 

concept of the internal rate of return, as shown in Equation (4.10): 

total

customer
customer

1 1

( )

(1 )

ySY

y
y m

R m
EC

i= =

=
+

  (4.9) 

total
totalinvestor
pv

1 1 investor

( )
0

(1 )

ySY

y
y m

R m
c

IRR= =

− =
+

  (4.10) 

 

4.2.1 SPPA with the Self-Consumption Scheme 
 

 Under the SPPA with the self-consumption scheme, the modeling of the 

electricity charges of the customers consists of SPPA on-peak energy charges 

(Rcustomer
on (t)), SPPA off-peak energy charges (Rcustomer

off (t)), and SPPA demand charges 

(Rcustomer
demand (m)). The electricity charges of each component were formulated as shown in 

Equations (4.11)-(4.14): 

 

Electricity Charges of the Customers 

on

sppa l gon

customer on on

g sppa pv g

( ) ; ( ) 0
( )

( ) ( ) ; ( ) 0

r P t t P t
R t

r P t t r P t t P t

   =
= 

  +   

 (4.11) 
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off

sppa l goff

customer off off

g sppa pv g

( ) ; ( ) 0
( )

( ) ( ) ; ( ) 0

r P t t P t
R t

r P t t r P t t P t

   =
= 

  +   

 (4.12) 

demand

sppa l peak g peakdemand

customer demand demand

g peak peak pv peak g peak

( ) ; ( ) 0
( )

( ) ( ) ; ( ) 0

r P t P t
R m

r P t r P t P t

  =
= 

 +  

 (4.13) 

on off
m m

total on off demand

customer customer customer customer

1 1

( ) ( ) ( ) ( )
S S

t t

R m = R t R t R m
= =

+ +   (4.14) 

 

For the investors’ side, the modeling of the total revenue ( Rinvestor
total (m)) was 

also formulated based on the TOU tariff with demand charges, which consists of 

SPPA on-peak revenue (Rinvestor
on (t)), SPPA off-peak revenue (Rinvestor

off (t)), and SPPA 

demand charge revenue (Rinvestor
demand(m)), as shown in Equations (4.15)-(4.18). With an 

unavailability of the reverse power flow, the revenue was only from sold power of 

rooftop PVs to the customers 

 

Revenue of the Investors 

on on

investor sppa l( ) ( )R t r P t t=    (4.15) 

off off

investor sppa l( ) ( )R t r P t t=    (4.16) 

demand demand

investor sppa l peak( ) ( )R m r P t t=    (4.17) 

on off
m m

total on off demand

investor investor investor investor

1 1

( ) ( ) ( ) ( )
S S

t t

R m = R t R t R m
= =

+ +   (4.18) 

 

4.2.2 SPPA with the Net-Metering and Net-Billing Scheme 
 

 Under the SPPA with the net-metering and net-billing scheme, the modeling 

of the electricity charges of the customers consists of SPPA on-peak energy charges 

(Rcustomer
on (t)), SPPA off-peak energy charges (Rcustomer

off (t)), and SPPA demand charges 

(Rcustomer
demand (m)). The electricity charges of each component were formulated as shown in 

Equations (4.19)-(4.22) 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

67 

 

 

Electricity Charges of the Customers 

on

sppa l gon

customer on on

g sppa pv g

( ) ; ( ) 0
( )

( ) ( ) ; ( ) 0

r P t t P t
R t

r P t t r P t t P t

   
= 

  +   

 (4.19) 

off

sppa l goff

customer off off

g sppa pv g

( ) ; ( ) 0
( )

( ) ( ) ; ( ) 0

r P t t P t
R t

r P t t r P t t P t

   
= 

  +   

 (4.20) 

demand

sppa l peak g peakdemand

customer demand demand

g peak peak pv peak g peak

( ) ; ( ) 0
( )

( ) ( ) ; ( ) 0

r P t P t
R m

r P t r P t P t

  
= 

 +  

 (4.21) 

on off
m m

total on off demand

customer customer customer customer

1 1

( ) ( ) ( ) ( )
S S

t t

R m = R t R t R m
= =

+ +   (4.22) 

 

For the investors’ side, the modeling of the total revenue ( Rinvestor
total (m)) was 

also formulated based on the TOU tariff with demand charges, which consists of 

SPPA on-peak revenue (Rinvestor
on (t)), SPPA off-peak revenue (Rinvestor

off (t)), and SPPA 

demand charge revenue (Rinvestor
demand(m)), as shown in Equations (4.23)-(4.25). The 

different point was the excess energy injected to the utility’s grid, which was valued 

as additional revenue to the investors, as shown in Equations (4.26): 

 

Revenue of the Investors 

on on

sppa l ex g gon

investor on

l g

( ) ( ) ; ( ) 0
( )

( ) ; ( ) 0

r P t t r P t t P t
R t

r P t t P t

   −   
= 

  

 (4.23) 

off off

sppa l ex g goff

investor off

l g

( ) ( ) ; ( ) 0
( )

( ) ; ( ) 0

r P t t r P t t P t
R t

r P t t P t

   −   
= 

  

 (4.24) 

demand

sppa l peak g peakdemand

investor demand

sppa pv peak g peak

( ) ; ( ) 0
( )

( ) ; ( ) 0

r P t P t
R m

r P t P t

  
= 

 

 (4.25) 

on off
m m

total on off demand

investor investor investor investor

1 1

( ) ( ) ( ) ( )
S S

t t

R m = R t R t R m
= =

+ +   (4.26) 
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To design the SPPA discount rates for both scheme in Section 4.2.1 and 4.2.2, 

the cost optimization model was formulated by applying the formulation in Equations 

(4.10)-(4.11). The objective was to minimize the electricity charges of the customers, 

while maintaining the target internal rate of return (IRR) of the investors, as shown in 

Figure 4.1. The objective function and constraints are shown in Equations (4.27)-

(4.32). The decisive variables are SPPA on-peak discount rate (α1), SPAA off-peak 

discount rate (α2), SPPA demand charge discount rate (β1). Noted that the constraint 

of the electricity charge compensation period in Equation (4.32) was only applied for 

the SPPA under the net-metering and net-billing scheme 

 

Objective Function 

customerMin EC  (4.27) 

Constraints 

investor targetIRR IRR  (4.28) 

1 0   (4.29) 

2 0   (4.30) 

1 0   (4.31) 

l pv bess

1 1

( ) ( ( ) ( )) 0
y m

S S

m t

P t P t P t t
= =

 − +     (4.32) 

 

4.3 Battery Capacity Sizing 
 

The proposed methodology for designing the optimal battery capacity was 

proposed by dividing into three models of (1) Self-consumption scheme, (2) Net-

metering and net-billing schemes and (3) Solar power purchase agreement. The cost 

optimization model was applied the cost and revenue concept of each scheme as 

follows: 
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4.3.1 Self-Consumption Scheme 
 

For the self-consumption scheme, the installation of the rooftop PVs with 

BESS is only for electricity charge saving of the customers, while the reverse power 

flow is unavailable. The modeling of the electricity charges of the customers under 

the self-consumption scheme was formulated based on the TOU tariff with demand 

charges, which consist of on-peak energy charges (Rcustomer
on (t)), off-peak energy charges 

(Rcustomer
off (t)), and demand charges (Rcustomer

demand (m)), as shown in Equations (4.33)-(4.36): 

 

Electricity Charges of the Customers 

on on

customer g( ) ( )R t r P t t=    (4.33) 

off on

customer g( ) ( )R t r P t t=    (4.34) 

demand demand

customer g peak( ) ( )R m r P t=   (4.35) 

on off
m m

total on off demand

customer customer customer customer

1 1

( ) ( ) ( ) ( )
S S

t t

R m = R t R t R m
= =

+ +   (4.36) 

 

The modeling of the total electricity charge saving from rooftop PVs with 

BESS over the project life was formulated by applying the NPV and the electricity 

charges of the customers (ECcustomer(t)) under the self-consumption scheme, as shown 

in Equation (4.37). The modeling of the target internal rate of return of the customers 

was formulated as shown in Equation (4.38): 

total total

base customer
customer

1 1

( ) ( )

(1 )

ySY

y
y m

R m R m
EC

i= =

−
=

+
  (4.37) 

total total
total totalbase customer
pv bess

1 1

( ) ( )
0

(1 )

ySY

y
y m

R m R m
c c

IRR= =

−
− − =

+
  (4.38) 

 

To design the energy capacity, power capacity and operation mode of the 

BESS, the cost optimization model was formulated by applying the Equations (4.37)-

(4.38). The objective was to minimize the electricity charges of the customers, while 
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maintaining the target internal rate of return (IRR) of the customers under the self-

consumption scheme, as shown in Figure 4.2. The objective function and constraints 

are shown in Equations (4.39)-(4.40). The decisive variables are battery energy 

capacity (Cnom), battery power capacity (Pnom), and operation modes at time t (K(t)). 

 

Objective Function 

customerMin EC  (4.39) 

Constraints 

customer targetIRR IRR  (4.40) 
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Figure  4.2 Flowchart showing the optimization approach to size the BESS 

under the self-consumption scheme 

 

4.3.2 Net-Metering and Net-Billing Scheme 
 

For the net-metering and net-billing scheme, the installation of the rooftop 

PVs with BESS is only for electricity charge saving of the customers and the reverse 

power flow is available. The excess energy injected to the utility’s grid was 

considered as the electricity compensation of the customers within the specific period. 

The modeling of the electricity charges of the customers under the self-consumption 

scheme was formulated based on the TOU tariff with demand charges, which consist 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

72 

of on-peak energy charges (Rcustomer
on (t)), off-peak energy charges (Rcustomer

off (t)), and 

demand charges (Rcustomer
demand (m)), as shown in Equations (4.41)-(4.44): 

 

Electricity Charges of the Customers 

on on

l ex g gon

customer on

g g

( ) ( ) ; ( ) 0
( )

( ) ; ( ) 0

r P t t r P t t P t
R t

r P t t P t

   +   
= 

  

 (4.41) 

off off

l ex g goff

customer off

g g

( ) ( ) ; ( ) 0
( )

( ) ; ( ) 0

r P t t r P t t P t
R t

r P t t P t

   +   
= 

  

 (4.42) 

demand demand

customer g peak( ) ( )R m r P t=   (4.43) 

on off
m m

total on off demand

customer customer customer customer

1 1

( ) ( ) ( ) ( )
S S

t t

R m = R t R t R m
= =

+ +   (4.44) 

 

The cost optimization model under the NMS and NBS for designing the 

energy capacity, power capacity and operation mode was formulated by applying the 

similar concept of the NPV and the electricity charges of the customers under the self-

consumption scheme in Equations (4.37)-(4.38). The main different point is the 

benefit from excess energy injected to the grid. The objective was to minimize the 

electricity charges of the customers, while maintaining the target internal rate of 

return (IRR) under the net-metering and net-billing scheme, as shown in Figure 4.3. 

The objective function and constraints are shown in Equations (4.45)-(4.47). The 

decisive variables are battery energy capacity (Cnom), battery power capacity (Pnom), 

and operation modes at time t (K(t)) 

Objective Function 

customerMin EC  (4.45) 

Constraints 

customer targetIRR IRR  (4.46) 

l pv bess

1 1

( ) ( ( ) ( )) 0
y m

S S

m t

P t P t P t t
= =

 − +   
 

(4.47) 
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Figure  4.3 Flowchart showing the optimization approach to size the BESS 

under the net-metering and net-billing scheme  

 

4.3.3 Solar Power Purchase Agreement 
 

The proposed methodology for designing the battery capacity, operation 

modes of the BESS and discount rates was formulated by classifying into two 

schemes: (1) SPPA under the self-consumption scheme and (2) SPPA under the net-

metering and net-billing schemes. The main difference is the availability of the 

reverse power flow with the rate of excess energy. 

In each scheme, the modeling of the SPPA for rooftop PVs with BESS was 

formulated by dividing into (1) Customers’ side and (2) Investors’ side. For the 

customers’ side, the modeling of the total electricity charges under the SPPA was 
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formulated based on the TOU tariff with demand charges, as shown in Equation 

(4.48). For the investors’ side, the modeling of the revenue under the SPPA was also 

formulated by applying the concept of the internal rate of return, as shown in 

Equation (4.49): 

total

customer
customer

1 1

( )

(1 )

ySY

y
y m

R m
EC

i= =

=
+

  (4.48) 

total
total totalinvestor
pv bess

1 1

( )
0

(1 )

ySY

y
y m

R m
c c

IRR= =

− − =
+

  (4.49) 

 

4.3.3.1 Solar Power Purchase Agreement with the Self-consumption 

Scheme 
 

For the SPPA with the self-consumption scheme, the modeling of the 

electricity charges of the customers consists of SPPA on-peak energy charges 

(Rcustomer
on (t)), SPPA off-peak energy charges (Rcustomer

off (t)), and SPPA demand charges 

(Rcustomer
demand (m)). The electricity charges of each component were formulated as shown in 

Equations (4.50)-(4.53): 

 

Electricity Charges of the Customers 

on

sppa l gon

customer on on

g sppa pv bess g

( ) ; ( ) 0
( )

( ) ( ( ) ( )) ; ( ) 0

r P t t P t
R t

r P t t r P t P t t P t

   =
= 

  +  +  

 (4.50) 

off

sppa l goff

customer off off

g sppa pv bess g

( ) ; ( ) 0
( )

( ) ( ( ) ( )) ; ( ) 0

r P t t P t
R t

r P t t r P t P t t P t

   =
= 

  +  +  

 (4.51) 

demand

sppa l peak g peak

demand demand

customer g peak g peak

demand

peak pv peak bess peak

( ) ; ( ) 0

( ) ( ) ; ( ) 0

( ( ) ( ))

r P t P t

R m r P t P t

r P t P t

  =


=  


+  +

 (4.52) 

on off
m m

total on off demand

customer customer customer customer

1 1

( ) ( ) ( ) ( )
S S

t t

R m = R t R t R m
= =

+ +   (4.53) 
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For the investors’ side, the modeling of the revenue was also formulated based 

on the TOU tariff with demand charges, which consists of SPPA on-peak revenue, 

SPPA off-peak revenue, and SPPA demand charge revenue, as shown in Equations 

(4.54)-(4.57). With an unavailability of the reverse power flow, the revenue was only 

from sold power of rooftop PVs with BESS to the customers. 

 

Revenue of the Investors 

on on

investor sppa l( ) ( )R t r P t t=    (4.54) 

off off

investor sppa l( ) ( )R t r P t t=    (4.55) 

demand demand

investor sppa l peak( ) ( )R m r P t t=    (4.56) 

on off
m m

total on off demand

investor investor investor investor

1 1

( ) ( ) ( ) ( )
S S

t t

R m = R t R t R m
= =

+ +   (4.57) 

 

To design the SPPA discount rates, energy capacity, power capacity and 

operation mode, the cost optimization model was formulated by applying the 

formulation in Equations (4.48), (4.49), (4.53) and (4.57). The objective was to 

minimize the electricity charges of the customers, while maintaining the target 

internal rate of return (IRR) of the investors under the SPPA with self-consumption 

scheme, as shown in Figure 4.4. The objective function and constraints are shown in 

Equations (4.58)-(4.62). The decisive variables are SPPA on-peak discount rate (α1), 

SPAA off-peak discount rate (α2), SPPA demand charge discount rate (β1), battery 

energy capacity (Cnom), battery power capacity (Pnom), and operation modes at time t 

(K(t)) 

Objective Function 

customerMin EC  (4.58) 

Constraints 

investor targetIRR IRR  (4.59) 

1 0   (4.60) 
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2 0   (4.61) 

1 0   (4.62) 

 

 

Figure  4.4 Flowchart showing the optimization approach to size the BESS 

under SPPA with the self-consumption scheme 
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4.3.3.2 Solar Power Purchase Agreement with the Net-Metering and 

Net-Billing Scheme 
 

For the SPPA with the net-metering and net-billing scheme, the modeling of 

the electricity charges of the customers consists of SPPA on-peak energy charges 

(Rcustomer
on (t)), SPPA off-peak energy charges (Rcustomer

off (t)), and SPPA demand charges 

(Rcustomer
demand (m)). The electricity charges of each component were formulated as shown in 

Equations (4.63)-(4.66): 

 

Electricity Charges of the Customers 

on

sppa l gon

customer on on

g sppa pv bess g

( ) ; ( ) 0
( )

( ) ( ( ) ( )) ; ( ) 0

r P t t P t
R t

r P t t r P t P t t P t

   
= 

  +  +  

 (4.63) 

off

sppa l goff

customer off off

g sppa pv bess g

( ) ; ( ) 0
( )

( ) ( ( ) ( )) ; ( ) 0

r P t t P t
R t

r P t t r P t P t t P t

   
= 

  +  +  

 (4.64) 

demand

sppa l peak g peak

demand demand

customer g peak g peak

demand

peak pv peak bess peak

( ) ; ( ) 0

( ) ( ) ; ( ) 0

( ( ) ( ))

r P t P t

R m r P t P t

r P t P t

  


=  


+  +

 (4.65) 

on off
m m

total on off demand

customer customer customer customer

1 1

( ) ( ) ( ) ( )
S S

t t

R m = R t R t R m
= =

+ +   (4.66) 

 

For the investors’ side, the revenue of the investors (Rinvestor
total (m)))) was 

formulated based on the similar concept to the electricity charges of the customers, 

which consists of on-peak revenue (Rinvestor
on (t)),), off-peak revenue (Rinvestor

off (t)), and 

demand charge revenue (Rinvestor
demand(m)). The different point was the excess energy 

injected to the utility’s grid, which was valued as additional revenue to the investors, 

as shown in Equations (4.67) - (4.70): 
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Revenue of the Investors 

on on

sppa l ex g gon

investor on

sppa l g

( ) ( ) ; ( ) 0
( )

( ) ; ( ) 0

r P t t r P t t P t
R t

r P t t P t

   −   
= 

  

 (4.67) 

off off

sppa l ex g goff

customer off

sppa g g

( ) ( ) ; ( ) 0
( )

( ) ; ( ) 0

r P t t r P t t P t
R t

r P t t P t

   −   
= 

  

 (4.68) 

demand

sppa l peak g peakdemand

customer demand

pv peak bess peak g peak

( ) ; ( ) 0
( )

( ( ) ( )) ; ( ) 0

r P t P t
R m

r P t P t P t

  
= 

 + 

 (4.69) 

on off
m m

total on off demand

investor investor investor investor

1 1

( ) ( ) ( ) ( )
S S

t t

R m = R t R t R m
= =

+ +   (4.70) 

 

To design the SPPA discount rates, battery capacity and operation mode, the 

cost optimization model was formulated by applying the formulation in Equations 

(4.48), (4.49), (4.66) and (4.70). The objective was to minimize the electricity charges 

of the customers, while maintaining the target internal rate of return (IRR) of the 

investors under the SPPA with net-metering and net-billing scheme, as shown in 

Figure 4.5. The objective function and constraints are shown in Equations (4.71)-

(4.76). The decisive variables are SPPA on-peak discount rate (α1), SPAA off-peak 

discount rate (α2), SPPA demand charge discount rate (β1), battery energy capacity 

(Cnom), battery power capacity (Pnom) and operation modes at time t (K(t)): 

 

Objective Function 

customerMin EC  (4.71) 

Constraints 

investor targetIRR IRR  (4.72) 

1 0   (4.73) 

2 0   (4.74) 

1 0   (4.75) 
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l pv bess

1 1

( ) ( ( ) ( )) 0
y m

S S

m t

P t P t P t t
= =

 − +     (4.76) 

 

 

Figure  4.5 Flowchart showing the optimization approach to size the BESS 

under SPPA with the net-metering and net-billing scheme 
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CHAPTER 5 

SIMULATION RESULTS AND DISCUSSIONS 

 

The simulation results and discussion are presented in this chapter. The TOU 

tariff with demand charges were implemented and simulated based on the load 

profile. The case studies were simulated based on three main schemes of (1) Self-

consumption schemes, (2) Net-metering and net-billing scheme and (3) Solar power 

purchase agreement. 

 

5.1 Problem Description 
 

Case studies in this dissertation were simulated and classified into 3 main 

groups: (1) Self-consumption, (2) Net-metering and Net-billing scheme and (3) Solar 

power purchase agreement. For the self-consumption scheme, the effects of installed 

capacity of rooftop PVs and battery degradation on the battery capacity and operation 

modes were evaluated in Section 5.2. For the net-metering and net-billing scheme, the 

effects of installed capacity of rooftop PVs, rate of excess energy and battery 

degradation on the battery capacity and operation modes were evaluated in Section 

5.3. For the SPPA, the effects of the installed capacity of rooftop PVs, battery power 

capacity, battery energy capacity, rate of excess energy and battery degradation on the 

SPPA discount rates and operation modes were evaluated in Section 5.4. The 

proposed designing of the battery capacity, SPPA discount rates and operation modes 

under each SPPA scheme were also investigated. 

In addition, the annual rooftop PVs profile with seasonal effects from PVsyst 

and standard load profiles of large general service customers from metropolitan 

electricity authority (MEA) were implemented. The installed capacity of rooftop PVs 

and battery power capacity are shown by comparing to the peak demand. The battery 

energy capacity is shown by comparing to the daily load consumption. The rate of 

excess energy is shown by comparing to the utility’s retail rate. The operation of the 

BESS in each mode is shown in term of the total operation time of the BESS over the 

project period, which was assumed to be 8 years in this dissertation. The results were 
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determined by applying the proposed methodology with the GA optimization in 

MATLAB. 

5.2 Self-Consumption Scheme 
 

In this section, the rooftop PVs with BESS under the self-consumption were 

simulated base on the parameters and assumptions in Table 5.1. The battery power 

capacity, battery energy capacity and the total operation time of BESS for each 

installed capacity of rooftop were investigated. The effect of battery degradation was 

also evaluated. In addition, the energy installation cost and power installation cost of 

BESS in this section were assumed to be 40% of the cost projection in Chapter 3. 

 

Table  5.1 Parameters and assumptions for case studies under the self-consumption 

schemes 

Parameters and Assumptions 

Self-Consumption Scheme 

PV Size 
Battery  

Degradation 

Battery Energy Storage Systems 

Battery energy capacity (%) Determined Determined 

Battery power capacity (%) Determined Determined 

Depth of discharge (%) 20% 20% 

Life cycles (Full cycles) 6,000 6,000 

Roundtrip efficiency (%) 90% 90% 

Battery inverter efficiency (%) 90% 90% 

Self-degradation (%) 0.025% 0.025% 

Financial parameters 

Financial discount rate (%) 1.50% 1.50% 

Rate of operation cost (%) 1.00% 1.00% 

Target internal rate of return (%) 6.00% 6.00% 

EIC of the BESS (THB/kWh) 3,706 3,706 

PIC of the BESS (THB/kW) 5,430 5,430 

TIC of rooftop PVs (THB/kWdc) 55,000 55,000 

Project life (year) 8 8 

Load 

Daily load consumption (kWh) 23,849 23,849 

Peak demand (kW) 1,290 1,290 

Rooftop PVs 

PV inverter efficiency (%) 90% 90% 

Installed capacity of rooftop PVs (%) Varying 100% 

PV module annual degradation (%) 0.60% 0.60% 

Tariff Rate 

Demand charges (THB/kW) 132.93 132.93 

On-peak energy charges (THB/kWh) 4.1839 4.1839 

Off-peak energy charges (THB/kWh) 2.6037 2.6037 
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5.2.1 Effect of Installed Capacity of Rooftop PVs 
 

The battery energy capacity, battery power capacity and total operation time of 

BESS for each installed capacity of rooftop PVs were investigated as shown in Figure 

5.1-5.2. If the installed capacity was not exceeding the peak demand (100%), the 

battery power capacity and battery energy capacity were increased. However, when 

the installed capacity was over the peak load, the battery power and energy capacity 

were significantly decreased due to the increase of total cost of the rooftop PVs. For 

operation modes, the total operation time of the BESS in the charging and discharging 

modes was slightly increased when the installed capacity was increased. When the 

installed capacity of rooftop PVs is over 150%, the internal rate of return of the 

project will not reach the target. 

In this scenario, it can be implied the installed capacity of rooftop PVs has a 

direct effect to the battery capacity, which will depend on the peak demand and the 

total cost of rooftop PVs with BESS. 

 

 

Figure  5.1 Optimal battery power and energy capacity 

for each installed capacity of rooftop PVs 
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Figure  5.2 Operation time of the BESS 

for each installed capacity of rooftop PVs 

 

5.2.2 Effect of Battery Degradation 
 

The battery energy capacity, battery power capacity and total operation time of 

BESS with and without consideration of battery degradation were investigated as 

shown in Figure 5.3-5.4. The battery power capacity and battery energy capacity were 

increased when the battery degradation was considered. For operation modes, the total 

operation time of the BESS in the charging and discharging modes was decreased.  

In this scenario, it can be implied that the battery degradation has a significant 

effect to the battery capacity and operation time of BESS. The consideration of 

battery degradation will lead to an increase of the optimal battery capacity. 
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Figure  5.3 Optimal battery power and energy capacity 

with and without battery degradation 

 

 

Figure  5.4 Operation time of the BESS 

with and without battery degradation 
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5.3 Net-Metering and Net-Billing Scheme 
 

In this section, the rooftop PVs with BESS under the net-metering and net-

billing scheme was simulated base on the parameters and assumptions in Table 5.2. 

The simulation was divided by dividing into 2 cases of (1) the installed capacity of 

rooftop PVs and (2) rate of excess energy. The battery power capacity, battery energy 

capacity and the total operation time of BESS for each installed capacity of rooftop 

PVs and rate of excess energy were investigated. The energy installation cost and 

power installation cost of BESS in this section were also assumed to be 40% of the 

cost projection in Chapter 3. 

 

Table  5.2 Parameters and assumptions for case studies under the net-metering and 

net-billing schemes 

Parameters and Assumptions 

Net-metering and Net-billing Scheme 

PV Size 
Rate of Excess 

Energy 

Battery  

Degradation 

Battery Energy Storage Systems 

Battery energy capacity (%) Determined Determined Determined 

Battery power capacity (%) Determined Determined Determined 

Depth of discharge (%) 20% 20% 20% 

Life cycles (Full cycles) 6,000 6,000 6,000 

Roundtrip efficiency (%) 90% 90% 90% 

Battery inverter efficiency (%) 90% 90% 90% 

Self-degradation (%) 0.025% 0.025% 0.025% 

Financial Parameters 

Financial discount rate (%) 1.50% 1.50% 1.50% 

Rate of operation cost (%) 1.00% 1.00% 1.00% 

Target internal rate of return (%) 6.00% 6.00% 6.00% 

EIC of the BESS (THB/kWh) 3,706 3,706 3,706 

PIC of the BESS (THB/kW) 5,430 5,430 5,430 

TIC of rooftop PVs (THB/kWdc) 55,000 55,000 55,000 

Project life (year) 8 8 8 

Load 

Daily load consumption (kWh) 23,849 23,849 23,849 

Peak demand (kW) 1,290 1,290 1,290 

Rooftop PVs 

PV inverter efficiency (%) 90% 90% 90% 

Installed capacity of rooftop PVs (%) Varying 200% 100% 

PV module annual degradation (%) 0.60% 0.60% 0.60% 

Tariff Rate 

Demand charges (THB/kW) 132.93 132.93 132.93 

On-peak energy charges (THB/kWh) 4.1839 4.1839 4.1839 
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Parameters and Assumptions 

Net-metering and Net-billing Scheme 

PV Size 
Rate of Excess 

Energy 

Battery  

Degradation 

Off-peak energy charges (THB/kWh) 2.6037 2.6037 2.6037 

Rate of excess energy (%) 100% Varying 100% 

 

5.3.1 Effect of Installed Capacity of Rooftop PVs 
 

The battery energy capacity, battery power capacity and total operation time of 

BESS for each installed capacity of rooftop PVs were investigated as shown in Figure 

5.5-5.6. When the installed capacity of rooftop PVs was increased, battery energy and 

power capacity were slightly increased. For operation modes, the total operation time 

of the BESS in discharging and charging mode were also increase accordingly.  

In this scenario, it can be implied installed capacity of rooftop PVs has 

affected on the battery capacity in the opposite direction of the self-consumption 

scheme. The battery capacity is increased when the installed capacity of rooftop PV 

increased. The operation time of battery in discharging and charging mode are also 

increased. 

 

Figure  5.5 Optimal battery power and energy capacity 

for each installed capacity of rooftop PVs 
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Figure  5.6 Operation time of the BESS 

for each installed capacity of rooftop PVs 

 

5.3.2 Effect of Rate of Excess Energy 
 

The battery energy capacity, battery power capacity and total operation time of 

BESS for each rate of excess energy were investigated as shown in Figure 5.7-5.8. 

When the rate of excess energy (γ) was lower than 50%, the BESS should not install 

due to the high cost of the BESS. On the other hand, when the rate of excess energy 

was over 50%, battery energy and power capacity were significantly increased due to 

the benefit from excess energy. For operation modes, the total operation time of the 

BESS in discharging and charging mode were also significantly increased.  

In this scenario, it can be implied that rate of excess energy has directly 

affected on the battery capacity, especially the battery energy capacity. The battery 

capacity is increased when the rate of excess energy increases. As a result, the 

operation time of battery in discharging and charging mode are also increased.  
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Figure  5.7 Optimal battery power and energy capacity 

for each rate of excess energy 

 

 

Figure  5.8 Operation time of the BESS 

for each installed capacity of rooftop PVs 
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5.3.3 Effect of Battery Degradation 
 

The battery energy capacity, battery power capacity and total operation time of 

BESS with and without consideration of battery degradation were investigated as 

shown in Figure 5.9-5.10. When the battery degradation was considered, the battery 

power capacity was increased while the battery energy capacity was slightly similar. 

For operation modes, the total operation time of the BESS in the charging and 

discharging modes with and without consideration of battery degradation were 

slightly constant.  

In this scenario, it can be implied the battery degradation has a significant 

effect to the battery capacity especially the battery power capacity.  

 

 

Figure  5.9 Optimal battery power and energy capacity 

with and without battery degradation 
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Figure  5.10 Operation time of the BESS 

with and without battery degradation 

 

5.4 Solar Power Purchase Agreement 
 

In this section, the SPPA for rooftop PVs with BESS was designed and 

simulated by classifying into (1) SPPA for Rooftop PVs (2) SPPA with the self-

consumption scheme for Rooftop PVs with BESS and (3) SPPA with the net-metering 

and net-billing scheme for Rooftop PVs with BESS. 

 

5.4.1 Rooftop PVs under the SPPA 
 

The rooftop PVs under the SPPA was simulated base on the parameters and 

assumptions in Table 5.3.  
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Table  5.3 Parameters and assumptions for case studies of rooftop PVs under the SPPA 

Parameters and Assumptions 

SPPA for Rooftop PVs 

Self-

Consumption 

Scheme 

Net-Billing 

Scheme 

Net-Metering 

Scheme 

Solar Power Purchase Agreement 

SPPA on-peak discount rate (%) Determined 

SPPA off-peak discount rate (%) Determined 

SPPA demand charge discount rate (%) Determined 

Financial parameters 

Financial discount rate (%) 5.00% 5.00% 5.00% 

Rate of operation cost (%) 1.00% 1.00% 1.00% 

Target internal rate of return (%) 12.00% 12.00% 12.00% 

TIC of rooftop PVs (THB/kWdc) 55,000 55,000 55,000 

Project life (year) 8 8 8 

Load 

Daily load consumption (kWh) 23,849 23,849 23,849 

Peak demand (kW) 1,290 1,290 1,290 

Rooftop PVs 

PV inverter efficiency (%) 90% 90% 90% 

Installed capacity of rooftop PVs (%) 200% 200% 200% 

PV module annual degradation (%) 0.60% 0.60% 0.60% 

Tariff Rate 

Demand charges (THB/kW) 132.93 132.93 132.93 

On-peak energy charges (THB/kWh) 4.1839 4.1839 4.1839 

Off-peak energy charges (THB/kWh) 2.6037 2.6037 2.6037 

Rate of excess energy (%) - 50% 100% 

 

The SPPA discount rates under SPPA with the self-consumption, net-metering 

and net-billing scheme were investigated, as shown in Figure. 5.11. When the rate of 

excess energy was increased, all SPPA discount rates were significantly increased.  In 

addition, in case that γ was lower than 50%, although all discount rates were zero, the 

IRR could not reach to the target because of the low revenue.  

In this scenario, it can also be implied that SPPA on-peak discount rate (α1) is 

the most significant variable that the investors should strictly controlled. In addition, 

the investors can propose higher SPPA discount rates if the rooftop PVs was 

implemented under the SPPA with net-billing scheme and the rate of excess energy is 

higher than the utility’s retail rate. 
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Figure  5.11 Optimal SPPA discount rates 

for rooftop PVs under the SPPA 

 

5.4.2 Rooftop PVs with BESS under the SPPA with the Self-

Consumption Scheme  
 

The rooftop PVs with BESS under the SPPA with the self-consumption 

scheme was simulated based on the parameters and assumptions in Table 5.4. The 

SPPA discount rates and operation modes of the BESS were determined to evaluate 

the sensitivity of installed capacity of rooftop PVs, battery power capacity and battery 

energy capacity, as shown in Section 5.4.2.1-5.4.2.3. In addition, the SPPA discount 

rates, operation modes of the BESS, battery power capacity and battery energy 

capacity were simultaneously investigated under the assumption in the end of this 

section. 
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Table  5.4 Parameters and assumptions for case studies of rooftop PVs with BESS 

under the SPPA with the self-consumption scheme 

Parameters and Assumptions 

Solar Power Purchase Agreement  

with the Self-Consumption Scheme 

PV Size 

Battery 

Power 

Capacity 

Battery 

Energy 

Capacity 

Battery 

Degradation 
Designing 

Battery Energy Storage Systems 

Battery energy capacity (%) 1.00% 2.50% Varying 1.00% Determined 

Battery power capacity (%) 10.0% Varying 50.00% 10.0% Determined 

Depth of discharge (%) 20% 20% 20% 20% 20% 

Life cycles (Full cycles) 6,000 6,000 6,000 6,000 6,000 

Roundtrip efficiency (%) 90% 90% 90% 90% 90% 

Battery inverter efficiency (%) 90% 90% 90% 90% 90% 

Self-degradation (%) 0.025% 0.025% 0.025% 0.025% 0.025% 

Solar Power Purchase Agreement 

SPPA on-peak discount rate (%) Determined 

SPPA off-peak discount rate (%) Determined 

SPPA demand charge discount rate (%) Determined 

Financial parameters 

Financial discount rate (%) 1.50% 1.50% 1.50% 1.50% 1.50% 

Rate of operation cost (%) 1.00% 1.00% 1.00% 1.00% 1.00% 

Target internal rate of return (%) 6.00% 6.00% 6.00% 6.00% 6.00% 

EIC of the BESS (THB/kWh) 9,265 9,265 9,265 9,265 9,265 

PIC of the BESS (THB/kW) 13,576 13,576 13,576 13,576 13,576 

TIC of rooftop PVs (THB/kWdc) 55,000 55,000 55,000 55,000 55,000 

Project life (year) 8 8 8 8 8 

Load 

Daily load consumption (kWh) 23,849 23,849 23,849 23,849 23,849 

Peak demand (kW) 1290 1290 1290 1290 1290 

Rooftop PVs 

PV inverter efficiency (%) 90% 90% 90% 90% 90% 

Installed capacity of rooftop PVs (%) Varying 100% 100% 100% 100% 

PV module annual degradation (%) 0.60% 0.60% 0.60% 0.60% 0.60% 

Tariff Rate 

Demand charges (THB/kW) 132.93 132.93 132.93 132.93 132.93 

On-peak energy charges (THB/kWh) 4.1839 4.1839 4.1839 4.1839 4.1839 

Off-peak energy charges (THB/kWh) 2.6037 2.6037 2.6037 2.6037 2.6037 
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5.4.2.1 Effect of Installed Capacity of Rooftop PVs 
 

The SPPA discount rates and total operation time of BESS for each installed 

capacity of rooftop PVs under the SPPA with the self-consumption scheme were 

investigated, as shown in Figure 5.12-5.13. In case that the installed capacity was 

smaller than 150%, all SPPA discount rates were increased when the installed 

capacity was increased. However, when the installed capacity was larger than 150%, 

the SPPA discount rates were significantly decreased to maintain the IRR. For 

operation modes, the total operation time of the BESS in the charging and discharging 

modes for each case were approximately slightly increased when the installed 

capacity was increased.  

In this scenario, it can be implied that the installed capacity of rooftop PVs has 

directly affected on the SPPA discount rates. However, if the installed capacity of 

rooftop PVs is oversized, the SPPA discount rates will be significantly decreased to 

maintain the target IRR. 

 

Figure  5.12 Optimal SPPA discount rates 

for each rate installed capacity of rooftop PVs 
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Figure  5.13 Operation time of the BESS 

for each installed capacity of rooftop PVs 

 

5.4.2.2 Effect of Battery Power Capacity 

 

The SPPA discount rates and total operation time of BESS for each battery 

power capacity, at 2.5% of battery energy capacity, under the SPPA with the self-

consumption scheme were investigated, as shown in Figure. 5.14 - 5.15. For the SPPA 

discount rates, all SPPA discount rates were significantly decreased while the power 

capacity was increased. In addition, in case that the battery power capacity was higher 

than 100%, although all SPPA discount rates were zero, the IRR could not reach to 

the target because of the high total cost. For operation modes, the total operation time 

of the BESS in the charging and discharging modes was significantly increased when 

the battery power capacity was increased. 

In this scenario, it can be implied that α1 and β1 are the significant variables 

that the investors should strictly control, while α2 is more flexible. The battery power 

capacity has a direct effect on the SPPA discount rates and operation time of the 

BESS. If the battery power capacity is increased, the operation time of the BESS in 

discharging and charging modes are increased while the SPPA discount rates should 

be reduced to maintain the target IRR. 
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Figure  5.14 Optimal SPPA discount rates 

for each battery power capacity 

 

 

Figure  5.15 Operation time of the BESS 

for each battery power capacity 
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5.4.2.3 Effect of Battery Energy Capacity 
 

The SPPA discount rates and total operation time of BESS for each battery 

energy capacity, at 50% of battery power capacity, under the SPPA with the self-

consumption scheme were investigated, as shown in Figure. 5.16-5.17. For the SPPA 

discount rates, when the battery energy capacity was increased, α1 was significantly 

decreased, while α2 and β1 were slightly increased. For operation modes, the total 

operation time of the BESS in the charging and discharging modes for each case were 

increased when the battery energy capacity was.  

In this scenario, it can also be implied that α1 is the most significant variable 

that the investors should strictly control to remain the target IRR. The battery energy 

capacity also has a direct effect on the SPPA discount rates and operation time of the 

BESS. If the battery energy capacity is increased, the operation time of the BESS in 

discharging and charging modes are increased. 

 

 

Figure  5.16 Optimal SPPA discount rates 

for each battery energy capacity 
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Figure  5.17 Operation time of the BESS 

for each battery energy capacity 

 

5.4.2.4 Effect of Battery Degradation 
 

The SPPA discount rates and total operation time of BESS with and without 

consideration of battery degradation were investigated as shown in Figure 5.18-5.19. 

When battery degradation was considered, β1 was significantly decreased while α1 and 

α2 were similar. For operation modes, the total operation time of the BESS was 

decreased when the battery degradation was considered.  

In this scenario, it can be implied the battery degradation has a significant 

effect to the SPPA discount rates and operation time of BESS. The consideration of 

battery degradation will lead to the decrease of the SPPA discount rates. 
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Figure  5.18 Optimal SPPA discount rates 

with and without battery degradation 

 

 

Figure  5.19 Operation time of the BESS 

with and without battery degradation 

 

Based on the assumption in the Table 5.4, for the optimal designing of the 

SPPA under the self-consumption scheme, the proposed battery energy capacity, 

battery power capacity, SPPA discount rates and total operation time of BESS were 
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shown in Table 5.5. The total operation time in charging and discharging mode was 

approximately 37% 

The battery degradation coefficient and life cycle left over the project period 

(8 years) is shown in Figure 5.20. At the end of the project, the life cycle left is 2,135 

cycles and the battery degradation coefficient is 0.8709. 

 

Table  5.5 The proposed SPPA discount rates and batter capacity for SPPA under the 

self-consumption scheme 

On-peak  

Discount Rate 

Off-peak 

Discount Rate 

Demand Charges 

Discount Rate 

Battery Energy 

Capacity 

Battery Power 

 Capacity 

0.0056 0.1050 0.2743 3.97% 10.61% 

 

 

Figure  5.20 Battery degradation coefficient and life cycle of BESS 

over the project period 
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5.4.3 Rooftop PVs with BESS under the SPPA with the Net-Metering 

and Net-Billing Scheme  
 

The rooftop PVs with BESS under the SPPA with the net-metering and net-

billing scheme was simulated based on the parameters and assumptions in Table 5.6. 

The SPPA discount rates and operation modes of the BESS were determined to 

evaluate the sensitivity of installed capacity of rooftop PVs, battery power capacity, 

battery energy capacity and rate of excess energy, as shown in Section 5.4.3.1-5.4.3.4. 

In addition, the SPPA discount rates, operation modes of the BESS, battery power 

capacity and battery energy capacity were simultaneously investigated under the 

assumption in the end of this section. 

 

Table  5.6 Parameters and assumptions for case studies of rooftop PVs with BESS 

under the SPPA with the net-metering and net-billing scheme 

Parameters and Assumptions 

Solar Power Purchase Agreement  

with Net-Metering and Net-Billing Scheme 

PV Size 

Battery 

Power 

Capacity 

Battery 

Energy 

Capacity 

Rate of 

Excess 

Energy 

Battery 

Degradation 
Designing 

Battery Energy Storage Systems 

Battery energy capacity (%) 1.00% 2.50% Varying 7.50% 1.00% Determined 

Battery power capacity (%) 10.0% Varying 50.00% 100% 10.0% Determined 

Depth of discharge (%) 20% 20% 20% 20% 20% 20% 

Life cycles (Full cycles) 6000 6,000 6,000 6,000 6000 6,000 

Roundtrip efficiency (%) 90% 90% 90% 90% 90% 90% 

Battery inverter efficiency (%) 90% 90% 90% 90% 90% 90% 

Self-degradation (%) 0.025% 0.025% 0.025% 0.025% 0.025% 0.025% 

Solar Power Purchase Agreement 

SPPA on-peak discount rate (%) Determined 

SPPA off-peak discount rate (%) Determined 

SPPA demand charge discount rate (%) Determined 

Financial parameters 

Financial discount rate (%) 1.50% 1.50% 1.50% 1.50% 1.50% 1.50% 

Rate of operation cost (%) 1.00% 1.00% 1.00% 1.00% 1.00% 1.00% 

Target internal rate of return (%) 8.00% 8.00% 8.00% 8.00% 8.00% 8.00% 

EIC of the BESS (THB/kWh) 9,265 9,265 9,265 9,265 9,265 9,265 

PIC of the BESS (THB/kW) 13,576 13,576 13,576 13,576 13,576 13,576 

TIC of rooftop PVs (THB/kWdc) 55,000 55,000 55,000 55,000 55,000 55,000 

Project life (year) 8 8 8 8 8 8 

Load 

Daily load consumption (kWh) 23,849 23,849 23,849 23,849 23,849 23,849 

Peak demand (kW) 1,290 1,290 1,290 1,290 1,290 1,290 
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Parameters and Assumptions 
Solar Power Purchase Agreement  

with Net-Metering and Net-Billing Scheme 

Rooftop PVs 

PV inverter efficiency (%) 90% 90% 90% 90% 90% 90% 

Installed capacity of rooftop PVs (%) Varying 100% 100% 100% 100% 100% 

PV module annual degradation (%) 0.60% 0.60% 0.60% 0.60% 0.60% 0.60% 

Tariff Rate 

Demand charges (THB/kW) 132.93 132.93 132.93 132.93 132.93 132.93 

On-peak energy charges (THB/kWh) 4.1839 4.1839 4.1839 4.1839 4.1839 4.1839 

Off-peak energy charges (THB/kWh) 2.6037 2.6037 2.6037 2.6037 2.6037 2.6037 

Rate of excess energy (%) 100% 100% 100% Varying 100% 100% 

 

5.4.3.1 Effect of Installed Capacity of Rooftop PVs   
 

The SPPA discount rates and total operation time of BESS for each installed 

capacity of rooftop PVs were investigated as shown in Figure 5.21-5.22. In case that 

the installed capacity was smaller than 150%, all SPPA discount rates were increased 

when the installed capacity of rooftop PVs was increased. However, when the 

installed capacity was larger than 150%, α1 and β1 were approximately constant while 

α2 was significantly decreased to remain the target IRR. For operation modes, the total 

operation time of the BESS in the charging and discharging modes for each case were 

approximately slightly increased when the installed capacity of rooftop PVs was 

increased.  

In this scenario, it can be implied that α2 is the most flexible variable that the 

investors can initially adjust to maintain the target IRR. α1 and β1 are the variables 

that have the high effect on the electricity charges because the highest output power 

from rooftop PVs and the peak demand are typically occurred during the on-peak 

period. In addition, the installed capacity of rooftop PVs also affect the operation time 

of the BESS. If the installed capacity is increased, the operation time of the BESS in 

discharging and charging modes are increased. 
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Figure  5.21 Optimal SPPA discount rates 

for each installation of rooftop PVs 

 

 

Figure  5.22 Operation time of the BESS 

for each installation of rooftop PVs 
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5.4.3.2 Effect of Battery Power Capacity 
 

The SPPA discount rates and total operation time of BESS for each battery 

power capacity, at 2.5% of battery energy capacity, were investigated as shown in 

Figure 5.23-5.24. When the battery power capacity was increased, all SPPA discount 

rates were also significantly decreased. In addition, in case that the battery power 

capacity was higher than 100%, although all discount rates were zero, the IRR could 

not reach the target the because of the high total cost. For operation modes, the total 

operation time of the BESS in the charging and discharging modes for each case were 

approximately equal and significantly increased when the battery power capacity was 

increased. 

In this scenario, it can be implied that α1 and β1 are the significant variables 

that the investors should strictly control. The battery power capacity has a direct effect 

on the discount rates and operation time of the BESS. If the battery power capacity is 

increased, the operation time of the BESS in discharging and charging modes are 

increased while the SPPA discount rates should be reduced to maintain the target IRR. 

 

 

Figure  5.23 Optimal SPPA discount rates 

for each battery power capacity 
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Figure  5.24 Operation time of the BESS 

for each battery power capacity 

 

5.4.3.3 Effect of Battery Energy Capacity 
 

The SPPA discount rates and total operation time of BESS for each battery 

energy capacity, at 50% of battery power capacity, were investigated as shown in 

Figure 5.25-5.26. When the battery energy capacity was increased, all proposed 

discount rates were significantly decreased to remain the target IRR. For operation 

modes, the total operation time of the BESS in the charging and discharging modes 

for each case were approximately equal and significantly escalated when the battery 

energy capacity was increased.  

In this scenario, it can be implied that α2 is also the most flexible variable that 

the investors can propose to the customers with high discount. The battery energy 

capacity also has a direct effect on the discount rates and operation time of the BESS. 

If the battery energy capacity is increased, the operation time of the BESS in 

discharging and charging modes are increased while the proposed discount rates 

should be reduced to maintain the target IRR. 
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Figure  5.25 Optimal SPPA discount rates 

for each battery energy capacity 

 

 

Figure  5.26 Operation time of the BESS 

for each battery energy capacity 
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5.4.3.4 Effect of Rate of Excess Energy 
 

The SPPA discount rates and total operation time of BESS for each rate of 

excess energy were investigated as shown in Figure 5.27-5.28. When the rate of 

excess energy was increased, all SPPA discount rates were significantly increased. In 

addition, in case that the rate of excess energy (γ) was lower than 100%, although all 

SPPA discount rates were zero, the IRR could not reach to the target because of the 

low revenue and high total cost. For operation modes, the total operation time of the 

BESS for each case were approximately equal.  

In this scenario, it can be implied that α1 is the most significant variable that 

the investors should strictly control. If γ is increased, the proposed discount rates 

could be increased and more flexible. There is no effect of rate of excess energy on 

the operation time of the BESS. 

 

 

Figure  5.27 Optimal SPPA discount rates 

for each rate of excess capacity 
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Figure  5.28 Operation time of the BESS 

for each rate of excess energy 

 

5.4.3.5 Effect of Battery Degradation 
 

The SPPA discount rates and total operation time of BESS with and without 

consideration of battery degradation were investigated as shown in Figure 5.29-5.30. 

When battery degradation was considered, α1 was significantly decreased while β1 

was increased. For operation modes, the total operation time of the BESS with and 

without consideration of battery degradation were approximately constant. 

In this scenario, it can be implied the battery degradation has a significant 

effect to the SPPA discount rates and operation time of BESS. The consideration of 

battery degradation will lead to the decrease of the significant variable, especially α1. 
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Figure  5.29 Optimal SPPA discount rates 

with and without battery degradation 

 

 

Figure  5.30 Operation time of the BESS 

with and without battery degradation 

 

Based on the assumption in the Table 5.6, for the optimal designing of the 

SPPA under the net-metering scheme, the proposed battery energy capacity, battery 

power capacity, SPPA discount rates and total operation time of BESS were shown in 
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Table 5.7. The total operation time in charging and discharging mode was 

approximately 21%. The battery degradation coefficient and life cycle left over the 

project period (8 years) is shown in Figure 5.31. At the end of the project, the life 

cycle left is 2,164 cycles and the battery degradation coefficient is 0.8718. 

 

Table  5.7 The proposed SPPA discount rates and batter capacity for SPPA under the 

net-metering scheme 

On-peak  

Discount Rate 

Off-peak 

Discount Rate 

Demand Charges 

Discount Rate 

Battery Energy 

Capacity 

Battery Power 

 Capacity 

0.0227  0.3575  0.3113  0.05%  0.27% 

 

 

Figure  5.31 Battery degradation coefficient and life cycle of BESS 

over the project period 

 

5.5 Result Discussions 
 

From the simulation results in Section 5.2-5.4, the summary for the sensitivity 

analysis of rooftop PVs with BESS under the typical BTMS are presented in Table 

5.8. Under the self-consumption scheme, the battery capacity will decrease when the 

installed capacity of rooftop PVs is increased due to the higher cost of the project, 

especially when the installed capacity of rooftop PVs is higher than the peak demand. 
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By considering the battery degradation, the usable energy capacity and usable power 

capacity will decrease due to reduction of degradation coefficient, especially the 

operating degradation efficiency. The high operation of the BESS in charging and 

discharging mode will lead to the significant decrease of the operating degradation 

coefficient. Therefore, to operate the BESS at the same condition of load demand and 

output power from rooftop PVs, the battery capacity will increase when the battery 

degradation is considered. On the other hand, if the battery degradation is neglected, 

the battery capacity will be significantly lower. Without the consideration of battery 

degradation, due to the limit of the reverse power flow and the decrease of the battery 

capacity, the total operation time of the BESS will significantly increase. The lower 

battery capacity will limit the discharged power from the BESS, which is also 

constrained by the load demand and output power from rooftop PVs.  

Under the net-metering and net-billing scheme, the battery capacity will 

slightly increase when the installed capacity of rooftop PVs is increased due to the 

increase of revenue from excess energy injected to the utility’s grid. For the rate of 

excess energy, when the rate of excess energy is increased, the battery capacity will 

significantly increase. The effect of the rate of excess energy will be apparent when 

the installed capacity of rooftop PVs is higher than the load demand. By considering 

the battery degradation, with the similar concept to the self-consumption scheme, the 

battery capacity will also increase when the battery degradation is considered to 

maintain the operation of the BESS. On the other hand, if the battery degradation is 

neglected, the battery capacity will be lower while the total operation time of the 

BESS is quite similar. The effect of the battery degradation for the net-metering 

scheme and net-billing scheme will be less than the self-consumption scheme due to 

the availability of the reverse power flow. For the net-metering and net-billing 

scheme, although the battery capacity is decreased, the BESS still can be fully 

discharged to the load and grid without any constraints from load and output power 

from rooftop PVs.  

From the simulation results in Section 5.4, the summary for the sensitivity 

analysis of rooftop PVs with BESS under the SPPA with BTMS are presented in 

Table 5.9. For the installed capacity of rooftop PVs, the proposed SPPA discount rates 

are subject to the installed capacity of rooftop PVs and the peak demand. The 
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oversized of rooftop PVs will limit the SPPA discount rates. The total operation time 

of the BESS in charging and discharging modes will also increase accordingly. An 

increase of battery power capacity will decrease the SPPA discount rates, while the 

operation time of the BESS in charging and discharging modes will quite similar. For 

the battery energy capacity, the SPPA discount rates will also decrease when the 

battery energy capacity is increased. The total operation time of the BESS in charging 

and discharging modes will increase due to the decrease of the SPPA discount rates. 

For the rate of excess energy, the higher rate of excess energy makes the higher SPPA 

discount rates to the customers. By considering the battery degradation, with the 

similar concept to the typical BTMS, the usable energy capacity and usable power 

capacity will decrease due to reduction of degradation coefficient. It means that, at the 

same condition of rated battery capacity, load demand and output power from rooftop 

PVs, the revenue from the BESS will be less. As a result, the SPPA discount rates will 

decrease to maintain the internal rate of return of the investors. Moreover, for the 

SPPA discount rates, it can be concluded that the SPPA on-peak discount rate is the 

most significant variable, while the most flexible variable is the SPPA off-peak 

discount rate. 
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CHAPTER 6 

CONCLUSIONS 

 

In this chapter, the conclusion of this dissertation, which consist of the concept 

of the proposed methodology and the simulation results from the case studies, are 

summarized in Section 6.1. The future works which have not been considered in this 

dissertation are also presented in Section 6.2. 

 

6.1 Dissertation Summary 
 

This dissertation proposes a novel methodology to investigate the battery 

capacity, operation schedule of the BESS for rooftop PVs under the BTMS and 

SPPA. The mode-based operation of the BESS is proposed and divided into two main 

concepts of operation modes and power. The operation modes consist of discharging, 

charging and idling mode. For the operation power, the charged and discharge power 

are formulated in terms load and utility’s grid by considering the condition of load 

demand, PV output power and characteristics of the BESS. In addition, the proposed 

methodology is categorized into two main groups of (1) typical BTMS and (2) SPPA. 

The typical BTMS, which consists the self-consumption, net-metering, and 

net-billing scheme, is the scheme where the output power from rooftop PVs with 

BESS of the customers directly supply to the load only for electricity charge savings. 

The benefit from the reverse power flow depends on the type of the metering scheme. 

In this dissertation, for the typical BTMS, the cost optimization problem to 

simultaneously investigate the battery power capacity, battery energy capacity and 

operation modes is formulated. The main objective is to minimize the total electricity 

charge of the customers. By applying the load profile of large general service and 

tariff rate in Thailand, the sensitivity of the installed capacity of rooftop PVs, rate of 

excess energy and battery degradation on the battery capacity and operation schedule 

for each scheme are evaluated. 

From the result, it is obvious that the installed capacity of rooftop PVs, the rate 

of excess energy and the battery degradation will significantly affect the design of 
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battery capacity and operation. An increase of the installed capacity of rooftop PVs 

can either support or obstruct the installation of the BESS depending on the metering 

scheme and the peak demand. The higher rate of excess energy will support the 

installation of the BESS. The consideration of battery degradation is also necessary to 

accurately determine the battery capacity and operation schedule of the BESS. 

Without the consideration of the battery degradation, the design of the BESS may 

oversize or undersize, which will mislead the economic feasibility and expected 

internal rate of return of the project. 

The SPPA is the business model which is developed from the typical BTMS. 

Under the SPPA, the investors proposed to directly sell electricity from rooftop PVs 

with BESS to the customers at a lower rate than the utility’s retail rate. The customers 

under the SPPA can reduce their electricity charges without any performance risk, 

capital investment, or operating expenses. In this dissertation, the SPPA proposed 

rates are typically formulated in term of the discount rates on the time-of-use (TOU) 

tariff with demand charges and categorized into three variables, which consist of 

SPPA on-peak discount rate (α1), SPPA off-peak discount rate (α2) and SPPA demand 

charge discount rate (β1). The modeling of the SPPA is categorized into (1) SPPA 

with the self-consumption scheme and (2) SPPA with the net-metering and net-billing 

scheme. The cost optimization problem to simultaneously investigate the SPPA 

discount rates, battery power capacity, battery energy capacity and operation modes 

for each scheme is formulated. The main objective is to minimize the electricity 

charges of the customers while maintaining the internal rate of return of the investors. 

By applying the load profile of large general service and tariff rate in Thailand, the 

sensitivity of the installed capacity of rooftop PVs, battery power capacity, battery 

energy capacity, and rate of excess energy on the SPPA discount rates and operation 

schedule for each scheme are evaluated.  

From the result, it shows that the investors can propose higher SPPA discount 

rates when the installed capacity of rooftop PVs and rate of excess energy are 

increased. On the other hand, the SPPA discount rates will be restricted when the 

battery energy and power capacity are increased. The oversized rooftop PVs will also 

limit the SPPA discount rates. Moreover, it is obvious that the consideration of battery 

degradation also significantly affects the design of the SPPA discount rates. Without 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

118 

the consideration of the battery degradation, the investors may propose the over SPPA 

discount rates, which will also mislead the economic feasibility and expected internal 

rate of return of the project. Finally, it can be implied that the SPPA on-peak discount 

rate is the significant variable that the investors should strictly control while the SPPA 

off-peak discount rate is the most flexible variable that the investor can proposed 

higher discount rate to the customers. 

 

6.2 Future Works 

 

There are many topics relevant to the rooftop PVs with BESS which have not 

been considered in this dissertation. The possible future works are shown as follows. 

 

(a) Different load profile in Thailand should be considered. Besides large 

general service in this dissertation, the load profile of residential load, small 

general service, medium general service, and others should be studied to 

evaluate the effects of load profile on the battery capacity, operation 

schedule of the BESS and the SPPA discount rates. 

(b) The modeling of the SPPA under the normal rate for the residential load 

should be thoroughly developed. With the significant reduction of the total 

cost of rooftop PVs with BESS, the residential load should become to the 

target group of the SPPA in the next few years.  

(c) The replacement of the battery module over the project period should be 

considered. Typically, the lifetime of the rooftop PVs project is 

approximately 20 years while the lifetime of the lithium-ion battery is 

approximately not over than 12 years. Therefore, the restoration cost, time, 

and performance of replaced battery should be studied. 

(d) The operation of BESS should be improved and developed by applying 

more efficient and complicated battery degradation model that will consider 

more significant parameters and increase the accuracy of the results.  

(e) Other than the objective to minimize the electricity charge savings, some 

additional objective or constraints should be considered, such as, the 
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concept to maximize the lifetime of the BESS or minimize the loss in 

distribution system. 

(f) The modeling of the distribution system and load in different households 

should be considered. The proposed modeling of the SPPA can be extend 

for determining an optimal battery capacity and the tariff rate under the 

peer-to-peer energy trading.  
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Appendix A 
 

The detailed data of generation profile of 1,000 kWdc rooftop PVs in each 

month from PVsyst is shown in Table A.1. The load profile of large general service 

and TOU tariff of MEA are shown in Table A.2 and A.3 respectively. 
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Table  A.2 Load profile of large general service 

Hours 
Load Demand (kW) 

Workday Saturday Sunday 

0:00 764.25 786.45 689.80 

1:00 746.46 761.46 673.23 

2:00 734.19 742.64 671.22 

3:00 721.35 734.06 655.09 

4:00 707.46 716.38 635.27 

5:00 702.10 708.39 626.49 

6:00 743.93 732.72 635.37 

7:00 842.97 765.28 641.79 

8:00 995.20 813.28 670.07 

9:00 1150.08 898.73 736.69 

10:00 1213.77 985.94 821.03 

11:00 1273.90 1031.85 856.47 

12:00 1254.21 1021.87 858.66 

13:00 1243.34 1012.96 855.35 

14:00 1289.55 1038.72 868.42 

15:00 1278.32 1032.96 860.35 

16:00 1257.78 1019.09 849.52 

17:00 1197.29 966.50 816.31 

18:00 1098.29 895.54 775.79 

19:00 1038.72 858.27 749.87 

20:00 985.19 832.32 726.04 

21:00 894.53 780.85 680.96 

22:00 865.09 758.93 632.45 

23:00 851.49 724.53 605.22 
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Table  A.3 TOU tariff for large general service load 

Hours 
Tariff Rate (THB/kWh) 

Workday Saturday Sunday 

0:00 2.6037 2.6037 2.6037 

1:00 2.6037 2.6037 2.6037 

2:00 2.6037 2.6037 2.6037 

3:00 2.6037 2.6037 2.6037 

4:00 2.6037 2.6037 2.6037 

5:00 2.6037 2.6037 2.6037 

6:00 2.6037 2.6037 2.6037 

7:00 2.6037 2.6037 2.6037 

8:00 2.6037 2.6037 2.6037 

9:00 4.1839 2.6037 2.6037 

10:00 4.1839 2.6037 2.6037 

11:00 4.1839 2.6037 2.6037 

12:00 4.1839 2.6037 2.6037 

13:00 4.1839 2.6037 2.6037 

14:00 4.1839 2.6037 2.6037 

15:00 4.1839 2.6037 2.6037 

16:00 4.1839 2.6037 2.6037 

17:00 4.1839 2.6037 2.6037 

18:00 4.1839 2.6037 2.6037 

19:00 4.1839 2.6037 2.6037 

20:00 4.1839 2.6037 2.6037 

21:00 4.1839 2.6037 2.6037 

22:00 4.1839 2.6037 2.6037 

23:00 2.6037 2.6037 2.6037 
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