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Abstract: Realizing urban energy systems with net-zero CO2 emissions by 2050 is a major goal of
global societies in building sustainable and livable cities. Developing cities hold a key to meeting this
goal, as they will expand rapidly in the next decades with increasing energy demand, potentially
associated with rising CO2 emissions and air pollution if fossil fuels continue to be utilized. Therefore,
identifying equitable, cost-effective, and deep decarbonization pathways for developing cities is
essential. Here, we analyzed Bangkok City, Thailand, using the System Advisor Model (SAM) for
techno-economic analysis to evaluate the decarbonization potential of rooftop photovoltaics (PV)
integrated with electric vehicles (EVs) as batteries on a city scale. The analyses took into consideration
hourly local weather conditions, electricity demand, electricity tariffs, feed-in-tariffs, degradation,
declining costs of PV and EV, etc., specific to Bangkok. As the prices of PV and EVs decrease over the
next several decades, the “PV + EV” system may provide a basis for new urban power infrastructure
with high energy efficiency, low energy cost, and large CO2 emission reduction. The results show
that the “PV + EV” scenario in 2030 has the highest CO2 emission reduction of 73% from electricity
and vehicle usage, supplying 71% of the electricity demand of the city. The “PV + EV” system may
reduce energy costs by 59% with estimated technology costs in 2030. Most of the energy generated
from rooftop PV is consumed owing to large EV battery capacities, which can contribute to the rapid
decarbonization of Bangkok City by 2050.

Keywords: urban decarbonization; Bangkok; rooftop PV; electric vehicle; energy transition

1. Introduction

According to IPCC reports [1–3], limiting global warming to 1.5 ◦C compared to the
pre-industrial temperature by reaching global carbon neutrality by 2050 is critical to mini-
mizing the impacts of climate change on society. As a part of the Paris Agreement, many
countries have pledged to set plans for climate action known as “Nationally Determined
Contributions (NDCs)” to quickly reach the global peak of greenhouse gas emissions.
An NDC provides a long-term framework for deep decarbonization to achieve carbon
neutrality. Countries start by estimating emission reduction pathways in order to meet
climate goals and build action plans to achieve the proposed targets. Urban decarboniza-
tion remains to be one of the challenging goals for many developing countries, where a
growing urban population necessitates large new investments in infrastructure first to
fulfill basic needs [4,5]. On the other hand, falling costs of renewable energy and advancing
decarbonization technologies [6] are opening new windows of opportunity for develop-
ing countries to set their actions to combat climate change along with their development
goals [7,8].

Rooftop PV is expected to play a critical role in future urban power systems, along
with other socio-technical advancements in cities, such as digitization, decentralization,
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ICT, and EVs [9,10]. In addition, “rooftop PV” is known as the least invasive renewable
energy (LiRE), meaning that little natural land is sacrificed for the spaces needed for PV
installation [11,12]. Therefore, rooftop PV should be given the highest priority among all the
renewable energies for urban decarbonization. However, PV generation is highly variable
and produces electricity only when the Sun is shining, necessitating energy storage. Kobashi
et al. found that rooftop PV integrated with EVs as batteries has a high potential to reduce
CO2 emissions with large energy cost savings [13,14]. The effects of “PV + EV” systems
on urban decarbonization have been analyzed for Japanese [13,14] and Korean cities [12],
Shenzhen, China [15], and Jakarta, Indonesia [8]. As the decarbonization potential of the
“PV + EV” system is highly variable between cities owing to climate, regulation, vehicle
usage, building shapes and distributions, electricity tariffs, etc., the effects of “PV + EV”
need to be analyzed for each city. In this study, we investigated Bangkok City, the capital
of Thailand, for the potential of the “PV + EV” system, as none of the previous studies
have analyzed it. Bangkok is one of the key developing cities in the world, located in a
tropical climate at a low latitude (13.73◦ N, 100.56◦ E). Thus, incorporating PV and EV
technologies can aid the city in devising future plans to meet the growing energy demand
and population while also reducing its dependence on fossil fuels, ultimately leading to
a sustainable city by 2050. Thailand is one of the most rapidly developing countries in
Southeast Asia and has been part of the Party to the United Nation Framework Convention
on Climate Change (UNFCC) since 1991. Thailand ratified the Kyoto Protocol in 2002 and
later the Paris Agreement in 2016 [16]. Thailand, with USD 18,760 GDP per capita (PPP) [17],
is facing the challenges of limited resources and the increasing impacts of climate change,
as exemplified by large floods in Bangkok in 2011. The Thai government has pledged to
reach carbon neutrality by 2050 and net-zero GHG emissions by 2065 [18]. As Thailand is
located on land with abundant solar radiation [19,20], the Thai government has prioritized
solar energy for decarbonization [21]. However, there are various barriers to increasing the
PV capacity [20], such as variable PV generation [8] and the perceived risks of the impacts
of climate change on PV plants [22].

With 10.5 million people in 2020, Bangkok City has a large energy demand with
associated CO2 emissions. The transportation sector is the largest source of CO2 emissions
(39% of the total CO2 emissions in 2015) and air pollution [23]. Reportedly, 41.5 million
new vehicles, including 5658 EVs (0.01%), were registered in 2020, compared to 24.8 million
in 2006 [24]. Premature deaths by air pollution were estimated to be 4446 in Bangkok
in 2021 [25]. Therefore, urban decarbonation has significant benefits for the citizens of
Bangkok. This study attempted to analyze the rooftop PV potential integrated with EVs as
batteries in Bangkok using techno-economic analysis and identified policy implications.

This paper is organized as follows. Section 2 introduces a literature review on renew-
able energy in Thailand. In Section 3, methods are explained, including the model. In
Section 4, a summary of technology adoption is presented. In Section 5, the discussion
encompasses urban decarbonization, the effects of the feed-in-tariff (FIT) policy in Bangkok
City, etc. Section 6 concludes this study.

2. EVs in Thailand: A Key Development and Decarbonization Strategy

Thailand is a major producer of pick-up trucks and compact cars for both domestic and
international markets, ranking as the world’s tenth-largest car-producing country in 2021
with 1,685,705 vehicles produced [26]. At a time of a global EV shift, the Thai government
plans to make Thailand an EV production base for the ASEAN region, aiming for 30% of
the production to be EVs by 2030 [27]. The government is also promoting domestic EV sales
by providing subsidies (THB 70,000 to 150,000 in 2022), tax breaks, etc. (Figure 1) [28]. Over
10,000 battery electric vehicles (BEVs) were sold in Thailand in 2022, which was a large
jump from 2021, although it is still only about 1% of the total sales (850,000 vehicles) [29,30].
Therefore, EVs are part of important national strategies for the development of Thailand.
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Figure 1. The flowchart shows processes of rooftop PV and EV penetration in Bangkok City 
(adapted from [14]). 1. Techno-economic assessments are carried out; 2., 3. Bangkok City and local 
people planning is accelerated for the future design; 4. implementation of new technologies is sup-
ported by government incentive policies; 5. the policies incentivize citizens to use EVs and rooftop 
PV; 6. new technologies are expanded to the city scale. 
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vehicles [10], and they are rapidly replacing internal combustion engine (ICE) vehicles, 
reaching nearly 10% of global sales in 2021 [31]. The penetration of EVs will significantly 
affect the demand curve of urban power through uncontrolled EV charging [32]. How-
ever, EVs can also be used as a flexibility measure to mitigate the variability of renewable 
energy if charging is adequately controlled [33]. “Vehicle to Home (V2H)” is a bidirec-
tional EV charger at home, allowing households to use EVs as batteries for rooftop PV 
[14,34,35]. The system has been commercially available in Japan since 2012, and more than 
10,000 units had been sold by 2022 [36]. The aggregation of the V2H and V2B (vehicle to 
building) systems by ICT technology can produce virtual power plants (VPP), increasing 
dispatchable and affordable CO2-free electricity within cities [37]. 

3. Methodology 
3.1. Techno-Economic Analysis 

Techno-economic analysis is widely used to evaluate the viability of renewable en-
ergy projects, considering the climate, tariffs, various technologies, and degradation [13]. 
We used publicly available energy-economic software, the System Advisor Model (SAM; 
version 2020.2.29 r3 [38]), to analyze the decarbonization potential of rooftop PV inte-
grated with EVs in Bangkok City. SAM was developed by the National Renewable Energy 
Laboratory (NREL) in the USA [39] and has multiple functions to analyze various renew-
able energy projects (PV, wind, geothermal, fuel cell, biomass, etc.) in different conditions 
(climate, location, costs, electricity tariff, technology degradation, financing, etc.). All the 
SAM files used for the analyses were made available at “Mendeley Data”. We used a 
methodology developed for the analysis of Japanese cities [13,14]. For the details of the 
methodology, please refer to [13,14]. When an EV is part of the rooftop PV system, addi-
tional parameters for the EV need to be considered in the analysis, which includes the cost 
of the EV and V2H system, the electricity demand for the EV, the gasoline price, and driv-
ing behavior [40]. Net present value (NPV) was used as a primary financial parameter to 
evaluate the project with a 3% discount rate and a 25-year project lifetime (PV lifetime). 
NPV can be expressed as: PV(a, b, t) =  ∑ ( , , , )( ) − Systemcost(a, b, t)   (1)

where, a = PV capacity; b = battery capacity; N = project period; n = project year; t = first 
year of the project; and Rd = discount rate. 

Figure 1. The flowchart shows processes of rooftop PV and EV penetration in Bangkok City (adapted
from [14]). 1. Techno-economic assessments are carried out; 2., 3. Bangkok City and local people
planning is accelerated for the future design; 4. implementation of new technologies is supported by
government incentive policies; 5. the policies incentivize citizens to use EVs and rooftop PV; 6. new
technologies are expanded to the city scale.

EVs are considered to be the most efficient decarbonization technology for light-duty
vehicles [10], and they are rapidly replacing internal combustion engine (ICE) vehicles,
reaching nearly 10% of global sales in 2021 [31]. The penetration of EVs will significantly
affect the demand curve of urban power through uncontrolled EV charging [32]. However,
EVs can also be used as a flexibility measure to mitigate the variability of renewable energy
if charging is adequately controlled [33]. “Vehicle to Home (V2H)” is a bidirectional EV
charger at home, allowing households to use EVs as batteries for rooftop PV [14,34,35]. The
system has been commercially available in Japan since 2012, and more than 10,000 units had
been sold by 2022 [36]. The aggregation of the V2H and V2B (vehicle to building) systems
by ICT technology can produce virtual power plants (VPP), increasing dispatchable and
affordable CO2-free electricity within cities [37].

3. Methodology
3.1. Techno-Economic Analysis

Techno-economic analysis is widely used to evaluate the viability of renewable energy
projects, considering the climate, tariffs, various technologies, and degradation [13]. We
used publicly available energy-economic software, the System Advisor Model (SAM; ver-
sion 2020.2.29 r3 [38]), to analyze the decarbonization potential of rooftop PV integrated
with EVs in Bangkok City. SAM was developed by the National Renewable Energy Labo-
ratory (NREL) in the USA [39] and has multiple functions to analyze various renewable
energy projects (PV, wind, geothermal, fuel cell, biomass, etc.) in different conditions
(climate, location, costs, electricity tariff, technology degradation, financing, etc.). All
the SAM files used for the analyses were made available at “Mendeley Data”. We used
a methodology developed for the analysis of Japanese cities [13,14]. For the details of
the methodology, please refer to [13,14]. When an EV is part of the rooftop PV system,
additional parameters for the EV need to be considered in the analysis, which includes the
cost of the EV and V2H system, the electricity demand for the EV, the gasoline price, and
driving behavior [40]. Net present value (NPV) was used as a primary financial parameter
to evaluate the project with a 3% discount rate and a 25-year project lifetime (PV lifetime).
NPV can be expressed as:

PV(a, b, t) = ∑N
n=1

Cashflow(a, b, n, t)
(1 + Rd)

n − Systemcost(a, b, t) (1)
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where, a = PV capacity; b = battery capacity; N = project period; n = project year; t = first
year of the project; and Rd = discount rate.

Decarbonization indicators such as CO2 emission reduction, cost savings,
self-consumption, self-sufficiency, and energy sufficiency were calculated for each sce-
nario (see later discussion). CO2 emission reduction from electricity consumption and
driving was calculated using a grid emission factor of 0. 572 kgCO2·kWh−1 in 2018 for Thai-
land (operating margin value) [41]. The hourly electricity load of the city was calculated
using SAM, constrained by the hourly weather file (typical year) obtained from [42] and
the annual electricity consumption of the city [43]. The base CO2 emissions include those
generated by electricity generation and gasoline combustion (40.9 MtCO2·year−1) from
5.07 million registered gasoline-powered four-wheeled vehicles such as sedans, passenger
vans, and urban taxis in Bangkok City [44].

CO2 emission reduction = 1 − Base CO2 emission − 0.572 × (imported electricity)
Base CO2 emission

(2)

Cost savings were calculated by dividing the base energy expense (electricity and
gasoline) by the annualized NPV of the system as:

Cost Saving = 1 − Base energy expenses − Annualized NPV
Base energy expenses

(3)

Energy sufficiency (%) indicates how annual PV-generated electricity compares with
the annual electricity demand of the city. Self-consumption (%) indicates how much PV-
generated electricity was consumed within the city. Self-sufficiency (%) indicates how much
PV electricity can meet the electricity demand of the city considering the demand/supply
balance at an hourly resolution. These indicators can be expressed in equations as:

Energy sufficiency =
Annual PV energy generated

Annual electricity demand
× 100 (4)

Self − consumption =
Electricity to load from system and battery

Annual PV energy generated
× 100 (5)

Self − sufficeincy =
Electricity to load from system and battery

Lifetime electric load
× 100 (6)

Using the function “Parametric” in SAM, the optimal PV capacities that give the
maximum NPV were calculated for each scenario. The optimal PV capacities were uti-
lized for the simulation of 2020 and 2030, and decarbonization indicators were calcu-
lated (Supplementary File). the currency exchange rate in June 2022, 36.70 THB·USD−1,
was used.

3.2. Data and Parameters Utilized in the Assessment of SAM

The determination of hourly electricity demand was achieved through the utilization
of the “Building Energy Load Profile Estimator” function. The default values for building
characteristics, electric appliances, and temperature settings were employed. The monthly
electricity demand of the city [43] was inputted into the corresponding months and exported
as a CSV file for use in subsequent SAM calculations. A weather data file (a typical year’s
data) for Bangkok was obtained using an online tool, PVGIS (Photovoltaic Geographical
Information System; version 5.2) [42], which contained global horizontal irradiance (GHI;
W/m2), diffuse horizontal irradiance (DHI; W/m2), direct normal irradiance (DNI; W/m2),
and temperature (◦C). Thailand has three seasons, the monsoon season (from July to
October), the cool season (November to February), and the hot season (March to June).
The input parameters for SAM are shown in Table 1. Bangkok is located at a low latitude
(13.825◦ N, 100.622◦ E, elevation 6 m) with rather constant solar insolation and thus PV
generation (Figure 2). The tilt angle of the PV module in the SAM model was set to be
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equal to the latitude (13.8◦ N) and azimuth at 180◦. The electricity generation from PV
depends on the amount of solar irradiance reaching PV modules and temperature, which
vary depending on the season in Bangkok.

Table 1. Input parameters for the analyses of Bangkok City.

Input Parameter Unit Value Source

Latitude, longitude ◦ N, ◦ E 13.83, 100.62 [42,45]
Elevation meter 6 [42]
Tilt degree 13.8 -
Azimuth degree 180 -
Population person 5,666,264 [46]
Rooftop area km2 257.3 This study and [47]
Maximum PV capacity GW 36.8 -
PV utilization rate % 17.6 From SAM’s calculation
Registered passenger vehicles car 5,073,396 [44]
Gasoline price USD·L 1.05 [48], 10-year average
Gasoline CO2 emission factor kgCO2·L 2.3 [14]
EV efficiency km·kWh−1 5.3 [14]
Annual driving distance km·yr−1 15,633 Adapted from [49]

Driving-related data (Table 1) are essential to evaluate the decarbonization potential of
the “PV + EV” system [50]. We used the gasoline price averaged over the past 10 years [48].
The average annual driving distance in Bangkok City was reported by Phonrattanasak
et al. [49] as 15,632 km·yr−1. An EV efficiency of 5.3 km·kWh−1 was used according to
Nissan Leaf as a representative EV model [51]. The annual electricity demand of Bangkok
City in 2020 was 50.7 TWh [43]. If all the registered ICEs are converted to EVs, it would
lead to a 29.5% increase in the annual electricity demand. In addition, the total EV battery
capacity in the city can be calculated as 202.9 GWh. If the discharge rate of an EV is 6 kW,
all the EVs in the city can supply 30.4 GW power.

3.3. Rooftop Area and Maximum PV Capacity

The study area is Bangkok City, Thailand (Figure 3). The study area covers an
area of about 1568.7 km2 and includes 1,105,299 buildings with a total rooftop area of
257.3 km2 based on Microsoft Building Footprint data [47]. In 2022, Microsoft detected
building footprints around the world from their Bing Maps imagery between 2014 and 2022,
including Airbus, IGN France, and Maxar imagery, using deep learning methods for object
classification. The classification has two phases: (1) semantic segmentation to recognize
building pixels in an aerial image using deep neural networks and (2) polygonization to
convert detected building pixels into polygons. The main goal of this product is to increase
the coverage of building footprints available for OpenStreetMap. In fact, the number of
buildings in Bangkok based on OpenStreetMap in 2022 is only 85,031, sparsely covering
the suburban area. We used the Microsoft data as estimates of rooftop areas in Bangkok
City. We assumed 70% of the rooftop area as the maximum space for PV installation [14].
Thus, we estimated 36.8 GW (=257.3 (km2)/7 (m2/kW)) as the maximum PV capacity for
Bangkok City.
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Figure 2. Temperature, electricity demand, and PV generation at an hourly resolution in Bangkok
City. Data for demand and PV generation were calculated using SAM, according to the typical year’s
weather file.
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Figure 3. Building footprint data for Bangkok, Thailand.

3.4. System Cost and Operation

The cost of a PV system has declined globally in the past several decades, and it is
expected to continue to decrease over the next several decades [10]. The price of residential
PV system installation in Thailand was reportedly USD 4065/kW in 2013. Then, it further
decreased to USD 3156/kW in 2014, USD 2830/kW in 2015, and USD 1966/kW in 2018 [52].
The investment cost for a rooftop PV system was set at 1350 USD·kW−1 in 2020. The
cost of PV in 2030 was set at 470 USD·kW−1, which is close to the current price in India,
the cheapest price in the world at present [52–54]. The estimated cost of PV maintenance
has been determined to be 0.68% of the investment cost on a first-year basis [55]. The
maintenance cost includes both the operational cost and the cost of a one-time inverter
replacement over a period of 20 years. As a result, the total cost can be expressed as
9.18 USD·kW−1·yr−1 (Table 2), as described in [52,55].

Table 2. System cost estimates in 2020 and 2030 were adapted from [6,14,55,56].

Items Units Costs

PV maintenance cost in 2020 1,2 USD·kW−1·yr−1 9.18
PV maintenance cost in 2030 1,2,3 USD·kW−1·yr−1 3.20
Rooftop PV system in 2020 1 USD·W−1 1.35
Rooftop PV system in 2030 1,2,3 USD·W−1 0.47
EV additional cost in 2030 4 USD·kWh−1 22
EV battery replacement cost in 2030 4 USD·kWh−1 91

1 The cost of rooftop PV was determined based on 2020 residential price data of Thailand [6]. 2 The operation
and maintenance cost was derived by modifying Thailand’s residential rooftop PV operation and maintenance
price [55]. 3 An estimation was made that the price of PV would decrease annually by 10% until the year 2030 [56].
4 The parameters for the remaining EV prices were assumed to be the same as those used in the study conducted
in Kyoto City [14].

In this analysis, the “PV + EV” system was only considered in 2030 because the number
of EVs in the city was too small in 2020 [13,14,40]. The battery state of charge (SOC) was
set to a minimum value of 50% and a maximum value of 95% (Figure 4). A total battery
capacity of 202.9 GWh was used, assuming that all light-duty vehicles are converted to EVs.
The discharge rate of EVs was set as 30.4 GW (6 kW for each vehicle). When the batteries
degrade to 80% of the initial capacity, they were replaced at a cost of 91 USD·kWh−1. A
price of 22 USD·kWh−1 was used as the additional cost of EV installation (Table 2) [14].
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Figure 4. Battery degradation in SAM in relation to the depth of discharge (DoD) and battery cycle.
The blue line indicates the degradation rate at a DoD of 20% (80% of its initial state remaining
at a minimum), and the green line indicates a DoD of 80% (20% of its initial state remaining at
a minimum).

3.5. Electricity Demand and Tariffs

In this study, hourly electricity demand was estimated using SAM with the “Elec-
tric Load” function, constrained by monthly electric consumption data [45]. The yearly
electricity consumption of the household sector was 15.3 TWh and the industry sector’s
consumption was 35.4 TWh in Bangkok City in 2021 [45] (Table 3). Electricity tariffs in
Thailand are generally subdivided into household and industry sectors, and we used
a weighted electricity tariff of 0.14 USD·kWh−1 for the analyses (Table 3). The FIT
price for the residential sector was 0.06 USD·kWh−1, while the FIT for other sectors was
0.03 USD·kWh−1 [57]. Thus, we used a weighted FIT price of 0.04 USD·kWh−1 (Table 3).
Since electricity tariffs in Thailand are infrequently adjusted, these tariffs were applied in
all the analyses.

Table 3. Annual electricity consumption, electricity tariffs, and FITs in Bangkok City in 2020. Data
are from [57–60]. A fuel adjustment charge was added at a rate of 0.025 USD·kWh−1. In addi-
tion, a 7% tax fee was added to the tariff. Weighted tariff and FIT prices were calculated from
electricity consumption.

Yearly Electricity Consumption Tariffs FITs

(TWh) (USD/kWh) (USD/kWh)

Household (0–10 kW) 15.3 0.13 0.06
Small business (10–250 kW) 0.14 0.03
Medium–large business (250–1000 kW) 35.4 0.15 0.03
Total or weighted 50.7 0.14 0.04
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4. Result
4.1. Scenarios

Six scenarios were analyzed for Bangkok with rooftop PV plus EV combinations with
or without FITs (Table 4). As the prices of PV and EV are expected to drop substantially
over the next several decades, scenarios were considered for 2020 and 2030 with actual
costs in 2020 and estimated costs in 2030. The PV-only system was considered in Scenarios
A, B, C, and D for 2020 and 2030, while “PV + EV” in Scenarios E and F was considered
only for 2030.

Table 4. Different scenarios considered for the analyses with FITs in Bangkok City in 2020 and 2030.

Scenario Technologies Year FITs

A Rooftop PV 2020 Applied
B Rooftop PV 2020 Not applied
C Rooftop PV 2030 Applied
D Rooftop PV 2030 Not applied
E Rooftop PV + EV 2030 Applied
F Rooftop PV + EV 2030 Not applied

4.2. Techno-Economic Assessments

The NPVs of all the scenarios are positive, indicating that the PV projects in all
scenarios were already viable in 2020. Scenario E (PV + EV with FIT in 2030) has the highest
NPV, but it is close to Scenario F (PV + EV without FIT in 2030) (Table 5). NPVs in 2030
become significantly higher than those of 2020 because the costs of PV and EV in 2030
are cheaper than those in 2020, and optimal PV capacities are larger in 2030. In all the
scenarios, the cash flow in the first year is negative and large because initial investments
at the beginning of the project are large for PV installation (Table 2). However, in the
following years, the cash flow becomes constantly positive because no fuel is necessary,
and maintenance costs are smaller than fossil fuel power plants (Figure 5). In the study of
Bangkok City, EV battery degradation was relatively minor (no replacement during the
project period (Figure 5)) owing to the low surplus electricity to be used for the battery
(Table 5).

Table 5. Results of the analyses for “PV only” and “PV + EV” in 2020 and 2030 with FITs and without
FITs. USD 1B is equal to USD 1,000,000,000. N/A represents no analyses performed.

With FIT Without FIT

2020 PV Only PV + EV PV Only PV + EV

Optimal PV capacity (GW) 22.1 N/A 14.4 N/A
NPV over project period (USD B) 26.6 N/A 23.3 N/A
Discounted Payback Period (yr) 10.3 N/A 8.7 N/A

Cost Saving (%) 8 N/A 7 N/A
CO2 Emission Reduction (%) 28 N/A 24 N/A

Self-consumption (%) 64 N/A 86 N/A
Self-sufficiency (%) 42 N/A 36 N/A

Energy sufficiency (%) 65 N/A 42 N/A
2030

Optimal PV capacity (GW) 36.8 36.8 24.7 36.8
NPV over project period (USD B) 59.9 94.0 41.1 94.0
Discounted payback period (yr) 4.0 3.2 4.0 3.2

Cost savings (%) 19 59 13 59
CO2 emission reduction (%) 32 73 29 73

Self-consumption (%) 43 95 59 95
Self-sufficiency (%) 46 71 43 71

Energy sufficiency (%) 109 75 73 75
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4.3. Impacts of FITs on Decarbonization Potential

Electricity tariffs and FITs play important roles in defining the decarbonization po-
tential of rooftop PV systems. In 2020, the results of “PV only” with FITs indicate that the
PV capacity increases to 22.1 GW and obtains about a 15% higher NPV than that of “PV
only” without FITs, with a PV capacity of 14.4 GW. However, the self-consumption of “PV
only” with FITs decreases to 64% compared to the self-consumption (86%) of “PV only”
without FITs (Table 5). In 2030, the cost of EVs is estimated to be lower than that of ICEs.
Discounted payback periods for Scenarios C and D decreased to 4 years with FITs and
without FITs. Scenario D reaches the maximum PV capacity of 24.7 GW in 2030. When
“PV only” cases are compared between 2020 and 2030, the cost savings in 2030 increase to
more than twice the 2020 value (Table 5). These results indicate that the FIT policy will
play a smaller role in 2030 than will the decreasing cost of PV. In the case of “PV + EV”,
self-consumption increases, reducing the amount of electricity sold to the grid. It is notable
that optimal PV capacities in all the scenarios of “PV + EV” grow at its maximum capacity
of 36.8 GW. Consequently, the cost savings and energy sufficiency both with and without
FITs in the “EV + PV” scenarios did not significantly differ (Table 5).

4.4. Sensitivity Analysis

NPV calculations depend on various parameters with assumptions. Hence, sensitivity
analyses are necessary to evaluate whether these assumptions are valid to reach conclusions.
Sensitivity analyses were conducted for the electricity tariff, discount rate, gasoline price,
PV installation cost, electricity demand, EV battery replacement cost, PV operational cost,
and FIT price using the one-way sensitivity analysis method (Figure 6). In conducting the
sensitivity analysis, we ensured that these parameters were tested in a range of ±20% and
used Scenario E (“PV + EV” for the year 2030), which produced the highest reduction in
CO2 emissions (73%) among all the scenarios with the maximum PV capacity of 36.8 GW
and an associated NPV of USD 9404 million (Table 5). The model was run with changes
in each parameter, with the resulting NPV being calculated for each respective model
iteration. After the resultant NPV values were obtained, the percentages between the
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model outputs and the initial NPVs were calculated to determine the sensitivities of the
parameters (Figure 6).

Energies 2023, 16, 3011 11 of 18 
 

 

highest reduction in CO2 emissions (73%) among all the scenarios with the maximum PV 
capacity of 36.8 GW and an associated NPV of USD 9404 million (Table 5). The model was 
run with changes in each parameter, with the resulting NPV being calculated for each 
respective model iteration. After the resultant NPV values were obtained, the percentages 
between the model outputs and the initial NPVs were calculated to determine the sensi-
tivities of the parameters (Figure 6). 

 
Figure 6. Sensitivity analysis for 20% increase with FITs in 2030 for various parameters. 

The largest change of ±27% in NPVs occurred when the “electricity tariff” was 
changed by ±20% (Figure 6). The discount rate represents another critical parameter. 
Changes in the discount rate to 4% and 2% from 3% result in corresponding variations of 
−12% and +14% in NPVs, respectively. Then, changing the gasoline price by ±20% results 
in a ±10% change in NPVs. A 20% increase and 20% decrease in electricity demand re-
sulted in +1.5% and −2.5% changes in NPVs, respectively. Changing the PV installation 
cost by ±20% resulted in a ±3.52% change in NPVs. Changes of ±20% in PV operation costs 
result in a ±0.44% change in NPVs. Changing EV battery replacement costs by ±20% re-
sults in a ±0.95% change in NPVs. Lastly, changes of ±20% in the FIT price result in a nearly 
0% change in NPVs due to little electricity sold to the grid in this scenario (95% self-con-
sumption) (Table 5). 

5. Discussion 
5.1. Deep Decarbonization of Bangkok City Using Rooftop PV and EVs 

We have shown that compared to the “PV only” system, the “PV + EV” system has a 
substantially higher potential to reduce CO2 emissions as well as energy costs in Bangkok 
City. The reduction in CO2 emissions is estimated to be about 73% regardless of FIT avail-
ability, or approximately 29.7 MtCO2 from electricity consumption and driving. On the 
other hand, the “PV only” system can only reduce 20% to 30% of CO2 emissions in Bang-
kok City. The results also show that approximately 11.9 MtCO2 will be reduced if all the 
cars in Bangkok City are shifted to EVs with energy supplied from renewable energy (e.g., 
PV). The “PV + EV” system will not only help reduce CO2 emissions but also reduce en-
ergy costs by up to 59% in 2030. The Bangkok Metropolitan Administration (BMA) is ded-
icated to promoting sustainability within the city. As part of this effort, the BMA has 

Figure 6. Sensitivity analysis for 20% increase with FITs in 2030 for various parameters.

The largest change of ±27% in NPVs occurred when the “electricity tariff” was
changed by ±20% (Figure 6). The discount rate represents another critical parameter.
Changes in the discount rate to 4% and 2% from 3% result in corresponding variations
of −12% and +14% in NPVs, respectively. Then, changing the gasoline price by ±20%
results in a ±10% change in NPVs. A 20% increase and 20% decrease in electricity demand
resulted in +1.5% and −2.5% changes in NPVs, respectively. Changing the PV installation
cost by ±20% resulted in a ±3.52% change in NPVs. Changes of ±20% in PV operation
costs result in a ±0.44% change in NPVs. Changing EV battery replacement costs by ±20%
results in a ±0.95% change in NPVs. Lastly, changes of ±20% in the FIT price result in
a nearly 0% change in NPVs due to little electricity sold to the grid in this scenario (95%
self-consumption) (Table 5).

5. Discussion
5.1. Deep Decarbonization of Bangkok City Using Rooftop PV and EVs

We have shown that compared to the “PV only” system, the “PV + EV” system has a
substantially higher potential to reduce CO2 emissions as well as energy costs in Bangkok
City. The reduction in CO2 emissions is estimated to be about 73% regardless of FIT
availability, or approximately 29.7 MtCO2 from electricity consumption and driving. On the
other hand, the “PV only” system can only reduce 20% to 30% of CO2 emissions in Bangkok
City. The results also show that approximately 11.9 MtCO2 will be reduced if all the cars in
Bangkok City are shifted to EVs with energy supplied from renewable energy (e.g., PV).
The “PV + EV” system will not only help reduce CO2 emissions but also reduce energy
costs by up to 59% in 2030. The Bangkok Metropolitan Administration (BMA) is dedicated
to promoting sustainability within the city. As part of this effort, the BMA has established a
goal of reducing CO2 emissions by 50% by the year 2030. This goal is part of a larger plan
called the “Bangkok Climate Change Adaptation Plan”, which aims to mitigate climate
change and its impacts on Bangkok City [61]. The EV penetration in Bangkok City is still in
the beginning stage. To achieve carbon neutrality by 2065, it is necessary to introduce more
supporting policies for the purchase of EVs or enforce more stringent regulations on CO2
emissions from vehicles in Bangkok City.
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The development of a distributed energy system requires the participation of the
government, industry, and citizens (Figure 1). Although rooftop PV and EVs would
provide substantial benefits to Bangkok society, the promotion of these technologies in an
actual environment may face numerous barriers, including complex existing policies and
regulations, capital-intensive investment, the current unsupportable grid system, etc. For
example, according to building control regulations in Bangkok, a rooftop area ≤ 160 m2

with a weight ≤ 20 kg·m−2 requires an approval document from the government for
PV installation, while a rooftop area ≥ 160 m2 with a weight ≥ 20 kg·m−2 requires the
submission of a plan from the civil engineering company [62]. In addition, the upfront costs
of rooftop PV are high for citizens in Bangkok (Table 5). Similarly, EVs are associated with
financial barriers such as high purchase costs and low resale values. Moreover, the short
driving ranges of EVs [63] create the perception that it is difficult to use for long trips owing
to a limited number of charging stations. In order to make PV and EVs more attractive,
sufficient financial support through subsidies, tax breaks, etc., should be provided until the
costs of these technologies decline. Another barrier would be the grid system in Thailand.
High penetration of PV and EVs is expected to cause problems for power grid operation.
Thus, the digitalization of the power system, updates of grids, and deregulation need to be
performed with increasing PV and EV penetration.

5.2. Decarbonization Comparison between Bangkok and Kyoto Cities

In order to highlight the characteristics of the “PV + EV” system in Bangkok, we
compared the results with those of Kyoto City, Japan (35◦ N, 135.7◦ E) [14]. The to-
tal area of Bangkok is 1569 km2, which is almost twice that of Kyoto City (828 km2).
In addition, the population of Bangkok is more than 3 times larger than that of Kyoto
(1.5 million). Kyoto receives an average of 1780 h of sunlight per year, whereas Bangkok City
(13.8◦ N, 100.6◦ E) receives approximately 2630 h of sunlight annually, indicating that
Bangkok receives 50% more sunlight than Kyoto in terms of hours [64,65]. Kyoto has
a maximum rooftop capacity of 7.37 GW using 70 % of the total rooftop area, whereas
Bangkok has a maximum of 36.8 GW owing to the larger size of the city. The maximum
use of rooftop PV in Kyoto is capable of producing the same amount of annual electric-
ity demand. If the demand/supply balance is considered at an hourly resolution, the
“PV + EV” system in Kyoto can meet 70% of its demand. On the other hand, the “PV + EV”
system in Bangkok with the maximum rooftop PV capacity can produce about 75% of its
annual demand, including EV charging (Figure 7c), which provides little excess electrical
power. Therefore, Bangkok is increasingly more energy-intensive, with higher buildings
and more driving than Kyoto. For a carbon-neutral energy system, Bangkok will need to
import energy from outside of the city. Alternatively, it can develop less-intensive urban
energy systems, for example, with low-rise buildings, higher energy efficiency, and public
transport, which is more similar to Kyoto’s system.

Kyoto and cities in Japan are facing the challenge of population decline over the next
decades [40]. A decreasing population will limit financial resources to the city government
for decarbonization, but the energy demand will decrease as well. On the other hand,
Bangkok’s population has been increasing since the 1950s, and it is estimated to increase
by about 10% over the next 10 years [66], which could result in greater financial resources
available to the city government for building new infrastructure. However, the population
increase will create a rise in energy demand. Therefore, different management strategies
for decarbonization will be necessary for Bangkok and Kyoto.
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5.3. Policy Implications for Bangkok City

The Thai government has implemented the Solar Incentive Program with the primary
objective of promoting the use of PV systems for self-consumption and, to a lesser extent,
for the supply of excess electricity back to the grid. However, the program has not been
widely adopted, with an accomplishment of less than 5 MWp since its inception in 2019 [57].
The results presented in Table 5 suggest that the FIT policy has a significant impact on PV
capacity when EV is not taken into account, and thus, given the crucial role that PV and EV
technologies play in decarbonizing Bangkok City, the policy should be optimized. There-
fore, the government should focus on increasing the FIT price to incentivize people to use
PV while the EV transition remains slow. This approach can encourage people to invest in
PV systems, thereby increasing PV capacity and its contribution to decarbonization efforts.
It is also important to revisit and adjust the FIT policy to reflect changing market conditions
and the evolving needs of the renewable energy sector, in tandem with supplementary
financial incentives such as tax credits or low-interest-rate loans. These incentives can be
tailored to leverage the choices for high- and low-income individuals and enhance the rate
of PV installations in Bangkok. While the affordability of EVs is predicted to increase in
the near future, the incentives to promote EVs and V2H systems, such as investments in
charging station infrastructure or subsidies for EV and/or V2H purchases, must not be
neglected to expedite the proliferation of “PV + EV” technology by 2030.
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5.4. Limitations of the Study

There are a few important points to be discussed as limitations of the study. First, the
current study focused on assessing the potential of rooftop PV systems in conjunction with
EVs for Bangkok City owing to the high priority of rooftop PV in urban decarbonization.
However, to reach carbon neutrality in Bangkok, other sources of renewable energy, such
as hydro, wind, biomass, and hydrogen, will play important roles as well. Therefore,
future studies should include these technologies to identify more detailed decarbonization
pathways toward carbon neutrality. Second, the costs of PV and EV technologies are subject
to decrease, but the speed of the decline may not be as fast as we described in this study,
requiring further analyses regarding the costs in future studies. Third, recently, the Thai
government has been rapidly updating its decarbonization plans. To further investigate the
feasibility of the “PV + EV” system, future studies should explore necessary policy changes,
market reforms, and their effects on the adoption of PV and EV technologies, taking into
consideration the latest policies. Fourth, given the significance of social and political factors
in shaping the implementation of the “PV + EV” system, it is necessary to include public
opinion, politics, and regulatory frameworks for future research.

6. Conclusions

In conclusion, the declining costs of renewable energy and EVs offer new oppor-
tunities to decarbonize energy systems not only for developed but also for developing
countries. Our analysis demonstrated how rooftop “PV only” and “PV + EV” systems
may play roles in the decarbonization of energy systems in Bangkok City, Thailand, to
realize carbon neutrality. The “PV + EV” system with the FIT policy emerged as the most
promising scenario, providing optimal economic and environmental benefits. By 2030, the
NPV of the “PV + EV” system would reach USD 94 billion with an estimated first-year
energy production of 50 TWh. CO2 emissions could be reduced by 73% from electricity
and driving, contributing significantly to the rapid decarbonization of Bangkok City. To
build the new power system with rooftop PV integrated with EVs in Bangkok, several steps
need to be taken. Currently, PV and EV penetration policies are being targeted indepen-
dently by the government. Governments should also adopt policies to support integrated
“PV + EV” systems (e.g., V2H systems) that are economically and environmentally more
efficient. According to the analysis of this study, highly efficient and technologically ad-
vanced “PV + EV” may spread quickly once the prices of PV and EVs are sufficiently low.
In order to facilitate the transition, it is necessary to reform the regulatory environment
and pricing structure for electricity to create new business models. However, as rooftop
PV plus EVs in Bangkok City can support at most 71% of the annual electricity demand of
the city in the conditions we considered, energy supply from outside of the city and/or
further technologies such as hydrogen need to be considered to reach carbon neutrality in
Bangkok City.
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Nomenclature
PV Photovoltaic
SAM System Advisor Model
FIT Feed-in-tariff
EV Electric vehicle
BEV Battery electric vehicle
DoD Depth of discharge
NPV Net present value
SOC State of charge
V2H Vehicle to Home
V2B Vehicle to Building
ICE Internal combustion engine
ICT Information and Communication Technology
VPP Virtual power plant
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