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Abstract: We analyze Thailand’s projected 2023-2030 energy needs for power generation
using a constructed linear programming model and scenario analysis in an attempt to find a
formulation for sustainable electricity management. The objective function is modeled to
minimize management costs; model constraints include the electricity production capacity of
each energy source, imports of electricity and energy sources, storage choices, and customer
demand. Future electricity demands are projected based on the trend most closely related to
historical data. CO, emissions from electricity generation are also investigated. Results show
that to keep up with future electricity demands and ensure the country’s energy security, energy
from all sources, excluding the use of storage systems, will be necessary under all scenario
constraints.
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1. Introduction

Managing energy supplies for power generation is a crucial issue in the age of
environmental challenges. Global electricity demand in 2019 was 22,848 terawatt-
hour (TWh), a 1.9% increase from the year before (International Energy Agency: IEA,
2019). A country’s electricity consumption growth is generally connected to
population and GDP growths (Beretta, 2007). Since 2010, electric energy
consumptions by members countries of the Organization for Economic Cooperation
and Development (OECD), including the United States, the United Kingdom and
Japan, have been decreasing because these countries have begun to shift to a less
energy-intensive service economy. In contrast, non-OECD countries such as China,
India, Brazil and Egypt have seen power consumption increase about 2% annually due
to rapid economic growth and reliance on low-efficiency mass production
manufacturing (U.S. Energy Information Administration, 2017). Thailand’s power
consumption and economic growth are similar to those of the non-OECD countries
mentioned above and hence power consumption growth remains high. Literature on
the managing electricity generation is summarized in Table 1.
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Table 1. Summary of literature.

Ref. Location Research Approach Model

. Find optimal solution for electricity generation distribution . .
Fang et al. (2019) China based on water scarcity and energy resource Linear programming
Orfanos et al. (2019) Greece Investigate the environmental performance of electricity

Washburn and Pablo-
Romero (2019)

Afful-Dadzie et al.
(2020)

Muangjai et al. (2020)

Wehbe (2020)

Gupta et al. (2021)

Kumar et al. (2022)

Sahin and Esen (2022)

Uddin et al. (2023)

sector by considering various power generation technologies

Latin American Analyze measures used to promote renewable energy for

countries

Ghana

Thailand

Lebanon

Canada

Thailand

Turkey

Thailand

electricity generation

Propose a model for policy evaluation to achieve renewable  Mixed-integer linear
electricity generation target programming

Estimate the factor cost of electricity generation from
renewable energy comprising: 1) natural energy sources
(solar, wind and hydro energy), and 2) bioenergy (biomass,
biogas, and waste)

Nonlinear model

Propose economy-and environment-based policies to develop

electricity generation scenario by 2030 Linear programming

Evaluate GHG emissions mitigation, water footprints, and
marginal abatement costs of electricity generation Nonlinear model
decarbonization pathways

Study effect of a renewable energy policy for electricity

generation consisting of three scenarios 1) reduce post-

harvest burning 2) follow Alternative Energy Development  Linear system equation
Policy (AEDP) with a 2036 target and 3) modify AEDP

targets by increasing biomass electricity by 50%

Determine the GHG emission of electricity generation from
renewable energy resources

Explore potential electricity demand drives consisting of 1)
industrial production 2) electricity price 3) oil price and 4) Statistical model
energy policies

Over the past several decades, Thailand’s electricity demand has been growing at
a little over 1200 megawatt (MW) per year (about 4% annually); however, domestic
power generation has not fully caught up with demand rises, resulting in power
outages in some regions (Zalostiba, 2013). A 2005 blackout incident across southern
Thailand caused income losses and economic damage worth an average 28.5 million
USD per hour (Sukyod et al., 2012). In 2020, Thailand’s highest hourly and total
demands were 30,342 MW and 187,047 GWh, respectively, while total domestic
energy generation stood at 206,034 GWh (Energy Policy and Planning Office, 2021).
From 2010-2017, average domestic generation capacity lagged behind annual demand
by 3.45%. The shortfalls were covered by electricity imports from neighboring
countries. Economic growth has been a boon to Thailand’s energy security (Le and
Park, 2021), but as it faces the twin realities of an urgent need for further growth and
the looming depletion of conventional energy resources, the country needs to find a
prudent formula for managing energy supplies for power generation.

Recent data show Thailand’s electricity supplies to be 55% from natural gas, 18%
from coal, 10% from renewable energy, 2% from hydro power, 0.4% from crude oil
(Energy Policy and Planning Office, 2021) and the remaining 14% imported from
neighboring Laos, Myanmar and Malaysia. Natural gas will be running out in 20 years,
according to the country’s main power producer, the Electricity Generating Authority
of Thailand (EGAT) (2022). Electricity generation from natural gas in 2020 was
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113859 GWh, down 6.6% from the previous year (Energy Policy and Planning Office,
2021). According to the national Power Development Plan 2018 (PDP 2018),
electricity generation from natural gas during 2021-2030 is projected to increase year-
on-year by 0.6%, 0.5%, 0.4%, 0.3%, 0.3%, 0.2%, 0.2%, 0.1% and 0.1% (Energy
Policy and Planning office, 2018). An immediate shift from natural gas as the main
energy source for electricity generation is not feasible and therefore natural gas
imports for this purpose are still needed. In 2020, natural gas imports averaged about
1,437 million standard cubic feet per day (MMscfd), up 3.8% from 2019 (Energy
Policy and Planning Office, 2021). Given that natural gas is not a “clean” energy
source (Moore et al., 2014), other sources of electricity need to be considered.

Coal is Thailand’s second-largest energy source for power generation. As coal is
the most polluting fossil fuel (Energy Policy and Planning Office, 2021), increasing
coal-fired electricity generation would entail heavy environmental costs. Currently,
the coal used by Thai power plants is imported because coal from local sources is more
polluting (Energy Policy and Planning office, 2018). In 2020, coal-generated
electricity amounted to 36,823.17 GWh, up 2.8% from the previous year (Energy
Policy and Planning Office, 2021); according to PDP 2018, coal-generated electricity
in 2030 will decrease by just 1% compared to 2021 (Energy Policy and Planning office,
2018). Moreover, the International Energy Agency (IEA) predicts that by 2035, the
share of coal-fired power generation in Southeast Asia, where Thailand is located, will
expand to 50% due to the need for stable and affordable energy sources

Given these issues, the Thai government is trying to shift to more renewable
energy. Electricity generation from renewable energy has continuously increased,
from 207.12 GWh or 0.24% of domestic demand in 1996 to 20,540.12 GWh or 9.97%
of total domestic demand in 2020 (Energy Policy and Planning office, 2021). The
number spiked in 2014, rising 9.6% from the previous year to 9025 thousand tons
(Department of Renewable Energy Development and Energy Efficiency, 2015).
According to the latest available data (2017), the shares of renewable energies in
power production are as follows: hydro (28%), solar (28%), wind (14%), bio-mass
(21%), biogas (4%), waste (4%), and geothermal energy (< 1%) Under Thailand’s
Alternative Energy Development Plan 2015 (AEDP2015), electricity generation from
renewable sources will account for 15%—20% of domestic energy demand by 2036.

According to the International Energy Agency (2021), carbon from burning
biomass will be absorbed by plants as they grow. Burning fossil fuel, on the other hand,
increases the total amount of carbon in the biosphere-atmosphere system, exacerbating
global warming. However, the unreliability of biomass sources constitutes a big
challenge for the promotion and development of biomass-fueled power generation.
Thailand is a major agricultural producer and agricultural waste materials can readily
be found in every part of the country (Energy Policy and Planning Office, 2008).
Biomass supplies are available year-round, but they are scattered around the country
making the collection and storage processes inefficient. As a result, biomass power
plants are not flexible to peak demands and this energy source has never become a
popular option for power generation.

Since 1989, the Thai government has had a policy in place to promote electricity
production from renewables (Energy for Environment Foundation, 2011) but in
implementing the policy it has faced similar challenges to what China and India have
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experienced (Iychettira, 2021). From 1998-2003, electricity generation from biomass
increased 2%—-3% per annum (Energy Policy and Planning Office, 2021). In 2017,
biomass accounted for 1908.82 MW of electricity generation. Starting in 2017,
Thailand has initiated more projects to establish community biomass electricity
generation plants in order to increase both power production and the local populations’
income. It is forecasted that by 2036 electricity generation from biomass will reach
5570 MW (Department of Renewable Energy Development and Energy Efficiency,
2015).

Hydropower is the world’s most renewable energy source and the least harmful
to the environment (Hino and Lejeune, 2012; Mayer et al., 2021). Hydroelectric power
plants are known as “peak load plants” because they operate according to demands
during peak periods. In 2020, hydropower accounted for 2% of Thailand’s total
electricity generation (Energy Policy and Planning Office, 2021). According to
PDP2015, 4 planned hydro plants are expected to generate 3282.4 MW of electricity
by 2036 (Department of Renewable Energy Development and Energy Efficiency, 2015;
Energy Policy and Planning office, 2018).

Plants powered by other types of renewable, clean and free energy will generate
and distribute electricity whenever that energy source is available. Given the instability
of sunlight and wind, however, sometimes these plants are able to operate at full
capacity for only 4-5 hours per day (Bangkokbiznews, 2023). Solar and wind energy
are currently distributed throughout the country with a generating capacity of 1298.51
MW for solar and 224.47 MW for wind (Energy Policy and Planning office, 2018).
Thailand expects that over the next 30 years solar and wind energy will account for
9,002 MW of power production (Energy Policy and Planning office, 2018). Solar and
wind offer advantages, but they cannot be harnessed for round-the-clock electricity
production. In order to ensure continuous electricity supply, it is necessary to consider
energy storage options. Currently, three storage types are in use: Battery Energy
Storage, Pumped-Storage and Wind Hydrogen Hybrid (Electricity Generating
Authority of Thailand, 2020).

Since domestic electricity generation is inadequate to meet demand, another
option is to import electricity from neighboring countries. Electricity imports from
Laos, Myanmar and Malaysia cost only 0.06 USD/kW in 2015 compared to 0.09
USD/kW for domestic electricity generation (Energy Policy and Planning Office,
2021). From 2015 to 2017, electricity imports rose by 26.1% annually (Energy Policy
and Planning Office, 2021). However, importing electricity or energy sources for
electricity generation is not really a self-sustainable option, as illustrated by a 2013
incident where Myanmar halted natural gas supply for 8 days, forcing Thailand to
increase domestic generation from diesel and fuel oil and reduce electricity
consumption across all sectors (Chokchaichamnankit, 2013). Besides insufficient
domestic generation capacity, Thailand has another reason to continue importing
electricity: The need to maintain good relations with her neighbors (Energy Policy and
Planning office, 2018).

To cover surplus and fluctuating demands, Thailand has proposed a 4-pronged
approach consisting of economical and efficient use of electricity, development of
primary-fuel power plants, development of renewable-energy power plants, and
electricity purchases from neighboring countries (Electricity Generating Authority of
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Thailand, 2021). In light of the crucial importance of electricity storage in ensuring
effective handling of fluctuating demands and supply efficiency, a number of energy
storage projects have been initiated and batteries have been imported to offset the
limitations of renewable energy.

This research focuses on electricity management to ensure responsible
consumption of energy resources in Thailand. The energy management model shown
in the next section seeks to minimize the total cost of energy and fuel consumption
over a 1-year planning horizon. This model needs to reflect the country’s electricity
demand and production capacity. Biomass along with other renewable energy and
storage options will be considered as potential fossil-fuel replacements in electricity
production. Since the objective function and constraints are linearly related, this
problem formulation constitutes linear programming. The details of the model are
shown in Section 2.

2. Model formulation

This study aims to propose a formula for minimizing Thailand’s total cost of
energy and fuel consumption over an 8-year planning horizon from 2023 to 2030. In
order to follow the projected electricity demands during the study period, model
constraints are set to comprise 4 parts: electricity generation, storage purchase, fuel
production, and fuel purchase. Indices, parameters and variables of the constructed
model are as follows:

Indices:

Let ny,n,,n3 and m be the number of energy sources, energy storages, energy
purchases, and fuel types, respectively.

I is a set of energy sources, [ = {1,2,3,...,n4}.

J is a set of energy storages, | = {1,2,3, ...,n,}.

K is a set of purchased power resources, K = {1,2,3,...,n3}.

L is a set of fuels for heat generation, transportation, and others, L =
{1,2,3,...,m}.

Variables:

x;; 1s the amount of electricity generated from source i € [ at time j € t.

yij is the amount of electricity stored to storage i € ] at time j € t.

z;j is the amount of electricity purchased from source i € K at time j € t.

u;; is the amount of produced fuel of type i € L attimej € t.

v;; 1s the amount of purchased fuel of type i € L at time j € t.

q;j 1s the demand for fuel type i € L to generate electricity at time j € t.

Parameters:

c; is the cost of electricity generated from source i € [ (per/unit).

w; is the cost of electricity stored to storage i € J (per/unit).

p; is the cost of electricity purchased from source i € K (per/unit).

r1; is the cost of produced fuel of type i € L (per/unit).

r2; is the cost of purchased fuel of type i € L (per/unit).

s1; is the loss during transportation to customer of electricity generated from
source i € I.
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s2; is the loss during transportation to customer of electricity stored to storage
i€].

s3; is the loss during transportation to customer of electricity purchased from
source i € K.

d1; is the amount of electricity demand at time i € t.

al; is the time to transport electricity generated from source i € I to customer.

a?; is the time to transport electricity from storage i € J to customer.

a3; is the time to transport electricity purchased from source i € K to customer.

d2; is the amount of fuel demand for type i € L.

b1; is the time to transport produced fuel of type i € L to customer.

b2;, is the time to transport purchased fuel of type i € L to customer.

b3; is the time to transport fuel type i € L for use at electricity generation site.

h; is the conversion loss of the electricity produced from fuel type i € I.

Cap x; is the electricity generation capacity of source i € I.

Cap; is the capacity of production from fuel i € L.

2.1. Model

The model described below is constructed as an LP model corresponding to the
government’s proposed plan to adequately provide electricity for domestic needs.

2.1.1. The objective function

We will consider the objective function to minimize the cost of managing energy
and fuel consumption in the stated time horizon, which consists of 5 parts:

1) The total cost of electricity generated from generation sources in I at time
j €t iswrittenas F; = Xc; X jer CiXij.

2) The total cost of electricity stored in the storages in J at time j € t is written
as F, = Yicj Xjet Wilij-

3) The total cost of electricity imported from the countries in K attime j € t is
written as F3 = Yiex X jet DiZij-

4) The total cost of produced fuel in L at time j €t is written as F, =
YieL Djee T1iug;.

5) The total cost of purchased fuel in L at time j €t is written as Fz =
YieL Xjet T2iVjj.

Therefore, the objective function of this study is

min(F+ F, + F; + F, + F5) (1)

2.1.2. Constraints

The 8 sets of constraints are as follows:
e  Electricity demand constraints

Since al; is the lead time to transport the electricity generated from source i €
I, and t is the time that the customer requests for the electricity, we have k1; =t —
al; as the time to produce the electricity. Since the electricity generated from each
source i €1 at time j €t is denoted as x;; with s1; being the line loss of
electricity generated from source i € I, the electricity obtained from source i € [ at
period t will be produced at the time k1; which can be written as s1;; yq;.
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Since a2; is the lead time to transport the electricity from storage i € /] and t
is the time that the customer requests for the electricity, we have k2; =t — a2; as
the time to release the electricity stored in storage i € J to the customer. Since the
electricity stored in storage i € J attime j € t is denotedas y;; and s2; isthe line
loss during transportation to customer of electricity stored of storage i € J, electricity
obtained from storage i € /] will be released to the customer at time k2;, that is
S2iYik2;-

Similarly, electricity imported from source i € K will be released to the
customer at time k3;, thatis $3;z; k3.

Since the electricity supply from all sources combined must be enough to meet
the demand of that period, the sum of generated, stored and purchased electricity
available at the period j € t must be greater than that period’s electricity demand.

z Slixij + z SZiyij + z S3izij = dlj (2)

i€l i€] iEK
e  Generation capacity
To ensure that electricity generated from source i € [ at time j € t cannot be

Therefore,

greater than the source capacity, we write
Xij < Capx;, L €1 3)
e Fuel demand as heat generation

Wehave [1; =t — b1; asthetime to produce the fuel type i € L. Since the fuel
produced from each source i € L at time j € t is denoted as u;j, the fuel obtained
from source i € L atperiod t will be produced at the time [1; which can be written
as u;yq;. Similarly, the fuel purchased from source i € L will be released to the
customer at the time [2;, that is, the amount of purchased fuel at time t is equal to
Vi12;-

Since the combined amount of fuel must cover the fuel demand in the same period
Jj €t tobeused as heat generation, this constraint can be written as

Ui, + Vg, = d245, T € L. 4)
e  The conversion loss of its generation type

Let [3; =t — b3; be the time to generate electricity of fuel type i € L. Since
the fuel demand for type i € L at time j € t is denoted as gq;j, the fuel needed to
generate electricity available at period ¢ will be denoted as q; 3,

Since the electricity generation from each fuel at time j € t has the conversion
loss of electricity produced from fuel of each source i € I, we can write this constraint
as

Xij = hiqi3, L€ Q)
e  Production capacity

To ensure that fuel of type i € L attime j € t cannot be produced at more than

its production capacity at the time, we have
u;j < Cap;, i € L. (6)
e  Fuel demand for electricity generation

Let I1; =t — b1; be the time to produce the fuel type i € L. Since the fuel

produced from each source i € L at time j € t is denoted as u;;, the fuel obtained
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from source i € L at period t will be produced at time [1; which can be written as
Ui 11;-

Similarly, the fuel purchased from source i € L will be released to the customer
at the time [2; that is, the amount of purchased fuel at time ¢ is equal to v;5,.

Since the sum of produced and purchased fuel of each type i € L has to exceed
the fuel demand for electricity generation in each period j € t, we write this constraint
as

Ui 11, + Vi12; > dZij + qij, i €L. 7
e Variable boundary constraints: The amount of electricity produced, stored and
purchased, and amount of fuel produced and purchased cannot be negative in

each period j € t. Therefore, x;;,y;j, 2, u;j, vij, qij = 0.

The model representing Thailand’s electricity management during the period
2023-2030 can be stated as linear programming with the objective to minimize the
total cost of electricity generation, purchase, storage, fuel production and fuel purchase.
The constraints in this model comprise 8 parts, which can be summarized as:

min zz Cixij +zzwlyu +ZZPLZU +22r1iui]~ +zZr2ivij

i€l jet i€e] jet i€EK jet i€EL jet i€EL jet
Subject to
z Slixij + z SZiyij + 253izij > dlj
i€l ieJ i€EK

Xijj<Capx;, i€l
Ui, + Vg, = d2;5, LEL
Xij = hiqy3;, L€
u;j < Cap;, i €L
Ui, + Vg, = d2i+ qi5, LEL

Xij» Yij» Zij» Uij» Vijy qij = 0

3. Data collection and case study

Thailand’s electricity management is explored to help increase electricity supply
efficiency. We consider hydro power, wind, solar, geothermal power, biomass, solid
waste, biogas, natural gas, fuel oil, coal, and diesel, all 11 possible electricity
generation sources in the country. We also include electricity storage sources from
batteries and electricity imports from Laos, Myanmar and Malaysia in the study. Fuel
consumption, most of which is for electricity production, is also illustrated. Domestic
and imported generation sources in this study include biomass, biogas, natural gas,
fuel oil, coal, diesel, LPG and gasohol.

3.1. Costs

The costs of generating electricity from geothermal resources, waste, natural gas,
fuel oil, coal (Sirianuntapiboon et al., 2012) and diesel are summarized in Table 2.
The cost of hydroelectric, wind and solar generation ranged from 0.03—0.6 USD/kW,
0.14-0.26 USD/kW and 0.18-0.22 USD/kW, respectively (Mulugetta et al., 2007)
while that of biomass and biogas electricity generation ranged from 0.18-0.22
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USD/kW and from 0.09-0.12 USD/kW, respectively (Kittiyarangsit, 2011). Shown in
columns 2 and 3 of Table 2 are their assigned parameters and the average numbers of
these figures, respectively. The line loss of all generated electricity ranged between
5.6950%—6.9446% and averaged out at 6.32%, as shown in column 5 of Table 2
(International Energy Agency: IEA, 2014). The conversion losses of electricity
generation from each source are summarized in the last column of Table 2 (Energy
Policy and Planning Office, 2021).

The cost of biomass, natural gas, fuel oil, diesel, LPG, and gasoline production
are 31.88-35.07 USD/ton, 3.57-5.43 USD/million BTU, 0.33—0.39 USD/I, 0.44-0.66
USD/1, 0.39-054 USD/1, and 0.44-0.73 USD/1, respectively (Ministry of Energy,
2022). Shown in columns 2 and 3 of Table 3 are their assigned parameters and the
average values of these figures, respectively. The costs of importing biomass, natural
gas, fuel oil, diesel, LPG, and gasoline range from 31.88—35.07 USD/ton, 4.97-5.43
USD/million BTU, 0.38-0.46 USD/1, 0.54-0.56 USD/I, 0.58-0.80 USD/1, and 0.46—
1.04 USD/1 respectively (Energy Policy and Planning Office, 2022) with the averages
shown in Table 3. All other costs of fuel production and imports as well as fuel
production capacity are also shown in Table 3.

Table 2. The costs of generating electricity from different energy sources, the line losses of generated electricity, the

conversion losses of electricity generation and their assigned parameters in the model.

Cost of generating electricity Line losses of generated electricity Conversion losses of electricity generation

Parameters  Value Parameters Value Parameters Value
(102 USD/KW) (%) (%)
Hydro c 4.27 s1y 6.32 hy 37.50
Wind Cy 9.96 s1, 6.32 h, 15.00
Solar C3 20.37 sl, 6.32 hs 15.00
Biomass Cy 2.76 s1, 6.32 h, 75.00
Biogas Cs 8.80 sle 6.32 he 7.00
Natural gas ¢ 9.85 slg 6.32 hg 85.00
Fuel oil c; 5.32 s1, 6.32 h, 85.00
Coal Cg 19.96 slg 6.32 hg 85.00
Diesel Cy 8.64 slg 6.32 hq 85.00
Geothermal ¢, 6.31 sl 6.32 hyo 15.00
Solid waste ¢;4 14.76 sl 6.32 hyq 7.00

The cost of battery storage is 200 USD/kW (Schmidt et al., 2017). The line losses
of all generated electricity ranging from 5.6950%—6.9446% and averaging 6.32%, are
used in this study (International Energy Agency: IEA, 2014). The costs of stored
electricity and the line loss of stored electricity from batteries are summarized in Table
4. Usually, the depreciation costs of batteries are at 20% of the installation cost, but
we did not include the depreciation costs in the model. The cost of purchasing
electricity from neighboring countries will not exceed 0.09 USD/kW under
agreements between Thailand and those countries (Department of Renewable Energy
Development and Energy Efficiency, 2015). The cost of electricity imports used in this
study, 0.06 USD/kW, is taken from 2015 figures (Energy Policy and Planning Office,
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Table 3. The costs of fuel production and imports, and the fuel production capacity and their corresponding

2021).

Note that in further analysis, other related costs can be included. However, it is

reasonable to make all units similar.

parameters.
Cost of fuel Fuel production capacity
Fuel production Fuel imports Units
Parameters Value Parameters Value Parameters Value Units
Biomass rl, 42.47 72, 42.47 USD/ton Cap, 6.54x10* kg
Biogas rl, 4247 12, 42.47 USD/km? Cap, 369.80 m3
Natural gas rls 5.01 123 6.07 USD/mBTU Caps 9.73x 107  BTU
Fuel oil rl, 0.52 2, 0.42 usD/I Cap, 2.74 %107 liter
Coal rls 56.73 125 62.18 USD/ton Caps 1.98 x 107 kg
Diesel rle 0.49 126 0.49 UsD/1 Caps 1.21 x10°  liter
LPG rl, 0.32 r2, 0.32 USD/1 Cap, 2.21x10%  liter
Gasohol rlg 0.56 r2g 0.56 USsD/1 Capg 4.66 x 108 liter
Table 4. Parameters for energy storage system.
Battery
Cost of electricity storage w;
Value (USD/kW) 200
Line loss of stored electricity 524
Value (%) 6.32

3.2. Demands and demand projection

To test the model, data on 15-minute domestic electricity demands in the year
2019 was obtained from the Energy Technology for Environment Research Center
(ETE), a specialized research center integrating knowledge on energy and
environment. By solving our constructed model, we can see that in order to meet the
15-minute demands, electricity from all sources need to be generated at full capacity
and electricity imports from Malaysia need to be at full capacity as well. Not only that,
but in order to avoid blackouts, an electricity storage system in the form of batteries
will also be needed to meet 15-minute demands. Details of electricity generation to
meet 15-minute demands for the year 2019 are shown in Table 5. Phusanti et al. (2020)
shows that to meet 15-minute and hourly electricity demands of a small but high-
consumption study area, the same combination of renewable energy and fossil fuels
may be adequate, but to meet daily, weekly and monthly demands, a more varied
combination of energy sources will be needed. However, in order to solve the model
having 15-minute demands for a 1-year horizon, the problem would involve 1.2
million variables and constraints. Therefore, monthly demand data will be investigated
instead.

Electricity demands during the years 1996-2020 are obtained from Energy
Statistics of Thailand 2021 (Energy Policy and Planning Office, 2021). To determine

10
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future electricity demand, we derive an equation related to said demand. Three
equations are of interest to us: linear, exponential and logistic equations. A linear
equation, y = (5.31 X 103)t + (7.15 x 10%), will be used to project electricity
demand because of its minimum error to the real data. Electricity demand data from
the years 19962020 and their best fitted curve are shown in Figure 1. Future monthly
demands are estimated from the projected annual demand using the current monthly:

annual demand ratio.

250000

R2=0.9877
= 200000 —
3 P S °
Qo o>
~ o -

g 150000 e
g P
2 100000 «*
S s °
E o 2w e
38
= 50000

0

1990 1995 2000 2005 2010 2015 2020 2025

Year
® Real Data Linear (Real Data)

Figure 1. Electricity demand data and their best fitted curve.

Table 5. Monthly electricity generation to meet 15-minute demands in the year 2019.

Energy source (kW)

2 = = & o
$§ £ 2 & & & 7% & S & & 2 E 3
§ 108 108 108 108 107 101 10° 108 106 10! 107 10° 10°
1 643 626 3.13 470 893 093 187 0.13 729 030 893 1.74 0.00
2 6.25 516 258 387 737 093 257 072 769 030 737 1.84 0.00
3 6.86 6.12 3.06 459 873 1.10 320 144 479 030 873 218 0.32
4 620 553 276 414 788 1.09 3.17 144 434 030 7.88 2.05 0.14
5 635 5.66 283 425 808 1.18 260 1.68 503 030 808 2.04 0.00
6 543 596 298 447 850 1.07 246 146 436 030 851 2.07 0.00
7 551 629 314 471 897 1.02 328 1.58 8550 030 897 198 0.00
8 401 640 320 480 9.12 093 3.05 143 420 030 9.13 294 099
9 349 553 277 415 789 094 292 0.00 343 030 7.89 268 1.18
10 423 515 257 38 735 1.06 3.10 0.00 247 030 735 242 095
11 438 531 265 398 757 1.07 1.81 0.00 385 030 757 154 0.00
12 396 6.85 343 514 978 0.8 1.69 0.00 432 030 9.78 2.07 0.00

3.3. Fuel consumption

In determining fuel consumption for electricity generation from various energy
sources, we will use a linear equation to estimate the consumption of electricity from
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fuel oil, and a logistic equation to estimate the consumption of electricity from natural
gas, coal, and renewable energy, as they generate the highest R-squared values. Figure
2a—d shows data on (a) fuel oil, (b) natural gas, and (c) coal consumptions for
electricity consumption and (d) electricity generation from renewable energy during
the same period and their best fitted curves. Unlike future monthly demands, future
monthly fuel consumptions are estimated based on the scenarios in this study.
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Figure 2. Fuel consumption for electricity generation and their best fitted curves, (a) fuel oil; (b) natural gas; and (c)
coal and electricity generation data and their best fitted curves; (d) renewable energy.

3.4. Electricity generation capacity

In our analysis, we assume the current electricity capacity of each source.
Thailand generates electricity from fossil fuels in the industrialized central and eastern
regions. Figure 3 shows map of Thailand, the study region, and Figure 4a shows
current electricity generation sites and capacity from various fuel sources in the
country. Figures shown are the current capacity while those in parenthesis are
projected future capacities. According to the Power Development Plan 2018, 6 more
generation sites, also shown in Figure 4a, will be built. Figure 4b shows electricity
generation sites as well as their current and projected future capacities from renewable
energy. Hydro energy from dams located around the country accounts for most of the
generation capacity from renewable energy. Geothermal energy is currently being
produced from a single plant in Fang District of the northern province of Chiang Mai,
which has the highest heat source concentration. EGAT expects other potential sites to
contribute to domestic electricity generation in the future. The future capacities from
each source will be followed in each study scenario.

12
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Figure 3. Thailand’s geographical location (adapted and modified from Finwise
(2023)).
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Figure 4. Electricity generation sites and current (future) generation capacity from (a) fossil fuels and (b) renewable
energy.

4. Scenario analysis

To investigate Thailand’s energy generation plan, a linear programming model as
constructed in Section 2 is solved according to our objective, to minimize the cost of
energy and fuel consumption over a 1-year planning horizon using the projected
monthly demand data. The optimal plans for energy generation in Thailand during
2023-2030 are solved using IBM ILOG CPLEX Optimization Studio (CPLEX).
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Energy sources considered in the model include hydro power, wind, solar, geothermal
power, biomass, solid waste, biogas, natural gas, fuel oil, coal and diesel. Since
Thailand’s current energy storage system is battery, the only energy storage included
in this model takes the form of batteries. Electricity imports will come from Malaysia.
Fuels for heat generation include biomass, biogas, natural gas, fuel oil, coal, diesel,
LPG and gasohol.

As electricity demand in Thailand has been rising steadily at 3.8% per year, we
need to consider electricity generation from other sources. According to the Energy
Policy and Planning Office (2018), natural gas and crude oil reserves in the Gulf of
Thailand will be running out in 20 and 40 years, respectively. Given that these fuels
are currently the main energy sources for electricity generation, we are interested in
analyzing their consumption for this purpose. Another alternative considered to is
renewable energy, a clean and logical supplement to natural gas and crude oil. In this
research, we analyze four scenarios: Business as Usual (BaU), Government Proposal
(GP), Resource Depletion (RD) and Sustainable Management (SM) scenarios. In each
of these, electricity demand follows the current trend. Consumptions of all types of
fossil fuels and renewable energy in the BaU scenario follow the current trends while
those in the GP scenario follow government policy. In RD scenario, electricity from
all sources except natural gas, crude oil and hydro are expected to follow current trends;
the three exceptions will be capped according to their limits. Natural gas and crude oil
are limited to their future capacity in the Gulf of Thailand while hydroelectric capacity
follows the government policy on dam water releases just as in the GP scenario,
because hydropower is dependent on the amount of water remaining in dams each year
as well as the water needs of the farming sector. However, the hydropower of the BaU
scenario follows the same trend as renewable energy. In the SM scenario, we will
consider CO; emissions of electricity generation from all resources as additional costs
to the objective function. The CO, emitted will be converted to US dollars, the same
unit as other costs in the objective functions. All demands and supplies in this scenario
follow the current trends similar to those in BaU scenario.

4.1. Business as usual (BaU) scenario

In the BaU scenario, we let every aspect remain at the same rate throughout the
analysis years. With the highest correlation, the linear equation will be used to fit
electricity demand data during 1996-2020. We found that Thailand’s electricity
demand has been increasing at the constant rate of 3.8% per year. We also found from
the data for 19962020 that electricity generated from natural gas, fuel oil, coal and
renewable energy are governed by logistic equations as the variables shown in the
model as:

Xer = (2.71 X 10%)/(948 + (1.91 x 103)e~021t),

X7e = (4.26 X 10%)/((5.43 x 103) — (5.42 x 103)e~(6:04x107)t),

Xgr = (4.22 X 108)/((1.65 x 10*) + (9.14 x 103)e~0-08t),

and xq1; = (443 x 10%)/((2.07 X 10%) + (2.12 X 10%)e~025t),

respectively. We can see that increases in electricity generation from renewable
energy are higher than those from fossil fuels. These projections and rates will be used
to analyze the electricity generation plan for 2023-2030. Electricity management
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based on this scenario is shown in Table 6. Under this scenario, electricity generation
will be from all sources except solar and storage since their cost are relatively high
and the demands can be covered by the capacities of other sources. Electricity
generation from hydro, wind, biomass, biogas and geothermal will increase at the
annual rate of 4.13%, 13.87%, 16.97%, 18.50% and 16.96% respectively, while that
from natural gas will increase at 2.39% per year and imported electricity will increase
at 4.97% per year. In addition, electricity generation from fuel oil, coal and diesel will
decrease at 2.98%, 35.79% and 3.64% per year, respectively. This is a sign that we are
naturally converting to renewable energy and trying to be energy self-sustainable.

Table 6. Annual electricity generation under monthly demand—BaU Scenario (kWh).

Energy sources (kWh)

2 = = E o

% E E g é" j:; « % s % S % E’. %ﬁ

., & £ & g &8 2z5% & $ A ¢ B E 3

CEEETTRTY 108 10 10° 10" 10 10 107  10°  10° 10" 108
2023 733 658 000 098 130 148 446 275 445 146 1.88 259  0.00
2024 7.64 7.85 000 118 1.57 152 431 244 427 146 224 271  0.00
2025 794 932 000 139 1.88 155 418 207 410 146 266 282 0.00
2026 794 10.99 0.00 165 224 159 405 1.64 395 146 314 293 0.00
2027 854 12.88 000 193 266 1.62 393 116 380 146 351 3.04 0.0
2028 884 1466 0.00 224 314 166 38 068 3.67 146 3.65 3.15 0.0
2029 9.15 16.06 0.00 259 3.68 170 371 027 355 146 319 326 0.00
2030 9.45 1617 000 295 428 173 361 007 343 146 144 337 0.0

4.2. Government proposal (GP) scenario

In the GP scenario, we are interested in analyzing electricity generation from
fossil fuel and renewable energy with the capacities projected in the government’s plan,
PDP2018. Since coal-fueled power generation releases greenhouse gases to the
atmosphere, the plan is for this type of power production to decline sharply in 2025
and then increase slowly from 2026—2030 before dropping in 2030 to 11.91% below
the current level. Electricity generation from hydro, diesel, and geothermal electricity
during 2023-2030 will be at their full capacities of 3105, 60 and 0.3 MW, respectively.
Electricity imports during these years will also be at full capacity, from 4762—-6162
MW. Electricity generation from biogas and natural gas will increase about 6.86% and
2.26% per year, respectively, while electricity generation from fuel oil fluctuates but
generally decreases annually at the average rate of 2.97%, with a constant rate during
the last 3 analysis years. Annual electricity generation to meet monthly demands in

this scenario are summarized in Table 7.
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Table 7. Annual electricity generation under monthly demand—GP Scenario (kWh).

Energy source (kWh)
8
on
. 2 5 F 3 = s £ &
. = 2 & B & z 2 S A © =z E 3
<
= 10"  10° 10° 10" 10° 101 10" 10" 108 106 108 10" 108
2023 2.72  0.00 0.00 229 457 1.18 1.42 0.00 526 2.63 0.00 4.17  0.00
2024 2.72  0.00 0.00 227 496 1.24 1.42 0.00 526 2.63 0.00 4.17 0.00
2025 2.72  0.00 0.00 2.21 5.35 1.36 0.79 0.00 526 2.63 0.00 4.17 0.00
2026 2.72  0.00 0.00 219 573 1.35 0.79 0.00 526 2.63 0.00 478  0.00
2027 2.72  0.00 0.00 223 6.12 1.43 0.53 0.00 526 2.63 0.00 4.78  0.00
2028 2.72  0.00 0.00 237 6.50 1.43 0.28 0.00 526 2.63 0.00 540 0.00
2029 2.72  0.00 0.00 255 6.89 1.47 0.28 0.00 526 2.63 0.00 529 0.00
2030 2.72  0.00 0.00 273 7.28 1.51 0.28 0.00 526 2.63 0.00 529 0.00

4.3. Resource depletion (RD) scenario

In contrast to previous scenarios where natural gas and crude oil in the Gulf of
Thailand can be extracted indefinitely, we attempt to reduce electricity generation
from natural gas and crude oil to make these resources last as long as possible. As a
result, each year’s use of natural gas, fuel oil, coal and diesel for electricity generation
will be reduced to 90 percent of the current trends. Recall that these trends are
governed by logistic equations for natural gas, fuel oil, and diesel, and by linear
equation for coal. Electricity generation from all other sources are limited according
to the PDP2018 plan. Electricity demands in this scenario are covered by all sources
except solar, coal and storage since their electricity generation costs are relatively high.

Electricity generation in this scenario is similar to the GP scenario but different
from the BaU scenario. Here, electricity from waste is utilized and diesel is reduced
as an energy source. Electricity from wind and biomass will be fluctuating but that
from biogas will generally increase at 6.86%. Electricity from biogas will also increase
at the same rate as in the GP scenario, 6.86% per year, while electricity from fossil
fuels—fuel oil and diesel—will decrease at 2.98% and 3.64%, respectively. Electricity
generation from 7 sources, hydro, biomass, biogas, natural gas, fuel oil, diesel and
geothermal, will be at the full capacity allowed. Hydroelectric production will be
limited to the same level as in the GP scenario. Electricity from waste will come in
only during the first half of the analysis years because demand will shift to lower-cost
imported electricity. Storage will not be utilized in a similar manner to all other
scenarios because of its relatively high cost. See details of electricity generation under

RD scenario in Table 8.
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Table 8. Annual electricity generation under monthly demand—RD Scenario (kWh).

Energy sources (kWh)
8
2 o= .
£ = i s 2 2 S ) ] E b&D
T £ £ § ¥ £ 3z 3 i s z & §
., ¥ 2 & & & z & S A ¢ B E 3
<
= 10"  10° 10° 10  10° 10" 108 10 107 106 108 10" 10"

2023 272 220 0.00 229 457 130 4.01 000 400 263 0.00 417 0.00
2024 272 326 000 227 496 135 388 0.00 384 263 175 417 0.00
2025 272 455 000 221 535 139 376 0.00 3.69 263 409 417 0.00
2026 272 259 000 219 573 141 365 0.00 355 263 004 478 0.00
2027 272 334 000 223 6.2 145 354 0.00 343 263 1.68 478 0.00
2028 272 1.17 0.00 237 650 145 344 0.00 330 263 0.00 540 0.00
2029 272 160 000 255 689 149 334 0.00 319 263 000 529 0.00
2030 272 171 000 273 728 152 325 0.00 3.09 263 000 529 0.00

4.4. Sustainable management (SM) scenario

In the SM scenario, we let every aspect be as projected in the BaU scenario, with
the exception that the costs in the objective function will include CO» elimination cost.
Since electricity generation emits CO; and other greenhouse gases into the atmosphere
regardless of energy source, the CO, emission will be converted to USD using figures
in IPCC (2005) and Environment for Development (2014). The CO, emissions for
each generation are taken from Yasukawa and Anbumozhi (2018). The cost of CO;
capture is defined as
The cost of CO; capture = (COEc,p — COEc)/(the total mass CO, captured per kWh)
where COEc,p is the cost of electricity with CO; capture, COE, is the cost of
electricity without CO; capture.

These figures are summarized in Table 9. We can see that the cost of CO»
emissions per kWh after conversion to USD, even the highest cost from coal-fired
generation, is relatively low. Consequently, even with CO, emissions taken into
account, electricity generation from various sources are similar to those in BaU
scenario. However, some generation shifted from coal to solar energy to reduce the
cost of CO; emissions. In fact, electricity generation from wind and biomass increases
at 16.70% and 2.52% per year, while solar and coal-fired generation decreases at 25.89%
and 54.17% per year, respectively. See details of electricity generation in SM scenario

in Table 10.
Table 9. Cost of CO; elimination.
CO; Emission Factor Cost of CO; Capture
kg-CO»/kWh USD/kg-CO,
Hydro 0.01 0.00
Wind 0.01 0.00
Solar 0.03 0.00
Biomass 0.03 0.00
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Table 9. (Continued).

CO; Emission Factor Cost of CO; Capture
kg-CO,/kWh USD/kg-CO,
Biogas 0.04 0.00
Natural gas 0.44 0.05
Fuel oil 0.78 0.09
Coal 1.00 0.12
Diesel 0.78 0.09
Geothermal 0.01 0.00
Waste 0.03 0.00
Import 0.39 0.05
Storage 0.01 0.00

Source: Yasukawa and Anbumozhi (2018).

Table 10. Annual electricity generation under monthly demand—SM Scenario (kWh).

Energy sources (kWh)
] = = E )
'i E 5 E é" E - % = % o % §. %D
., £ =2 & B & 2% & S A & B E 3
§ 10° 10 10 10" 10° 101 108 101 107 106 108 10" 108
2023 733 066 132 099 130 148 446 143 445 146 188 259 0.00
2024 7.64 079 154 1.18 157 1.52 431 090 427 146 224 271 0.00
2025 794 093 169 140 188 1.55 418 039 410 146 2.66 282 0.00
2026 794 1.10 152 1.65 224 159 4.05 0.12 395 146 3.14 293 0.00
2027 854 129 1.16 193 266 1.63 393 0.00 371 146 3.51 3.04 0.00
2028 8.84 150 0.68 224 314 1.66 3.82 0.00 345 146 3.65 3.15 0.00
2029 9.15 172 027 259 3.67 1.69 371 0.00 279 146 3.19 326 0.00
2030 945 197 0.07 295 428 1.70 3.61 0.00 226 146 144 337 0.00

The bar chart in Figures 5—7 was created to compare electricity generation from
all sources in each scenario. Figure 5 is to compare electricity generation from
renewable sources. We can see that solar appears only in the SM scenario and no others,
while waste appears in all scenarios except GP. Figure 6 is to compare electricity
generation from fossil fuels. We can see that electricity generation from all sources
except for coal will be needed in all scenarios, and coal-fired generation will
eventually be needed only in the BaU scenario. Comparisons of the total annual cost
of electricity generation during the year 2023—2030 in all scenarios are shown in Table
11.

In addition to the fact that domestic power supply plus imports will be enough to
cover domestic demand during the years 20232030, storage cost is generally high.
Electricity storage will therefore not play a part under any scenario. However,
development of electricity storage needs to continue in order to allow renewable
energy utilization to increase. Moreover, storage systems should definitely be an
alternative in the near future because the government makes it a policy to improve
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their cost and lifetime, as shown in Wongdet et al. (2023). Renewable-energy
promotion policy, including tax incentives, is also necessary to reduce electricity
imports and allay domestic energy security concerns.
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Figure 5. Electricity generation from renewable sources (a) hydroelectric (kWh), (b) wind (kWh), (c) solar (kwh), (d)

biomass (kWh), (e) biogas (kwh), (f) waste (kwh), and (g) geothermal (kWh) under BaU, GP, RD, and SM scenarios
during 2023-2030.

Table 11. Total cost of annual electricity generation under monthly demand in each

scenario.
Total cost (USD)

Year BaU Scenario GP Scenario RD Scenario SM Scenario
1014 1014 1014 1014

2023 2.19 1.49 1.55 3.02

2024 2.19 1.55 1.61 2.99

2025 2.18 1.63 1.67 2.95
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electricity (kWh)

Table 11. (Continued).
Total cost (USD)

Year BaU Scenario GP Scenario RD Scenario SM Scenario
10 10 10 10

2026 2.17 1.63 1.67 2.92

2027 2.14 1.69 1.72 2.90

2028 2.12 1.69 1.71 2.88

2029 2.09 1.75 1.76 2.87

2030 2.08 1.79 1.80 2.87
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Figure 6. Electricity generation from fossil fuel sources (a) natural gas (kWh), (b) fuel oil (kwWh), (c) coal (kWh), and
(d) diesel, (kwh) under BaU, GP, RD, and SM scenarios during 2023-2030.
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Figure 7. Electricity from alternative sources (a) imports (kWh) and (b) storage (kWh) under BaU, GP, RD, and SM
scenarios during 2023-2030.
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5. Conclusions and policy implications

Electricity supply in Thailand comes from 4 main sources: renewable energy, fuel
energy, imports and energy storage. This research analyzes electricity consumption
plans for 2023-2030 under 4 scenarios, Business as Usual, Government Proposal,
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Resource Depletion and Sustainable Management. In all scenarios, future electricity
demand is projected using a linear equation, which is most closely related to existing
data. In BaU and SM scenario, the use of natural gas, crude oil, and coal for electricity
generation is projected using logistic equations. Also in these two scenarios, renewable
energy as well as hydropower follow logistic equations. In the GP scenario, the 2018
Power Development Plan is used to limit all future electricity generation, i.e., natural
gas, coal, crude oil and renewable energy will be governed by linear equations as
planned. Since natural gas and crude oil in the Gulf of Thailand, the country’s main
reserves, will be running out in 20 and 40 years, respectively, electricity generation
from these sources in the RD scenario will decrease annually to slow down the
depletion. The projected use of natural gas and crude oil follows linear equations while
hydroelectric capacity follows GP scenario projections.

To meet demands during the year 2023—-2030, electricity under BaU, GP, RD and
SM scenarios are generated from 11, 8, 10 and 12 sources, respectively. Since the
cheapest energy sources for electricity generation are hydropower, biomass, biogas,
natural gas, fuel oil, diesel, and geothermal, we make them the main energy sources
for electricity generation in all scenarios. Under all 4 scenarios, electricity imports
from neighboring countries are used at full capacity because imports are the second-
cheapest way to acquire electricity. Storage systems are not explicitly presented in any
scenarios because demands will be adequately covered by a combination of domestic
generation and imports throughout the analysis period. However, storage systems are
utilized in the current renewable energy electricity generation. Cost evaluation shows
that renewable energies’ potential remains limited, preventing them from being used
at full capacity. In terms of future research, energy management for electricity
generation should focus on such alternatives as storage systems and renewable energy.
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