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Abstract: The objective of this study is to seek better policy opti gas (GHG)
emission reduction in Korea’s international aviation industry by iC efficiency and
environmental effectiveness with a system dynamics (SD) modef easured airlines
sales and CO, emission reductions to evaluate economic effi mental effectiveness,
respectively, for various policies. The results show t e carbon emission reduction
rates of four policies compared to the business-as-u etween 2015 and 2030 are

4.00% (Voluntary Agreement), 7.25% (Emission Trading System or ETS-30,000), 8.33% (Carbon Tax or
CT-37,500), and 8.48% (Emission Charge System or

emissions have increased sharply with the rise in energy consumption
o the Fifth Assessment Report of the Intergovernmental Panel on Climate
Chan ithout additional GHG reduction efforts, the average global temperature will
increase -5 °C by 2100 [1]. The emissions of GHGs and other air pollutants generated by
vehicles, trains, aircraft, and ships) have significantly impacted the atmosphere and
contribute to climate change [2,3]. According to the ICAO (2010), emissions from the transport
sector have been estimated to contribute to 23% of the total emissions in EU-27. IPCC reported that
the transport sector produced 6.3 GtCO, emissions, which is responsible for around 23% of world
energy-related CO, emissions. Notably, the impact of aviation on GHG emissions has grown rapidly
in recent years owing to the significant increase in the annual average number of passengers using
air transport [4]. In addition, emissions from aviation, such as carbon dioxide (CO,), nitrogen oxides
(NOx), and particulate matter, contribute to climate change via radiative forcing [5,6]. According to
the IPCC’s Annual Report, the overall contribution of the aviation sector to carbon emission reduction
is expected to reach 15% by 2050 [7].

Researchers have studied ways to decrease carbon emissions from the aviation industry.
ICAO recommend five key policies of reducing the emission of commercial aviation: (1) technological

5&5#&144&1%&%}7«2916—8—14—79—&9&49—339@%5&81—14419 WWW. mdpl com/journal/sustainability
This paper has been retracted. A Retraction notice was published on 6 August 2018 at Sustainability 2018, 10, 2770;
doi:10.3390/5u10082770.


http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
http://www.mdpi.com/journal/sustainability

Sustainability 2016, 8, 1179 2 of 21

efficiency improvement; (2) operational efficiency improvement; (3) use of alternative fuels; (4) demand
shift engineering; and (5) carbon pricing (market-based incentives). The effects of these policies are
examined by Sgouridis et al. [8]. First, they assumed that technological and operational innovation
will increase fuel consumption per ton-km. Second, they proposed that to decrease carbon emissions,
biofuels should be used as an alternative to fossil-derived aviation fuels. Third, video-conferencing
and virtual meetings could reduce short and medium haul travel (<1500 km). However, in the study of
Alonso et al. [9], where the structure of air traffic and its distribution among the different countries in
the European Union is analyzed, results indicate that in terms of distance the segment between 500 and
1000 km in the EU, has more flights, passengers, RTKs (revenue tonne kilometres) and CO, emissions
than larger dlstances Lastly, p011c1es for reducmg carbon emlssmns, such as Carbon tax, and the

and benchmarking, for ETS emission permits.
The International Civil Aviation Organization (ICAO)
implement several GHG reduction policies, including envi

emission reduction policy in the near future to alig
model to assess and analyze the impact of such polic
the system design (SD) method to measure the effect

drop in CO; emissions, in a bid to provide va

W icy-centric suggestions.
In 2001, the Forecasting and_Economicy4

Support Group (FESG) [13] of the ICAO

Options Modeling Syste
relatively less impact o

esults of the analysis showed that the open ETS has
d passenger demand compared to levying a tax or charges on

and Albers et al. [15] conducted an assessment of the cost and demand implications for the inclusion
of the aviation sector in the EU ETS. The findings of their study suggest that shifting 100% of the CO,
cost on all passengers would cause an absolute fare increase of £19.77, demand reduction of 2.96%,
and lost revenue per cruise route of £6050. Shifting 35% this cost to the passengers would present an
absolute fare increase of £6.92, reduce demand by 1.03%, and cause a revenue loss of £2420 per cruise.
In other words, the higher the CO; cost shift by carriers to customers, the larger the losses borne by
the former in terms of demand and revenue.

The implications of the EU’s decision to include the aviation sector in the EU ETS have also
been studied in terms of CO, emission reduction and macroeconomic indexes [16]. The analysis
adopted a dynamic model called the Energy-Environment-Economy Model for Europe (E3ME) for this
assessment. The study set emission price scenarios of £5, £20, and £40 per tCO,, and found that an
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emission price of £40/tCO, would result in a decrease of 7.4% in CO; emission by 2020 compared to
the reference scenarios.

2. The System Dynamics Model and Methodology

2.1. System Dynamics

SD dates back to the late 1950s, and interest in this methodology grew rapidly during the 1960s
and early 1970s. The initial focus was on the application of SD to management issues [17], but it was
soon extended to the analysis of environmental, social, and macroeconomic problems [18]. Since the
mid-1980s, there has been renewed interest in applying SD to business and environmental policy
and strategy problems. This interest has been facilitated by the availability of ng ser-friendly,
and high-level graphical simulation programs such as Vensim, Stella, and I-thi

of interconnected variables forms a closed circuit str
the variable time as a parameter, which represents nge in each variable’s value over
us to predict the effects of existing
a comparative analysis between the

existing and new policies, and project their p impacts at a specific time point.

2.2. Study Method

Figure 1 illustrates the m infthis study to analyze the effect of the implementation
of various GHG emissions

¥ International Aviation operation part information, Data
collection

v Data Collection about Climatic Change green politic

v Existing Research about International Aviation Demand
and green politic

v Variable Definition About International Aviation
operation part.

v Key variables deduction.

v Cause and Effect Modeling

effect loop Modeling

v Detail Module Modeling(Economy, Air
Dynamic Modeling , transportation, Environment)

Model validation about Evaluation of the key variables
v Simulation and BAU scenario result analysis
v 4 kinds of environmental policy composition and modeling.
scenario composition, Modeling v Sub-scenarios of each environment policy definition

Test result analysis,
Feature prospect

¥ Simulation result analysis.
¥ Analysis and evaluation about key variables of each
scenario.

Figure 1. Methodology applied in this study.

At the structuralization stage, we collected data on the international aviation industry
and environmental policies pertaining to climate change. Studies on SD, air transportation,
and environmental policies were referred to while defining the model’s variables and modeling
the cause and effect loop [14,19].
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Then, we identified the key variables based on the relationships among variables in the cause
and effect loop modeling. At the dynamic modeling stage, the cause and effect loop diagram was
modularized to design more specific modules, named Economy, Flight, and Environment. Then,
the experimental results of the model and the actual measurements over the same period (till the
year 2030) were compared and validated against the business-as-usual (BAU) scenario. For scenario
building and modeling, we conducted estimations for four policy types: voluntary agreement, ETS,
carbon tax (CT), and emission charge (EC). To secure consistent sub-scenarios arising from each parent
scenario, we designed each parent scenario to levy the same charge. Finally, at the last stage, the results
of each scenario and evaluations of changes in key variables were studied to project the impacts of the
adoption of the environmental policies by the international aviation sector.

3. Simulation Model for Assessing the Effects of GHG Reduction Policies o
Aviation Industry

3.1. Integrated Model

Figure 2 shows how we integrate the aspects of the economy, en: ation industry

ental, and Flight

“environmental profit/cost change” is relevant to thefvariables “number of old planes” and “number
of new planes” in the Flight module.

/Economy model

Exchange rate

£l Number of fight route | |
H Numberof fight | |

Population —

A
l

. o Earnings by
@Vlronme o H profit pas!year] [ Environment cost past year ] }' Voluntary Agreemem) T

Air cargo demand

T &k

|

[ Carbon Emission Charge } [ Carbon Tax ]
3 *
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Y
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-

[ Number of old Number of old | i Number of new Number of new | i
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x

Cargo plane change by Passenger plane change | |
voluntary agreement by voluntary agreement

{ :
| New cargo plane New passenger | i
; purchase plane purchase | |

Figure 2. Causal relationship for integration of each model.
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3.2. Cause and Effect Loop Diagram

Figure 3 illustrates the cause and effect loop diagram. Passenger demand is expressed in terms of
foreign exchange rate, airfare, population, and consumer spending, and this demand generates sales
for passenger aircrafts of national flag carriers. Airfare, one of the endogenous variables, is expressed
in terms of a combination of jet fuel price, inflation rate, and foreign exchange rate. Annualized
consumer spending is based on factors such as population, number of employed, gross domestic
product (GDP), trade condition, and gross national income (GNI). Exogenous variables consist of
population and foreign exchange rate, building on the trends of past data. Cargo demand is defined in
terms of GDP, cargo trading volume, number of cargo aircraft routes and lines, and cargo fare, and this

variable generates sales on cargo aircrafts of national flag carriers. All the factors affecting cargo

(hereafter referred to as the ratio of new aircraft and ratio of
is then designed to have impacts on sales in the aviation i

for assessing environmental and economic impacts.

Price Index

GDP Growth
Proft of Cargo

Figure 3. Cause and effect loop diagram depicting the international aviation industry’s
market-based system.
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3.3. Simulation Modules

The simulation model based on the cause and effect loop diagram (Figure 4) is composed of the
three modules of Economy, Environment, and Flight. The Economy module evaluates passenger and
cargo demand, national flag carrier sales, GDP, and other economic variables, while the Flight module
evaluates aircraft age and registered number of aircraft per cruise purpose [21]. The Environmental
module refers to CO; emission and other major variables. Detailed explanations for each module are
provided below.

Price Index past

Year Price Index

Birth Rate Death Rate \ / Lookup
Price Index
Births Deaths
-~
Passenger Airfare \‘“Cargo Charge

Number of
Enployee

Consumer’s
Expenditure

' Air Cargo Demand
Past Year

Profits of
Cargo(International)

Terms of Trade

Air Passengers
Demand Past Year

Terms of Trade
Lookup

GNI

Prof
PassenggffInterna

Profits (.,f Profits of Domestic
Domestic Lookup

igure 4. The Economy module.

this ternatiomal aircraft passenger demand, cargo demand, airline sales, and GDP, and their
auxilia —24]. In the Economy module, the structure of the cause and effect loop is such
that each iable has a direct and an indirect impact on the other variables. Endogenous variables

include the
import/export volume, international cruise routes, and number of cruises, and it generates values
based on the interactions among these variables [19,24,25]. Meanwhile, the exogenous variables refer
to population, trade conditions, price index, airline sales on domestic flights, and foreign exchange
rate, and they reflect the trend generated through the analysis of the existing statistical data by
the model. The relation expression in the Economy module is a log-linear function, frequently
utilized in the demand expectation model. A log-linear function identifies the factors affecting each
variable and generates an outcome by formulating the relationship expression between the variable
and factor, as described in Equation (1). Table 1 illustrates the relationships of each variable in the
Economy module.

y variables of the Economy module, number of employees, GNI, airfare, cargo fare,

Y (Variable) = A(factor)“t(factor)ﬁt(factor)xt 1)
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Table 1. Key variables of the Economy module and their relationship expressions.

Variables Relation Expressions
Air Passenger ) ; . ;
Demand e0-+PIn(Population)+vIn(Expenditure Consumer)-+dln(Exchange Rate)+¢ln(GDP)+In(Passenger Airfare)

Air Cargo Demand ¢0+PIn(Cargo Charge)+7In(Export Amount)+dIn(Import Amount)+¢ln(GDP)-+ZIn(Number Of Flight Routes)+#In(Number Of Flight)

0+ PIn(Passenger Demand)

.1 Passenger
Airline Revenue Cargo 43+ Bin(Cargo Demand)
GDP 0+PIn(Profit of Korea Airline) + previous yem,/s GDP
Passenger/Cargo ¢0+pIn(Price Index)+yIn(Exchange Rate)+dIn(Fuel Price Including Carbon Tax)
Airfare
Consumer e0+PIn(Number of the Employees)+yIn(Terms of Trade)+dln(GNT)
Expenditure
Number of
International ¢0+pIn(Passenger Demand Previous Year)-+7In(Air Cargo Demand Previous year)-+dl
Lines/Flights

3.3.2. The Flight Module

aircraft have poor engine efficiency. Also, it suppose i ment happens only upon
retirement, as the number of replacements owing tgfaccidents is extrémely small. The endogenous

of the newly registered aircraft are consider ome old aircraft, and then (i.e., from 2010

onwards), aircraft registered 10 years previous

scenarios, we deem that the replacement is conducted
iteria for CO, emission generation and incurred environmental

Relation Expressions

WiFTHEN ELSE ((Annual Aircraft Requirement — Current Aircraft Registered) >0,
NTEGER (Annual Aircraft Requirement — Current Aircraft Registered), 0)

f2030

o000 New Aircraft registered — Aircraft Deterioration

Old Mrcraft 2030
Registered Ja000

Acing Aircraft IF THEN ELSE (Time < 2010, INTEGER (New Aircraft Registered/New Aircraft
&S Holding Period), DELAY FIXED (New Registry, 10, 0))

Replacement INTEGER (Old Aircraft Registered/Old Aircraft Holding Period)

Old Aircraft
Holding Period

Aging Aircraft — retired Aircraft

Aircraft Lifecycle — New Aircraft Holding Period
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Total Nunber of

NewtoOldof ~ Passenger Plane
Passenger Plane  Deterioration Lookup

Relation Expressions

Annual D £0+PIn(Air Passenger Demand)—yIn(Air Cargo Demand) —dIn(Number of Flights Routes)+eln(Number of Flights)

CO, Emission ((Distance x New Aircraft Ratio)/New Aircraft Fuel Efficiency) + (((Distance x Old Aircraft
Caused by Flights  Ratio)/Old Aircraft Fuel Efficiency) x Jet Fuel Carbon Emission Factors) + Take-off/Landing Emission

Cgi EST(;S;I;H (Number of Flights x New Aircraft Ratio x New Aircraft Take-off/Landing Emission) + (Number of
Take-off/Landing Flights x Old Aircraft Ratio x Old Aircraft Take-off/Landing Emission)
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CO,/LTO of CO0,/LTO of Old

New Plane Plane
<Total Number of <Nunber of New Nunber of O
Planc> Phne Plane>
€O, Enission of Ratio of New Ratio of Old

lo «—— Phe Pane

\ N

/‘ - Fuel Consumption Fuel Price Aw Fuel Cmn Ervironment Cost
Nunber of . lated \
Flight €0, Enission ssi _—re
<Air Passengers
Demand> \
Al

<Arr Cargo Flight Distance
Denand>

<Nunber of Flight
Route>

<Price Index past
Year>

<Price Index>

3.4. Simulation Model Validation

The starting year of the simulation is set to 2000. In the absence of actual CO; emission data,
the CO, emission data of the Korea Transport Institute (2007) estimated during 2000 to 2007 are utilized
for the study, while the other variables use data calculated from 2000 to 2009. CO, emission from 1996
to 2004 is calculated using the Tier 1 calculation method; we multiply the CO, emission factors by fuel
usage. The emission after 2005 is calculated by the Tier 2 method, which separates fuel consumption
during a cruise from that used during take-off/landing.

The CO; emission generated during a flying is obtained by multiplying the CO, emission factors
by fuel consumption during flying, while that for take-off/landing is calculated by multiplying
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emission factors by the number of flights. This study uses the mean absolute percentage error (MAPE)
for validation, and calculates MAPE using Equation (3).

Ar—F

1 n
MAPE = =)
t

x 100 3)
"3

where A;, F, and n represent the actual value, estimated value, and number of observations,
respectively. In general, a MAPE of less than or equal to 3% is considered to denote excellent accuracy,
while a value less than or equal to 5% and 8% or higher denotes medium and unacceptable accuracy,
respectively [29].

Table 4 lists the MAPEs of the key variables. As described in Table 4, projections of passenger
demand, GDP, airline sales, and CO, emission are considered to be accurate as they@ alues less

Variable MAPE (%)
Passenger Demand 4.59
GDP 3.25
CO, Emission 4.72

4. Scenario Application and Results

4.1. Scenario Formulation

This study refers five scenarios, namely y agreement, ETS, EC, and CT. This section

explains the characteristics and detajls of each\s¢enarie”

4.1.1. BAU Scenario

The BAU scenario a onmental policy will be adopted, and the status quo

simulation. The result of this scenario is considered as a

ent monitoring, using a fund and tax benefits.

Domésgic ajrlines have set a voluntary commitment to cut their CO, emissions significantly below
the 2005 leveland have been investing in this area. Thus, revenue is generated from the voluntary
commitment depending on the difference between the target and the actual CO, emission. The model is
designed such that meeting the target only creates incentive-oriented revenue and no benefit is accrued
for going beyond the target. Such incentive-oriented revenue, which includes tax benefit, varies by
the target achievement level. In addition, revenue generated by complying with the commitment
is recorded as environmental income, and the environmental income earned in a given period of
each simulation affects airline sales and GDP in the Economy module. Failure to meet the target will
lead to replacing approximately 10% of the old aircraft with new ones when considering the average
replacement period, so as to cut the CO, emissions of the non-compliant carriers.
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4.1.3. Emission Trading Scenario

Emission trading is one of three economic initiatives of the Kyoto Protocol (the other two being
the Clean Development Mechanism and Joint Implementation).

This study assumes that the government distributes emission permits for free to firms within the
country allocation, and then, trading occurs based on the difference between the allocated permits
and actual emission. The allocation amount of free emission permits is set at the CO, emission level,
the target emission level of the voluntary agreement. All the remaining permits are available for sale,
and income from the trading (collected as environmental income) is designed to affect airline sales
and GDP in the Economy module. Firms that exceed the cap are allowed to buy permits from those
emitting less than the cap, and then, the environmental cost of the purchase leads to a decrease in

abatement cost for each carrier.
The conditions of the emission trading scenario are as follow

of each credit stands at 20,000 after applying the relevant fg . Keeping ¥20,000
odel to reflect price
the cap leads to the purchase
of permits equivalent to the exceeded amount at the
environmental income from the sale of the remai
replacement, incurring a subsequent environmental

g permits.
t or earni

gain, each case triggers aircraft
income, as the case may be.

firms to maintain their emission level below

the emission cap by charging a pe n the eXgess. The EC system has several benefits as it complies
with the polluter pays principl ct the most effective pollution prevention facilities
for manufacturing and cost em to make consistent anti-pollution efforts, and is the
most suitable option to nvironmental restoration and environment-friendly projects.

The EC scenario i ed to charge a penalty on the amount of emission exceeding

the cap. The emisgi i to the emission level in 2005, and a differential rate is applied per
emission. For instance, under the emission charge scenario of
arged for excessive emission within 1 million TC, and then ¥11,000
n between 1 million to 2 million TC, ¥12,000 for 2 million to 3 million
continue till they reach twice the base price at the maximum possible limit.
10,000, ¥20,000 and ¥30,000 as the penalty charge per TC, and each charge

CT is a type of environment tax charged on GHG emissions such as CO. It is the easiest way for
a government to charge and collect penalties for emission. Inclusion of unit carbon cost in the fuel
price and tax on CO, emission are two major methods of taxation. The CT scheme usually has a direct
effect on carbon emission reduction as it discourages fossil fuel consumption by raising the prices of
fossil fuels such as oil, coal, and gas.

This study adopts the tax-on-energy price method, and after considering the emission factors of
jet fuel, the CT is reflected in the price of jet fuel. The calculation of the annual carbon tax amount
involves multiplying annual energy consumption by carbon tax per jet fuel unit. The tax affects airline
sales and GDP in the Economy module, and the increase in environmental cost raises the replacement
rate of old aircraft in the Flight module. The scenario analyzes the trend of changes in key variables
depending on the amount of CT. The CT is set to W12,500, 25,000, and #37,500 per ton of fuel.
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The CT follows the trend of inflation rate, which is then subtracted from airline sales. The total annual
CT amount determines the replacement of old aircraft to reduce CO, emission.

4.2. Simulation Result Analysis

4.2.1. Voluntary Agreement

Figure 7 shows the amount of CO, emissions in the BAU and voluntary agreement scenarios
from 2000 to 2030. In both cases, the emissions rose equally until 2011. However, from 2011 onwards,
the amount of CO, emissions for the voluntary agreement case was smaller than that for the BAU
scenario. Therefore, if voluntary agreement is enforced, the resulting CO, emissions will generate
33,200,200 TC in 2030. These results are then compared to the BAU scenario, s n effect of
approximately 5.94%.

37,000,000

32,000,000

27,000,000

tCO,)

22,000,000

(UNIT.

17,000,000

12,000,000

7,000,000 +—r—rT—T—T—TTT
2018 2020 2022 2024 2026 2028 2030

----- Voluntary Agreement

From 2012 to 20 ment of old aircraft stands at 60.83% in the BAU scenario and
72.17% under vo nt, The economic variables show the same result for the BAU case
(the values ar hows the detailed results, comparing the CO, emissions between
the BAU and v y agfeement cases.

Table 5. Results for the voluntary agreement scenario.

2015 2020 2025 2030 2010~2030
CO, Emissions (TC) 20,506,900 25,352,500 30,413,100 35,297,000 533,053,400
(business-as- Average Increase (%) 3.12 4.78 4.20 2.99 3.54
Voluntary CO; Emissions (TC) 19,662,500 23,990,500 29,387,000 33,200,200 511,708,300
Agreement Average Increase (%) 2.26 449 4.79 2.37 3.22
Reduced Amount Compared to BAU (TC) 844,400 1,362,000 1,026,100 2,096,800 21,345,100
Reduced Rate Compared to BAU (%) 412 5.37 3.37 5.94 4.00

4.2.2. Emission Trading Scheme

The emission tax ranges from ¥10,000 to W30,000. As described in Figure 8, passenger demand
dropped by up to 113,400, but this reduction represents a mere decrease of 0.13% in total passenger
demand; thus, the ETS has almost no impact on the demand. This is because the ETS causes few
repercussions on the factors affecting passenger demand, namely, population, consumer spending,
foreign exchange rate, and airfare. Table 6 shows the comparison of passenger demand and average
increase in emission depending on the change in the emission trading tax.
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—&—ET5-10,000 ——ET53-20,000 —8—ET53-30,000

Figure 8. Decrease in passenger demand by emission trading sc

2015 2010~2030
BAU Passenger Demand (Person) 43,607,400 55, 85,495,100 1,188,518,700
Average Increase (%) 421 491 4.49
Passenger Demand (Person) 43,604,400 55,060,400 85,454,000 1,188,218,100
Average Increase (%) 4.21 4.76 . 491 4.49
ETS-10,000  Reduction Compared to BAU (Person) 3,000 11,400 23,300 41,100 300,600
Reduced Rate Compared to BAU (%) 0.03 0.05 0.03
Passenger Demand (Person) 67,723,300 85,419,500 1,187,956,500
Average Increase (%) 4.17 491 4.49
ETS-20,000  Reduction Compared to BAU (Person) 42,400 75,600 562,200
Reduced Rate Compared to BAU (%) 0.06 0.09 0.05
Passenger Demand (Person) 67,703,700 85,381,700 1,187,691,200
Average Increase (%) 4.17 4.90 4.48
ETS-30,000  Reduction Compared to 62,000 113,400 827,500
0.09 0.13 0.07

’

25000 /
20000 /

15,000

s

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030

(UNIT: Million Won)

——E75-10,000 —ET5-20000 —8—ET5-30,000

Figure 9. Decrease in airline sales by emission trading scheme scenarios.



Sustainability 2016, 8, 1179 14 of 21

Table 7 shows a comparison of airline sales according to changes in the emission trading tax.
Although levying the emission trading tax in all of three ETS scheme scenarios, the rate of decrease in
airline sales is within 0.1% against sales of BAU scenario at 2030.

Table 7. Results of the emission trading scheme scenario (airline sales).

2015 2020 2025 2030 2010~2030
BAU Sales (Million W) 14,501,300 18,223,600 22,474,600 27,549,400 391,844,600
Average Increase (%) 4.56 4.70 4.25 4.25 441
Sales (Million W) 14,500,900 18,221,100 22,469,300 27,539,500 391,777,300
ETS-10.000 Average Increase (%) 4.56 4.70 4.25 424 441
s Reduction Compared to BAU (Million %) 400 2500 5300 9900 67,300
Reduced Rate Compared to BAU (%) 0.00 0.01 0.02 0.04 0.02
Sales (Million W) 14,500,500 18,219,100 22,464,800
Average Increase (%) 4.56 4.70 4.25
ETS-20000  Reduction Compared to BAU (Million %) 800 4500 9800
Reduced Rate Compared to BAU (%) 0.01 0.02 0.04
Sales (Million ¥) 14,500,000 18,217,000
Average Increase (%) 4.55 4.69
ETS-30,000 Reduction Compared to BAU (Million %) 1300 6600
Reduced Rate Compared to BAU (%) 0.01 0.04

Figure 10 presents estimated CO, emissions by 2030 per
scenario results in emission reduction of 11.63%, saving 3
In other words, carriers feeling burdened by permit pur

rbon by the year 2030.
ould replace their old aircraft

35,000,000

30,000,000 1

25,000,004

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030

~#-BAU ~—4—£T5-10000 ~-——ETS-20,000 -~ ETS-30,000

Figure 10. CO; emissions by emission trading scheme scenarios.

Table 8. Results of the emission trading scheme scenarios (CO, emissions).

2015 2020 2025 2030 2010~2030

BAU Emission (TC) 20,506,900 25352500 30,413,100  35297,000 533,053,400
Average Increase (%) 3.12 4.78 4.20 2.99 3.54

Emission (TC) 20,506,600 25,032,800 28935100  32,675200 515,576,000
Average Increase (%) 3.12 4.45 3.52 242 3.14

ETS-10,000  Reduction Compared to BAU (TC) 300 319,700 1,478,000 2,621,800 17,477,400
Reduced Rate Compared to BAU (%) 0.00 1.26 486 7.43 3.28

Emission (TC) 19,981,300 23,781,800 28,211,300 31,846,500 500,705,000
Average Increase (%) 2.59 4.05 4.19 2.48 3.01

ETS-20,000  Reduction Compared to BAU (TC) 525,600 1,570,700 2,201,800 3,450,500 32,348,400
Reduced Rate Compared to BAU (%) 2.56 6.20 7.24 9.78 6.07

Emission (TC) 19,981,000 23420700 27,681,500 31,190,800 494,425,900
Average Increase (%) 2.59 3.94 4.20 2.34 2.90

ETS-30,000  Reduction Compared to BAU (TC) 525,900 1,931,800 2,731,600 4,106,200 38,627,500

Reduced Rate Compared to BAU (%) 2.56 7.62 8.98 11.63 7.25
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4.2.3. Carbon Tax

Figure 11 illustrates the relationship between CT and passenger demand. According to the
projections, a CT of ¥37,500 will decrease passenger demand by up to 199,200 by 2030. Fuel price
increase upon the inclusion of CT and the subsequent airfare hike reduce passenger demand.

Table 9 shows the results of the comparison of passenger demand between the BAU and CT
scenarios, according to changes in the CT. The values of W12,500, ¥25,000, and ¥37,500 are applied
in this case instead of ¥10,000, ¥20,000, and ¥30,000, respectively, to maintain consistency between
the CT and emission trade price. In other words, the standards applicable to ¥10,000, ¥20,000,
and W30,000 per TC will be charged per ton of oil equivalent (TOE). Thus, price per TC is divided by
the emission factor (e.g., %20,000/0.808 is equal to approximately ¥25,000), where 1 TC is emitted

from 0.03% to 0.05%. The corresponding numbers for CT-25,000 and
0.10%, and 0.09% to 0.16%, respectively.

250,000

200,000 »

150,000 '

{UNIT: People)

100,000

CT-25,000 —#—CT-37,500

of the carbon tax scenarios (passenger demand).

2015 2020 2025 2030 2010~2030
43607400 55,071,800 67,765,700 85,495,100  1,188,518,700
421 476 418 491 449
r Demand (Person) 435935500 55,044,700 67,721,400 85,426,600  1,187,889,600
crease (%) 4.20 4.76 4.17 491 449
CT-12,5 eduction Compared to BAU (Person) 13,900 27,100 44,300 68,500 629,100
ction Rate Compared to BAU (%) 0.03 0.05 0.07 0.08 0.05
assenger Demand (Person) 43,579,700 55016900 67,677,900 85,361,800  1,187,283,400
Average Increase (%) 4.19 4.76 4.17 491 448
CT-25000  Reduction Compared to BAU (Person) 27,700 54,900 87,800 133,300 1,235,300
Reduction Rate Compared to BAU (%) 0.06 0.10 0.13 0.16 0.10
Passenger Demand (Person) 43566100 54991400 67,635,500 85,295,900  1,186,675,900
Average Increase (%) 4.19 4.75 4.17 4.90 4.48
CT-37500  Reduction Compared to BAU (Person) 41,300 80,400 130,200 199,200 1,842,800
Reduction Rate Compared to BAU (%) 0.09 0.15 0.19 0.23 0.16

Figure 12 illustrates airline sales under the impact of the CT. As the CT grows over time, the drop
in airline sales increases.

Figure 13 displays CO, emission for each CT scenario, showing a widening gap between the
tax amount and emission volume. We posit that increasing the tax affects cruise routes, number of
flights, and distance as the demand decreases, leading to an eventual reduction in energy consumption.
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Comparing these scenarios with the BAU case and checking the increase in annualized CO; emissions

indicate that the higher the CT, the larger the emission reduction.

70,000
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{UNIT: Million Won)
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Figure 12. Decrease in airline sales by carb
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=#—CT-37,500

35,000,000 ‘

30,000,000

©' 25,000,000
Q

2
E
4
2

20,000,000

6 2008 2010 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030

~4—(T-12,500 ——CT-25,000

L U I e s S S e s e S B e e B s s e e |

~#-(T-37,500

Figure 13. CO, emissions by carbon tax scenario.

Table T@shows » emission generated in each year. Compared to the BAU case, the reduction
rat e 4.14%to 8.33%. The average increase in emissions ranges from 2.89% to 3.15%.
Table 10. Results of the carbon tax scenarios (CO, emissions).
2015 2020 2025 2030 2010~2030
BAU Emission Amount (TC) 20506900 25352500 30,413,100  35297,000 533,053,400
Average Increase (%) 3.12 4.78 5.62 1.93 3.15
Emission Amount(TC) 19,979,600 24,049,700  29,223300 32,703,500 510,965,100
Average Increase (%) 2.58 4.34 4.57 1.93 3.15
CT-12500  Reduction Compared to BAU (TC) 527,300 1,302,800 1,189,800 2,593,500 22,088,300
Reduction Rate Compared to BAU (%) 2.57 5.14 391 7.38 4.14
Emission Amount (TC) 19,480,900  23,325200 28,427,200  31,414200 496,755,500
Average Increase (%) 2.07 4.27 4.68 1.80 2.94
CT-25000  Reduction Compared to BAU (TC) 1,026,000 2,027,300 1,985,900 3,882,800 36,297,900
Reduction Rate Compared to BAU (%) 5.00 8.00 6.53 11.00 6.81
Emission Amount (TC) 19,061,200 22,701,800 28,177,900 31,138,100 488,671,400
Average Increase (%) 1.62 4.15 5.22 2.26 2.89
CT-37500  Reduction Compared to BAU (TC) 1,445,700 2,650,700 2,235,200 4,158,900 44,382,000
Reduction Rate Compared to BAU (%) 7.05 10.46 7.35 11.78 8.33
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4.2.4. Emission Charge Scenarios

As described in Figure 14, a higher emission charge causes a larger drop in passenger demand.
Reflecting the emission charge in the air fare results in a drop in demand in direct terms, while the
lowered GDP due to the sales drop affects the demand indirectly.

200,000

180,000

160,000

140,000

120,000

100,000

(UNIT: People)

80,000

£0,000

40,000

20,000

o -
2000 2002 2004 2006 2008 2010 2012 2014 24 2026 2028 2030

Figure 14. Decrease in passenger demdhd by emission charge scenarios.

Compared to the BAU scenario, we observe a m d minimum drop in airline sales by
W40.7 billion and ¥15.3 billion, respective 030 (Figure 15). The maximum sales drop rate is
0.15%. In other words, the EC policy leads airline cost and decreased cargo demand,

resulting in a reduction of total sal lume.

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030

—&—EC-10,000 ——EC-20,000 -——EC-30,000

Figure 15. Decrease in airline sales by emission charge scenarios

Figure 16 illustrates CO, emission per EC scenario. Emission cuts were mandated by the emission
charge policy in 2012; airlines were forced to replace old aircraft to cut CO, emission and to avoid the
punitive charges.

Table 11 displays the emission reduction rates in each EC scenario. A higher EC improves the
reduction rate compared with the BAU scenario. The improved reduction rates (compared to the BAU
case) range from 5.43% to 8.48%. We thus predict an average increase ranging from 2.87% to 2.99%.
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Figure 16. CO, emissions by emission charge s
Table 11. Results of the emission charge scena
2015 2030 2010~2030
BAU Emission Amount (TC) 20,506,900 35,297,000 533,053,400
Average Increase (%) 3.12 3.02 3.54
Emission Amount (TC) 20,243,900 31,738,100 504,095,600
Average Increase (%) 2.85 2.37 2.99
EC-10,000  Reduction Compared to BAU (TC) 263,000 3,558,900 28,957,800
Reduction Rate Compared to BAU (%) 10.08 5.43
Emission Amount (TC) 23,331,000 27,970,200 31,058,400 492,263,800
Average Increase (%) 42 3.69 2.11 2.88
EC-20,000  Reduction Compared to BAU (TC) 021,500 2,442,900 4,238,600 40,789,600
Reduction Rate Compared to B 7.97 8.03 12.01 7.65
Emission Amount (TC) 22,872,200 27,893,400 30,982,200 487,828,600
Average Increase (%) 3.49 4.04 2.12 2.87
EC-30,000 2,480,300 2,519,700 4,314,800 45,224,800
9.78 8.28 12.22 8.48

Table 12. Sensitivity analysis according to the changes in input parameters.

ur scenarios: reference scenario (RS), +10% population growth rate (PO+),
rate (PO—), +10% GDP growth rate (GDP+), and —10% GDP growth rate
f the sensitivity analysis are presented in Table 12.

Policies RS PO(+) PO(—) GDP(+) GDP(-)
BAU 35,297,000 35,720,600 34,697,000 37,220,700 31,873,200
Voluntary Agreement 33,200,200 33,598,600 32,635,800 35,009,600 29,979,800
ETS-10,000 32,675,200 33,067,300 32,119,700 34,456,000 29,505,700
Emission Trading ~ ETS-20,000 31,846,500 32,228,700 31,305,100 33,582,100 28,757,400
ETS-30,000 31,190,800 31,565,100 30,660,600 32,890,700 28,165,300

CT-12,500 32,703,500 33,095,900 32,147,500 34,485,800 29,531,300

Carbon Tax CT-25,000 31,414,200 31,791,200 30,880,200 33,126,300 28,367,000
CT-37,500 31,138,100 31,511,800 30,608,800 32,835,100 28,117,700

EC-10,000 31,738,100 32,119,000 31,198,600 33,467,800 28,659,500

Emission Charge EC-20,000 31,058,400 31,431,100 30,530,400 32,751,100 28,045,700
EC-30,000 30,982,200 31,354,000 30,455,500 32,670,700 27,976,900
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The results demonstrate that economic growth and population have significant effects on the
change in CO, emission. However, both parameters exert nil effects on changing the comparative
priority among reduction policies. In particular, increasing the GDP growth rate by 10% results in
higher CO, emission in 2030, about 5.45% more than the BAU case. It also leads to a decrease of 10%
in the GDP growth rate (3.8% lower, on average) in the target period. In order to observe the change
in CO, emission levels using our model over the short term, it is necessary to develop a forecasting
model that enables us to track the trends of future economic growth rates, and link the same with the
simulation model proposed here. Our findings also show that the change in the population does not
have a prominent impact on CO, emissions generated by Korea’s international aviation sector.

5. Conclusions

Charge; and (4) Carbon Tax.

Although this study assumes free distribution of emission
seems to push airliners to replace more old aircraft to decreas
permits, which in turn facilitates further reduction in CO,
higher the permit price, the more effective the emission re

when considering the cost of old aircraft replaceme
Our results therefore indicate that none of th

onstrates a higher decrease in CO, emission.
ision making regarding effective response measures

mount and emission permit price. In order to validate
mend a comparison of our findings using the proposed

he present research has been conducted by the Research Grant of Kwangwoon University
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