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Economy-wide C@QEmission Reduction Due to
Carbon Tax in the Power Sector: A Structural
Decomposition Analysis

Charles O. P. Marpaung, and Ram M. Shrestha

Abstract—In this paper, a structural decomposition analysis
based on an input-output framework has been develan to
examine the factors, which affect the economy-wid8O2 emission
changes due to the introduction of carbon tax in t Indonesian
power sector during 2011-2030. There are three ma@omponents
that affect the total economy-wide change in C®emissions, i.e.,
fuel mix-, structural-, and final demand- effects.The results show
that, the COz mitigation under the carbon tax of US$200/tC would
be 20.5 times higher than that with the carbon taxate of US$5/tC.
The fuel mix effect is found to be most influentiain reducing the
CO:2 emission during the planning horizon under all ofthe carbon
tax rates considered and is followed by the final @mand- and
structural-effects.

Index Terms—Carbon tax, COz emission reduction. input-
output, sstructural decomposition analysis.

|. INTRODUCTION

N the face of the international concern for climak@ange,

analyses of alternative policies and strategiesretduce
greenhouse gases have received an increasing i@ttenit
climate policy planners and researchers. Accorglingln
analysis of the economy-wide effects of policy op$ like
carbon tax and tradable carbon emission permigstvtb major
economic instruments is a matter of growing inteiasthe
climate change economics and policy literature.

As is well known, an introduction of a carbon taxekpected
to make less carbon intensive energy resourceteahdologies
relatively more attractive. The total economy-witleange in
CO, emission due to the adoption of energy efficiemd &ss
carbon intensive technologies with the carbon tethe power
sector is a combined effect of a number of factdrere are
three major factors that affect the total changenmissions due
to the carbon tax in the power sector, i.e., fun effect (i.e.,
the change in emissions due to variation in fued)pstructural
effect (i.e., the change in emissions due to change
technological coefficients), and final demand dffée., the
change in emissions associated with changes ihdearaand).
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There are few studies that analyze the factorsniettie
changes in C@emissions from the power sector, e.g., [1]-[3].
However, these studies are focused on the hist@msssions
based on Divisia decomposition approaches and tlanadyze
the economy-wide effects of using carbon tax in plosver
sector. A limited number of studies have used tipait-output
decomposition method to analyze the changes irggnese and
pollutant emissions from the power sector (see §4{10]).
Reference [6] examined the changes in,C8G% and NQ
emissions in the power sector due to the replactwieold
coal-fired power plants with eight types of elegitsi generation
stations, while [11] analyzed the impacts of insirg
electricity tariff to the long run marginal cost prices of other
products by using an input-output approach. Refarej3]
examined the impacts of end-use energy efficiency
improvements on Cfemissions from the economy, while [9]
carried out similar analysis on $@®missions. However, none
of these four studies deals with pollutant emissifsom a long
term generation expansion planning perspectivedibrthey
consider the effects of carbon tax. Reference ¥dhened the
sectoral impacts in the economy due to the elattrgupply
investment, electricity supply shortage, as welthesincrease
in electricity rates of hydro-electric, fossil feglnuclear, and
non-utility electric power. Reference [7] analyzdde
economy-wide changes in GGG and NQ emissions due to
the introduction of demand side management programs
framework of the long term generation expansiomipiag.
However, the studies by both [4] and [7] did notdive the
analysis of the effects of carbon tax. Although|[d@alyzed the
effect of the carbon tax on the demand for the P&tesn and
on the CQ emission, the study was not based on the long term
generation expansion planning. Furthermore it didexamine
the factors affecting the G@mission reduction.

The present study develops an input-output (I-O)
decomposition method or a structural decomposéimalysis to
analyze the roles of different factors contributing the
economy-wide change in G@mission due to carbon tax in the
power sector. The decomposition framework is applie
analyze the contributions of the various factorthtochange in
CO, emissions due to the carbon tax in the power seuftor
Indonesia from a long term power generation plagnin
perspective during 2011-2030. The paper is orgdnias
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presented in the next section followed by the bwiedfrview of
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the power sector in Indonesia, and the input datd aand services for the construction of power plantd she

assumptions used in the
environmental implications of the carbon tax in powgector
development are examined in the subsequent seckarally,
the major findings of the study are summarized.

Il. METHODOLOGY

There are three major factors that affect thal iwange in
CO; emission following the introduction of the carbi@x in

study. The economy-widemand for electricity would both change with abcar tax.

This study captures the change in final demancum td both
the change in demand for goods and services foepgant
construction, and the change in demand for elégtigth the
carbon tax. Furthermore, the I-O decompositionysiglin this
study is based on long term power generation pranmodel,
which is not the case in [6].

The symbols used in the decomposition model in ghisly
are defined as follows:

the power sector , i.e., (i) the change in emissidne to

variation in fuel mix (here after the “fuel mix efft” (FME)), m f typesb of fl;els l(;seq by pr(t)ducmg sectors,

(ii) the change in emissions due to changes innigolgical EFD : nlumt .efto f_prol ducmg Zec ors,

coefficients (hereafter the “structural effec8TB), and (iii) the CPP - eectr|C|ty maf eman I, N

change in emissions associated with changes ih dieand ~ construction of power piants, .
Ar(t), Ao(t) = matrix 6 x n of input-output (i.e.,

(here after the “final demand effecEDE)).

There are two components of the final demand effeRE),
i.e., (i) the change in final demand due to thengeain final
demand for goods and services for power plant coctsbn Cr(®), ColV
(hereafter FDE_CPP”), and (ii) the change in final demand
due to the change in electricity final demand (hée
“FDE_EFD”"). Each individual component under final deman
effect (i.e., FDE_CPP and FDE_EFD) can be decomposed
further into (i) the change in the G@missions due to the use
of fossil fuels directly in the production of goodsd services
which are used for final demand and (ii) the changhe CQ
emissions due to the fossil fuels which are expdrderoduce
goods and services which are useful as inputsadyme goods
and services for final demand. ThuBDE_CPP can be
expressed in terms of its direct and indirect éffgthese effects
are hereafter denoted @sDE_CPP_D”and ‘FDE_CPP_ID”
respectively.Similarly FDE_EFDcan be expressed in terms o
its direct- and indirect-effects; these effects drereafter
denoted asFDE_EFD_D” and ‘FDE_EFD_ID” respectively.

Hence the total chang&() in a CQ emission is now can be
written as:

technological coefficients) with and without
carbon tax in yearrespectively,

matrix f1 x m of direct fuel requirement
coefficients (defined as fuel use per unit of total
output of a sector) with and without carbon tax
in yeart respectively,

column vector rh x ) of a CQ emissions
coefficients (defined as G@missions per unit
of fuel used),

identity matrix f x ),

Leontief matrix i x 0 of input-output with and
without carbon tax in yedmrespectively,

column vectorr( x 1) of total output with and
without carbon tax in year t respectively,
column vectorr( x 1) of final demand with and
without carbon tax in yedmrespectively.
I—Iereafter, we suppress the time argument in ordetorclutter
the notations. The derivation of the decomposititodel is as
follows: First, the difference in total output digeconsidering
carbon tax in the electricity sectaX) is calculated as follows:

TC = FME + STE + FDE_CPP_D + FDE_CPP_ID + AX = Xt =Xo ©)
FDE_EFD_D + FDE_EFD_ID (1) Noting that the total output vectors with and withoarbon tax

This section presents the development of structufhf: XTandXo EGSPGC“VE"Y) can be expressed@s| |-Ar Y
decomposition analysis based on an input-outpuddposition  2NdXe=[1-Ad Yo respectively, Equation (2) can be expressed

model which is used to determine the factors tffatathe total S

L+(t), Lo(t)

X1(t), Xo(t) =

Y(t), Yo(t)

change in economy-wide G@missions due to the carbon tax AX =[1 - Af]Y7- [l - Ad ™Yo ()
in the power sector. The present study ex.te-ndwthlk by [6], Denotinglt =[I - AJ-andLo =[I - Aq%, Equation (3) can be
which provided the methodology for examining thexponents = i

: S o written as:
of change in the UK economy-wide life cycle imptioas of
various types of electricity generation. Unlikg@hand alsoin ~ 4AX=LrYr-Lo Yo (4)

[7], in this study we develop a complete input-atitp Equation (4) can be extended to analyze the chiartgeal CQ
decomposition model (without residual) to analybe total emission(TC) with the carbon tax as compared to that without
change in C@ emissions in the whole economy due to th@e tax by considering the fuel-use coefficienttnines in the
carbon tax in the power sector. In the model thatdevelop, cases with and without the carbon tax (i.€; and Co

we ﬁconsiderf ROt Ionly the changes Ln the teEhnoiﬁgiGrespectiver) and a matrix of G@missions coefficientsE):
coefficients of the electricity sector as is theeca [6], but also
Ic! ety ! [6], bu TC=E'Cr Lt Yr-E' Co Lo Yo

the changes in technological coefficients of oeators, which (5)
were not considered by them. Furthermore, the ahamghe Where Cr' and Co' represent the transpose GfF and Co
technological coefficients of the electricity anher sectors in respectively and&' is the transpose d. The change in total
this study are based on the output of the generatipansion CO: emission due to considering carbon tax in the peeetor
planning model. It should be noted that the denfandjoods as stated in Equation (5) is partly due to thel filtganand effect
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(FDE) and partly due to operating phase eff@®E). TheFDE
and theOPEthat contribute to the total change in &nissions
can be derived from equation (5) by using polaodgmositions
or the average of all possible first order decortjmrs [12]-
[14] as follows:

TC=E' AC' LtYT+E Co AL YT+ E' Co Lo AY (6)

The first and the second components of the rightitede of
Equation (6) is the change in total economy-wide €@ission
due to carbon tax as compared to that withoutakeltie to fuel
mix effect FME) and structural effec§TB respectively while
the third component is due to final demand effe®@KE). The
fuel mix effect and the structural effect are atsaled as
operating phase effectOPE) ([6]). After an algebraic
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demand, the GEP model is rerun to obtain the nest leost
power development plan. After the new least cosin pis

obtained, the corresponding price of electricitgsgimated and
the value of electricity demand is revised accaryinThe GEP
model is rerun to revise the power generation esipanplan.

This procedure is repeated until the equilibriurmbaation of

electricity price and output is obtained. £@missions are
calculated using the information on optimal fuejugements
and relevant emission factors.

In this study, the outputs of generation expangiamning
are used to update the existing I-O table. For ganthe level
of fuel used by each type of power plants is olag@ifrom the
generation expansion planning model. This infororativould
be used to modify the transaction matrix of the Kable

manipulation, thé=DE component in Equation (6) can also bgarticularly the elements related to the fuel ugthie electricity

written as:

FDE = E'Co'4Y + E'Co'[Lo1] AY @)
where, the first and the second components ofitte hand
side of Equation (7) represent direct- and indieftcts
respectively associated with the change in finahaled due to
the carbon tax in the power sector. Changes ifithédemand
(4Y) comprise of two major categories, i.e., changegi)
demand for goods and services for constructionoefgr plant
(4Ycep) and (ii) electricity final demandd4yerp) or in other
wordsA4Y = AYcpp +AYerp . The total change in G@mission
due to final demand effect can be decomposed vmbopiarts,
i.e., the change associated with the constructigower plants

sector. The change in demand for electricity withe t
introduction of carbon tax is estimated based encttange in
electricity price (that is measured in terms of & in the
average incremental cost of electricity generatidhg change
in electricity demand so derived is used to modifg final
demand part of the I-O table. The demand for goadd
services for constructing power plants, the size,(tapacity),
of which is determined by the generation expangiamning
model, would be used to update the final demandken-O
Table.

Six different carbon tax rates are consideredisdtudy, i.e.,

INPUT DATA AND ASSUMPTIONS

e e e e o eated a5 USSI0. USS25, USSS0, USS100 and USSZ001on o
( _EFD); P y C&bon (hereafter “ton of carbon” is denoted as):tThese are

AY in Equation (7) withqYcee + AYerp). Hence, there are fourcomparable to the tax rates used in other stuBi@sexample,

components ””‘?'er thEPE that affect the total Change "Nearbon tax of US$80-US$320/tC were introduced ipadato
emissions, i.e. (i) the direct effect due to therwe of final ., .o CQ@emission ([15]). Carbon taxes of US$37-US$187/tC

demand for constructiof-DE_CPP_D, (ii) the indirect effect
due to the change of final demand for constructi
(FDE_CPP_ID, (iii) the direct effect due to the change
demand for electricity HDE_EFD_D), and (iv) the indirect
effect due to the change of demand for

were introduced in Norway ([16]) and NZ$25/t®@r about

(?S$119/tC) in the case of New Zealand ([17]). Refee [18]
Otonsidered the carbon tax rate of €104Q@ about US$48/tC)

to examine the effects of the carbon tax on Eurofee., The

electriCityetherlands, Belgium/Luxemburg, France, Germanyairsp

(FDE_EFD_ID). Hence, the total change in €@mission in the Portugal, Switzerland and ltaly) generation mix.

whole economy due to the carbon tax in the powetioseould
be disaggregated into six types of effects and eaafponent
could be calculated by using the following equadi¢kqs.8—
13):

(@ FME  =E' AC({t) Lr(t) Yx(t) 8)
(b) STE  =E' Co(t)' AL(t) Yx(t) 9)
(c) FDE_CPP_D =E' Cq(t)' AY(t)crp (10)

(d) FDE_CPP_ID =E' Co(t)' [Lo(t) - 1] AY(t)cep (11)
(e) FDE_EFD_D =E' Co(t)' AY(t)ero (12)
() FDE_EFD_ID =E'Cot) [Lo(t)-1] AY®ero  (13)

The generation expansion planning (GEP) model as/stin
[7] is used to obtain the least cost fuel mix anolwer
development plan under different tax rates corredjmy to
given demand forecasts. For a given power demaodrtzon
tax would result in an increase in electricity priend hence a
reduction in electricity demand. With the lowerédéelectricity

The data on existing power plants, peak power denagual
electricity demand profiles are based on [19]. Taa on
candidate power plants are based on PTP [19] d)d [2

For the purpose of input-output decomposition asialywe
update the technological coefficients of the latestonesia
input-output (I-O) table, i.e., 1-O table 2005 (§2&]) for each
year in the planning period of 2011-2030. . Indimé© table
2005 has 175 sectors. For the purpose of this stiheyl175-
sector Indonesia I-O table is aggregated into 3#osg In
aggregating the sectors, all energy sectors (eogl, oil, gas,
geothermal, electricity) are maintained as indepahdectors.
Industrials sectors with high energy intensity dnigh CQ
production (e.g., iron and steel, pulp and papament, textile,
transport, etc) are also maintained as separatrsedll
sectors related to agriculture are aggregatedoiméosector. All
service industries are also aggregated into ortersédthough
using input-output approach is not an ideal meffoocnalysis
of effects of a policy over the long term, thisaleng the lines
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of some research on input-output applicationsésge [10] and horizon (2011-2030) in Indonesia (as compared &b without
[22]). The values of fuel use per unit output afgucing sectors the carbon tax) are presented in Table I.
(except thermal power generation sector) are asstongmain

constant at their 2005 levels during the planniogon. This TABLE |

DECOMPOSITION OF TOTAL CHANGES IN ECONOMMVIDE CO,EMISSIONS

assumption is made due to the non-availability atacon the DURING 2011-203QUNDER SELECTED CARBON TAX RATES1(P TONS'

fuel use by the producing sectors (except thermahep Carbon tax rate (US$/tC)

generation sector) in the future due to the mduat we use in  Type of effects —— 0 5 =0 100 200
this study is a non-integrated assessment mo_deheﬁfmore, FVIE 155 246 444 1120 2178  -3.490
the analyses are focused on the comparative stlidheo g1g 47 63  -108 195 350 560
economy-wide C@missions with and without the carbon taxrpe 71 -108  -193 -325 712 -1,546
in the power sector. The fuel use per unit of trerpower FDE_CPP - - - - - -241
generation is obtained from the least cost germrakpansion 14 29 4 65 125

plan using the GEP model. The emission factors hef t FPE_EFD - - - - 1305

57 79 149 260 587
-273 417 -745  -1640 -3,240 -5,596
@Negative figure means lower emission with than aithcarbon tax

production sectors are based on [23].
In the present study, the exports are treategpad af the final
demand and the imports are ignored. This is alscagfproach

followed by [6] in the case of UK. If the true piceé of Indonesian N
responsibility for CQ emissions is to be obtained, then the The table also presents the contributions of ticofa that

emissions attributable to the Indonesian exporisulgh be affect the CQemissions as calculated using the decomposition

subtracted and conversely, while the @issions taking place methodology described in the previous section. &dbshows

overseas to satisfy the Indonesian demand thraogbris should that the total_ C@mltlgat!on in the whole economy during the
be added on. planning horizon would increase from 273 to 5,59on tons

if the carbon tax is increased from US$5/tC to UEBEC. In
other words, the COnitigation at the carbon tax of US$200/tC
would be 20.5 times higher than that at the cartson of
Before the economy-wide change in £fnission due to the US$5/tC. As shown in Table 1, the three major comepas, the
carbon tax is analyzed, we provide a brief disarsabout how FME, STEandFDE would reduce the C{emissions under all
the carbon tax affects the electricity generatiod ¢éhe total carbon tax ratesOf the total reduction in C&emissions, the
capacity additions as well as the price of eleityric percentage share of tiRME is the highest (in the range of 56
A carbon tax would decrease the electricity demand to 69% under the carbon tax rates considered) sufmllowed
hence electricity generation and the total powemnegation by theFDE (19 to 28%) and th6 TE(10 to 18%).
capacity requirements. Furthermore, the generatiorwould How big is the role of each component to the toteinge in
tend to shift towards less carbon intensive fuelsd aCO. emissions? The negative figure (which means a lower
technologies at higher carbon taxes. This studysfithat coal- emission with carbon tax than that without the tafjhe fuel
based power generation would decrease drastidatbg@arbon mix effect FME) under the selected carbon tax rates is due to
tax of US$100/tC and would disappear at the caraonof the change in fuel mix. As we know, the total dleitly demand
US$200/tC. At this rate (US$200/tC), oil-based gatien is (and hence generation) would decrease with thedottion of
would also be eliminated. The share of gas andhgewmial carbon tax, and accordingly, the £@mission would decrease
based generation increases from 48.7% and 3.1%atsgly as well. It should be noted that th®E is the change in overall
in the absence of carbon tax to 80.1% and 5.9%ecntisely System wide emission per unit of electricity getierawith
with carbon tax of US$200/tC. This is due to latless carbon carbon tax as compared to that without carbon fBixe
intensive candidate thermal plants e.g., candigktsts based reduction in CQemissions is mainly due to the reduction in the
on gas and geothermal. Like total electricity gatien, total use of coal resulting from the reduction of eleityigeneration
installed capacity also decreases with carbon &ig.rNo from coal based power plants. With the introductanthe
additional coal based power plants is selectedriion tax rates carbon tax, the share of electricity generatiomfreoal based
above US$5/tC. The total installed capacity ofbaised power power plants would decrease, while the shares eftrégity
plants remains unchanged because additional oddopswer generation from renewable energy technology @eothermal
plant is not allowed by the government policy. Aseault, the based power plant) and less carbon intensivemislepower
capacity mix is found to shift heavily towards thas based plants (i.e., gas based efficient power plants) l/oncrease.
power plants. The result of this study also shohat the The reduction in total electricity generation isedto the
electricity price would increase from US¢7.98/kWi the decrease in power demand associated with the BeEréa
absence of carbon tax to US¢14.87/kWh at carbonofax electricity price due to carbon tax. The negatigaries of the
US$200/tC. However, if the tax revenue from cartanis not STEunder the selected carbon tax rates indicatdtieathange
considered in calculating the electricity pricee tprice of in the structure of the economy in Indonesia duethte
electricity would be US¢8.7/kWh at the carbon tak dntroduction of carbon tax would decrease the €@issions.
US$200/tC. The total economy-wide changes in @@issions  As mentioned before, tHeDE would also increase the total
due to the carbon tax in the power sector durisgpanning economy-wide reduction in G@missions under all carbon tax

IV. RESULTS AND DISCUSSIONS
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rates. Both the components &DE (i.e., FDE_CPP and rates considered in this study. Both the conswuactf power
FDE_EFD would reduce the total GOemissions. The plants- and electricity final demand- componentghef final

FDE_CPP component would reduce the total £&mnissions demand effect were found to contribute towardsréukiction
because of the smaller addition of power plant ciéypavith the of CO, emission under all the carbon tax rates considdree
carbon tax, while th&DE_EFD component would reduce thedirect effect component is found to play a bigg#e than the
total CQ emissions because of the reduced level of el@gtricindirect effect in the electricity final demandedt, while in the
generation that results from the increase in tketatity price case of the construction of power plant comportéetjndirect
due to carbon tax. Between the two componentssitE, the effect would be bigger than the direct effect.

FDE_EFD component is found to be dominant (with its share It should be noted here that this study is basegbantial

ranging from 73 to 85%).

It is of interest also to examine the shares ofdinect- and
indirect-effects associated with each componeth®FDE on
CQO;, reduction with carbon tax. Table 2 presents tharesh of
the direct- and indirect-effects for each comporwdithe FDE
at the selected carbon tax rates. InFdE_CPP component,

the indirect effectkDE_CPP_ID is found to play a bigger role
than the direct effectFDE_CPP_D in all carbon tax rates

considered. In the case dfDE_EFD, the direct effect

(FDE_EFD_D) is found to play the dominant role accounting

for over 84% share iNFDE_EFD, with the rest being
contributed by the indirect effed€DE_EFD_ID).

TABLE I
DECOMPOSITION OF THE FINAL DEMAND EFFECT OICO; EMISSION
REDUCTIONS DURING2011-2030T SELECTED CARBON TAX RATES%

Carbon tax rate (US$/tC)

Components of final demand

effect 5 10 25 50 100 200
Construction FDE_CPP_D 42.1 47.8 459 443 431 472
of power
plant

FDE_CPP_ID 579 522 54.1 557 56.9 52.8
Electricity FDE_EFD_D 84.3 869 879 847 851 89.1
final demand

FDE_EFD_ID 15.7 13.1 121 153 149 119

V. CONCLUSION AND FIAL REMARKS

This paper has developed a structural decompositiatysis
based on the input-output framework to assess dhes rof
factors behind the change in economy-wide; @@ission due
to the carbon tax in the power sector. The fram&atiows one
to estimate the contributions of three major congms that

affect the total change in G@missions, i.e., change in fuel mix[10]

structural change, and change in final demand. fiihal
demand effect itself consists of two components, effects
related to changes in construction of power pladt@ectricity
final demand. Each individual component under fid@amand
effectis further decomposed into the direct- amtirect-effects.
The I-O decomposition framework is applied to eatienthe
contributions of different factors affecting econgmide CQ
emission in Indonesia due to carbon tax in the posestor
during 2011-2030. The results show that if the ocartax rate
is increased from US$5/tC to US$200/tC, the econuaiade

CO; emission reduction would increase from 273 to 6,594

million tons. The fuel mix-, structural- and fimd¢mand-effects

would all contribute to reduce G@missions under all carbonl17]

tax rates considered. The fuel mix effect is fotmclay the

biggest role in reducing the G@missions under the carbon tax

equilibrium analysis. The results could vary whee &nalysis
is based on a general equilibrium framework. Ferrtiore, the
present analysis is based on limited fuel optitmparticular, it
does not consider nuclear and renewable energgropéixcept
hydro and geothermal power. Further research osetiesues
would be interesting.
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