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Abstract: In the 2015 Paris Agreement, Turkey pledged to reduce greenhouse gas (GHG) emissions by 21%
by 2030 relative to business-as-usual (BAU). However, Turkey currently relies heavily on imported energy
and fossil-intensive power generation. Despite significant wind and solar energy potential, only 5.1% of its
total power is generated by wind and solar installations; additionally, although two nuclear power stations
are planned, no nuclear capacity currently exists. We expect that fulfilling Turkey’s Paris Agreement pledge
will likely require a reduced reliance on fossil-based energy and additional investments in low-carbon
energy sources, which may impact Turkey’s GDP, energy use, and electricity generation profiles. To fully
assess these impacts, we develop a computable general equilibrium (CGE) model of the Turkish economy
that combines macroeconomic representation of non-electric sectors with a detailed representation of the
electricity sector. We analyze several scenarios to assess the impact of an emission trading scheme in Turkey:
one including the planned nuclear development and a renewable subsidy scheme (BAU), and in the other
with no nuclear technology allowed (NoN). Our assessment shows that in 2030, without policy, primary
energy will be mainly oil, natural gas and coal. Under an emission trading scheme, however, coal-fired
power generation vanishes by 2030 in both BAU and NoN due to the high cost of carbon. With nuclear
(BAU), GHG emissions are 3.1% lower than NoN due to the resulting energy mix, allowing for a lower
carbon price ($50/tCO, in BAU compared to $70/tCO, in NoN). Our results suggest that fulfillment of
Turkey’s Paris Agreement pledge may be possible at a modest economic cost of about 0.8-1% by 2030.
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1. Introduction

For several decades, Turkey has acknowledged the impor-
tance of preventing dangerous anthropogenic interference
with the climate system. In 1992, the country joined the
United Nations Framework Convention on Climate Change
(UNFCCC), but refrained from signing the UNFCCC for a
long time due to obligations related to emission reductions
and financial support to developing countries. Meanwhile,
however, Turkey took several important actions to align with
global climate policies. After 2012, a significant change has
been observed in Turkey’s attitude towards global efforts
against climate change. Declaration of intention to become
a party to the new agreement with a flexible target at COP19
in 2013 and at United Nations Climate Change Leaders’
Summit in New York in 2014 were remarkable signs of this
change. The history of climate change milestones in Turkey
between the years 1992-2010 is summarized in Figure 1.

The Paris Agreement, a UN treaty adopted in 2015 and
ratified by a majority of the world nations, aims at miti-
gating greenhouse gas (GHG) emissions to reduce risks
and impacts of climate change. Each participating country
determines its own contribution to GHG reductions over a
certain period of time, with the first round of contributions
currently covering the pledges for the period 2020-2030.
Turkey prepared and submitted its Intended Nationally
Determined Contribution (INDC) in 2016 (UNFCCC,
2016) after COP21 in Paris in 2015. Major measurable
highlights in Turkey’s INDC, which sets targets for the
year 2030, are summarized below:

+ Upto21% reduction in GHG emissions compared to the
business-as-usual (BAU) scenario of the government.
This decrease corresponds to have a CO, equivalent
(CO,e) emission level of 929 million tonnes (Mt) in 2030.

« Installed capacity of 10 gigawatts (GW) solar power
and 16 GW wind power.

« Full utilization of hydro plants which sums up to 36 GW.

It should be noted that these targets assume an optimistic
view about future economic growth in Turkey and the
resulting emissions in the BAU projections. Specifically,
a21% reduction in GHG emissions relative to the Turkish

Figure 1. History of climate change policy in Turkey, 1992-2010.

Ministry’s BAU results in an emission level twice as the
2013 level. In fact, this target indicates a 40% increase in
average emission growth rate in 2010-2030 compared to
the 1990-2010 average (TUSIAD, 2016).

To assess the impacts of Turkey’s contribution on its GDP,
electricity generation profiles, and the resulting carbon
prices, we developed a computable general equilibrium
(CGE) model of Turkey with a detailed representation of
power generation technologies.

Among many CGE models developed for assessing the
impacts of various policy applications on Turkish economy,
only a few of them focused on environmental policies.
Kumbaroglu (2003), Telli et al. (2008), Yeldan & Voyvo-
da (2015) and Akin Ol¢um & Yeldan (2013) employed
an aggregated power sector representation, thus did not
fully capture technological details or accurately represent
abatement potential from the sector. Kat (2011) constructed
a hybrid optimization model with detailed representation
of the power sector and five non-electricity sectors of the
Turkish economy; however, this model has numerous sim-
plifications, such as exogenous setting of fuel prices and
unspecified capital and labor costs.

We aim to fill this gap in the literature by developing a CGE
model of the Turkish economy with a detailed representa-
tion of power generation technologies. Because Turkey’s
power sector has huge potential for emissions reduction, a
CGE model that better characterizes the power sector and
generation technologies will improve the ability to evalu-
ate the impact of Turkey’s INDC pledge and subsequent
policy changes. Although our CGE framework simplifies
representation of power generation and does not capture
hourly dispatch or capacity expansion decisions, it allows
us to capture important characteristics of separate gener-
ation technologies and considers the intermittent nature
of renewable power.

This paper is organized in the following way. In Section
2 we provide an overview of the main characteristics of
the Turkish economy and its energy sector development
as well as details of GHG emissions in Turkey. Section
3 discusses the features of the newly created TR-EDGE
(Electricity Detailed General Equilibrium Model for Turkish
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Economy) model. In Section 4 we describe the scenarios
for energy and climate policy, and Section 5 provides the
model results in these scenarios. Section 6 concludes. De-
tailed descriptions and nesting structures of the TR-EDGE
model are given in the Appendix.

2. An Overview of the Turkish
Economy and Energy Sector

Between 1990 and 2015, Turkey has shown a high rate of
economic growth despite several economic and political
crises. As illustrated in Table 1, cumulative GDP growth
in this era was 159% (average annual growth rate of 3.9%)
in real terms. Primary energy demand increased by 144%
(3.6% average annual rate) and electricity generation in-
creased by 355% (6.3% average annual rate). At the same
time, the domestic share of total energy supply declined
from 50% in 1990 to 25% in 2015. Total GHG emissions
increase at an average annual rate of 3.2%, which is almost
on par with energy demand and faster than any Annex I
country in the last decade.

Figure 2 (a) and (b) show the power generation profile
of Turkey between 2006 and 2015. Two thirds of the total
electricity demand are based on fossil fuels. Hydroelectric
power accounts for a quarter of total generation and there is
a slow penetration of wind power in recent years. Figure 3
shows the primary energy profile of Turkey for the same
years. Aside from slight increases in renewables, there is
no significant change in most resources.

Recent studies indicate that the wind and solar energy
potential in Turkey is significant (i.e., 48GW for wind and
1.527 kWh/m?year for solar energy (MENR, 2015)), yet
only 5.1% of total power is generated by wind and solar
installations by the end of year 2015. Currently, there are
no nuclear power plants in Turkey; however, two plants
(with installed capacities that correspond to more than
10% of the current total capacity) are on the government
agenda (MENR, 2016). These plants, each having four
units, are proposed to be commissioned gradually between
years 2019 and 2028.

Table 1. Key indicators of Turkey (TUIK, 2017; MENR, 2015; MENR, 2016).

Growth
1990 2000 2010 2011 2012 2013 2014 2015 Avg. Avg. Total
1990- 2011-  1990-
2010 2015 2015
Population 9 9 o
it 56.5 67.8 73.7 74.7 75.6 76.7 77.7 78.7  1.34%  1.32%  39.40%
GDP 350.2 500.2 731.1 795.3 812.2 846.3 871.8 906.4  3.75%  3.32% 158.80%
constant 2010 Billion US$ : : : : : : : : et it sORe
Primary Energy Demand 9 9 o
e 2 53.0 80.5 109.3 114.5 120.1 120.3 123.9 129.3  3.68%  3.08% 144.00%
Eﬁﬁ"'c'tyGe”era“O” 57.5 124.9 211.2 229.4 239.5 240.2 252.0 261.8  6.72%  3.36% 354.90%
Electricity Installed
Capacity 16.32 27.26 49.52 52.91 57.06 64.01 69.52 73.15 5.71%  8.43% 348.30%
Gw
COze emissions 214.0 296.5 406.8 436.4 448.9 442.2 455.6 475.1  3.26%  2.15% 122.02%

Mt CO:

Note: Because the model base year is 2011, we report the growth rates for periods 1990-2010 and 2011-2015 separately in Table 1.

(a) TWh

(b) Percentage

Figure 2. Electricity generation by technology, Turkey, 2006-2015 (TEIAS, 2017).
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(a) Mtoe

(b) Percentage

Figure 3. Primary energy supply by resource type, Turkey, 2016-2015, (MENR, 2016).

(a) Breakdown by GHG type

Figure 4. GHG emissions, Turkey, 2015 (TUIK, 2017)

Figure 4 illustrates the breakdown of 475.06 Mt of CO,e
emissions by type and by sector in 2015. As depicted from
these figures, CO, is the main GHG with a share 0f 80.71%
followed by the CH4, NO2 and F gases with corresponding
shares of 10.83%, 7.01% and 1.45%, respectively. Sectoral
decomposition, on the hand, shows that most emissions
(72.64%) arise from energy sector activities, and 40% of
those energy sector emissions (135.97 Mt of CO,e) belong
to the conversion and power generation sector.

3. TR-EDGE Model

3.1 Theoretical Framework

TR-EDGE is a recursive-dynamic model built on the
GTAP-Power Data Base (Peters, 2016). Supplemental
information from national accounts data published by
Turkish Statistical Institute (TUIK) and energy statistics
by Ministry of Energy and Natural Resources of Turkey
are used to calibrate the model to recent economic and
energy trends. Its benchmark year is 2011 and it is solved
from 2015 to 2030 at 5-year intervals. The model is formu-
lated as a mixed complementary problem (MCP), which

(b) Breakdown by sector

includes both equations and inequalities (Mathiesen, 1985;
Rutherford, 1995). The model is coded in GAMS using
Mathematical Programming System for General Equilib-
rium (MPSGE) (Rutherford, 1999) and solved by PATH
(Dirkse & Ferris, 1995).

Ina CGE model, activities of different agents in the economy
are described by three types of conditions (Paltsev, 2004):

o zero-profit conditions: these conditions require that
the value of inputs must be equal to or greater than the
value of outputs (i.e., any activity operated at a positive
level must earn zero profit). The condition can be de-
scribed as follows:

-profit > 0; output > 0; output” - (-profit) =0

 market-clearing conditions: these conditions imply that
supply must be equal to demand for each commodity
with a positive price. This condition can be described
with the following expressions:

supply-demand > 0; p = 0; p" - (supply-demand) =0
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« income-balance conditions: for each agent, including
the government, expenditures must exhaust total income
(value of factor endowments and tax revenue)

income = endowment + tax revenue

3.2 Dynamic Process

The recursive structure implies that production, consump-
tion, savings and investment are determined by current
period prices. The aggregate investment is equal to the level
of savings determined by the household utility function.
The dynamic process of capital evolution reduces the cap-
ital stock by depreciation and grows it by previous period
investment, described as follows:

Kr,t = Invr,t—l + (1_8r) * Kr,t—l

where K, is the capital in region r in period t; Inv,,, is the
investment in region r in period t-1 and §, is the depreci-
ation rate of capital in region r from t-1 to t.

TR-EDGE relies on exogenous rates of population growth
published by TUIK and OECD to specify projections of re-
gional labor endowment over the model horizon. Similarly,
government expenditures and current account balance are
exogenously assumed based on historical data.

Besides the dynamic progress summarized above, we as-
sume 2.5% productivity growth for both capital and labor
through the planning horizon of the model, and a 1%
annual increase for land use to account for improvements
in land use productivity. These assumptions are consistent
with those made in the EPPA model (Chen et al., 2015).

Based on the recent rate of consumption and existing re-
serves, natural resources are assumed to be depleted at
an annual rate of 2% in Turkey and 0.1% in the rest of the
world. Our assumption of a much higher depletion rate
relative to the rest of the world reflects the gradual decrease
of domestic resource in the last decade.

3.3 Data

GTAP-Power (Peters, 2016), the main data base for
TR-EDGE, is an electricity-detailed extension of the GTAP
9 Data Base (Augiar et al, 2016). Like the GTAP 9 Data
Base, GTAP-Power includes 140 regions (aggregated into
Turkey and the Rest of the World (ROW)) with reference
years 2004, 2007, and 2011. However, GTAP-Power disag-
gregates the GTAP 9 electricity sector into: transmission
& distribution, nuclear, coal, gas, oil, hydroelectric, wind,
solar, and other (including waste, biofuels, biomass, geo-
thermal, tidal and oil). The data base distinguishes factor
endowments into four main categories: capital, land, natural
resources and labor. Labor is further disaggregated into
five sub-categories (officials and managers, technicians,
clerks, service/shop workers, agricultural and unskilled

workers); however, in TR-EDGE a single aggregated labor
endowment is used.

The sectoral data is aggregated to form a compact dataset
while maintaining the requirements of the policy issues ad-
dressed by TR-EDGE. We have verified that the aggregated
data is quite consistent with actual values reported by the
Turkish Electricity Transmission Company (TEIAS, 2017).
Table 2 shows the 17 aggregated sectors, eight of which
are related to electricity generation. Note that although
GTAP-Power contains base-load and peak-load generation
data for gas, oil, and hydroelectric technologies, as a first
attempt, we assume no distinction between the two. In
addition to electricity sectors, there are five non-energy
sectors (agriculture, services, energy-intensive industries,
other industries, and transport), and four non-electric
energy sectors (crude oil, refined oil products, coal, and
natural gas).

In addition to the GTAP 9 Data Base, National accounts
data published by Turkish Statistical Institute (TUIK, 2017)
are employed to approximate the government expenditure
growth rate. Energy consumption and production data
published by Republic of Turkey Ministry of Energy and
Natural Resources and Turkish Electricity Transmission
Company (MENR, 2016; TEIAS, 2017) are used to cali-

Table 2. List of sectors

Non-Energy Sectors

agri Agriculture

eint Energy-intensive Industry
serv Services

tran Transportation

othr Other Industries

Energy Sectors

coal Coal

gas Natural gas

oil Crude oil

roil Refined oil products

Electricity Technologies

ColE Coal-fired power

GaskE Gas-fired power

HydE Hydroelectric power

NucE Nuclear power

WndE Wind power

SolE Solar power

OthE Other power —waste, biofuels, biomass,
geothermal, tidal, oil

TnD Transmission and distribution
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brate the model to replicate the economy in 2015. Finally,
emission coefficients by sector and technology are calcu-
lated based on U.S. Energy Information Administration
(EIA) estimates where calculated emissions are seen to
be consistent with those reported in the GHG emissions
inventory published by TUIK (2017).

Non-energy and non-CO, GHG emissions are represented
in CO, equivalent terms. The nesting structures of the
sectors in the model are provided in the Appendix.

3.4 Backstop Technologies

Two backstop technologies are defined for Turkey: nuclear
power plants and solar power. As mentioned in Section
2, currently there are no nuclear power plants in Turkey
and solar power generation is close to zero. These power
generation options are not currently employed, but may
make a substantial contribution should they gain policy
support and become cost competitive. The input struc-
tures for these power plants are approximated using the
corresponding values for ROW. To represent the back-
stop cost relative to the conventional technologies, e.g.
coal-fired generation, we use a mark-up factor based on
the joint report by World Wide Fund for Nature-Turkey
and Bloomberg New Energy Finance (WWF-Turkey &
BNEEF, 2014). In accordance with this document, mark-up
factors are estimated to be 1.5 for nuclear and 1.4 for solar
relative to coal-fired power plants in Turkey.

4. Scenarios

We develop several scenarios to analyze the impact of an
emission trading scheme with and without nuclear power
generation in Turkey.

4.1 Business as Usual (BAU) Scenario

This scenario represents the current government plans to
complete two nuclear plants before 2030: Akkuyu Nuclear
Power Plant on the south coast of Turkey and Sinop Nu-
clear Power Plant on the north end of Turkey. According
to official plans, Akkuyu consists of four identical units,

each with a capacity of 1.2 GW (total capacity 4.8 GW). The
first unit will be commissioned by 2019 and one additional
unit will become operative every year until 2023. Sinop
consists of four identical units, each with a capacity of 1.12
(total capacity 4.48 GW). The units will be commissioned
in 2023, 2024, 2027 and 2028, respectively. Accounting for
likely political and financial delays, we assume commis-
sioning of Akkuyu by year 2025 and Sinop by year 2030.

Turkey has shown significant progress in its renewable
energy industry since revising its feed-in tariff scheme in
2010. The share of wind generation has increased from 0
to 5% in the last decade. The revised feed-in tariff struc-
ture is incorporated into the BAU scenarjo and assumed
constant through horizon.

Official projections of energy use, electricity generation
and GHG emissions are driven by the assumption of high
GDP growth. However, recent political turbulence in the
country as well as uncertainty in the neighborhood ar-
eas dampen the likelihood that Turkey will keep up with
this high-growth assumption. Recent figures indicate that
more modest growth paths would be needed to accurately
represent medium-term progress in Turkey. For example,
electricity demand in 2015 and 2016 is lower than the
projections even for the low-growth scenarios produced
by the government. Moreover, actual generation values
for wind and solar fell far behind the targets specified
in “National Renewable Energy Action Plan for Turkey”
(MENR, 2014). In correspondence with GDP growth pro-
jections from the World Bank (2017), we assume in our
BAU scenario that real GDP grows at an annual average
rate of around 4% through 2030. This results in differing
GHG emissions paths—the official BAU projects emissions
at 1,175 MtCO,-equivalent by 2030, 40% higher than our
BAU projections of 836 MtCO,-equivalent (see Figure 5).

4.2 No Nuclear (NoN) Scenario

Although recent movements suggest that the Turkish gov-
ernment is very decisive on building nuclear plants, many
people, especially non-governmental environmental organi-

e TUR s ROW
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(a) GDP index (100 for base year)
Figure 5. Development of real GDP: BAU

(b) Annual growth rates
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zations, are against nuclear power due to the accompanying
risks. This creates uncertainties associated with the cost
impact of emissions reduction goals. For these reasons, the
NoN scenario is proposed to characterize another baseline
where nuclear power plants are not allowed in Turkey.

4.3 National Emission Trading Scheme (TrEm)

Scenarios: BAU+TrEm and NoN+TrEm
These scenarios assume that Turkey designs a national
emission trading market to be implemented from 2020
to 2030. No policies are imposed in the rest of the world.
A national emission cap is derived to achieve a gradual
reduction path with 5% reduction by 2020, 10% by 2025,
and 21% by 2030 relative to BAU levels. Emissions from
all fuels and sectors are covered from 2020 to 2030. The
permit trading scheme equalizes carbon prices across fuels
and sectors. Applying the same emission caps to BAU and
NoN, we evaluate the role of nuclear and analyze the im-
pacts of emissions reduction on electricity, the non-electric
energy market, and GDP.

Our scenarios assume a policy that covers all fuels and
sectors. It has been shown that partial coverage can sub-

(a) Electricity generation by technology, TWh

stantially increase policy costs while achieving the same
emission targets (Rausch and Karplus, 2014). We argue
that to reduce the overall cost of the policy, an efficient
policy design in Turkey should be economy-wide with
emission allowance trading - allowing sectors with high
abatement costs to purchase allowances from sectors with
lower abatement cost.

5. Results

We start our discussion with an assessment of electricity
and total energy in the BAU and NoN scenarios under
the no climate policy setting. Profiles of power genera-
tion and primary energy supply in the BAU scenario are
represented in Figure 6 (a) and (b), respectively. In BAU,
total generation reaches about 480 TWh in 2030 (from 229
TWhin 2011) and total primary energy grows to about 230
Mtoe by 2030 (from 114 Mtoe in 2011). The natural gas
share decreases from 46% in 2011 to 23% in 2030, but the
amount of natural gas-based generation stays almost flat
during these years. The reduced natural gas share reflects
an increase in total electricity generation.

(b) Primary energy supply by source, Mtoe

Figure 6. Electricity generation and primary energy supply: BAU, Turkey

(a) Electricity generation by technology, TWh

(b) Primary energy supply by source, Mtoe

Figure 7. Electricity generation and primary energy supply: NoN, Turkey
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(a) Electricity generation by technology, TWh

(b) Primary energy supply by source, Mtoe

Figure 8. Electricity generation and primary energy supply: BAU+TrEm, Turkey

Figure 9. Difference between BAU and BAU+TrEm: Electricity generation by technology, TWh

Nuclear power penetrates in 2025 and the share of nuclear
power reaches 16% of total generation by 2030. Renewable
generation (mostly wind and solar) increases its share from
2.06% in 2011 to 7.2% in 2030 - far behind the official target
of 14% in 2023. As of November 2017, actual wind and
solar generation was at 6%, which is 35% behind the targets
addressed in “National Renewable Energy Action Plan for
Turkey” (MENR, 2014). In 2030, primary energy continues
to rely on oil (33.2%), natural gas (29.7%) and coal (28.4%).

Figure 7 (a) and (b) show the electricity generation and
primary energy supply in the NoN scenario. Natural gas
replaces nuclear generation and gains a larger share in
the primary energy supply (32.7%, a 3% increase from
BAU). Other fuels do not substantially change their profiles
between BAU and NoN. Removing the development of
nuclear power means also removing the effective subsidy
that would have accompanied nuclear development. This
results in an overall decrease in electricity generation for
the NoN scenario (by 24 TWh in 2030).

Next we turn to an analysis of emission reduction scenar-
ios. Figure 8 shows power generation and primary energy
profiles under the BAU+TrEm scenario, where an emission
cap leads to reductions in both power generation (17.8%)
and primary energy supply (16.4%) by 2030 relative to BAU.
The carbon constraint leads to a removal of all coal-fired
generation by 2030 due to coal’s high emission intensity
(when combusted, the CO, content of coal is almost twice
that of natural gas (EIA, 2016)). Wind and solar generation
increases to 9.5% of total generation (37.2 TWh) by 2030,
compared to 7.2% (34.1 TWh) in BAU. Going along with the
increase in renewable generation, there is a 2.2% decrease
in the domestic share of the primary energy supply due to
increasing use of imported natural gas.

Figure 9 provides a visualization of the impact of the emis-
sions trading scheme on electricity generation by technology
type relative to the BAU scenario. Coal-fired generation
is reduced by 140 TWh by 2030. It is displaced by natural
gas-fired (40 TWh in 2030) and renewable (10 TWh in
2030) generation, but the total amount of electricity gen-
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(a) Electricity generation by technology, TWh

(b) Primary energy supply by source, Mtoe

Figure 10. Electricity generation and primary energy supply: NoN+TrEm, Turkey

(a) CO, equivalent GHG emissions, Mtonne

Figure 11. Total emissions and emission price

eration is lower due to higher electricity prices that reflect
carbon charges.

Figure 10 illustrates the power generation and primary
energy profiles under NoN+TrEm scenario. Note that the
difference between NoN+TrEm and BAU+TrEm in terms
of power generation (10.8%) and primary energy (2.2%) in
2030 is more significant than the difference between BAU
and NoN. This result implies that the potential benefits of
nuclear power might be higher under emission restrictions.
Consistent in both scenarios, coal-fired power generation
vanishes regardless of the assumption about the availability
of nuclear power.

Figure 11 (a) compares total GHG emissions from the BAU,
BAU+TrEm and NoN scenarios. It also shows the official
GHG projections and official targets published in Turkey’s
INDC (UNFCCC, 2016). Because of our differing growth
rate assumptions, the level of GHG emissions in our BAU
scenario in 2030 is lower than the level submitted by Turkey
in its INDC as a policy target (929 MtCO,-equivalent). In
our estimate, this level will be achieved by Turkey without

(b) CO, equivalent GHG price: BAU+TrEm vs NoN+TrEm, $/tonne

any emission trading (or other climate policy) required.
Therefore, we have chosen to target a 21% reduction rel-
ative to our BAU rather than relative to government BAU
projections. The resulting target is 658 MtCO,-equivalent
emissions. We provide a discussion of alternative settings
for the BAU projection and the emission reduction profiles
at the end of this section.

Figure 11 (a) also indicates that even without any further
abatement action, GHG emissions are lower with the nu-
clear program (by 3.1% in BAU, relative to NoN). Since the
NoN+TrEm scenario is constructed in such a way that the
same target of 658 MtCO,-equivalent emissions in Turkey
in 2030 is achieved, the emission profiles in BAU+TrEm
and NoN+TrEm are the same. Figure 11 (b) compares
the emission prices with and without a nuclear program.
The carbon price in 2030 is around $50/tCO,e with the
nuclear program and almost $70/tCO,e without it. This
difference is driven by the fact that the nuclear program
results in lower emissions, so less abatement is needed to
reach the same emission targets.



REPORT 332 MIT JOINT PROGRAM ON THE SCIENCE AND POLICY OF GLOBAL CHANGE

Sectoral contributions to GHG mitigation under BAU+-
TrEm are shown in Figure 12. Over three quarters of GHG
emissions reduction comes from energy sectors. Ener-
gy-intensive industry contributes 13%. All other sectors
combined achieve about 10% reduction.

The TrEm scenario results in significant changes in coal and
electricity prices, as shown in Figure 13. The decrease in
producer coal prices is driven by a lower demand for coal
under the emission constraint. Consumer prices for coal
(those that include a carbon charge) are substantially higher
under the emission trading scheme as they reflect the carbon
content of coal. The increase in electricity prices is the result
of a carbon penalty. In this scenario, no significant changes
have been observed in the producer prices of oil and natural

gas, as these are determined by international markets.
Figure 12. Sectoral shares of contributions to GHG mitigation in

A policy to reduce GHG emissions leads to slightly slower year 2030 in the BAU+TrEm scenario

economic growth, mostly due to the need to invest in more
expensive technologies relative to BAU and the corre-
sponding impacts on prices. Compared to BAU, real GDP
decreases in the BAU+TrEm scenario 0.82% by 2030. GDP
still grows substantially from 2015 to 2030, but at a some-
what lower rate - the average 2015-2030 GDP growth is
3.8% for BAU and 3.74% for BAU+TrEm.

When emission reduction is imposed on the NoN sce-
nario, larger reductions are required to meet the same
GHG emission target. Compared to NoN, real GDP de-
creases in the NoN+TrEm scenario by 1.1% by 2030. The
TR-EDGE model also estimates a change in welfare that is
measured as “equivalent variation” - this can be interpreted
as the amount of extra income consumers would need to
compensate for losses caused by the policy change. The
percentage changes in welfare are of a similar magnitude
as the percentage changes in GDP. Impacts on the outputs
of non-energy sectors in the BAU+TrEm scenario can be
seen in Figure 14. This figure suggests that under a GHG
mitigation scenario, the energy-intensive industry is affected
the most among all non-energy sectors - showing nearly a
6% decrease in output. The agriculture and transportation
sectors also show significant decreases - around 1.5%.

(a) coal

Turkey’s INDC provides a figure indicating the trajectory

of the emissions reduction path through different periods

(UNFCCC, 2016). In the text of the INDC these reductions

are not mentioned and the target is specified for 2030 only.

Calculated relative to BAU in the corresponding years, the

emissions reduction path appears to be 6% in 2015, 11%

in 2020, 15% in 2025 and 21% in 2030. We consider this

path to be rather aggressive, especially considering that

policies were not implemented to achieve the proposed

2015 reductions. In our analysis we used a trajectory of 5%

in 2020, 10% in 2025, and 21% in 2030. Our BAU emissions (b) electricity

in 2030 are about 30% lower than the BAU provided in Figure 13. Producer price index of coal (net of carbon charge)
the INDC, likely due to our assumption of a lower GDP and electricity price index (inclusive of carbon charge):
growth rate than that assumed in the INDC. BAU vs TrEm
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Energy-intensive

Agriculture Industry

1.00%

0.00%
-1.00%
-2.00%
-3.00%
-4.00%
-5.00%
-6.00%
-7.00%

Other Industry
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Figure 14. Impacts of BAU+TrEm on sectoral outputs (% change relative to BAU) for year 2030

We have performed a sensitivity analysis with respect to:
1) a BAU profile with higher emissions, similar to the BAU
provided in the INDC figure; and 2) a more aggressive target
path for 2020-2025, similar to that illustrated in the INDC
figure. Higher emissions with no change in the target path
leads to larger GDP impacts in absolute levels, but similar
impacts in percentage terms — a decrease of about 1% of
GDP in 2030 relative to the respective BAU. The resulting
carbon prices are also similar - in the range of $50/tCO,e
in 2030. A more aggressive target path ultimately leads to
GDP impacts and carbon prices in 2030 that are similar (in
percentage terms) to those presented in the main scenarios.
However, during the intermediate years we observe larger
GDP impacts and higher carbon prices. Both the GDP
reduction and carbon prices are about four times higher
in 2020 (0.29% vs 0.05% GDP reduction and $22/tCO,e
vs $5/tCO,e carbon prices) and almost twice as high in
2025 (0.39% vs 0.17% GDP reduction and $22/tCO,e vs
$11/tCO,e carbon prices).

6. Conclusion

Turkey supports the Paris Agreement and climate stabi-
lization policies, and Turkey’s INDC - a proposed 21%
reduction in its GHG emissions in 2030 relative to BAU lev-
els - is a first step on the low-carbon development pathway.
Developing models to assess the impacts of various policy
scenarios is crucial for strategic planning. We have devel-
oped and applied the TR-EDGE model for this purpose.
TR-EDGE differs from other models by its representation
of disaggregated electricity generating technologies in a
general equilibrium framework - i.e., the model combines
macroeconomic representation of the non-electric sectors
with detailed representation of the electric sector.

Using TR-EDGE, we analyzed four different scenarios
for Turkey: a business as usual scenario (BAU), which
represents the current plans of the government including
a nuclear program and revised feed-in tariff scheme for
renewables; a no-nuclear scenario (NoN), in which nuclear

power is omitted; and each of the previous scenarios coupled
with a national emission trading scheme (BAU+TrEm and
Non+TrEm). Our results indicate that a national emission
trading market would mitigate negative impacts on the
real growth rates while still encouraging reductions in
GHG emissions. Our BAU emissions in 2030 are about
30% lower than those provided in Turkey’s INDC, and
while the INDC does not provide details or references to
the underlying calculations, a likely cause of the overes-
timation is over-optimistic assumptions of GDP growth
rates in the INDC.

Another important insight obtained from the TR-EDGE
model is a projection of the resulting carbon price needed
for Turkey to meet its emission reduction targets under a
BAU scenario. We found the carbon price in 2030 is around
$50 per ton of CO,e emissions. The relative cost-com-
petitiveness of energy technologies, as represented in the
TR-EDGE model, leads to lower renewable (wind and
solar) deployment than the official projections. This result
is mainly due to the intermittent nature of these technol-
ogies - since they are treated as imperfect substitutes for
other generation technologies, their cost is greater, making
them less competitive.

Additionally, we assess the potential benefits of the nuclear
program in Turkey. Without nuclear power, the required
carbon prices are higher ($70/tCO,e vs $50/tCO,e with
nuclear) and the GDP reductions accompanying the carbon
policy are larger (1.1% vs 0.82% with nuclear, relative to
the respective no policy scenarios) to achieve the same
reduction of GHG emissions. Welfare impacts are similar
to GDP impacts in percentage terms.

Our analysis discusses options for achieving a low-carbon
energy system that maximizes welfare of Turkish citizens.
Because Turkey’s population and economy are growing
rapidly, it is extremely important to provide a discussion
for the best way to decarbonize the Turkish economy while
keeping fast economic growth. The results will provide in-
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dustry representatives and policymakers with information
about the overall policy costs associated with different
options. An important caveat to our study is that it provides
only a cost-effectiveness analysis; we have not quantified
the benefits of emission reductions, the damages related
to continuing GHG emissions, or the risks associated with
nuclear power plants. The current literature on the benefits
of emissions reductions shows a wide range of estimates.
Future research may focus on reducing uncertainty in these
estimates to improve cost-benefit analysis. Our results

show that the targets that Turkey envisioned for the Paris
Agreements are reachable at a modest economic cost of
about 1% of GDP in 2030.
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Appendix. Production and Consumption Structures

Nesting structures of production and consumption ac-
tivities are constructed with reference to several versions
of the MIT EPPA model (Paltsev et al., 2005; Chen et al.,
2015) and the MIT USREP model (Rausch et al., 2009;
Lanz & Rausch, 2011). Table A1 summarizes the types
of substitution elasticities and their notation; elasticity
values are specified in the nesting diagrams from Figure
Al through Figure A10.

Figure A1 shows the preference structure of households.
Savings enters directly into the utility function of house-
holds, which endogenizes the consumption-investment
decision within the model. Note that emissions are fixed
in proportion to fuel use while all other substitution pos-
sibilities are represented via CES functions.

Since TR-EDGE mainly focuses on the power sector, we
pay more attention in defining the nesting structure of this

sector. Figure A2 shows the nesting structure of alternative
power technologies. Electricity generated by fossil-fired,
nuclear, hydro and “other” (see OthE in Table 2) power
plants are treated as perfect substitutes while the renewable
electricity generation from solar and wind are treated as
imperfect substitutes for the non-renewable technologies,
consistent with the treatment in EPPA models (Paltsev et al.,
2005; Chen et al., 2015). This formulation captures the
intermittent nature of renewable technologies, which tends
to increase system cost with a large share of electricity
production.

Figure A3 (a) and (b) show the nesting structures of hy-
droelectric and nuclear power technologies, respectively.
Note that a fixed factor is built into these technologies to
allow for gradual penetration (Paltsev et al., 2005). Both
technologies have similar structures in which the KL com-
posite is combined with the relevant resource of the fixed

Table A1. Types of substitution elasticities and their notation in TR-EDGE

Type of substitution elasticity Notation
between domestic & imported goods sdm
among non-electricity energy noe
between non-electric energy & electricity Noeq
between capital/labor bundle & energy bundle kle
between material & energy bundles €m
between land & energy/material bundle INem
between land/energy/material bundle & capital/labor aggregate Inemy
between capital & labor kl
between capital/labor bundle & material Klm
between fixed resource & capital/labor/material bundle klmy
between fixed resource & capital/labor bundle kls
among capital, labor & material kim
between land & capital/labor/material/fixed resource bundle kimfi,
between fixed resource & capital/labor/energy bundle kles
between technology specific factor & capital/labor/energy bundle Klist
between technology specific factor & capital/labor/energy/material bundle KImss
between land & capital/labor/material/technology specific factor bundle kimtsfin
domestic-export transformation sde
among energy inputs e
among material inputs m
Intra-import elasticity of substitution imp
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Figure A1. Nesting structure of the household sector.
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Figure A3. Nesting structure of hydro and nuclear generation
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factor endowments. We assume a Leontief technology that
combines the material inputs, transmission and distribution
services with a composite of capital, labor and fixed factor.

Wind and solar technologies are represented by the nesting
structure illustrated in Figure A4 (a) and (b), respectively.
Capital, labor and other material inputs enter at the lower
nest and the composite of these inputs substitutes against
technology-specific factors in the upper nest. Next, these
inputs are combined with land. Finally, transmission and
distribution services are aggregated with the composite of
remaining inputs with a Leontief function.

Fossil-fired power technologies (Figure A5) and “oth-
er” power technologies (Figure A6) have similar nesting
structures. Capital-labor composite and energy inputs are
combined with a CES function in the lower nests while
other material inputs and transmission and distribution
services enter at the top nest in fixed proportions. Due to
the data structure, TR-EDGE differs from EPPA and US-

Wind
peleWs

t&d

pa(tnd) Okumr_1v=0.05

land
pf(Ind)
om_r=0.3

ff

REP in that non-electric energy inputs and electricity are
assumed in fixed proportions. Because the GTAP-Power
Data Base provides disaggregated data for the power sec-
tor, representing substitution among technologies at the
fuel level is unnecessary. Different from fossil-fired power
technologies, “other” power technologies also include a
technology-specific factor in its nesting structure to rep-
resent the nature of technologies aggregated under this
option, i.e., geothermal, waste, biofuels, biomass and tidal.

Figure A7 illustrates the non-electric energy sectors. In
the refined oil sector, Figure A7 (a), Crude oil is used as
“feedstock” to produce refined petroleum products and
enters as a Leontief intermediate input in the top nest.
Primary energy sectors (coal, natural gas and crude oil),
in Figure A7 (b), combine a fuel-specific resource and
non-resource input bundle at the top nest while the capi-
tal-labor composite is combined with other inputs in the
lower nest via Leontief function.

Solar
pelews

t&d

pa(tnd) Oxumr_v=0.05

land
pf(Ind)
Oxm_r=0.3

ff

pfts(WndE) KM pfts(SolE) KLm

o -

oum=1 Uw‘w 1

|
K L K L
v pf(cap) pf(lab) v pf(cap) pf(lab)
pa(m) pa(m)
(a) Wind (b) Solar
Figure A4. Nesting structure of wind and solar generation
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Figure A5. Nesting structure of fossil-based generation (coal and natural gas are modeled as separate generation technologies)
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Figure A7. Nesting structure of energy sectors

Non-energy sectors are represented in two categories: ag-
riculture and the rest of the production sectors. Since the
land input is unique to agricultural production, the nesting
structure for agriculture (Figure A8) includes substitution
between land and other inputs. Natural resources and GHG
emissions are included as fixed proportions in the top nest.

Figure A9 illustrates the nesting structure for non-energy
sectors other than agriculture. The materials inputs are in
fixed proportion to the energy-value-added composite,
which combines energy and value-added with a CES func-
tion. The energy bundle assumes CES substitution between
electricity and the non-electric energy. Non-electric energy
inputs are combined with a CES function.

16
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(b) Primary energy sectors

TR-EDGE aggregates imported and domestic goods to
create an Armington composite (Armington, 1969) that
captures the substitutability between domestic and imported
goods. Figure A10 (a) and (b) show the Armington formu-
lation for the non-electric goods and electricity, respectively.
Elasticity of substitution between imported and domestic
goods is assumed to be 1 for electricity, 1.5 for non-electric
energy goods and 3 for non-energy goods. The aggregate
domestic output is allocated between domestic sales and
exports subject to a constant elasticity of transformation
(CET) with an elasticity of 2.
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Figure A8. Nesting structure of agriculture sector
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