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1. Introduction

A large literature has assessed the macroeconomic cost of stab-
ilising Greenhouse Gas (GHG) concentrations, with various as-
sumptions on the environmental stringency of the adopted policy
tool, on the technologies available, on the cost of those technologies,
on the timing and on the degree of international cooperation (Cf.
Barker et al., 2007; Clarke et al., 2009; Edenhofer et al., 2009;
Edenhofer et al., 2010 for some overviews). The macroeconomic
cost of a climate policy - e.g. the discounted loss of Gross Domestic
Product (GDP) - is an important indicator and it certainly deserves
an important place in both the academic and the policy debate on
climate change mitigation. However, this is not the only piece of
information on the economic implications of climate policy that
policy makers and the business community would need to better
plan future investments and policy decisions. For example, there is
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a large and growing demand for estimates of investments, particu-
larly in the power sector, needed to cut GHG emissions and for esti-
mates of the financial implications of climate policy, both at the
national and international levels.! Policy makers and the business
community are indeed interested in knowing when and where in-
vestments should flow and how large they should be. A transition
to a green economy may indeed require excessive financial resources
and crowd out productive investments.

It is important to stress that estimates of macroeconomic costs and
investment needs inform on two very different aspects of climate
policy and should not be confused. Investments are expenditures that
increase productive capital. They imply a financial transfer from one
agent to another, from one sector of the economy to another sector,
or from one generation to the next. If investments are re-distributed
among capital assets that have the same productivity (i.e. that yield
the same output per unit of investment) the level of macroeconomic

! As a response of this growing interest on climate finance, the International Panel
on Climate Change (IPCC) has introduced a Chapter on “Cross-cutting Investment
and Finance Issues” in the forthcoming Fifth Assessment Report.
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activity is not affected. Macroeconomic costs arise when investments
are redistributed from more productive uses to less productive uses.
This loss of productivity generates a lower level of output, which is
the true net cost of climate policy for the economy as a whole.

The Integrated Assessment Modeling community has been prolific
in providing estimates of the macroeconomic costs of climate policy
but has virtually neglected investment needs. For example, among
the large set of papers collected in two recent Special Issues published
by Energy Economics - one on the Energy Modeling Forum (Clarke
et al., 2009) and the other on the Asia Modeling Exercise (Calvin
et al., forthcoming) - none presents estimates of investment needs.

There is only a handful of studies that estimate investments flows
and their distribution and financial implications using large-scale,
sophisticated, energy-economy models (Edenhofer et al., 2009; IEA,
2010; IEA, 2011; Riahi et al., 2012). Among those, only Riahi et al.
(2012) use the full potential of an Integrated Assessment Model
(MESSAGE) to provide information on investment needs with a high
technological detail under a mix of climate and energy policies which
are consistent with a 2 °C above pre-industrial level in 2100.
Edenhofer et al. (2009) provide little information on aggregate invest-
ments in the power sector. [EA (2010) and [EA (2011) provide estimates
with high technological detail but the analysis is limited to 2030.2

This paper contributes to this embryonic literature by providing a de-
tailed assessment of investment needs and public finance in four repre-
sentative green economy scenarios generated using the Integrated
Assessment Model WITCH (Bosetti et al, 2006; Bosetti et al, 2007;
Bosetti et al., 2009a).> The transition to a green, low carbon, economy
is induced by four tax scenarios stabilising GHG concentrations in the at-
mosphere to 680, 560, 500 and 460 ppm CO,-equivalent (ppm CO,-eq)
by the end of the century. As a consequence, global mean temperature
increases in 2100 between 3.2 °C and 2 °C above pre-industrial levels.
We examine the impact of climate policy on investments and current
expenditures in the power sector, on investments in Research and
Development (R&D) in the energy sector, on investments in the oil sec-
tor and on other aggregate non-energy investments. Investments in the
power and in the oil sectors are endogenous in the model, as are energy
demand and fuel prices. R&D investments are also endogenous. We
complete our assessment of climate finance by providing estimates of
carbon tax revenues and their implications on public finance.

With respect to Riahi et al. (2012), this paper analyses four climate
policy targets instead of one. By focusing on climate policy alone instead
than on a mix of climate and energy policies, we can establish a relation-
ship between the stringency of the tax (the long-term concentration
target) and investment needs. We also provide estimates of R&D invest-
ments in the energy sector and an assessment of carbon tax revenues,
which are not part of the analysis of Riahi et al. (2012). Finally, we pres-
ent separate results for OECD and non-OECD countries. Unfortunately,
we cannot provide estimates of investments in demand side energy
efficiency and in power transmission and distribution as in Riahi et al.
(2012), because they are not modelled in WITCH.

The rest of the paper is organised as follows. Section 2 presents
an overview of the WITCH model. Section 3 introduces the scenario
design and presents basic facts of the Reference scenario and of the policy
scenarios. Section 4 discusses the relationship between macroeconomic
costs, investments and carbon tax revenues in a green, low carbon, econ-
omy. Section 5 illustrates changes in the optimal mix of investments and
current expenditures in the power sector, investments in the oil up-
stream sector and in other sectors of the economy. Section 6 deals with
investments in innovation. Section 7 examines revenues from carbon
taxes. The final section provides a brief summary of our findings.

2 Other studies have presented estimates of investment needs without using full-
fledged economic models (UNFCCC 2007; McKinsey 2009; Bredenkamp and Pattillo
2010; United Nations 2010). For a survey of this literature see Haites (2011).

3 More precisely, we consider taxes on all GHG emissions but we use the expression
“carbon tax” for simplicity.

2. An overview of the WITCH model

WITCH - “World Induced Technical Change Hybrid” - is a regional in-
tegrated assessment model structured to provide normative information
on the optimal responses of world economies to climate damages (cost—
benefit analysis) or on the optimal responses to climate mitigation poli-
cies (cost-effectiveness analysis) (Bosetti et al., 2006, 2007, 2009a).

WITCH has a peculiar game-theoretic structure that allows model-
ling both cooperative and non-cooperative interactions among coun-
tries. As in RICE (Nordhaus and Yang, 1996), the non-cooperative
solution is the outcome of an open-loop Nash game: thirteen world
regions interact non-cooperatively on the environment (GHG emis-
sions), fossil fuels, energy R&D, and on learning-by-doing in renew-
ables. Investment decisions in one region affect investment decisions
in all other regions, at any point in time. In this paper the non-
cooperative solution is used to build both the Reference and the policy
scenarios. Since we focus on a cost-effectiveness framework, we do
not include the feedback of climate change on the economy which is
instead present when the model is used for cost-benefit analysis.*

Each region's social planner maximizes the present value of dis-
counted log-utility of per capita consumption. WITCH's top—down frame-
work guarantees an efficient, fully intertemporal allocation of
investments, including those in the energy sector, without ad-hoc as-
sumptions as in simulation models. WITCH is a truly dynamic model in
which investment decisions are taken with perfect foresight. This
means, for example, that carbon prices expected in the future affect pres-
ent investment decisions. There is no uncertainty and it is possible to per-
fectly foresee the environment - in terms of economic growth,
population, price of inputs - in which investments decisions will be taken.

WITCH is a hybrid model because it combines features of both
top—down and bottom-up modelling: the top—~down component con-
sists of an intertemporal Ramsey-Cass-Koopmans optimal growth
model in which the economy of each region is divided in two large
sectors that are perfect substitutes. On the one side we have the oil
extraction sector and on the other side the rest of the economy. The
energy input of the aggregate ‘non-oil’ production function has been
expanded by means of nested Constant Elasticity of Substitution
(CES) functions to provide a rich description of energy supply.

The ‘non-oil’ CES production function combines a Cobb-Douglas
aggregate of capital-labour and energy services with an elasticity of
substitution equal to 0.5; energy services are produced combining
the energy input and knowledge capital in a CES nest with elasticity
of substitution equal to 1.7. The energy input is a CES combination
of electric and non-electric energies. Further detail is provided in
Bosetti et al. (2006, 2007, 2009a).

Energy sector dynamics is fully endogenous. Energy services de-
mand depends on the (endogenous) relative prices of capital, labour
and energy inputs. Each region's social planner determines the opti-
mal level of electricity generation and the optimal technology mix
by investing in nine different power generation capacity stocks, one
for each technology.® Therefore investments in the power sector are
an output of the model. WITCH does not use exogenous levelized

4 The lack of a climate feedback into the economy might lead to biased estimates of
future investment patterns. We might overestimate investments in the Reference sce-
nario and underestimate investments in the carbon tax scenarios. However, the bias
would likely affect years at the end of the century (mitigation measures have signifi-
cant impacts on average temperature beyond 2070) while we focus most of the anal-
ysis on the first half of the century.

5 Range of investment costs in power generation technologies across the thirteen
world regions in base year (2005): wind (1467 US$/kW), nuclear (1590-2587 US$/
kW), hydro-power (1777 US$/kW), pulverized coal (966-2072 US$/kW), oil (819-
1365 US$/kW), natural gas (629-1050 US$/kW), integrated gasification combined cy-
cle (IGCC) coal with carbon capture and storage (3173 US$/kW), natural gas with car-
bon capture and storage (2538 US$/kW). IGCC power plants with CCS can also be used
with a mix of coal and biomass. There is a backstop power generation technology
which becomes competitive only after investing in a dedicated knowledge stock. The
backstop substitutes nuclear linearly.
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cost of electricity. The cost of electricity is determined endogenously
and implicitly as the shadow value of the resources employed in
power generation, coherently with a Ramsey-type optimal growth
setup. Therefore, the cost of electricity generation closely follows
the pattern of the endogenous interest rate and of fuel prices. As the
economy grows, the interest rate declines and so does the opportuni-
ty cost of capital. At the same time, fuels become more costly. There-
fore, capital intensive technologies (e.g. wind and nuclear) become
more and more attractive with respect to fuel intensive technologies
(e.g. natural gas) even without a penalty on emissions.

In this paper we use a recent version of the model in which bio-
mass can be used together with coal in Integrated Gasification Com-
bined Cycle (IGCC) power plants with carbon capture and storage
(CCS) technologies. The cost of the biomass feedstock is determined
on the basis of regional supply cost curves obtained by the land use
model GLOBIOM (Havlik et al., 2011). GLOBIOM accounts for residual
emissions associated with the full life cycle of growing, harvesting
and transporting the biomass. The WITCH and GLOBIOM models are
not fully integrated, which might cause inconsistencies due to poten-
tial feedback effects of climate policy on optimal land use. However,
conservative assumptions on biomass supply expansion in GLOBIOM
limit this problem.

Output in the oil sector is produced by means of eight different
capital goods that represent installed capacity for oil extraction in
eight different oil categories, from conventional light crude to extra
heavy tar sands, with specific extraction costs and emission coeffi-
cients. Each region has a fixed endowment of oil resources for each
category and can freely invest to increase extraction capacity in any
category. Each capital good in the oil sector produces oil as output
and the output is aggregated linearly across all categories. Invest-
ments are subtracted from the budget constraint of the economy.
Regions can either consume oil production or sell it abroad. When
oil is consumed domestically it represents a net cost for the ‘non-oil’
sector. When it is sold abroad oil become a source of foreign revenues.
All oil production is valued using the international market clearing
price. The model is calibrated to reproduce the share of ‘oil' and
‘non-oil’ GDP in the base year. The relative size of the two sectors in
the following years is determined endogenously (see Massetti and
Sferra, 2010 for a description of the oil sector).

The international price of gas is indexed to the price of oil. This
is certainly an area that deserves further research because a glob-
al market for natural gas is quickly emerging as a response to a
large, geographically fragmented, expansion of production, particu-
larly in the USA. The price of coal increases with world cumulative
consumption.

In WITCH, emissions arise from fossil fuels used in the energy sec-
tor and from land use changes and forestry that release carbon se-
questered in biomasses and soils (LULUCF). Emissions of CHy4, N0,
SLF (short-lived fluorinated gases), LLF (long-lived fluorinated) and
SO, aerosols, which have a cooling effect on temperature, are also
identified. Emissions from LULUCF and non-CO-, gases are exogenous
in the Reference scenario. Abatement cost curves for non-CO, gases
and for LULUCF emissions are also exogenous (see Bosetti et al.,
2009a). A climate module governs the accumulation of emissions in
the atmosphere and the temperature response to growing GHG con-
centrations. An exogenous path of aerosols affects radiative forcing.

Endogenous technological dynamics are a key feature of WITCH. Ded-
icated R&D investments increase the knowledge stock that governs ener-
gy efficiency. Learning-by-doing curves are used to model cost dynamics
for wind and solar capital costs. Both energy-efficiency R&D and learning
exhibit international spillovers. Two backstop technologies - one in the
electricity sector and the other in the non-electricity sector — necessitate
dedicated innovation investments to become competitive. The costs of
these backstop technologies are modelled through a two-factor learning
curve, in which their price declines both with investments in dedicated
R&D and with (global) technology diffusion.

The major pitfall of WITCH is the low detail in non-electric energy
technologies. In particular, WITCH lacks a detailed set of end-use en-
ergy technologies and does not distinguishes between transport and
residential energy uses. Accordingly, investment dynamics in the
non-electric sector is not analysed in this paper.®

A final word of caution is necessary to interpret our findings.
WITCH - as all other integrated assessment models - is designed to
produce scenarios and not forecasts. Investments scenarios are cer-
tainly accurate and the model is sufficiently well calibrated to pro-
duce a realistic picture of the energy sector. However, the aim of the
model is to show the major forces at play and how investments and
tax revenues change when a climate policy is introduced in an opti-
misation setting. Therefore, the model does not deliver forecasts
about the future but a series of optimisation scenarios to identify
the main consequences of climate policy.

The base year is 2005 for calibration, all monetary values are in
constant 2005 USD, market exchange rates are used to convert na-
tional currencies.

3. Scenarios

The international community has taken a precautionary stance by
formally introducing the objective to keep global mean temperature in-
crease below 2 °Cin 2100 in the Cancun Agreements signed at the 16th
UNFCCC Conference of Parties in 2010. However, this ambitious target
has not been followed by either binding or informal adequate commit-
ments to reduce GHG emissions. This leaves wide uncertainty on future
mitigation efforts and consequent GHG concentrations by the end of
the century. Hence, in this paper four long-term policies that constrain
GHG concentrations below 680, 560, 500 and 460 ppm CO,-eq in 2100
are considered in order to capture various possible outcomes of future
global climate policy.

The assumed policy tool is a global tax on all GHG emissions from
2015. Each carbon tax scenarios is named after the long-term con-
centration target. The tax trajectories are determined by solving
the model using a cap-and-trade policy tool with borrowing and
banking for the 460 ppm CO,-eq target. With both “when” and
“where” flexibilities, we find the optimal level and growth rate of
the carbon price.” We then use the carbon price in the tax scenario,
in order to avoid unnecessary assumptions on the distribution of
emission allowances and thus separating efficiency from equity con-
siderations. The same growth rate of the 460 carbon tax is then
used to determine the other tax trajectories. Tax revenues are
recycled lump-sum in the economy. Fig. 1 illustrates how the taxes
evolve until 2100, with a focus on 2015-2050.

Our analysis of the costs and investment needs of a green, low car-
bon, economy assumes an ideal policy framework with full immediate
co-operation among all countries. Each country introduces the same
tax on all GHG emissions. Despite offering an optimistic view of future
international climate policy, with these assumptions we avoid overly
complex scenarios and we are able to present a benchmark case against
which more realistic policy and market settings can be assessed.®

% The model was recently expanded to include a transport sector representing the
use and profile of light domestic vehicles (LDVs) but this latest version was not used
in this study (see Bosetti and Longden, 2012).

7 We cannot apply a simple Hotelling rule because the interest rate in WITCH is en-
dogenous and different across regions and diminishes over time as the marginal pro-
ductivity of capital increases. OECD regions start with interest rates at about 5% and
non-OECD regions with interest rates around 7-10%. The tax grows at about 10% in
2015 and at about 2% at the end of the century. For a wider discussion of the carbon
market with banking and borrowing in WITCH see Bosetti et al. (2009b).

8 It must be noted, however, that climate architectures which contemplate delayed
actions or limits to key low-carbon technologies are likely to jeopardize the achieve-
ment of the 450 ppm CO,_q target (Clarke et al., 2009).
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Fig. 1. Carbon tax scenarios 2015-2050 (left panel) and 2015-2100 (right panel). Notes: Global taxes on all GHG emissions. Each carbon tax scenario is named after the long-term

concentration target.

Table 1
Socio-economic and energy use indicators.

Scenario Year  Population (billions) Gross World Product Total primary energy Electricity demand Energy intensity of Carbon intensity of
(trillions) supply (EJ) ("000 TWH) output (index, energy (index,
2010=1) 2010=1)
OECD  Non World OECD Non World OECD Non World OECD Non World OECD Non World OECD Non World
OECD OECD OECD OECD OECD OECD
Reference 2010 1.11 580 6.90 40 13 53 210 236 445 10.9 88 197 1.00 1.00 1.00 1.00 1.00 1.00
2030 117 715 831 59 43 102 233 397 629 139 202 341 075 052 0.73 1.00 106 1.04
2050 1.17  8.01 9.19 79 95 173 253 566 819 170 350 520 0.61 034 0.56 1.07 1.11 1.11
680 2010 1.11 580 6.90 40 13 53 210 236 445 10.9 88 197 1.00 1.00 1.00 1.00 1.00 1.00
2030 117 715 831 59 43 102 226 379 604 135 188 323 073 050 0.71 097 104 1.02
2050 1.17  8.01 9.19 79 94 172 229 484 712 156 275 431 055 029 049 0.97 1.04 1.03
560 2010 1.11 580 6.90 40 13 53 209 235 444 10.9 88 197 1.00 1.00 1.00 1.00 1.00 1.00
2030 1.17 715 831 59 43 102 207 342 550 127 162 289 067 045 0.65 088 1.00 096
2050 1.17  8.01 9.19 78 92 170 204 402 606 149 222 372 050 025 043 070 080 0.78
500 2010 1.11 580 6.90 40 13 53 208 237 444 10.7 88 195 1.00 1.00 1.00 1.00 1.00 1.00
2030 1.17 715 831 59 43 101 201 316 518 126 143 269 066 042 061 084 093 0.90
2050 1.17  8.01 9.19 77 91 168 219 400 619 154 223 377 054 025 044 054 064 061
460 2010 1.11 580  6.90 40 13 53 207 237 444 10.6 88 194 1.00 1.00 1.00 1.00 1.00 1.00
2030 1.17 715 831 59 42 101 202 297 499 125 135 260 066 040 0.59 078 082 0.1
2050 1.17  8.01 9.19 77 90 167 213 383 595 156 227 383 053 024 043 040 051 0.48

3.1. The Reference scenario

In the Reference scenario, no policy to stabilise GHG concentra-
tions is introduced. Countries behave non-cooperatively on the global
commons. Table 1 and Table 2 report major economic, energy and cli-
mate variables in the Reference and in the carbon tax scenarios. The
scenarios cover the whole century, but we restrict most of our analy-
sis to 2050.°

In the Reference scenario, total primary energy demand grows
over the whole first half of the century, fuelled by population, eco-
nomic growth and by abundant, relatively inexpensive, fossil fuels.
Most of the increment of energy demand is expected to come from
non-OECD countries, in particular from fast-growing Asian econo-
mies.'© Electricity demand grows at a faster pace than total primary
energy supply, revealing a long-term increment of both the absolute
and relative weight of the power sector in satisfying energy needs.

Although total energy demand is increasing, all economies be-
come more energy efficient. In particular, the contraction of output
energy intensity is stronger in non-OECD countries, because they

9 The full set of results for each scenario is available upon request.

10 Regional disaggregation: USA, WEURO (Western Europe), EEURO (Eastern Europe),
KOSAU (Australia, South Africa and South Korea), CAJAZ (Canada, Japan and New
Zealand), TE (Transition Economies), MENA (Middle East and Northern Africa), SSA
(Sub-Saharan Africa), SASIA (South Asia), EASIA (East Asia), China, LACA (Latin America
and the Caribbean), and India. The OECD group consists of: USA, WEURO, EEURO, KOSAU,
and CAJAZ. Mexico is part of the OECD but in the model it is included in the LACA region.

start from relatively higher inefficiencies. Carbon intensity of energy
is increasing in both OECD and non-OECD countries, due to a growing
use of coal for power generation. Coal remains the cheapest option
to fuel power plants for the whole century in our Reference scenario
and the gap with the other fossil fuels increases as time goes by
(see Table 2). Accordingly, the share of coal over total fossil fuel
demand increases from 32% in 2010 to 39% in 2050.

The large expansion of total primary energy supply and the rela-
tively faster expansion of coal - the fuel with the highest content
of carbon per unit of energy - explain the continued growth of CO,
emissions from fossil fuels. CO, emissions from other sectors and
emissions of other GHG grow exogenously (see Table 2 for data
until 2050 and Fig. A1 in Appendix A for data until 2100). CO, concen-
trations grow from 391 ppm in 2010 to 503 ppm in 2050, up to
714 ppm in 2100: an average increment of 2.8 ppm/year between
2010 and 2050 (3.6 ppm/year between 2010 and 2100), substantially
higher than the average 2.0 ppm increase per year from 1995 to 2005
(see Forster et al., 2007). Concentrations of all GHG achieve 604 ppm
C0O,-eq in 2050 and 942 ppm CO,-eq in 2100 (see Table 2 and Fig. A1
in Appendix A). The global mean temperature increases by 4 °C above
pre-industrial levels in 2100.

3.2. The carbon tax scenarios
Global emissions of all GHGs are equal to 43.6 Gt CO,-eq in 2010.

What is their expected dynamics on our four scenarios? In the 460
and 500 tax scenarios, GHG emissions decline from 2015. In 2050



Table 2

Fossil fuels consumption and price, emissions and climate data.

Concentrations Concentrations Temperature

GHG emissions
(Gton CO5-eq)

CO, emissions from

fossil fuels

Price of fossil fuels

Natural gas
consumption

0il consumption

(E))

Coal consumption

Year

Scenario

of GHG (°C above

of CO,
(ppm)

pre-industrial

level)

(ppm COz-eq)

(Gton CO,)
Natural gas ($/cubic OECD Non

feet)

(E))

World OECD Non

World

World OECD Non

World Coal ($/short  Qil ($/

World OECD Non

OECD Non

OECD

OECD
15.8
28.1

barrel)
66
96

127

ton)

OECD
46

OECD

OECD

0.85
1.39
2.11
0.85
1.38
2.03
0.85
1.35
1.91
0.85
1.34
1.81
0.85
133
1.74

443

391
438

503
391

286 44.7

16.1

29.0
4

13.1

0.008

55

92
117

46

169
238
302

76

138
197

92
100
105

123
193
278

72
139

Reference 2010 51

519
630

443

59.8

176 421

19.9

16.1

2.7

14.5

59 0.012
67

68
91

49

2030 55

79.2

59.2 59.3

17.0 422

131

0.016

140

49

215

2050 63

28.6 447

38.5

29.0

15.8

0.008

66
95

126

55

92
115

169 46 46
235

76
136
187

92

123
172
184
122
127
113

72
123

2010 51

680

436 513
599
443

54.8

26,5 403 163
3

13.8

0.012

67 59
65

48

99
99
92
95

2030 49

489
391

16.0 475 635
16.0

47.6
2

3.7

13.9

0.016

286 47 88 134
168 46

224
246

142

2050 42

286 446

332

15.8 8.9

13.1

0.008

66
94

129

55

92
110

46

76
130
161

2010 51 72

560

501

430
461
391
425
445
391

46.9

229 343 137

114

0.012

58
62
55

64
72
47

46

2030 33

550

443

216 306 102 306 408
28.7

9.0

0.016

110

38
47

85

2050 30

C. Carraro et al. / Energy Economics 34 (2012) S15-S28 S19

44.5

159 288 1538

12.9

0.008

65

94
106
117

170
219
216
172
206
161

77
127
142

118 93
92

71
71

2010 47

500

494

19.7 302 127 291 418

10.5

0.011

87
107

58
60
55

62

44
44
48

100
106
114

2030 29

526

443

171 245 86 259 345
15.7

7.4

0.013

73

74
94
87

2050 28

286 443

24.0

158 286

12.8

0.008

64
81

96
97
112

48

78
118

69
61
73

2010 45

460

420 486
432

355

260 115
1

16.2

9.8

0.010

57

55
72

43

89
104

2030 29

510

65 219 284

8.4

13.1

53

0.012

93

60

40

106

54

2050 30

they drop to 28.4 (—56% wrt Reference and —22% wrt 2010) and
34.5 Gt COy-eq (— 64% wrt Reference and —36% wrt 2010), respec-
tively. In the 560 and 680 tax scenarios, GHG emissions peak in
2040 and in 2050, at 47.8 and 63.5 Gt CO,-eq, respectively. In 2050,
emissions are equal to 40.8 Gt CO,-eq in the 560 tax scenario (—48%
wrt Reference, —9% wrt 2010); in the 680 tax scenario, emissions in
2050 are equal to 63.5 Gt CO,-eq (—20% wrt Reference, +42% wrt
2010). In 2100, global GHG emissions are equal to 7.8 (460 scenario),
12.1 (500 scenario), 26 (560 scenario) and 43.6 (680 scenario) Gt
CO,-eq. Radiative forcing is equal to 2.8 (460 scenario), 3.2 (500
scenario), 3.8 (560 scenario) and 4.8 (680 scenario) W/m?. The four
scenarios lead to a temperature increase of 2.0, 2.2, 2.5 and 3.2 °C in
2100 with respect to pre-industrial levels (see Table 2 until 2050 and
Fig. A1 in Appendix A until 2100).

Table 1 shows that the four policy scenarios induce further effi-
ciency improvements wrt the Reference scenario and also invert the
trend of carbon intensity of energy. Energy efficiency plays the most
important role when taxes are low: for the 680 and 560 scenarios
and until 2030 for the 500 and 460 scenarios. With high taxes it be-
comes optimal to reduce the carbon intensity of energy by increasing
the share of zero - or low-emission - power generation technologies.
Non-OECD countries are faster than OECD countries in reducing the
energy intensity of output but slower in reducing the carbon intensity
of energy. Despite the large energy efficiency gains which lead to a
large drop of energy demand with respect to the Reference scenario,
non-OECD countries have a growing demand of energy in all tax sce-
narios due to high population and economic growth. Oil consumption
and natural gas consumption decline over time, both in OECD and
non-OECD regions, with respect to the Reference scenario and with
respect to 2010. The use of coal declines in the first decade and then
it increases due to the expansion of ICCG coal power plants with CCS.

4. Macroeconomic costs, investments and tax revenues

Climate policy is costly in all four scenarios (Fig. 2). Carbon taxes
direct investments towards more expensive technologies and push
energy efficiency beyond the optimal level found in the Reference
scenario. This drives the economy away from the most productive
allocation of resources and reduces GDP (without accounting for the
environmental benefit). Costs — measured as the difference between
the discounted sum of Gross World Product (GWP) in the tax scenar-
ios and the Reference scenario over the whole century - are highly
non-linear in mitigation effort: reducing the increase of temperature
by 0.8 °C (from 4.0 °C to 3.2 °C above the pre-industrial level) costs
0.4% of GWP, an additional contraction of 0.6 °C (from 3.2 °C to
2.6 °C) costs about 1% of GWP, a further reduction of 0.4 °C (from
2.6 °C to 2.2 °C) costs about 0.4% of GWP and the final reduction of
0.2 °C to reach the 2 °C target costs about 0.8% of GWP (discounting

3.0%
2.5%
2.0%
1.5%

1.0%

0.5%

0.0% ﬁ

680 560 500 460
m 2010-2050 =2010-2100

Fig. 2. Cost of the carbon tax policy. Notes: Climate policy costs measured as the difference
between the discounted sum of Gross World Product (GWP) in the tax scenarios and
discounted GWP in the Reference scenario, divided by discounted GWP in the Reference
scenario, over 2010-2050 and 2010-2100. A uniform 5% interest rate is used for discounting.
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using a constant 5% interest rate). In absolute terms, the 560 tax scenar-
io costs US$ 32 trillion and the 460 tax scenario costs US$ 46 trillion.
The cost range for two similar long-term concentration targets found
in the Energy Modeling Forum 22 is US$ 5.1-44.3 trillion (550 ppm
COy-eq) and US$ 12-123 trillion (450 ppm CO,-eq) (Clarke et al,
2009).

As argued in the Introduction section, macroeconomic costs,
investment expenditures and taxation costs (tax revenues) should
not be confused. Panel a of Fig. 3 illustrates the relationship between
the percentage change of discounted global investments in the power
sector from 2010 to 2050 induced by the tax scenarios and the
discounted GWP losses from 2010 to 2050. The figure does not
establish causality but more modestly portrays observed optimal com-
binations of investment variations and output losses. Fig. 3 shows that
investments are more elastic to carbon pricing than aggregate output.
In the highest tax scenario investments increase by 10% while costs
are approximately equal to 1.3%. Most interestingly, a contraction of
investments in the power sector is consistent with positive macro-
economic costs. Fig. 3 also shows that it is possible to conceive a case
in which aggregate investments in the power sector do not change
but the policy is costly from a macroeconomic point of view. Using
incremental investments in the power sector as a measure of the costs
of climate policy and vice versa is therefore unambiguously wrong. An
exclusive focus on the macroeconomy hides important sectoral effects,
difficulties and bottlenecks due to a potential large redistribution of
investments. An exclusive focus on sectoral effects might exaggerate
the overall welfare impact of climate policy.

Panel b of Fig. 3 illustrates the relationship between costs and tax
revenues, both discounted and aggregated over 2010-2050. It shows
an almost linear relationship between tax revenues and macroeco-
nomic costs at global level. The correlation between taxes and costs
is clearly positive but quite flat. Again, tax revenues should not be
used to assess the cost of climate policy and vice versa. An exclusive
focus on tax revenues might exaggerate the cost of the policy because
it neglects the possibility of redistributing taxes to producers and
consumers. An exclusive focus on macroeconomic costs may hide
problems in managing large fiscal revenues in a sustainable and effi-
cient way, as noted with greater detail in Section 7 below.

Panel b of Fig. 3 hides large regional differences. Fig. 4 expands
Panel b of Fig. 3 at regional level for all the tax scenarios under exam-
ination. At regional level, the relationship between carbon tax reve-
nues and policy costs is not as straightforward as at global level: it is
positive but loose. It is indeed possible that two countries with the
same carbon tax revenue might have very different costs, and vice
versa, for two main reasons. First, with a carbon tax countries abate
emissions up to the point at which the marginal cost is equal to the
marginal benefit. The cost of abatement is given by the area

underlying the marginal abatement cost curve. The tax revenue is
obtained by multiplying residual emissions by the carbon tax. There-
fore, the relationship between costs and tax revenues depends on the
shape of the marginal abatement cost curve. There exist cases in
which abatement is very low, and thus costs are low (relative to GDP),
while carbon tax revenues are high and vice versa. Second, countries
that export oil suffer net losses from a contraction of the demand and
price of oil. Those countries experience high indirect policy costs. The
relationship between carbon tax revenues and policy costs is thus
influenced by factors that go beyond the shape of the marginal abate-
ment cost curves.

In the 460 panel of Fig. 4, two regions with very high carbon tax rev-
enues have low macroeconomic costs (South Asia and Sub-Saharan
Africa). The regions with the highest GDP loss have high, but not the
highest tax revenues because they suffer from the contraction of the
oil market (Middle East and North Africa and Transition Economies).
Western Europe and the USA have almost identical tax revenues but
the USA has costs twice as big as Western Europe. In general, the
group of non-OECD economies has higher tax revenues as share of
GDP than the group of OECD economies. This raises some concerns
that are discussed in Section 7.

5. Investments in a low-carbon economy

In Section 3.2 we briefly mentioned that climate policy first induces
energy savings and then a decarbonization of energy supply. Unfortu-
nately, investments in end-use technologies cannot be assessed because
the model does not have such level of detail. We can instead provide a
close-up on the power sector, oil upstream investments and overall
macroeconomic investments.

Zero - or low-carbon - generation technologies have investment
costs per unit of installed capacity higher than the traditional coal or
gas fired power plants that they are meant to replace.!’ Renewables
have also lower hours of operation than traditional fossil fuels
technologies. Therefore, installed capacity needs to rise to meet the
same demand for electricity. Had the electricity demand of the
Reference scenario to be supplied by low-carbon technologies, the
total amount of investments in the power sector would certainly in-
crease. However, one of the cheapest ways to reduce carbon emis-
sions is to increase energy efficiency (Table 1). There are thus two
forces at play: more technologically advanced power plants will in-
crease investment costs per unit of installed capacity, but at the
same time installed capacity will decline as electricity demand de-
clines (with respect to the Reference scenario). The optimal balance

1 See Edenhofer et al. (2011) for an overview of costs of renewable electricity
generation.
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of these two forces varies regionally, intertemporally and depends
on the stringency of climate policy (the severity of the carbon tax).
The higher is energy intensity in the Reference scenario, the higher
is the potential to reduce energy consumption before moving on to
expensive options. Typically, energy intensity is higher in developing
countries and it is decreasing over time. Therefore, climate policy in-
duces higher investments in the power sector (1) in non-OECD econ-
omies, (2) in later years and/or (3) when the carbon price is high.
Fig. 5 illustrates these findings.

At the global level, investments in the 680 scenario are always
lower than in the Reference scenario. The 560 scenario induces a pat-
tern similar to the Reference scenario until 2035; then investments
are higher. The 500 and the 460 scenarios are the most demanding:
more investments are needed from 2020 and 2015, respectively.

In energy-efficient OECD economies, investments are higher than in
the Reference scenario, with the exception of the 680 scenario until
2045. The demanding 460 and 500 scenarios induce a peak as early as
2040 (460) and 2045 (500). Investments peak and then decline because
power plants have a long lifetime: once the optimal capacity is installed,
investments are needed only for marginal adjustments and to replace
obsolete plants.

In non-OECD economies, carbon taxes promote large energy effi-
ciency improvements and greatly reduce investment needs in
power supply. With low carbon taxes, most of the emission reduc-
tions until 2050 come from energy efficiency gains. Hence, invest-
ments in the power sector are lower than in the Reference scenario
(in the 680 scenario always, in the 560 scenario until 2040). The
500 and 460 high tax scenarios induce both energy efficiency and
decarbonization. The net effect is a large increase of investments
with respect to the Reference scenario. Most of the incremental

investments induced by the carbon taxes in the 460, 500 and 560
scenarios in 2050 is in non-OECD countries.

Fig. 6 presents the distribution of investments in the power sec-
tor across technologies.’? In the Reference scenario, coal power
plants receive the largest amount of investments: 37% of cumulative
investments during the period 2020-2035 and 42% during 2035-
2050. Wind power increases its share of total investments from 5%
during 2020-2035, on average, to 7% during 2035-2050. Nuclear
and hydropower attract instead a declining share of investments:
from 25% (2020-2035) to 23% (2035-2050) nuclear and from 20%
(2020-2035) to 16% (2035-2050) hydropower. Natural gas attracts
a stable 9% of total investments in the power sector. Recent develop-
ments in natural gas extraction techniques have the potential to
reduced natural gas prices substantially and suggest that natural
gas might play a bigger role in power generation than indicated by
our scenarios.

With carbon taxes, investments are diverted from coal power gen-
eration to IGCC power plants with CCS, nuclear and wind. Cumulative
investments in wind power increase between 8% and 48% during
2020-2035 with respect to the Reference scenario and between 15%
and 55% during 2035-2050 (lowest value of the interval in 680 sce-
nario and highest in 460 scenario). Cumulative investments in nucle-
ar power increase between 10% and 50% during 2020-2035 and
between 25% and 56% during 2035-2050.

In WITCH, solar photovoltaic is not competitive with the other
power generation technologies and therefore does not contribute to
primary energy supply in any scenario. Backstop technologies have

12 Hydroelectric power capacity is assumed to be already fully exploited and follows
an exogenous dynamic.
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no role in the first part of the century. It is important to appreciate
that a high penetration of renewables will require investments in
new power grids. If new grids will be more expensive than the tradi-
tional ones, investments in the power sector will be higher than in
our scenarios, which focus only on power generation. '

IGCC power plants fuelled by coal and biomass enter the gener-
ation mix in all tax scenarios and are the real “game changer” in
power generation. In the 460 scenario, investments in IGCC with
CCS during the period 2035-2050 amount to 36% of total investments
in the power sector, approximately the same share that coal has in the
Reference scenario. In absolute terms, IGCC with CCS attracts approx-
imately US$ 4.5 trillion of investments during the period 2035-2050,
an average of US$ 300 billion a year (investments in IGCC with CCS
are the main driver of the peak that we observe in Fig. 5). Gas with
CCS enters the investment mix later than IGCC with CCS, because in
our scenario natural gas is more expensive than coal and contains a
lower fraction of carbon than coal.

There are two main reasons to explain why IGCC power becomes
so important. First, with CCS it is possible to use large and relatively

13 Massetti and Ricci (2001) introduce investments in “super” grids to distribute con-
centrated solar power generation in the WITCH model.

inexpensive coal resources while drastically abating emissions. Sec-
ond, IGCC power plants with CCS can burn a mix of coal and biomass.'*
When biomass is used together with CCS it is possible to store under-
ground emissions absorbed by the biomass from the atmosphere. This
generates “negative emissions” which reduce the stock of CO, in the
atmosphere and thus reduce global warming.

It is important to note that while a carbon tax penalises emissions, it
also rewards the absorption of GHG from the atmosphere by granting a
subsidy. A tax system that punishes CO, emissions without rewarding
net absorption of CO, from the atmosphere would not incentivize “neg-
ative emission” technologies. Power utility companies would have the
incentive to use IGCC power plants with coal and CCS (limited emissions)
or IGCC power plants with biomass (zero emissions), but would not use
biomass in IGCC power plants with CCS (negative emissions) without a
subsidy.

Why would subsidising negative emissions, i.e. carbon dioxide re-
moval, be socially desirable even within a tax-based policy? The reason
is that GHGs are a stock pollutant. GHG emissions are not harmful per
se. They become harmful when they accumulate in the atmosphere
beyond the long-term equilibrium level. Thus, optimality conditions
require that the carbon tax reflects the marginal cost of increasing the
stock of GHG concentrations in the atmosphere. If the marginal cost of
absorbing GHG emissions is lower than the tax, it is then socially opti-
mal to reward the absorption of GHGs. Without carbon dioxide removal
the stock of GHGs would be higher than the socially optimal level.

In some regions, very high tax levels create the incentive to absorb
more GHGs from the atmosphere than what these regions emit. In
this case, subsidies are higher than taxes and should be financed by
general taxation. This issue is discussed in Section 7 below.

The new mix of technologies represents a true engineering and man-
agerial challenge. For example, large-scale, worldwide development
of CCS has technological, economic and legal risks. The same concerns
apply to nuclear. Investors might be required to pay a risk premium on
their loans. Since the model assumes a riskless environment, our esti-
mates might underestimate the true demand of investment funds.

While investment needs increase, current expenditures decrease.
Investing in nuclear and in wind power reduces sensibly the ex-
penditure for fuels with respect to the Reference scenario: by US$
19-175 billion/year in the period 2020-2035, and by US$ 74-
305 billion/year in the period 2035-2050. Expenditures for operation
and maintenance (O&M) decrease with respect to the Reference sce-
nario in the 680 and 560 tax scenarios and increase in the others sce-
narios, mainly for the relative expansion of nuclear. In all scenarios,
the combined expenditure for O&M and fuels decreases with climate
policy in the first half of the century.'® Current expenditures in the
power sector are lower than in the Reference scenario even if we
include the new annual expenses for CCS. The reduction of current
expenditures offsets higher annual investments over the first half of
the century in the 680 and 560 scenarios, until 2045 in the 560 sce-
nario and until 2040 in the 2040 scenario.

All our scenarios reveal that the increase of investments in the
power sector is accompanied by a sharp contraction of investments in

14 Investment cost in integrated gasification combined cycle (IGCC) coal power plants
is equal to 3172 US$/kW, 3.0-1.5 times higher than the investment cost used in the
model for traditional pulverized coal power plants, depending on the world region.
We assume that biomass is used together with coal. In 2015 the amount of biomass
cannot exceed 26% of total fuel use. In 2050 the share exogenously grows to 57% and
in 2100 biomass can be used alone. The efficiency of IGCC power plants is equal to
0.4 when used only with coal. It is 0.35 if used with biomass only. The capture rate
of CCS is equal to 90%. The cost of CCS is region-specific and it increases exponentially
as cumulative storage increases. There is not a constraint on storage capacity but in
some regions CCS is more costly than in others.

15 This is true until 2060. After 2060, the 460 scenario will have higher expenditures
than the reference scenario, after 2065 (and 2075) also scenario 500 (and 560) will re-
cord increasing expenditures comparing to the reference scenario.
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other sectors of the economy. Fig. 7 shows the undiscounted average
annual variation of investments from 2010 to 2050 in different sec-
tors. The net effect of climate policy is to reduce investments in the
economy.

Investments in the oil upstream sector decline in all scenarios
because carbon taxes reduce the demand of oil and delay (or make
unnecessary) the use of very costly unconventional resources. In-
vestments in unconventional oil are also heavily penalized for high
emissions during the extraction process. The model is forward
looking and anticipates the heavy toll of carbon taxes on the oil sec-
tor after 2050 by reducing investments several decades earlier. The
contraction of investments in the oil sector in 2035-2050 is there-
fore partially explained by high taxes from 2050 onward. In the
680 scenario, oil demand is largely not affected by the carbon tax
until 2050. However, investments in oil upstream decline sharply.
We cannot assess how investments in coal and in gas extraction
change. Since consumption of all fossil fuels declines, we expect
that investments in coal and in gas will also decline and our conclu-
sions would be reinforced.

Climate policy indirectly affects investments in all sectors. Higher
energy costs create incentives to substitute capital and labour inputs
to energy—i.e. to increase energy efficiency. However this is not a
free lunch. As explained in Section 2, there is empirical evidence to
argue that the elasticity of substitution between energy on one side
and capital and labour on the other side is low, with several studies
indicating that it is lower than one. The model is calibrated using an
elasticity of substitution equal to 0.5. Therefore, substituting capital
and labour for energy causes a loss of productivity. The marginal
product of capital decreases and it induces a lower level of invest-
ments and lower aggregate output. Fig. 7 shows that the absolute
contraction of investments in the aggregate production good of our
Ramsey-type economy (labelled as “investment in all other sectors”)
is large in all scenarios.

The contraction of the oil sector and the shift from energy to cap-
ital and labour explain why investments in the aggregate production
good increase with respect to the Reference scenario in the 560, 500
and 460 scenarios (Fig. 8, panel a). The share of total investments
that goes to the power sector decreases with respect to the Reference
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scenarios in the 680 scenario from 3.5% to 2.0% while it remains fairly
stable in the other scenarios.

6. Investments in innovation

A key component of the optimal response to a carbon tax is innova-
tion. WITCH endogenously determines the technological frontier in
three sectors: aggregate end-use energy efficiency, a power sector
backstop technology and a backstop substitute for oil in final con-
sumption. Investments in energy efficiency R&D increase the stock of
energy-related knowledge, which enhances the productivity of final
energy in end uses. Investments in backstop R&D increase a sector-
specific knowledge stock that enters a two-factor learning curve and
reduce the cost of backstop power plants and/or the cost of the back-
stop fuel. If nuclear, CCS and wind are available without constraints,
as in all scenarios under exam, the model shows that it is not necessary
to invest in a backstop power generation technology. Hence, R&D
investments are directed only to increase energy efficiency and to
develop a backstop fuel to substitute final oil consumption.
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In the Reference scenario, investments in R&D are equal to about
0.02% of GWP in 2020 and then slowly decline in relative terms, follow-
ing the trend of the past 20 years (Fig. 9). It is not optimal to invest in
backstop low carbon technologies in the Reference scenario. The 680
and 560 scenarios induce only a small increase of investments in energy
efficiency R&D. The 460 and 500 scenarios trigger instead a sharp incre-
ment of investments in energy efficiency and a wave of new invest-
ments to lower the cost of the backstop zero carbon fuel technology.
The model anticipates the high value of the new carbon-free fuel and
starts accumulating knowledge as soon as possible. Annual investments
in backstop technology during the period 2035-2050 are equal, on
average, to US$ 33.5 billion and US$56.7 billion in the 500 ad 460
scenarios, respectively. During 2035-2050 they increase to an annual
average of US$ 53.5 billion (500) and US$ 64.3 billion (460). In all sce-
narios, but especially in the 460 scenario, investments start in 2010, be-
fore the tax is introduced. However, as the new fuel is developed,
investments keep rising at a constant pace but decline as percentage
of GDP: once the new backstop technology becomes competitive, only
marginal adjustments to ongoing R&D investments are needed (see
Bosetti et al., 2011).
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Our scenarios show that the optimal investment in R&D may be mod-
est if compared to aggregate investments. However, the fast expansion
suggested by the model may represent a challenge for both firms and
governments. However, vast amounts of resources have already been ef-
fectively mobilized to finance ambitious technological advancements in
a short period of time. For example, in the 1960s the Apollo Space
Programme of NASA required investments comparable to what the
model shows it is optimal to do in the USA in the high tax scenarios.
NASA spent approximately US$ 94 billion in 13 years to send a man on
the moon (in 2005 US$). During the peak year of funding NASA spent
about 0.4% of GDP in the Apollo Programme (Stine 2009) which is
much less than what our scenarios show. In the most stringent scenario
(460) the R&D investments in the USA peak in 2015 at 0.13% of GDP.

7. Carbon tax revenues

The four climate policy scenarios examined in the previous sec-
tions reveal that carbon taxes generate substantial fiscal revenues
in OECD economies.'® The amount of the revenues depends on the
level of the tax and on the tax base: they vary from a minimum of
US$ 31 billion in 2015 for the 560 scenario to US$ 3.8 trillion in 2100
for the 560 scenario (Fig. 10a). In terms of GDP, tax revenues vary
from a fraction of percentage point to 3.6% in 2055 for the 460 scenario
(Fig. 10b). In this latter scenario, fiscal revenues from carbon taxes are
comparable to major fiscal revenues and major government expendi-
tures. For example, social security contributions are equal to about 9%
of GDP in OECD economies. The expenditure for pensions is equal to
about 8% of GDP OECD (2011).

In the 500 and 460 scenarios, revenues first increase and then
decrease, as in a “carbon Laffer” curve. We do not find instead a peak of
revenues for the 560 and 680 scenarios. The 560 scenario collects the
highest tax revenues (US$ 151.5 trillion). The 500 scenario follows with
US$ 129 trillion, the 460 scenarios with US$ 108 trillion and the 680
scenario with US$ 70 trillion. Thus, the “carbon Laffer” curve holds also
across different tax scenarios.

16 Auctioning of emissions permits would generate the same revenue.

At the end of the century, in the 460 scenario, OECD countries as a
whole find it optimal to invest in carbon dioxide removal. As explained
in Section 4, the tax becomes a subsidy when applied to absorbed emis-
sions. The subsidy is financed by a lump-sum contraction of consumption
and investments, mirroring the lump-sum rebate of the carbon tax. In the
real world, governments would need to increase fiscal pressure or to
reduce public expenditures to finance a net absorption of GHGs. In
OECD countries, governments would either increase taxation or reduce
other expenditures for an amount equal to US$ 1.1 trillion/year, or 0.9%
of GDP, at the end of the century.

For the 460 scenario we provide a regional outlook in Fig. 11. The
highest tax revenues, measured in relation to GDP, are observed in re-
gions with high marginal abatement costs and/or scarce biomass re-
sources. Tax revenues follow a “carbon Laffer” curve in OECD regions.
The peak is in 2040 for KOSAU, in 2050 for the USA, in 2055 for
EEURO and 2060 WEURO. KOSAU, CAJAZ and the USA receive positive
carbon tax revenues until 2060, 2070 and 2080, respectively. WEURO
and EEURO always have net positive tax revenues: EEURO has high
marginal abatement costs, while WEURO has low biomass potential
according to the GLOBIOM model. Among non-OECD economies, poor
(SSA and SASIA) and very carbon intensive regions (MENA and TE)
have very high carbon tax revenues in relation to their GDP. The elastic-
ity of emissions to the carbon tax is lower than in OECD countries due to
relatively higher carbon intensity of output and to higher emissions in
the Reference scenario. Carbon tax revenues peak between 2040 and
2075 in non-OECD regions. In China and in India tax revenues reach a
plateau and remain close to 10% of GDP until the end of the century.
LACA, with abundant biomass resources is the only non-OECD region
that pays net subsidies from 2070."”

Fig. 11 shows that carbon tax revenues are very high in developing
countries and in resource-based economies. By aggregating several
countries in one large region and by aggregating over time we actually
provide a downward-biased scenario of the highest possible carbon

17 WITCH is calibrated in the base year using market exchange rates. The use of pur-
chasing power parities would reduce the initial carbon intensity of the economy and
possibly reduce carbon tax revenues in relation to GDP.
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Fig. 11. Revenues from carbon taxes in (a) OECD and (b) non-OECD countries, in the 460 scenario. Notes: WEURO: Western Europe; EEURO: Eastern Europe; KOSAU: Australia,
South Africa and South Korea; CAJAZ: Canada, Japan and New Zealand; TE: Transition Economies; MENA: Middle East and Northern Africa; SSA: Sub-Saharan Africa; SASIA:
South Asia; EASIA: East Asia; LACA: Latin America and the Caribbean. Revenues net of expenses for subsidies to biomass with CCS.

tax burden in each country in any year. The political and economic fea-
sibility of implementing such large taxation schemes, even if taxes are
recycled within the economy, is at least questionable. Many countries
might not be able to manage huge carbon tax revenues in an efficient,
effective and sustainable way. Tol (2012) raises similar concerns and
argues that high carbon taxes in the short-term might not be politi-
cally feasible, because they would generate revenues higher than the
all present tax incomes in many poor or highly carbon intensive econ-
omies. Our analysis confirms that this is a problem in the short run and
it argues that it worsens considerably over time.

Aggregate tax revenues illustrated in Fig. 10 and in Fig. 11 are net of
the subsidy that goes to biomass electricity generation. Fig. 12 illus-
trates the flow of taxes out of the power sector and the flow of subsidies
into the power sector, in OECD economies. With the exception of the
680 scenario, the power sector becomes a net recipient of subsidies. In
the 460 scenario the power sector does not provide carbon tax revenues
after 2055, in the 500 scenario, after 2060 and after 2065 in the 560 sce-
nario. In 2050, for the 460 scenario, IGCC power plants that use biomass
with CCS would receive about 0.4 US$/kWh as subsidy; in 2100 about
2 US$/kWh. However, it is important to note that the subsidies will
not necessarily become rents for the power sector. The biomass re-
source owner or the owner of the geological deposits for sequestered
carbon might well get most of the subsidy.

8. Conclusions

The Integrated Assessment Modeling community has been prolific
in providing estimates of the macroeconomic costs of climate policy,
but has virtually neglected investment needs and the distribution of
investments over regions, sectors and time. This is however a crucial
information to assess the finance side of climate policy. This paper
aims at filling this gap in the literature by providing a detailed
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assessment of investment needs in four representative carbon tax
scenarios generated using the Integrated Assessment Model WITCH.
Our main findings can be summarised as follows.

In our analysis, the transition to a green, low carbon, economy is
induced by global carbon taxation. As a reaction to climate policy, global
investments in the power sector increase only in the 500 ppm and
460 ppm stabilisation scenarios during the first half of the century. In
the 680 ppm and 560 ppm scenarios, global investments in the power
sector decline because electricity demand shrinks due to strong effi-
ciency gains induced by climate policy. The higher cost of low- or
zero-emission power generation technologies is offset by a contraction
of installed capacity. Most interestingly, we find that for mid-range
stabilisation targets, investments in the power sector would
remain unaltered with respect to the Reference scenario while GDP
would decline. Investments in the power sector are more elastic
to carbon pricing than aggregate output. In the highest tax scenario, cu-
mulative discounted investments in the power sector over 2010-2050
increase by 10% with respect to the Reference scenario, while over the
same time period costs are approximately equal to 1.3%.

In our four scenarios, climate policy reduces investments in the
generic capital goods, which is used, together with labour and energy,
to produce the consumption good of the various economies. Sub-
stituting capital and labour for energy reduces productivity and in-
duces a contraction of the optimal investment level. Investments in
oil upstream also decline substantially, depressing further the level
of investments in the economy. Investments in R&D increase in
all scenarios and show a remarkable expansion in the 500 and 460
scenarios. However, investments in R&D continue to attract a fairly
small share of GDP even in the high tax scenarios. Therefore, total
investments decline in all scenarios.

Financial resources shift to the public sector. Global tax revenues
are indeed high, both in absolute and relative terms. Interestingly,
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Fig. 12. Tax revenues and subsidies to the power sector in OECD economies, for low carbon tax scenarios (a) and high carbon tax scenarios (b). Notes: 680 T illustrates taxes from
the power sector; 680 S illustrates subsidies to the power sector for the scenario 680. The same for all other scenarios.
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tax revenues follow a “carbon” Laffer curve, first increasing and then
decreasing with the level of taxation. Therefore, cumulative tax reve-
nues are the highest with the mid-range 560 tax scenario. In 2100,
tax income reaches US$ 3.8 trillion in the 560 scenario. In terms of
GDP, tax revenues vary from a fraction of percentage point to 3.8% of
GDP in the 460 scenario.

In all scenarios, when taxes are sufficiently high, it becomes optimal
to remove GHGs from the atmosphere by subsidising IGCC power plants
with CCS. In the highest tax scenario, some regions absorb more GHGs
that they emit. Hence, governments would need to increase fiscal pres-
sure or to reduce public expenditures to finance a net absorption of
GHGs.

Carbon tax revenues are very high (up to 20% of GDP) in develop-
ing countries and in resource-based economies. The political and

Appendix A
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economic feasibility of implementing such large taxation schemes,
even if taxes are recycled within the economy, is at least questionable.
Many countries might not be able to manage huge carbon tax reve-
nues in an efficient, effective and sustainable way.

The above results can be useful to assess the finance implications
of climate policy. Policy makers and the business community are in-
deed increasingly interested in receiving information on the costs
and financial needs of the transition to a green economy. Macroeco-
nomic costs and/or technological changes do not constitute a suffi-
cient information. The amount of resources to be invested and
those collected by the public sector and then recycled, the distribu-
tion of investments over sectors, regions and time are all important
information to better understand the economic implications of cli-
mate policy.

All gases emissions
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Fig. A1. Emissions, concentration of GHG and global mean temperature increase above pre-industrial level. Notes: CO, emissions include emissions from Land Use, Land Use and Change
and are net of carbon capture and sequestration. All gases emissions include CO, emissions and emissions of methane (CHy), nitrous oxide (N,0), short-lived fluorinated gases (i.e. HFC
with lifetimes under 100 years) and long-lived fluorinated gases, (i.e. HFC with long lifetime, PFCs and SFg). Radiative forcing in 2100 is equal to 4.8, 3.8, 3.2 and 2.8 W/m?.
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