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A Hybrid Energy-Economy Model for Global I ntegrated Assessment of Climate Change,

Carbon Mitigation and Energy Transformation

Yiyong Call'*, David Newtﬁ, John Finnigaln Don Gunasekefa

Abstract

This paper introduces the design of the CSIRO warid the Global Trade and Environment
model (GTEM-C). GTEM-C is a hybrid model that comds the top-down macroeconomic
representation of a computable general equilibmuodel with the bottom-up engineering details
of energy production. The model features detailezbanting for global energy flows that are
embedded in traded energy goods, and it offersieednframework to analyse the energy-
carbon-environment nexus. As an illustrative exanple present simulation results on global
energy transformation under the IntergovernmentaleP on Climate Change’s representative
carbon pathways 4.5 and 8.5. By testing the modsissitivity to the relevant parameter, we
find that the pace of electrification will signifintly contain the spiking of carbon prices because
electricity can be produced from carbon-free ors lesarbon-intensive technologies. The
decoupling of energy use and carbon footprint, doethe uptake of clean electricity
technologies, such as nuclear, wind, solar, anbdocacapture and storage, allows the world to

maintain high level of energy consumption, whickessential to economic growth.
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1 Introduction

Climate change poses a significant threat to ocretes. Avoiding dangerous anthropogenic
climate change requires reductions in greenhouse(@&G) emissions. The imposition of a

carbon price, either through tax or emission pexm# believed to be an effective approach to
reducing GHG emissions. However, a carbon pricéimcrease the cost of goods and services.
This places burden on national economies, chantjisglandscape of competitiveness in the
global economy. Therefore, the cost of decarboisisateeds to be weighed against the potential
benefit of avoiding dangerous anthropogenic clin@tange. The policy problem presented by
climate change requires an integrated analysih®fttadeoffs between economic growth and

environmental degradation.

Integrated modelling provides a unified framewodk ibtegrate transdisciplinary knowledge
about human societies and the biophysical worlds &pproach offers a holistic understanding
of the energy-carbon-environment nexus [1], anddees intensively used for scenario analysis
of possible climate futures [2-5]. The CSIRO’s Gibhntegrated Assessment Modelling
framework (GIAM) [6-7] was developed to study aftative GHG emissions pathways for the
Garnaut Review [8]. The GIAM framework started withe original Global Trade and
Environment Model (GTEM) [9] as its economic corg. [However, the original GTEM model

is based on the Global Trade Analysis Project (GT&Bdel versions 4.1, which suffers from
defects in the regional household demand systeri [1.0Additionally, the “technology bundle”
approach that GTEM uses to model the energy-intersgctors is based on outdated data source
and ad hoc selection of parameters [7,12]. Mosbmamtly, although the original GTEM model
features disaggregated modelling of the electriségtor, it does not account for global energy
flows embedded in fossil fuels such as coal, od gas. These drawbacks of the model make
GTEM less capable of meeting the emerging needtobil energy and environmental research,

particularly around the needs of the new generaifddlimate and Earth System Models [13].

Over the last few years, an interdisciplinary teaCSIRO climate scientists and economists
have developed a hybrid model that combines theltopn macroeconomic representation of a
computable general equilibrium (CGE) model with boétom-up engineering details of energy

production and consumption [14-17]. This model ¢&iipon the global trade and economic core
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of GTAP [10], and has inherited the “technology thefi approach of GTEM for modelling
heterogeneous electricity technologies [9]. To Exp} recognise its connection with the
original GTEM, this hybrid model is named as thel®S3 variant of the Global Trade and
Environment model (GTEM-C).

Compared to GTAP and the original GTEM, several elloty innovations have been made in
GTEM-C in relation to: (1) regional household dewchaystem using the theoretical framework
presented in McDougall [11]; (2) electricity gen@ya using the US Energy Information
Administration (EIA)’s latest estimates for costustures of different types of power plant [18],
and for partial elasticities of substitution amofagssil fuel power technologies [19]; (3)
accounting of non-combustion carbon emissions ugiegGTAP non-C®emissions database
[20-21]; (4) price-induced endogenous carbon teldgical progress according to the empirical
finding of Popp [22]; (5) accounting of global floef commodity-embedded energies using the
GTAP energy database [23]; and (6) linkage withglodal climate and earth system models for
integrated assessment following the work of Nordh@4], Bosello and Roson [25], Bandara et
al. [26], and Dunne et al. [27].

This paper is to document main features of the GIE&Nodel, and illustrate its application in
the GIAM framework. The rest of the paper is orgadi as follows. Section 2 offers a brief
review of the literature, and highlights the diffiece and novelty of the GTEM-C model from
the existing ones. Section 3 presents the struatr6 TEM-C. Section 4 demonstrates the
application of GTEM-C in studying the role of elgfatation in neutralizing the economic
impacts of a global carbon price. Section 5 coredudy discussing advantages and

disadvantages of the GTEM-C model, and pointingdingictions for future research.

2 Literature Review
CGE modelling is a widely-used tool for analysimgergy and environmental policies. This
approach provides a coherent and systematic ei@u&tamework that places government

policies in the socioeconomic context of resourdecation, commodity circulation, price
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formation, and wealth generation [28]. Examplethefr use may be found in recent publications
[29-37].

However, CGE models typically assume that each @oan sector is represented by a price-
taking firm producing a homogenous good. In otherds, the production technologies in each
sector are the same in such models, and differeaoesin the relative use of factor and
intermediate inputs. Such technological generaktyproblematic when considering energy
policies, as specific aspects of energy produdgchnologies have important differences. These
differences can have important implications forrggerices and economy-wide output [38-39].
The inability to support disaggregated analysithexefore a short-coming for traditional CGE

models.

This has led to the development of hybrid modedd thcorporate bottom-up technology details
of energy within a top-down CGE framework. A graatount of effort has been devoted to the
modelling of the electricity sector. For exampleieSWVing [40-41] proposes a structure and
numerical algorithm to model electricity generatamsa constant elasticity of substitution (CES)
aggregate of multiple technologies. In the moremnédhoenix model [42], the authors further
place generation into three nests: base load,nmadiate load, and peak load. This approach
preserves the general equilibrium of the modelsijendillows different electricity generation
technologies to be modelled as competing substitid®wever, it assumes constant elasticity
substitution between any two technologies (suckoas, oil and gas power generators), which
contradicts the empirical findings of Dahl and KI&], Ko and Dahl [44], and EIA [19].

In contrast, some “bottom-up” energy models moveayadrom the restrictive assumptions
common to CGE models. Sands [45], Schumacher andsS46-47], and Fujimori et al. [32]
use the Logit functions to determine the share lettecity production from a particular
generation technology. Similarly, the Cambridge rifnuoetrics Model (ESME) relies on
econometrically estimated equations to capture wag-linkages and feedbacks between the
world’s economies and energy systems [48]. Howeaherdifficulty with using these approaches
in CGE models is that they are difficult to relat® the models’ economy-wide general

equilibrium.
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The original GTEM model [9] takes a different apgch, and uses the CRESH (Constant Ratios
of Elasticities of Substitution, Homothetic) furanti to disaggregate the electricity sector in
GTAP into a bundle of heterogeneous technologidee TRESH function, which is due to
Hanoch [49], allows for different degrees of sufbogion between any two technologies. This
technology bundle approach follows from the staddsmonomic theory of general equilibrium,
and allows for different assumptions about substiiility between technologies. However,
previous implementations of the approach in the MTRodel are based on outdated data source
and ad hoc selection of parameters for the eltie8cof substitution. Moreover, there has been
little written about the approach’s mathematicalparties and the link between its parameters
and various econometric estimates of substitutietaveen fuels and technologies in electricity
generation.

The development of the GTEM-C model is to furthes fine of inquiry. It extends the widely-
used GTAP CGE model [10-11], and uses a revisdtht#ogy bundle approach of Arora and
Cai [12] to disaggregate the electricity sectorGmAP into 13 heterogeneous technologies.
GTEM-C also makes use of the CRESH function to rhélde competition between energy
services (namely, coal, petroleum products, gas aedtricity) in industrial process and
household consumption. This enables the modelntailate alternative scenarios of technology
development and to investigate of role of eledaifion in energy-related environmental policies
as we will demonstrate in Section 4. We have exgldhe mathematical structure of the CRESH
function, and established the link between its patars and econometric estimates in the
existing literature [19, 50]. This is the first redty of GTEM-C.

Another novelty of GTEM-C is to entail detailed aoating for global energy flows that are
embedded in traded energy goods, as well as forGélG emissions (C& N.O, CH, and the F-
gases) that are emitted from fossil fuel combustiordustrial process and agricultural
production. This is done by linking the GTAP inmutfput dynamics to energy and emissions
databases that are recently developed by McDouagall Aguiar [23], Rose and Lee [20], and
Rose et al. [21]. Additionally, GTEM-C models priceluced endogenous carbon technological
progress that is based on the empirical finding3agp [22].
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The GTEM-C model also makes a contribution to itexdture by extending the static GTAP
model to include international capital dynamics. Wdroduce a simple mechanism of
international finance that is based on the thedriequity home bias” [51]. Needless to say,
international capital mobility and capital accuntida are important consequences of some of
the international energy and environmental politheg deserve investigation. For instance, the
differences in carbon taxes (or the market pricemission permits) can change the landscape of
trading advantage across regions. This will leacthianges in regional energy consumption,

economic growth, and subsequently internationalenmnt of energy-intensive industries.

In the following section, we will discuss main feas of the GTEM-C. We focus on the model
aspects that are distinct from GTAP [10] and thigioal GTEM [9]. In particular we will
explore the energy-related economic activitieshsag: (1) energy consumption; (2) electricity

generation; and (3) commodity-embedded energy flames GHG emissions.

3 The Design of GTEM-C

3.1 Overview

GTEM-C disaggregates the world economy into a sautbnomous regions. Countries of large
economic size and distinct institution are modeltsparately, and the rest of the world is
disaggregated into regions according to geograplpicaimity and climate similarity. Each
region has a representative household. The repgegsenhouseholds play three important roles
in the model: (1) they own and supply factor inpatsproduction, (2) they own the regional
income including payments to all factor inputs; t@venues and international transfers and

determine regional savings; and (3) they consunoelgand services.

In each of the autonomous region, local productisndivided into multiple commodity
sectors/industries. The regions interact with eatifer through trade and capital flows, and
regional households consume both domestic and teghgoods. Capital investment takes place

across regions, so households can allocate theigsaeither domestically or internationally. In



182  contrast, other factors of production (land, labagtural resources) are available only
183  domestically. The GTAP 8.1 [52] database consikfis3& regions and 57 sectors. We aggregate
184  this database into 18 regions and 19 sectors @eelTand Tab. 2) based on their significance to
185 the global economy, as well as, their vulnerabitdyclimate change. We note that alternative
186  aggregations are possible, and aggregations shioelldletermined by the question under

187  investigation.

188 [Table 1 about here.]
189 [Table 2 about here.]
190

191  Humans produce greenhouse gases by burning foetd fo generate energy for industrial and
192  residential use. Agricultural activity and induatrprocesses also yield GHG emissions. This
193 determines the environmental footprint of humanvaats, and the consequential (negative)
194  environmental feedbacks. Governments, thus hawdeaim neutralizing the feedbacks through
195  policy intervention, such as the imposition of Rigm taxes and emission permits. A schematic
196  diagram of GTEM-C is provided in Fig. 1.

197 [Figure 1 about here.]

198

199 As a matter of notation, throughout this paper shescriptsr,i will be used to denote the
200 regions and sectors. Unless otherwise specifiedahas starting with an upper case letter
201  represent the levels and those starting with a lamase letter represent the percentage changes.
202 A nomenclature is provided as an appendix to thgep. In the following sub-sections we work
203  through: (1) households and consumption; (2) firmsl production; (3) factor supplies; (4)
204 international finance; (5) global transportatioB) e€nergy use and GHG emissions; and (7)
205  equilibrium.

206

207 3.2 Households and Consumption

208 Each region has one household that representsdamslumption (private consumption, as well
209 as the government’s procurement, i.e., public comdion), and all regional households’
210 savings. The household’'s preferences are nestadhierarchy of consumption, building from
211  details on goods and services consumed up to mesasfircomposite utility defined on a per
212  capita basis (see Fig. 2).
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[Figure 2 about here.]

Following McDougall [11], we adopt the new GTAP damd system and assume that the
regional representative household maximizes patacaggregate utility
U= Up)*(Ug)¥FUs) (1),

subject to the income constraint:

Ep(Up,Pp) + Eg(Ug,Pg) + Es(Us,Ps) =Y /POP 2).
Here,a, f andy are positive parameterg;denotes regional income aRdP denotes regional
population;Ep(+) is the per capita private expenditure that isrecfion of per capita utility from
private consumptionUp and the price of private consumptiBp; and Eg(Ug,Pg) and
Es(Us, Ps) are defined in a similar way. Although the struetuof Ep(-), Eg(-) andEs(-) as
well as the values dip, Ug andUs are implicitly implied in the GTAP database, tre¥qentage
changes of them after a policy shock can be cdkxuilby solving the new equilibrium as per
McDougall [11].

In the private consumption component, the houséhgqiceference over the energy composite
and other final goods is represented by the Coh$#ference in Elasticity (CDE) function
which is due to Hanoch [53]. Specifically, followgrHertel [10, p49], we let the household’s

indirect utility function be:

1= Z B; (Up/POP)%%(P;/Ep(Up, Pp))* 3),

where, for each good;, ¢;, ¢; are the distribution, substitution and expansiarameters. The
indirect utility function gives the household’s niaal utility from private consumption when
faced with a vector of pricd®;] and per capita private expenditl#g(Up, Pp). Consequently
the optimal demand can be recovered by Roy’s itefi3-54], which yields the linearized
equality:

qi = Xk EPy - pi + EY; - (ep — pop) (4).
Here, for each good g; is the percentage change of demamdis the percentage change of
price, andep — pop is the percentage change of per capita privaterekfure. MoreoverEP;
is the cross price elasticity of substitution betwegoods andk, that is mainly controlled by the

substitution parametess, €, andEY; is the income elasticity that is mainly controlleg the
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expansion parameter;. Both elasticities also vary with the budget stafreach good. The CDE

preference is non-homothetic in the sense thataties of goods demanded by consumers will
depend not only on relative prices but also on nimeoDown to this level, the consumption
structure of GTEM-C is the same as that of the GTAddel except for that coal, petroleum

products, gas, and electricity are aggregatedtir@@nergy composite.

The current version of our model has an “Oil” se¢hat produces crude oil and a “P_C” sector
that produces refined petroleum products. Accordinthe GTAP database, crude oil is rarely
used in final consumption and industrial productather than gas and oil extraction, refining,
chemicals, and electricity generation. Therefore, vave excluded crude oil from the energy
composite. For this energy composite, we borromfl@TAP the substitution and expansion
parameters (in Eq. 3 and 4) for electricity. Theapseters for other sectors are directly taken
from the GTAP database. The demand system is asdilbrto follow Engel's law such that

private demand for subsistence goods, such as,dregstock and processed food, will drop as
regional income increases, whereas private demandtlxury goods, such as manufacturing,

energy and services, will rise as regional inconoegases.

As for the energy composite, GTEM-C uses the CRHESHdtion to represent the household’'s
aggregate preference over coal, petroleum prodgass,and electricity. Specifically, f&r units
of demand for the energy composite, it impliesftil®wing identity:

Y:(Q:i/X)% - D;/d; =k (),
where eachi; is less than 1 but not equal to zero, eBghs positive and th®;’s andk are
normalized such thap;D; =1. The CRESH function is due to Hanoch [49], and the

mathematical derivation is available from Dixorakt[55, p64-76).

With the CRESH function, percentage change of denfi@neach good; is determined by:
q =dqx + a; - (pi —px) (6).
Here, qx is the percentage change of the household’'s aggregnergy demands; is the

percentage change of fues price; andpy = };a; *s; - p; is the percentage change of the

Yitis important to note that when d; = d for all i, the CRESH function collapses to the CES function, 1/d - k -
(Qid-Dilad=xX.
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aggregate energy price weighted by #he and the fuel cost shares= Q; - P;/X;Q; - P;. The
coefficienta; is linked tod; such thaia; = —1/(1 — d;), and it can be roughly interpreted as
the energy commoditys price elasticity of substitution. Because eaglcan correspond to a
different value ofd;, the CRESH function allows different elasticitfssubstitution among the

primary and secondary energies.

Currently, all thea;’s are set to a benchmark of 0.5, such that ther-finiel elasticities of
substitutiof, 5;j=20 (ln%)/(’) (ln%) are all 0.5 (see Hanoch [49] and Chambers [53;999).
i J

This means, for example, if the relative price @éldo gas increases by 1% due to a carbon price
for instance, the demand for gas relative to callimcrease by 0.5%; similarly, if the relative
price of coal to electricity increases by 1%, themdnd for electricity relative to coal will
increase by 0.5%. While our choice of thge values is consistent with the literature that is
surveyed in Stern [50], it is important to notetttiee model’s behaviour can be very sensitive to
the q; values. For instance, assigning higher value;afo electricity, the model can simulate
fast-track electrification of energy that is re@uirby the transition to a low-carbon economy

with the imposition of carbon prices.

In the sectoral composition, each commodity is ggragate of imported and domestic goods.
The preference is represented by the Constantidtgstf Substitution (CES) function, which

allows imperfect substitution between imported dothestic goodsp;™” andQ?P°™:

o
0-17o-1

o—1 e
Qi = pDom(QiDom)T + plmp(Qilmp) ? (7)
Here,o is commonly known as the Armington elasticity abstitution between imported and
domestic goods, angp,,, andp,,, are the budget share parameters. For more deibeksse
see, for example, Burfisher [57, p75]. Finally timeported gooni’m” Is, in turn, a CES

composite of shipments from various sourQégp, ie.,

d
. s e . Q;j Pry\ . .
’ The inter-fuel elasticities of substitution, i.e., 6,;=20 <an—’d)/6 <lnP—'), is a function of all s; = Q%/X and a;.
i J
) Sj4j% 5ididi
Y skag Y skak

. P . . Si Sj
a;. Consequently, the Morishima elasticities of substitution are M; ; = ¢;; — €;;,and §; ; = ﬁMi,j + ﬁM;’,i-
iTSk iTSk

Specifically, the cross price elasticities are &;; = d(InQ{')/d(InP,) = and g;; = a(InQf)/d(InP;) =

10
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0™ = [Z pr(Q17) 7 ] ®).
r
wherep, is budget share parameter, and the elasticity of substitution among importsnfr

different sources.

In contrast, public consumption of final goods ITEM-C is simply modelled by the Cobb-

Douglas function, which assigns fixed nhominal skdoeeach sector. In other words, government
procurement will shift weight towards goods tha¢ af lower prices given the same public
budget. Similarly, sectoral commodities are nest&bH aggregates of imported and domestic

goods. This follows Hertel [10].

The above formulation of household preferences ges&s several features that fit observed
consumption patterns [11]. First, as regional ineamses, budget shares of luxury goods rise
while those of subsistence goods decline; budgateshof public consumption and saving

increase while that of private consumption fallsc&d, regional income being the same, a more
populated economy will demand more subsistence @l less luxury goods than a less

populated economy.

3.3 Firms and Production
3.3.1 Electricity: A Technology Bundle (TB) Industry

The GTEM-C model follows Pant [9] to distinguishetitechnology bundle industry from a
general industry. A technology bundle industry éstissof a bundle of heterogeneous and
competing technologies, and an assembling serkisteunifies products of all technologies into
a homogeneous industrial output. Fig. 3 outlines pimoduction structure of a typical TB
industry. At the top level, the industrial outp@t is a Leontief function of the assembling

servicé Q{* and the technology bund@, i.e.,
Qi = Min{A;Q{, B;Q7'} 9),

> In the context of electricity, this assembling service can be understood as operation and maintenance,

transmission and distribution.

11
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whereA; andB; are scale factors, ardin is the minimum operator. The Leontief function is
non-smooth, which captures the rigidity of prodotin the presence of fixed sunk cost or
resource immobility. At the lower nest, the assengbservice is also a Leontief function of non-
technology-specific intermediate inputs. The te¢bgp bundle is a CRESH function of different
technologies. Each technology is, in turn, a Lesdrftinction of technology-specific factors, and
imported and domestic intermediate inputs. Finafi{ermediate inputs used by the assembling
service and each technology are CES aggregatesradstic and imported goods.
[Figure 3 about here.]

Currently, electricity is the only one TB industryGTEM-C. Electricity generation accounts for
a large fraction of GHG emissions, and plays anoirigmt role in carbon mitigation. The
electricity industry has three emission-intensigehnhologies: coal, oil and gas, as well as seven
emission-free technologies: nuclear, hydro, wiralars biomass, waste, and other renewdbles
Coal, oil and gas are further divided into convemdil coal, oil and gas, and their counterparts
with carbon capture and storage (CCS). Arora andX24 has provided an intuitive description

and outline of the electricity technology bundle.

We follow the approach of Arora and Cai [12] to IHuthe electricity-technology-bundle
database. In terms of output, the electricity serstalisaggregated into the 13 technologies (as
aforementioned) using the IEA world energy balatat®#e’. In terms of input, we rely on the
latest EIA estimate of cost structure for variolecticity generating technologies [18], and use
them as auxiliary weights to split capital and laido the 13 technologies. As for technology-
specific intermediates, non-ferrous metal and naih@roducts are associated with nuclear,
agricultural goods are assigned to biomass anduals are allocated to coal, oil and gas
accordingly. To further divide coal, oil and gasoiconventional and CCS sub-technologies, we
apply the heuristic that CCS uses 20% more fudl,only emits 10% of emissions [58]. With
regard to the inter-fuel elasticities of substiatin electricity generation, those among coal, oll

and gas are taken from the estimate of EIA [19]ilevthose for non-fossil fuels are calibrated

* This includes geothermal, wave and others that are not specified.
® Source: http://data.iea.org/ieastore/statslisting.asp.

12
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such that the model’'s projected pattern of energysformation is consistent with those in the

literature, such as Riahi et al. [2] and Thomsoal €f4].

3.3.2 Non-TB Industries

The production within a non-TB industry also hasiesed structure (Fig. 4). At the top tier,
industrial output is a Leontief function of a fuaktor composite, and other intermediate inputs.
The fuel-factor composite is either a Leontief dESCfunction of the fuel composite and the
factor composite, allowing different levels of stitgability between fuel and other inputs. The
fuel composite is a CRESH function of coal, petnobeproducts, gas, and electricity, while the
factor composite is a CES function of natural reses, land, labour and capital. Coal, gas,
petroleum products, electricity and other interraggiinputs are, again, CES aggregates of
imported and domestic goods.
[Figure 4 about here.]

With respect to the parameters, we follow Hertehle{59] to set the inter-factor elasticities of
substitution such that the long-term supply elég of coal, oil and gas are consistent with the
estimates of Beckman et al. [60] and EIA [61]. Agé&vity analysis on the long-term supply
elasticity of gas has been conducted in Arora aad[T7]. Again, all thea;’s in the CRESH
function of industrial energy use are set to 0.5vashave done for private energy use in Sub-
Section 3.2. In section 4, we will test the modskEsisitivity to these; values, and explore how

electrification can help to neutralise the economipacts of imposing a global carbon price.

3.4 Factor Supplies

Natural resources, land and labor are only suppbedlly. Specifically, natural resources and
land can be sluggishly reallocated across differgedtors. Aggregate supplies of natural
resources and land are assumed to be constant@adag in GTEM-C. Labor moves freely
across all domestic sectors, but the aggregatdysgppws according to demographic and labour
force participation assumptions and is constralmethe available working population, which is

supplied exogenously to the model as part of thpujadion growth trajectories.

13
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The growth over time of a region's capital stocknmdelled differently to the other input factors.
The capital stocK of regionr changes over time according to the level of inwesit/, and the
level of depreciation of existing capitk, i.e.,

K, = I, — SK, (10).
Following the GTAP convention, we set the depréamatates to 0.04 for all regions.

3.5 International Finance

While saving is the local decision of householdmit@l investment takes place across regions.
This is managed by a “global fund” according to fiblowing rule:

%]
Qinv, = (Sr/Pinvr) e (Rr=R) . xor (11).

HereQinv, andPinv, are the quantity and price of regional investmant/, = Qinv, - Pinv,,;
ands, is the gross regional saving, that is, net redisaging plus 4% depreciation of regional
capital stock). In the first term on the right-heside, 6 is a time-variant parameter that is

negatively linked to the ratio of regiois foreign deb®DB, to gross domestic produGDPF,,

o = ¢ aor;)

(12),
wherey is positive wherDB, > 0, and zero otherwise. The intuition behind the latgas that
economies with abundance of savings will have nhacal investment. In fact, individuals and
institutions in most countries hold only modest amis of foreign equity, and this is the “equity
home bias” as quoted in the literature (see Obsialil Rogoff [51]). However, sovereign risks
as reflected by the debt-to-GDP ratio will be a mtew-balancing factor, because foreign
creditors are concerned about possible default thnd capital account deficit cannot be
sustained unlimitedly. In the second term of Eq.R,lis the regional rate of return on capital,
andR is global average rate of return on capital (ilee, weighted average of @).’s). Both R,
and R are endogenously determined by the model, andraénehere exists a differential
between the two. Our investment rule thus allows shvings of a country to flow to other
countries with more productive investment oppotigai Moreover,X is a global uniform
adjustment factor that is endogenously determinezhsure the Walras’ law:

Er I, = Er Sy (13),
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and ¢, is each region’s responsiveness to this adjustnt@msequently the debt of a region
accumulates as

DB, =DB,-R+ (I, -S,) (14).
Here, DB, - R is the compulsory interest payment made by eagiome and is subtracted from
regional income. Parameters of the equations aboealibrated so th& converges to a long
term steady rate that is consistent with the weddnomic growth. In the current version of

GTEM-C,t is setto 5y is set to 0.560 is set to 0.8 ang,. is set to 1 for all regions.

3.6 Global Transportation

As has been noted above, both imported and domgstids are needed for consumption and
industrial use, which require international shigpservices. Due to the lack of data, GTEM-C
follows Hertel [10] to assume that the demand @wiges of each specific route is proportional
to the trade flows among regions, adjusted by exoge technological advancement. A “global
transport corporate”, which exists in the interoaéil water, then intermediates and outsources
the fulfilment of aggregate demand to water, anl &md transportation sectors of each region,

by a Cobb-Douglas technology.

3.7 Energy Use and GHG Emissions
3.7.1 Energy Accounting

Energy is embedded in energy goods. Thereforeniet-Houtput flows of energy mirror those of
coal, oil, petroleum products, gas, and electrieisyin GTEM-C’s social accounting matrix

(SAM). For instance, energy use through privatesoamptions of domestic gas is

Dom __ Dom Dom
Npgas = Qpgas "’;PGAS (15),

and energy use through input of domestic coal byetactricity sector is

D D Dom
Ng C(O)ZlELY =CQr C(O)ZIELY *$FeoLELY (16).
The quantities of fossil fuel use, such@$5e andQgoor,, .. are tracked by the SAM, which is

driven by market supplies and demands; and thegyrmefficientsfpgzg" and EF?anELY are

assumed to remain constant. There is a similatioakhip between government consumption
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and the energy use. The current energy data steuatiows GTEM-C to capture the circulation
of energy flows in the global economy. Howeversthpproach poses a potential problem of
double counting, as commodity-embedded energy gsiesdially transferred to other sectors
through the use of intermediate inputs. To avoig tiroblem, we exclude (crude) oil and
calculate regional total primary energy output Be sum of domestically produced coal,
petroleum products, and gas that are either loaadlysumed or exported, plus nuclear and
renewable electricity generated. This removes tlgergial for double counting in the

transformation of crude oil to petroleum producasid fossil fuel to electricity. Similarly,

regional total final energy use is calculated &sghm of imported and domestic coal, petroleum
products, and gas that are directly consumed byhthusehold and all non-electricity sectors,

plus the electricity that is locally used.

3.7.2 Emissions Accounting

Combustion-based GHG emissions, i.e.,»COH,;, N,O and the F-gases, are directly linked to
fossil fuel use of the household and each industeator and their emission intensities. For
instance, emissions from private consumptions af@kiic petroleum products are:

Mppc' = Qepc  €rpc" 7).

Similarly, emissions from industrial use of domegpetroleum products by the air transport

sector are:
Dom _ Dom D
Mrp cair = QFp_cair  €Fp caR (18).
: . : b
Again, the quantity of fossil fuel use, such@asg_"cm and Qpr;?lir, are recorded by the SAM,

which is driven by market supplies and demands. learsehold consumption, the emission
intensities are exogenously given to the model.ik@dustrial use, however, carbon price induced

technological change is allowed to reduce emissiunsh that
-7
EFI;?CYTA,R x (CP_C,AIR/PAIR) (29).
Here Cp ¢ 4;r/Pair IS the share of the input-based carbon price roprka the price of air
transport, and the positive parameteimeasures the economy’s elasticity of price induced

carbon technological advancement. Our specificabbrcarbon price induced technological

change is enlightened by the empirical finding opp [22] that energy efficient innovations are

16



447
448
449
450
451

452

453
454
455
456
457
458
459
460

461
462
463
464
465
466
467
468
469
470
471
472
473
474

positively correlated to energy prices. The catibra of n is chosen such that the model's

simulated pace of carbon intensity reduction issesient with Figure 11 of Riahi [2].

Process-based GHG emissions are determined byraleottputs and emission intensities as

well. For instance, emissions from petroleum proiduncare:

Mop . =0Qpc-€op (20).
Likewise, carbon price induced technological pregrs assumed to be:
€op ¢ X (CP_C/PP_C)—T’ (21),

where Cp ¢/Pp ¢ is the share of output-based carbon price markauphe price level of

petroleum products.

Finally, non-combustion GHG emissions from agrietdt sectors are based on the use of factor
inputs. For instance, emissions from livestock@oortional to the sectoral use of capital (as a
proxy for scale of farming), and emissions fromghadce are proportional to the sectoral use of

land (as a proxy for area of planting). No endogentechnological change is assumed.

3.8 Linking with Global Climate Models
As has been discussed above, GTEM-C is capableopéqting future GHG emissions. The
carbon pathway can be analysed by global climatdemsp such as the Simple Carbon Climate
Model [62] or the Australian Community Climate aBdrth System Simulator Coupled Model
(ACCESS) version 1.0 [63]. The simulation resultglobal climate models are used to quantify
the climate-economy interactions through a sethgbigcal and econometric sub-models. These
climate feedbacks are taken to GTEM-C as exogesboeks to the socioeconomic system, and
GTEM-C solves for the set of policy constraints that its projected carbon pathway is
consistent with the one that is analysed by théallclimate models. This forms the circle of a
GIAM exercise. A schematic diagram of GIAM is prded in Fig. 5.

[Figure 5 about here.]

Three channels of climate-economy interactions ewerently considered in the GIAM

framework. First, the degree of climate changeasgmted by the surface air temperature affects
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regional total factor input productivities. We cemtly use the quadratic damage function as per
Nordhaus [24], such that

-1-—1t 22).
A =1 1+¢,AT+¢,-AT? (22)

HereAT is the change of global average temperature fter®d07 level, and the damaggethen
enters GTEM-C as a (negative) input-augmenting ycbdty shock to the factor-composite in
industrial production. The, ¢ parameters for each region are borrowed from Bosaeld Roson
[25]. By default, bothp, ¢ are set to be 0.005, such that global warming &€ 2will result in
roughly 3% loss of total factor input productivifihis mechanism is incorporated in GTEM-C,

and the change of global average temperatiirss taken as an exogenous variable.

Second, changes of regional temperature and ptatogui affects land productivity of various
crops. A high-level programming framework withintRyn has been developed, which: (1)
collects historical data for crop production frohetFood and Agriculture Organization (FRO)
and historical reanalysis of temperature and réifrfam the University of East Anglia Climate
Research Unit (CRU) 3.1 database (CRU 3.1; httpsiveru.uea.ac.uk); (2) uses the global crop
planting date database developed by Sacks et4ltgéaverage monthly values of temperature
and precipitation in the CRU 3.1 dataset for theaging season months and for the crop that is
grown; (3) uses the constructed data to estimageeffects of historical climate change on
regional crop production (see Bandara et al. [2&) (4) combines the econometric model for
crop production with the simulation results of dite models to forecast regional crop land
productivities. These results are then taken to KB KE as exogenous shocks to land

productivities of different crops.

Third, heat stress due to change of temperaturehanudity affects labor productivity. The
study of Dunne et al. [27] suggests that incredseat stress, as measured by the Wet Bulb
Global Temperature (WBGT), will reduce labor capgcnd the authors have provided a set of
formulas to quantify this negative impact of climathange. A high-level programming
framework within Python has been developed, whithbias-corrects and variance-corrects the

simulation results of a selected climate model; ét)dapplies Dunne et al. [27]'s formulas to

® Source: http://faostat.fao.org.
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503 forecast changes in regional labor capacity dudditeate change impacts. These results are then

504 taken to GTEM-C as exogenous shocks to labor ptodlycof all economic sectors.

505 [Figure 6 about here.]
506 [Figure 7 about here.]
507

508 3.9 Solution and Software

509 By construction, GTEM-C is a dynamic general efuilim model. In each period, the global
510 economy is in “equilibrium” between the produceasid consumers’ profit/utility maximizing
511 behaviors across all regions such that marketsoofneodities and factors all clear given the
512  current constraints of capital endowment, laboyspby productivity level and policy. The
513  equilibrium is supported by a vector of commodityd&actor prices (see Arrow and Debreu
514 [65]). From period to period, the global economyolges “dynamically”. First, capital is
515 accumulating despite depreciation and this enlatigegoundation for future economic growth.
516 Second, population and climate feedbacks are &langing and these impose new constraints of
517 labour supply and productivity. Finally, policy tngments and other exogenous forces affect the
518  motion of the economy.

519

520 GTEM-C is built on GEMPack (General Equilibrium Malihng PACKage) (see Harrison and
521 Pearson [66]), a suite of numerical software tl@ves nonlinear economic models through
522  successive linear approximation. The set of equuib conditions and transition laws are
523 linearized and written in GEMPack's Tablo programgiilanguage. Tablo translates the
524  algebraic specification of the model into a formiethis suitable for carrying out simulations in
525 the computer. GEMPack offers a graphical user fiate; RunDynarh) which carries out
526  simulations on a year-to-year basis (recursively).

527

528 In a standard implementation, GTEM-C is simulatadaoyear-to-year basis from 2007 through
529 to a future year. The 2007 initial conditions aniltbupon the GTAP databadeand the

530 electricity-technology-bundle database that has lescussed in 3.3.1. All parameters are taken

7

See http://www.copsmodels.com/gprdyn.htm.
® The GTAP GHG emission database does not match RCP8.5. We therefore have applied a global uniform scaling
factor to each greenhouse gas and reconcile with RCP8.5.
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from the GTAP database, except those with regaesh&ngy consumption, electricity generation,
and global financial flows, which have already bekstussed above. In the following section,
we demonstrate how GTEM-C can be used for intedrassessment of global environment and

energy issues.

4. Application: The Role of Electrification in Mitigating Carbon

4.1 Background

The Intergovernmental Panel on Climate Change (PB4 selected four “Representative
Concentration Pathways” (RCPs) [13] to extend thalysis of climate change mitigation
scenarios. Each RCP differs greatly in the ratarwfual emissions, and is named according to
the long-term radiative forcing in 2100. RCP8.5caanmonly understood as the ‘business-as-
usual’ scenario with no mitigation, resulting in imsrease in radiative forcing of 8.5 W/ij2],
while RCP4.5 is the moderate mitigation scenariacctvicaps global carbon concentration below
650 ppm CG-equivalent and an increase in radiative forcingdds W/nf [4]. Within this
context GTEM-C can be used for comparative analggithe socioeconomic implications of
different mitigation scenarios under a common $é¢chnology and biophysical assumptions. In
this section, we investigate the socioeconomic ctgpaf carbon mitigation from RCP8.5 to

RCP4.5, focusing on the role of electrification.

4.2 Baseline Scenario

Our baseline is calibrated to align closely with 8% (Riahi et al., 2011). The population
estimates are taken from the medium variant of ttheted Nations’ World Population
Prospect} with a global population of 10.6 billion peopte 2100. The supply of fossil fuels is
assumed to continue the trend of growth throughemmapital and labor inputs. No extra
assumption is made regarding the exhaustion ormsiga of current fossil fuel reserves; and no
carbon mitigation polices are assumed. For elettrgeneration, the annual energy efficiency

improvement is set to 0.25% for conventional fos#lls, 0.5% for CCS fossil fuels, and 0.75%

® Source: http://esa.un.org/wpp/.
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for all other clean technologies. For other indestrand private consumption, the annual
efficiency improvement is assumed to be 0.15%dssil fuels, and 0.75% for electricity. Based
on the above assumptions, regional total factodyctivities are iteratively derived such that
regional Gross Domestic Products (GDP) will congéitbe momentum of growth, with world

GDP reaching 450 trillion in constant 2007 doll&2607 US$) (see Fig. 6). We have also fine-
tuned the model's assumption about carbon intensitythat global GHG emissions follow

RCP8.5, reaching 130 gigatonnes (GT) of,@0O2100 (see Fig. 7).

[Figure 6 about here.]
[Figure 7 about here.]

Under the baseline scenario, GTEM-C predicts thagirewing population and economy
combined with our conservative assumption aboutréuenergy efficiency improvement and
carbon policy lead to a large global demand foalfenergy, which increases from around 12700
million tonnes of oil equivalent (Mtoe) at preséat67000 Mtoe as of 2100 (see Fig. 8). Since
we have not assumed the exhaustion or expansiéossil fuel reserves, the current trends of
growth in coal, gas and petroleum production walhtinue, leaving the structure of energy use
largely unchanged, which is similar to the projectof Masui et al. [3].
[Figure 8 about here.]

As has been discusses in Sub-Section 3.9, GTEMdinalated from 2007. This allows us to
post-valid some key variables that the model ptedagainst available historic records, and to
enhance our confidence in the modelling. We haVieated the relevant data for global GDP,
GHG emissions, energy consumption, and power ggoerffom the International Monetary
Fund (IMF)"°, Global Carbon Project (GCP)and the International Energy Agency (IEA)and
compared them with the GTEM-C predictions over pgexiod 2007-2013. The results are
summarized in Tab. 3. Overall, it proves the cedallity of GTEM-C projections.

[Table 3 about here]

0 source: http://www.imf.org/external/pubs/ft/weo/2014/02/weodata/index.aspx.
" Source: http://www.globalcarbonproject.org/carbonbudget/index.htm.
2 5ource: http://data.iea.org/ieastore/statslisting.asp.
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4.3 Counterfactual Experiment and Sensitivity Analysis

In the counterfactual experiment, we hold all agstions constant as in the baseline scenario,
but force the model to follow the RCP4.5 emissidrggectory (see Fig. 7). Under these
constraints, we let the model solve for the trajgcfor a (uniform) global carbon price that is
required for carbon reduction. It is assumed tllahaions of the world start mitigating their
emissions simultaneously from 2010, and all GHGssins are priced according to their global

warming potentials.

As we have noted in Section 3, the model's behavian be very sensitive to the choiceapf
values in the CRESH functions for private and indaksenergy use. The; values are closely
related to the price elasticity of substitution alge@nergy commaodities, such as coal, petroleum
products, gas, and electricity. Intuitively, higlvatue ofa;’s means it is easier for industries and
households to substitute from fossil fuels to eieity (i.e., electrification). Because electricity
can be produced from nuclear and renewable soutw#sare emission-free, the pace of
electrification is expected to play an importankeran neutralizing the economic impacts of

imposing a global carbon price.

To test the model’s sensitivity, we vary tlevalues for electricity in both private and induestr
energy consumption in the counterfactual experimehnits generates a set of four counterfactual
scenarios. In the first counterfactual scenarie,athvalues are kept the same as in the baseline
scenario at 0.5. In the other three counterfactgaharios, ther; values for electricity are
increased to 1, 2 and 5. These values roughly pored to the fossil-electricity elasticities of
substitution of 0.5, 0.8, 1.2 and 1.8, respectivile will name each of the four counterfactual

scenarios according to tlag values.

4.4 Results

4.4.1 Caveat

The following caveat must be noted before we preden GTEM-C results. In this illustrative
modelling exercise our focus is on the role of gifcation in mitigating carbon emissions from
RCP8.5 down to RCP4.5. We abstract in the firscelérom directly accounting for the
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difference in climate feedbacks that are impliedhms/ two RCPs. By not explicitly considering
the potential benefits due to avoidance of futdmmate damages, carbon mitigation will most
likely reduce economic output because the impasitd carbon prices increases the cost of
industrial production and household consumptions Hipstraction allows us to investigate the
importance of electrification in reducing the ecomo cost of carbon mitigation. We will

account for the benefits of mitigation at the ehthes section in 4.4.5.

4.4.2 Carbon Prices

The high energy demand and fossil fuel intensitpum baseline implies that achieving carbon
mitigation will require drastic transformations tine energy system. The imposition of carbon
prices is commonly regarded to be an effective @ggr. Our estimates indicate that the global
carbon price will start low and remain below $20 fmn of CQ-equivalent prior to 2050 (Fig.
9). This is mainly because global carbon emissemesallowed to maintain the momentum of
growth under RCP4.5. Additionally as is mimickedthg GTEM-C mechanism of carbon price
induced technological growth, the uptake of low-giag-fruit mitigation technologies also helps
to effectively reduce emissions.

[Figure 9 about here.]

Global carbon prices rise sharply between 2050 2080 due to the tightening of mitigation
targets, reaching above $500 per ton ob-@Quivalent. However, the pace of electrificatioil w
significantly contain the spiking of carbon pridescause electricity is less carbon intensive or
even carbon free. Our results suggest that doubii@g; values for electricity use in private and
industrial consumption will lead to almost a $10ffedence in global carbon prices as of 2080.

The price wedge remains beyond 2080, when globalstons level out.

Thomson et al. [4, Fig. 10d] has compared the cafywe needed to reach 4.5 W/m2 in the 28
scenarios conducted under the U.S. Climate Charmgen& Program [67], the Energy
Modelling Forum [68], and their own work. This fosma spread of estimates, ranging from $55
to $2141 per ton of CO2-equivalent in 2100. Ovetak GTEM-C estimates for global carbon
price are within but fall in the higher part of thenge. This is because we have not allowed for

the banking and borrowing of emission rights, botcéd the model to follow the RCP4.5
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emissions trajectory year-on-year. The carbon siags low in the short and medium term, but
increases exponentially between 2050 and 2080. phce trajectory does not follow the

Hotelling rule [4], which states that the optimaitigation path should be such that the carbon
price rises over time at the interest rate, adgubtethe rate of ocean carbon uptake [69-70]. As a

result, GTEM-C tends to predict higher carbon wice

4.4.3 Final Energy Use
Carbon price raises the cost of fossil fuels wraoh the dominant source of energy use in the
baseline, so the industries and households willadedheir total final energy use by 18 to 27%
(see top panel of Fig. 10), and minimize their dmsswitching towards electricity that can be
produced from carbon-free or less carbon-inteneknologies. This is crucial in decarbonising
the global economy. It is made possible by incréaséiance on clean electricity technologies,
such as nuclear, wind, solar, and carbon captulestorage. As a result, electricity will see its
share almost doubled in global final energy usallithe four counter-factual scenarios (middle
panel of Fig. 10). In terms of electricity genepati conventional fossil fuels will be eventually
phased out, replaced by the clean energies (bqitoral of Fig. 10). Such trends are even more
significant when the elasticity of substitution Wween fossil fuels and electricity is higher. The
decoupling of energy use and carbon footprint aldle world to maintain high level of energy
consumption, which is essential to economic growth.

[Figure 10 about here.]

4.4.4 Economic Cost of Mitigation

In the short-term, our simulation results indictitat the imposition of a carbon price will boost
the growth of the electricity sector and other deiream sectors if the;’s for electricity is
sufficiently high, leading to increases in world BDefore 2050. This “double dividend” has
important economic implications especially for ttheveloping countries, as carbon mitigation
can potentially stimulate growth. In the long-tetttme potential for industries and households to
substitute away from fossil fuels to electricityaths generated from clean sources and to avoid

the burden of carbon prices will drastically redtice economic cost of de-carbonization when
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mitigation is most stringent beyond 2050 (Fig. 18xding to annual estimated savings of around
2.5 trillion dollars (2007 US$) at the end of trentury.
[Figure 11 about here.]

Summing up the short-term gains with the long-teosts of mitigation with a discount factor,
(p), our results suggest that faster pace of elemtibn can make mitigation less of a burden to

the economy (Tab. 4A). This result is robust urditferent choices of the discount factor.

4.4.5 Accounting for Mitigation Benefits
The readers should also note that we have notoyetidered the potential benefits of mitigation
due to avoidance of future climate damages. In aspect, as per Dunne et al. [27], carbon
mitigation from RCP8.5 to RCP4.5 will significantheduce the negative impacts of increase
heat stress on labor capacity, as measured by #tdBWb Global Temperature (WBGT). Using
the ACCESS [63] version 1.0 simulations of futulienates under RCP scenarios 4.5 and 8.5,
and the formula of Dunne et al. [27], our estimauggests that the potential mitigation benefit
from reduced heat stress on labor capacity couldbose 5 trillion 2007 US$ per annum (see
Fig. 11) when the negative impacts of climate cledmgcome significant from the 2040’s. Singly
accounting for this benefit, we find that mitigatics unambiguously a profitable action (Tab. 4,
Panel B), letting alone other potential benefitshsas preventing climate catastrophes and sea
level rise.

[Table 4 about here.]

5 Concluding Remarks

In this paper we have introduced the design of GTEM hybrid model that combines the top-
down macroeconomic representation of a computadmerngl equilibrium (CGE) model with the
bottom-up engineering details of energy producaad consumption. The model has two main
advantages. First, it includes detailed represiemtaitf major geographic regions and economic
activities that are most relevant to global envwnental and energy issues such as climate
change, carbon mitigation and energy transformatidns provides a unified framework to

analyse economic trade-offs associated with theymtion and use of fossil fuels, greenhouse
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gas emissions, and environmental issues. Secoradojpts the general equilibrium approach
which reproduces the structure of the global econamd records the economic transactions
among regional producers and households. Thispsitant for modelling global policy changes
whose impacts are expected to be complex, and nited by different channels, and

materialize not only in one but various rounds.

GTEM-C, however, is also subject to limitationsrsEi like other CGE models, GTEM-C is
based upon the economic theory of market equilibriand rationality. That is, dynamics
simulated by the system of equations only des@iseage human behaviours over a long period
of time (normally one year). Therefore, GTEM-C ist well suited to addressing short-term
political and business concerns over the econorogt of mitigation efforts, for example,
heightened recently by the Global Financial Cri$isis indicates an important area in which the

model can be continuously improved.

Second, GTEM-C parameters are estimated and daltbeagainst historical data. Economic data
for many countries, particularly those outside BECD are very often of poor quality.
Therefore, validation by post-diction and unceiiai@nalysis are critical when using the model.
In the previous section, we have shown how the ir®odaseline prediction can be validated
against recent historic data that are availablefircternational organizations. In the scope of the
paper, the post-validation has been done at theablscale; but for future research we also
recognize the importance of post-validation at badtional and sectoral scales. We have also
provided an example of sensitivity analysis onrtfeelel parametét that is related to the pace of
electrification in energy in Section 4 of this papé&/e find that the model's estimate for carbon
price and the associated economic impacts cansigmyficantly due to the choice of parameters.
Such uncertainties associated with technology olmamgl energy consumption pattern must be

addressed when using GTEM-C for similar policy ssas.

Despite these limitations, GTEM-C provides a rigmraool to analyse the energy-carbon-
environment nexus, and more importantly, a platfétonmntegrate trans-disciplinary knowledge

about human societies and the biophysical worlce iFtegration is not a static but dynamic

2 These are the a; values in the CRESH functions for private and industrial energy use.
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process, and the GTEM-C model can be extendedvaraeways for future research. One
possible direction is to include the physical andi@-economic interactions between fossil fuel
use and air quality. The World Health OrganisatfgHO) estimates that in 2012 around 7
million premature deaths resulted from air pollotih and the recent Lima Climate Change
conference has for the first time added healttheodet of climate-related issues that must be
explicitly considered by signatory natidns It is therefore important to incorporate the
atmospheric chemical reactions between constituehtsmog and greenhouse gases such as
methane, as well as the economic interactions legtywelicy measures for pollutant control and
carbon mitigation. This can be done by linking GTHR4 energy accounting to pollutant and
aerosol emissions, and coupling GTEM-C with anqaiality model such as The Air Pollution
Model (TAPM) [71].

Another area that GTEM-C can contribute for futtesearch is to include the competition for
land between traditional agriculture and bio-fuebduction. As we have shown in the paper,
imposing a carbon price incurs ancillary costsdon®mic activities and can potentially reduce
economic outputs. A potential solution to allevi#tte burden of mitigation is to produce bio-
fuels that can substitute for fossil fuels anddquestrate the emissions from burning bio-fuels.
The growth of bio-fuels feedstock, however, introelsi new competitors for land that would be
otherwise used for traditional agricultural acied, in particular, food production. The Food and
Agriculture Organization of the United Nations (FAEstimates are that global food production
must increase by 60% by 2050 in order to keep up wie pace of population growth [72].
Therefore, the amount of bio-fuel production famate mitigation globally will be primarily a
trade-off between the benefits of reducing glodahate change and the costs of feeding the
growing world population. Finding an optimal globahlance between the uses of land for
growth of bio-fuels feedstock and production ofdaequires us to quantify the associated trade-
offs. Currently, our CSIRO team is in the proce$saupling GTEM-C with the dynamic
version of the GTAP bio fuel model (GDyn-Bio). TiDyn-Bio model explicitly models the
substitution between fossil fuels and biofuels, tegermination of land cover changes in

response to increased biofuel feedstock productind,the changes in crop yields (see Golub et

* Source: http://www.who.int/mediacentre/news/releases/2014/air-pollution/en/
3 Source: http://unfccc.int/meetings/lima_dec_2014/meeting/8141/php/view/seors.php
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765 al., [73]). Integrating these attractive featuré&®yn-Bio with those of GTEM-C on renewable
766  energies will provide an interesting tool for exjolg the intersection of issues related to energy,

767  food and climate.
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912 Figure 1. A Schematic Diagram of GTEM-C
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Figure 2: Preference of the Representative Houdehol
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921 Figure 3. Production Structure of echnology Bundléndustry
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925 Figure 4 Production Structure of aon-Technology Bundléndustry
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Figure 5. Overview of CSIRO’s Global Integrated éssment Modelling
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Figure 6. World GDP under the Baseline Scenario

Trillion 2007 USS

500
450
400
350
300
250
200
150
100
50
0
2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

MUSA EEU MJapan M China MIndia MRestof the World

38



941
942

943
944

Figure 7. Global GHG Emissions under Alternativer&urios
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945 Figure 8. Global Final Energy Consumption underBhseline Scenario
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950 Figure 9. Global Carbon Price under Alternativeriacms
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Figure 10. Global Energy Use under Alternative Sces
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Figure 11.
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Table 1. Regional Aggregation of GTEM-C

Code Name Regions

USA USA United States of Americ

EUR Europe Albania, Austria, Belarus, Belgium, Bulgaria, Caaa@roatia,
Cyprus, Czech Republic, Denmark, Estonia, Finl&ndnce,
Germany, Greece, Hungary, Ireland, Italy, Latvidhlania,
Luxembourg, Malta, Netherlands, Norway, Polandjuryal,
Rest of EFTA, Romania,
Slovakia, Slovenia, Spain, Sweden, Switzerlandtédhi
Kingdom

CHN China China, Hong Kong

JPN Japan Japan

IND India India

BRZ Brazil Brazil

CAN Canada Canada

AUS Australia Australia

NZL New Zealand New Zealand

IDN Indonesia Indonesia

MEX Mexico Mexico and Rest of North America

RLA Rest of Latin America Argentina, Bolivia, Caribbean,
Chile, Colombia, Costa Rica, Ecuador, El SalvaGaorgia,
Guatemala, Honduras, Nicaragua, Panama, Parageray, P
Uruguay, Venezuela, Rest of Central America, RESonith
America

RSA Rest of South Asia Bangladesh, Pakistan, Sri Lanka, Rest of South Asia

RNEA Rest of Northeast Asia Korea, Lao People's Democratic Republic, Malaygiangolia,
Nepal, Philippines, Singapore, Taiwan, Thailandggt\WWam,
Rest of ASEAN, Rest of East Asia, Rest of Oceania

FSU Former Soviet Union Armenia, Azerbaijan, Georgia, Kazakhstan, Kyrgyasta
Russian Federation, Ukraine, Rest of Europe

NAF Northern Africa Egypt, Morocco, Tunisia, Rest of North Africa

SAF Southern Africa Botswana, Cameroon, Cote d'lvoire, Ethiopia, Gh&eaya,
Madagascar, Malawi, Mauritius, Mozambique, Namibia,
Nigeria, Senegal, South Africa, Tanzania, Ugandania,
Zimbabwe, Central Africa, South Central Africa, Ref
Western Africa, Rest of Eastern Africa, Rest of tBoAfrican
Customs

MDE Middle East Bahrain, Islamic Republic of Iran, Israel, KazakdmstKuwait,

Oman, Qatar, Saudi Arabia, Turkey, United Arab Eteis, Rest
of West Asia
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Table 2. Sectoral Aggregation of GTEM-C

Code Description Contents
COoL Coa mining and agglomeration of hard coal, lignite pedt
OIL 0]] crude oil extraction, service activities
GAS Gas gas extraction, service activities, distribution
P C Petroleum & coke oven products, refined petroleum products;essing of nuclear
Coal Products  fuel
ELY Electricity & electricity and heat production, collection andritisition
Heat
CRP Chemicals, chemical, rubber, plastic products
Rubber and
Plastics
IS Iron & Steel basic production and casting of ferrous metals
NFM Nonferrous metals nec
Metal
NMM Non-metallic mineral products nec
minerals
OMN Other Mining minerals nec
MANU Manufacturing  textiles, wearing apparel, leather products, woadipcts, paper
products and publishing, metal products, electreqgigipment, motor
vehicles and parts, machinery and equipment nesufaetures nec,
transport equipment nec,.
WTP Water transport water transport
ATP Air transport air transport
oTP Land transport  road, rail, pipelines, auxiliary transport actiegj travel agencies
CROPS Crops paddy rice, wheat, cereal, oil seeds, vegetabiaits fnuts, sugar
beet/cane, plant-based fibres, crops nec.
LSTK Livestock bovine cattle, sheep and goats, horses, raw mak),vgilk-worm
cocoons
F F Fishery &F fishing, fish farms and service activities; forgstogging and related
service activities
FOOD Processed Food processed grains, sugar, vegetable oils and faity, ¢ovine
cattle/sheep/ goat meat products, beverages aaddolproducts, food
products nec.
SVCE Services communication, construction, water service, traagjrance,

dwellings, public admin. and defence, educatioaltherecreational
and other services, business services nec., fialss®ivices nec.
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972 Table 3. Post-Validation for GTEM-C Baseline Préidics

2007 2008 2009 2010 2011 2012 2013

GTEM-C
Global GDP Prediction 55.8 56.8 55.7 58.0 60.1 62.3 64.6
(Trillion 2007 US$) IME
Record 56.8 57.7 56.5 58.9 60.6 62.1 63.6
GTEM-C
Global CQ Emissions Prediction 30.6 31.3 32.0 32.7 33.7 34.6 35.6
(Gigatonne) GCP
Record 31.4 32.2 32.0 33.6 34.7 35.4 36.1
GTEM-C
Global Energy Consumption  Prediction 12.5 12.7 12.4 12.7 13.0 13.2 13.5
(1000 Mtoe) IEA
Record 12.1 12.4 12.3 12.9 13.2 13.5 n.a.
GTEM-C
Global Power Generation Prediction 2.0 2.1 2.0 2.1 2.2 2.2 2.3
(1000 Mtoe) IEA
Record 2.0 2.1 2.0 2.2 2.3 2.3 n.a.
973
974
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Table 4.

Total Discounted Benefits of Carbon Mitiga

A. Without Mitigation Benefit

Trillion USS p=0% 0=1% p=2% p=3% 0=4% p=5%
a=0.5 -171.1 -79.3 -38.1 -19.3 -10.4 -6.1
a=1 -147.4 -60.5 -23.1 -7.3 -0.8 1.6
a=2 -110.6 -35.8 -5.7 5.5 8.8 9.0
a=5 -70.7 -11.0 10.9 17.3 17.6 15.7
B. With Mitigation Benefit
Trillion USS p=0% 0=1% p=2% p=3% 0=4% p=5%
a=0.5 377.0 220.4 133.9 84.5 55.3 37.5
a=1 400.8 239.2 148.9 96.5 64.9 45.2
a=2 437.6 263.9 166.3 109.2 74.5 52.6
a=5 477.4 288.7 182.9 121.1 83.3 59.3

Note: The parameteris the price elasticity of substitution for elecitty, andp is the discount

factor.
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Appendix: Nomenclature

Symbols Description

U per capita aggregate utility

Up per capita utility from private consumption

Ug per capita utility from government consumption

Us per capita utility from saving

af,y positive parameters for aggregatiig, Ug andUs into U

Ep per capita private expenditure

Eg per capita government expenditure

Es per capita saving

Pp aggregate price of private consumption

Pg aggregate price of government consumption

Ps shadow price of saving

Y regional income

POP regional population

B; distribution parameter in the household’s indinetdity function

& substitution parameter in the household’s inditgiity function

®; expansion parameter in the household’s indiretityutunction

p; commodity price

q; percentage change of commodity demand

Di percentage change of commodity price

ep percentage change of private expenditure

pop percentage change of regional population

EP; cross price elasticity of substitution for privatsumption

EY; income elasticity for private consumption

X household’s demand for the energy composite

Q; commodity demand

D;,d;, k positive parameters in the CRESH function

qx percentage change of the household’s aggregatgyedemand

a; price elasticity of substitution for energy consuioip

Dx percentage change of the weighted aggregate epeogy
pem demand for domestic goods

Qi’mp demand for aggregate imported goods

o Armington elasticity of substitution

Ppom» Prmp budget share parameters for domestic and impodedsy
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990

Imp
Qr,i

demand for imported goods from a country

budget share parameter for imported goods frormuatcp
elasticity of substitution among imports from di#fat sources
quantity of assembling service in a technology-emadustry
quantity of technology bundle in a technology-benididustry
positive scale factors

capital stock

regional investment

depreciate rate

quantity of regional investment

price of regional investment

gross regional saving

regional rate of return on capital

global average rate of return on capital

positive parameters governing flows of internatidireance
global uniform adjustment factor to clear the fioamarket
regional foreign debt

regional gross domestic product (GDP)

energy use in private consumption

energy intensity of private consumption

energy use in industrial production

energy intensity of industrial production

emissions from private consumption

emissions intensity of private consumption

emission in industrial production

emissions intensity of industrial production

carbon price mark-up in commaodity price

emissions from industrial process

emissions intensity of industrial process

emissions intensity of industrial process

regional climate damage

parameters in the regional climate damage function
annual variation of global average temperature
discount factor
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