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Abstract

The present work analyses the effect of a stakiimgbolicy of GHG in the atmosphere on the
advancements of the technological frontier of ebrgy and non-energy sector when the two are
linked through mutual intersectoral spillovers. Taealysis is performed using WITCH, a
dynamic integrated regional model of the world ewop. We include intersectoral knowledge
spillovers in a version of the model in which R&Bvestments can be directed towards energy
and non-energy inputs. We find that, when a climadécy is imposed, R&D is re-directed
towards energy knowledge and total optimal R&D stweent decreases, due to a more than
proportional contraction of non-energy R&D. Howevimre reallocation of investment across the
two R&D sectors is less dramatic than when spillevare not modelled, and, as a result,
stabilization costs are reduced.
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1. Introduction

There is now a wide agreement on the fact that siriggent climate policy will call for a
tremendous effort in technological innovation. ®fere, it is well comprehensible that at the

frontier of climate and energy modelling resear@hfind the study of innovation dynamics.

During the last decade the description of techribainge in integrated model for climate policy
analysis has greatly improved. However, currentr@gghes still omit important elements that
affect the dynamics of technical change and a fofsdmework for analysing technical change
is advocated. In particular, knowledge externaijti@though pervasive and extremely relevant

in shaping innovation dynamics, are still very hagescribed.

Several studies have pointed out that the soctakraf return on R&D expenditure is higher
(four time according to Jones and Williams, 1998t the corresponding private rates. This
results from the well established empirical findihgt the estimated elasticities of TFP to R&D
capital are higher at aggregate level than at fewel, and, as emphasized for example by

Griliches (1992), is an implicit indication of tipeesence of technological spillovers.

Spillovers are generally acknowledged as a fundsmhespect of technical change. The new
growth theory following the seminal work of Romé&®00), has emphasized the importance of
both international R&D knowledge spillovers (Grossmand Helpman, 1991, ch.11 and 12),
and intrasectoral and intersectoral R&D knowledgdlavers (Jones, 1999; Li 2000) in
explaining countries’ productivity. Those contritunts have stimulated the development of a
number of studies that estimate the impact of R&lllavers from other firms, sectors or
countries’ Overall the available empirical evidence suppthtsidea that spillovers effect are
relevant and positive, even if the variety of melblogies and techniques applied has produced
a considerable variation in estimates of the sizeR&D spillovers and of their significance

across studies.

Until now, the few attempts to incorporate R&D &pikrs in integrated models for the study of
climate policy have been confined to the inclusidintertemporal spillovers (e.g. Bosedtial,

2008 introduces international energy-related kndgte spillovers in the WITCH model).

’An extensive review of the literature on spillovatdirm level can be found in Wieser (2005). Kelle
(2004) reviews a large part of the literature derinational spillovers .



However, despite international spillovers allow &her description of trans-boundary
knowledge diffusion and enlarge the scope of irggomal technological cooperation, empirical
studies provide evidence that inter-sectoral sygife are extremely significant as claimed by

Wieser (2005) in his broad review of the literature

In order to fill this gap, in the present work weneer the introduction of inter-sectoral
spillovers in an Integrated Assessment model. W#d bupon previous work in which
knowledge dynamics of the WITCH model have beenickad by introducing directed
technical change in energy and non-energy inpudsréo, Massetti and Nicita, 2009).

Without spillovers, models unrealistically assurhatt advance of technological frontiers of
different sectors are mutually independent. andt dmiconsider the interactions among

different drivers of technical change.

The goal of the present work is to study the effibeit modeling inter-sectoral knowledge

spillovers has on the advances of the technologioatier and on the costs of climate policy.

The paper is organized as follows. Section 2 laydlee details of the model. Section 3 explains
the calibration procedure. Section 4 describes sbasic features of the BaU and introduces
some historical evidence on R&D patterns. Sectiamtrdduces and discusses the Stabilization

Policy scenario. Conclusions follow.

2. Model Description

2.1 Short model description

WITCH -World Induced Technical Change Hybrid modsl-a regional integrated assessment
model designed to provide normative informationttos optimal responses of world economies
to climate damages and to model the effects ofatknpolicy into the world economic systems.
It is an hybrid model because it combines featofdsoth top-down and bottom-up modeling:
the top-down component consists of an inter-tenpoptimal growth model in which the
energy input of the aggregate production functiaa heen expanded to yield a bottom-up like
description of the energy sector. World countries grouped in 12 regions whose strategic
interactions are modeled using a game-theoreticoapp. A climate module and a damage

function provide the feedback on the economy adbcardioxide emissions into the atmosphere.



WITCH's top-down framework guarantees a coherently fintertemporal allocation of
investments that have an impact on the level oigatibpn — R&D effort, investment in energy
technologies, fossil fuel expenditures. The rediapacification of the model and the presence
of strategic interaction among regions - through ,,C@xhaustible natural resources,
technological spillovers — allows us to accounttfa incentives to free-ride. Also, investment
strategies are optimized by taking into accounhlamonomic and environmental externalities.
In WITCH, the energy sector is described with afisigint degree of detail and permits a
reasonable characterization of future energy arwhntogical scenarios as well as an
assessment of their compatibility with the goaktabilizing greenhouse gases concentrations.
Also, by endogenously modeling fuel (oil, coal,urat gas, uranium) prices, and the cost of
storing the captured GQOthe model can be used to evaluate the main impaEfctnitigation
policies on the energy system, in all its composeht the following section, we selectively
present some features and equations of the modglate functional to our analysis of
technological change. For a throughout descriptibtihe model see Bosetti al (2006) and for

calibration details and a discussion of the basad#e Bosetti, Massetti and Tavoni (2007).

2.2 Directed Technical Change with Intersectoral Spillovers

Gross output,GY (n,t),3 in countryn at timet is produced by combining energy services,

ES(n,t), and capital-labor servic&d S(n,t) in a CES nest:

GY(n,t)=TFP(n,t)| ay (n) KLS™ + (1~ ay () EES(n, 1) ]WY (1)

Energy services and capital-labor services araraaleby aggregating raw inputs to knowledge,
which raises their productivity. We use, as a prokiknowledge, the cumulated stocks of R&D

in the Non-Energy and Energy sectobL (n,t) and HE (n,t), respectively. The aggregation

between raw inputs and knowledge is assumed toviadl standard CES function:

Es(nt)= [aEs (HE(n,)7ES + (1~ aes (M)EN(n1) 75 | 755 )

Ypyis 3)

KLS(n,t) = [ s (NHKL(N, K + (L= o (n))KL(n, 1) Kes

3

% Net output,Y (n,t) , Is obtained after accounting for the effectslmhate change on production and the
expenditure for fuels and carbon capture and sé@ies, as shown in detail in the Appendix.
* Wherep = (0 - l)/ o and g is the elasticity of substitution.



Calibration details are discussed in Section 3. &hergy inputEN (n,t) is produced in the

Energy sector of the economy and is described timilde Bosetti, Massetti and Tavoni (2007).
It basically consists of a series of nested CES$tfans that describe energy supply and demand
at different levels of aggregation. Capital andblahre aggregated in a CES nest to produce the

capital-labor raw inpukL as follows:

KL(n’t) = [aKL (n)Kc (n,t) + (1_ axL (n))L(n't)pKL ]UPKL

4
This formulation is supported by empirical evidera® carefully explained in Carraro, Massetti
and Nicita (20095.

As in previous versions of WITCH, the hybrid natwé the model allows us to portray
endogenous technological change also from a botijpmerspective, by letting Learning-by-

Doing to reduce the cost of power generation plants

2.3 The R&D Sectors

The production of new ideas that accumulates inrdggon’s knowledge stocks follows an
innovation possibility frontier specification. Weaunt for two different types of knowledge
spillovers. First, knowledge is produced standing tbe shoulders of one nation's giants:
investment in R&D is combined with the stock ofddealready discovered and produces new
knowledge which will be the base for new discowiie the following years (Romer, 1990;
Jones, 1995; Popp, 2004). Second, with this studyimroduce intersectoral knowledge
spillovers by including among the inputs of theadgnerating process in one sector knowledge

accumulated in the other sector. Accordingly, thedpction of new ideasZ (n,t), in the

Energy and Non-Energy sectors is modelled as fallow

Z.e(nt) = al,o(nt)°HE(n,t)°HKL(n,1)¢, (5)

Zoo (Nt) = F 1 (n)9HKL(N,t)"HE(N,t)'. (6)

®> See, among others: van der Werf (2007), Kemf@®&) and Chang (1994).



Whereb+c+d <1 and g+h+i <1. We assume that obsolescence makes a fractiaf

past ideas not fruitful for the purpose of curré@movation activity. As a consequence, the

stocks of knowledge evolve according to the follogviaw of motion:

HE(n,t+1) = HE(n,t)A-0) +Z,(n,t) @)

HKL(n,t+1) = HKL(n,t)(1-J) +Z,, (n,t) 8)

The decision variables of the model are the inveatmin physical capital (for all different
technologies in the energy sector and for the démeapital stock), the two types of R&D
investments and fuels expenditures for non-ele@niergy. As a consequence the decision to
invest in Energy R&D and Non-Energy R&D, and theref total R&D, is endogenous,
optimally derived in each country/region by solvimgynamic open-loop game which leads to a
Nash equilibrium.

We can either solve the model assuming that knaydexpillovers are an externality, which the
social planner that governs the economy is not &bleontrol, or we can assume that society
fully internalizes knowledge externalities and cbe® the optimal path of R&D investments
accordingly. Our baseline scenario is constructétth the hypothesis that knowledge spills
across sectors as an externality. With this seirepeproduce the sub-optimal investment rate

in knowledge as observed in reality.

3. Calibration

With respect to the standard version of the nfodel adopt the same nesting structure of the
production function as in Carraro, Massetti anditsli€2009) to which we refer for a detailed

description of empirical evidence supporting thesen structure and value of parameters. The

elasticity between energy and capital-labor sesyicg, , is set equal to 0.5. The elasticity of
substitution between labor and capitel,, , is equal to 0.8 for all regions but China andtSou

Asia, for which we allow for a greater elasticity substitution @, equal to 0.85). We

calibrate energy R&D as in Popp (2004). Parameitithe CES function between energy and
knowledge and of the innovation possibility frontage chosen to be consistent with historical

levels and to reproduce the elasticity of Energy[R& energy prices. The elasticity of

® We use here the latest version of the moWITCHOS. In the latest version, the model has been
updated with more recent data and revised estinfateguture projection of population, economic
activity, energy consumptions and climate variabld® base calibration year has been set at 2005.



substitution between energy and energy knowledng,, is accordingly set equal to 1.67 and

the same is assumed for the elasticity betweenatdgbor and non-energy knowledge,, .

R&D investments in the non-energy sector are atsoirmed to yield a return four times higher
than the interest rate. The initial stock of Norekyy knowledge is calibrated to obtain R&D
investments in the initial time period which areoab2% of GDP, a figure very close to the
historical one.

Finally, the value of the elasticity of new knowded creation with respect to intersectoral
spillovers is set equal to 0.16. Its calibratiom@sed on both the contributions of Malerba et al.
(2007) and Keller (2002). Malerba et al. (2007)ireate a spillover-augmented knowledge
production function as the one we have assumedrimvork. They find that, at macro level, the
elasticity of knowledge creation with respect téemsectoral spillovers is between 0.11 and
0.20. Keller (2002) estimates the relative contidou to total productivity of intrasectoral,
intersectoral and international spillovers. He §inat half of total productivity effect is due to
own-sector R&D, about 30% comes from intersectd@hestic R&D, about 15% is due to
intersectoral foreign R&D and only 5% comes fronmnesector foreign R&D.

We calibrate the model with intersectoral knowledgpdlovers in order to obtain the same
knowledge stocks of Energy and Non-Energy R&D ath&xmodel without spillovers. Given
the chosen value for the elasticity of knowledgeation to intersectoral spillovers, we change
parameters and h, the exponents of knowledge stocks. By doing thatassume that the
version of the model without spillovers alreadytfead a well behaved time pattern for
knowledge stocks. In fact, especially in the enesggtor, the stock of knowledge has been
calibrated to reproduce observed patterns of eneffigiency improvements. Since the stocks
are identical with and without intersectoral spibos, investments will be lower when spillovers
are modelled. These extra resources are spreadssache many different investment
possibilities described in the model with very nrimbanges in the path of the other variables
(see also Bosett al, 2008).

4. The Baseline Scenario
Our Baseline scenario is obtained as an open-lagh Mquilibrium in which regions compete
on the use of the environmental public good, onube of fuels and experience technology

spillovers in the electricity sectdr.

" In Bosettiet al (2008) and in other versions of the model them a@so international knowledge
spillovers in the Energy R&D sector. This previoussian of the model does not model non-energy
R&D investments.



Table 1 summarizes baseline trends of major vasabahd indicators of interest. GWP increases
over the whole century, starting from 44 trillions2005 it increases to 365 trillions in 2105, an
almost nine-fold expansion. Population grows aedliding rate and start decreasing at the end
of the century. The gains in energy efficiency akplthe reduction of emissions per unit of
output, however, the strong expansion of outputatf all efficiency gains and overall carbon
emissions increase throughout the century, leatting doubling of C@ concentrations in the
atmosphere.

The model yields a rather constant path of R&D exiitere, as share of GWP. As a result, the
fraction of investment devoted to knowledge creati® increasing. The model also yields a
slightly declining path of Energy R&D as share a8, a first increasing and then declining
path of Non-Energy R&D as share of GWP, and a diegjirate of Energy to Non-Energy R&D

investments.

| 2005 2025 2045 2065 2085 2105
GWP (Trillions, 2005 USD) 44 87 150 224 300 365
World Population (billions) 6.5 8.0 9.0 9.5 9.5 9.0
Carbon Intensity of Output | 0.218 0.153 0.115 0.091 0.077 0.064
CO2 concentrations in the atmosphere (ppm) 390 444 516 599 689 775
R&D expenditure (Y%oGWP) 1.682% 1.756% 1.760% 1.762% 1.744% 1.661%
Non-energy R&D (%GWP) 1.666%  1.742% 1.746% 1.748% 1.731% 1.648%
Energy R&D (%GWP) 0.016% 0.014%  0.014% 0.014% 0.013% 0.012%
Energy R&D (%Total Investment in R&D) 0.924%  0.818% 0.789% 0.775% 0.760% 0.742%

Table 1. Baseline Trend of Major Variables

The optimal R&D investment path is in line with thistorical trends of aggregate R&D. Figure
1 shows both the historical levels and the optitnehd of total R&D over GDP for OECD
countries. Historic data show a slightly increasirend over the past 25 years, starting from
1.9% in 1981 and reaching 2.25% in 2005. The saemsltis predicted in the baseline scenario,
with total R&D over GDP increasing from 2% in 20@b6almost 2.5% at the end of the century.
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Figure 1. R&D as Percentage of GDP in OECD countries

5. Climate Policy: the Stabilization Scenario

The Stabilization Scenario is constructed by impgs cap on carbon emissions and by letting
regions exchange carbon allowances on a globalooarharket which equates marginal
abatement costs globally. We choose here an “Egeal Capita” allocation of carbon
allowances.

The path of emission we impose leads to a stabtizaf CO, concentrations at 450ppm at the
end of the century. This target is roughly equinti® a 550ppm target with all Greenhouse

Gases included.

| 2005 2025 2045 2065 2085 2105
GWP (Trillions, 2005 USD) 44 86 147 218 295 367
World Population (billions) 6.5 8.0 9.0 9.5 9.5 9.0
Carbon Intensity of Output 0.218 0.113 0.047 0.022 0.015 0.012
CO2 concentrations in the atmosphere (ppm) 390 408 431 441 444 447
R&D expenditure (%oGWP) 1.668% 1.705% 1.661% 1.649% 1.637% 1.570%
Non-energy R&D (%GWP) 1.649% 1.682% 1.632% 1.619% 1.610% 1.546%
Energy R&D (%GWP) 0.019% 0.023%  0.029% 0.030%  0.027% 0.023%
Energy R&D (%Total Investment in R&D) 1.136% 1.338% 1.763% 1.790% 1.635% 1.475%

Table 2. Stabilization Trends of Major Variables

Table 2 displays the optimal trend when the stadiilon policy just briefly described is
implemented. As expected, Gross World Product (GWiRY the whole optimization interval

2005-2105 is reduced. Discounted costs, measureddastions of net GDPs and aggregated



over regions, are -1.5% of baseline discounted GRffergy R&D shows an increasing trend
while Non-Energy R&D investments are found to bedo than in the baseline scenario. The
contraction of knowledge generation in the Non-Bgesector offsets increased knowledge
creation in the Energy sector and, as a resultmbdel finds optimal to reduce total R&D
investments and the pace of knowledge accumul&istowed down.

This result matches that obtained and widely disedisn Carraro, Massetti and Nicita (2009).
In the analysis performed in the previous contidiutve showed that it is the mitigation policy,
and not the increase in Energy R&D, that crowds Maoh-Energy R&D investment. This
happens because the implementation of the climatieypgenerates a contraction of the
economy and because it slows down the pace of wilaged technical change. In other words
since our model features that higher R&D in the Mmergy sector increases the demand of
Energy; it is thus optimal to decrease technicalgpess in the Non-Energy sector when a
stringent climate policy is imposed.

However, when we turn at comparing the magnitudéhefchange in Non-energy R&D and
Energy R&D investment we discover that the modeilt timcludes inter-sectoral spillovers
performs quite differently with respect to the miogéhout spillovers as shown in figure 2 and

figure 3.
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Figure 2. Percentage change of Investments in Non-Engg R&D: stabilization wrt bau
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Figure 3. Percentage change of Investments in Ener@R&D: stabilization wrt bau

When we model intersectoral spillovers, we findt e effect of climate policy is confirmed
but Energy R&D increases less and Non-Energy R&Erateses less with respect to the model
without knowledge externalities. Since the Non-EByeR&D sector is much larger than the
Energy R&D sector this implies that total R&D intt@ents decline less when intersectoral
spillovers are modelled. It is important to strekat this result is obtained in a solution
framework in which knowledge spillovers are a pexeernality.

As a result, climate policy costs -measured agdlie of discounted policy-induced GWP loss
over discounted GDP in the BaU scenario- is equal®6% when spillovers are not accounted
for and to 1.50 when spillovers are modelled. Tihiplies that not modelling intersectoral
knowledge flows leads to an overestimation of poleosts of about 10%. This result is

remarkable and has not been shown before in gratitre.

Stabilization Policy ani

No Spillovers Spillovers Spillovers Internalized
Energy R&D Investments 99% 94% 895%
Non-Energy R&D Investments -10% -8% -2%
Total R&D Investments -9% -7% 5%

Table 3. The climate policy induced change in R&Dnvestments, 2005-2105.
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Stabilization Policy ani

No Spillovers Spillovers Spillovers Internalized

Stabilization Cost 1.66% 1.50% 0.98%

Table 4. The Cost of the Stabilization Policy

Costs are measures as the ratio of discounted Gi3Bddo discounted GDP in the BaU scenario. We
use a discount rate of 3% which declines over émuy.

The final exercise we present in this paper comsideworld in which both externalities —the
environmental and the knowledge one- are intere@liZ his is of course a very idealized world
but it permits to assess what are the implicatminmarket failures in the R&D sector in terms
of innovation dynamics and output losses, whenriag&nt climate policy is implemented.
Table 2 displays the impact on R&D investments. Wam see that when spillovers are
internalized, energy R&D increases eight-fold whetap on emissions is imposed. This results
in a tremendous expansion of the energy R&D sebtost interestingly, the Non-Energy sector
contraction is more modest and as a result ov&&ID spending in the economy increases

when the climate policy is imposed.

Stabilization costs, shown in Table 3, are 35% lowhken both externalities are addressed.
Thus, it emerges that policies that contrast mafdiéires in the R&D sector do not contrast
with environmental targets. Quite the opposite, study has shown the potential for powerful

synergies.

Conclusions

With this study we have introduced intersectorabwiedge spillovers in a version of the
WITCH model with directed technical change. In ouwdelling framework R&D investments

can be used to increase the productivity of therggnaput as well as to enhance the yield of
Non-Energy inputs. Knowledge spills from one sector the other, contributing to the

generation of new ideas in a sector in which it wassoriginally accumulated. By doing so, we
do not arbitrarily change the dynamics of knowledgeumulation displayed by the WITCH

baseline scenario. Instead, we calibrated the mudldl knowledge spillovers in order to

reproduce economic, technological and environmahabmics of the model without explicit

knowledge spillovers. This allows us to understavitht are the implications of modelling

intersectoral knowledge spillovers on R&D accumualatdynamics and on stabilization costs

when a climate policy is imposed.
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We have shown that the stabilization of S&@ncentrations at 450ppm (550 all GHG) Energy
R&D investments increase less and Non-Energy R&Bestments decrease less when
intersectoral knowledge spillovers are modelledveMineless, we still reproduce the result
found in Carraro, Massetti and Nicita (2009) tHs tlimate policy induces a contraction of

total R&D spending.

Quite remarkably, we find that when intersectongillevers are modelled the costs of the
stabilization policy drop by almost 10%. This findihas important implications particularly for
the modelling community and fosters the adoptionaobetter description of knowledge

dynamics in integrated assessment models usedtoage climate policies.

Finally, we have shown that total R&D increases amd climate policy if there is a
commitment to internalize domestic knowledge extities. By internalizing both knowledge
spillovers and the environmental externality, wevéhahown that it is possible to reduce
stabilization costs by 35% with respect to a siadtiion scenario in which R&D social benefits

are not fully internalized.
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Appendix A: Model Equations and List of Variables.

In this Appendix we reproduce the main equationthefmodel. For a full description of the modelgsle
refer to Bosetti, Massetti and Tavoni (2007). Tls¢ dif variables is reported at the end. In eacforeg
indexed byn, a social planner maximises the following utifitnction:

w(n) = ufcn,Lnt]Ro) =Y L(nt{loglcn H]}RE), (A1)
t t
wheret are 5-year time spans and the pure time preferdisceunt factor is given by:
t
R(t) = |‘! [+ p)]°, (A2)
V=
where the pure rate of time preferemfe) is assumed to decline over time. Moreov&n,t) = % is
n1
per capita consumption.
Economic module
The budget constraint defines consumption as rtetibless investments:
C(n’t) = Y(n’t)_ lc (n't)_ I R&D,EN (n't)_ I R& D, KL (n't) (A3)

=2 reoy (W)= 1, (nt)-3° 0&M  (n,t)

Wherej denotes energy technologies.

Output is produced via a nested CES function tbatlines a capital-labor aggregate and energy;atapit

and labor are obtained from a CES function. Theaté damag&€? reduces gross output; to obtain net
output we subtract the costs of the fiedsid of CCS:

| TP, (KL +-a () ES(u [

Q(n,t)
=3 (P ()X o () PPOX e (n8) (A4)
-P-es(nt)ccs(n,t)

Y(n,t

Total factor productivityTFP(n,t) evolves exogenously with time.

Energy services are an aggregate of energy armtla et knowledge combined with a CES function:
ES(n,t) = [aHE (NHE(n,t)?= +argy (n)EN(n,t)pEs]””E” . (A5)
Energy is a combination of electric and non-eleatnergy:

EN(n,t) = [ EL(n, )% + o NEL(n, t)P | Voo | (A6)
Each factor is further decomposed into severalcgamponents. Figure 2 portrays a graphical illugtrat
of the energy sector. Factors are aggregated @®) linear and Leontief production functions.
E?]?:ittiilr-ll-abor services are obtained aggregatingpatal-labor input and a knowledge stock with a CES

Upa
KLS(n,t) = [aHKL (n)HKL(N, )7 +a, (n)KL(n,t)pKLS] (A7)
The capital-labor input is a CES combination of isdpand labor. Labor is assumed to be equal to

population and evolves exogenously.

KL(I’I,t) — [aK (n)KC (n,t)pKL +a, (n)L(n1t)pKL ]1/,0KL (A8)
Final good capital accumulates following the staddgzerpetual rule:
Ke(nt+1) = Ke(nt)L-3c)+1c (nt) (A9)
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New ideas which contribute to the stock of energpwedge, Z, (n,t), are produced using R&D
investments,l o, , e (n,t), together with the previously cumulated knowlestek HE (n,t) :

Z..(nt) = al,c(nt)’HE(n,t)°HKL(n,t)* O (A10)
Similarly, new ideas in the non-energy sector amegated as follows:

Zo (1) = £1,, (n,)HKL(N,t)"HE(N,t) (A11)
The two knowledge stocks evolve as follows:

HE(n,t +1) = HE(n,t)(1-0) + Z, e (n,t) (A12)
HKL(n,t +1) = HKL(n,t)(1-3) + Zy (n,t) (A13)

For illustrative purposes, we show how electricgétyproduced via capital, operation and maintenamck
resource use through a zero-elasticity Leontiefeggte:

EL, (n,t)=min{ 1, K, (n,t);7, ,0&M  (n,t);¢; X, o (n,1)}- (A14)
Capital for electricity generation technologieswanalates as follows:
I (n,t
K, (nt+1)=K,(no(1-5,)+ iy (A15)
C;(n,t)

where, for selected technologies, the new capitaéstment cosS8C(n,t) decreases with the world
cumulated installed capacity by means of Learnigdabing:

sCi(nt)=B;(MY. > K, (n,t) %™ (A16)

Operation and maintenance is treated as an invastiinat fully depreciates every year. The resources
employed in electricity production are subtracteairf output in equation A3 and A4. Their prices are
calculated endogenously using a reduced-form aasttion that allows for non-linearity in both the
depletion effect and in the rate of extraction:

P (n,t) = X (n) + 77 (n) [Qf (n,t _1)/6f (n,t)] i) (AL7)
whereQ; is cumulative extraction of fué
Qi (nt-1)=Q(n0)+ Y X oq (n.5). (A18)

Each country covers consumption of fuel, Xf(n,t), by either domestic extraction or imports,
Xfyneﬁmp(n,t), or by a combination of both. If the country ieet exporter,X ¢ neimp (n,t) is negative.
Xf (n!t) = Xf,extr (I’],t)+ Xf,netimp(nit) (A19)

Climate Module

GHGs emissions from combustion of fossil fuels @egived by applying stoichiometric coefficients to
the total amount of fossil fuels utilised minus #raount of CQ sequestered:

CO,(nt)= " @1 c0, Xt (nt)-CCS(n,t). (A20)

When a cap on emission (CAP) is included we havadalitional equation, constraining emissions, given
the possibility to sell and buy permits:

CO,(n,t) = CAP(n,t) + NIP(n,t) (A21)
In addition, carbon permits revenues/expenses #redsudget constraint:
C(n,t) = Y(n,t) —lc (n’t) ~lreDEN (n,t) ~lrep kL (n,t)

> tasos(0)-3 1,(00)- Y 0am  (n.t)- pNIP(e.t) (A3)

The damage function impacting output varies withbgl temperature:
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Q(n,t) = ! -

1+(6,T(0)+6,,T1)?)
Temperature increases through augmented radiaiiom§ F(t):
T+ =TM+o{ FE+)-ATO) - [T -Too O]}

which in turn depends on G@oncentrations:
F ) =] log|M 1 1)/ M £t |- log(2)}+0(0)

caused by emissions from fuel combustion and laadchange:

Mar(t+D) = Z[Coz(n’t)“‘ LU; (t)]"‘ AM a1 (1) + @M yp (1) ,

Myp(t+1) = ¢goMyp (1) + oM a7 () + ¢3oM 6 (1)
M o(t+1) = ¢M o (t) + ¢sMyp(t) -

(A22)

(A23)

(A24)

(A25)

(A26)
(A27)
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