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Research agenda and our ultimate goal

Background: big project on building global, high-resolution integrated
assessment model to provide a macroeconomic framework for
analyzing the interaction between the economy and the climate.

Today; construct a transparent and simple, yet quantitatively relevant
global long-run growth model with climate change

with regional heterogeneity in climate damages, size and supply of
energy,
allowing endogenous technical change in energy supply, motivated by
recent trends in cost-reductions of green energy and non-conventional
fossil fuels like fracking.

A first attempt, more serious calibration of energy supply and R&D
straightforward (we think) but not yet done.
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Standing on the shoulders of giants

Solow, Dasgupta and Heal — for long-run growth models.

Nordhaus — for integrated assessment models.

Romer — for endogenous growth.

Acemoglu, Aghion, Bursztyn and Hemous for directed technical
change.
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Outline of talk

1 Present a Integrated Assessment Model with heterogenous climate
damages and several sources of energy.

2 Calibration of the model for exogenous growth in TFP and energy
production.

3 Experiments:

1 global carbon tax, global coal tax, taxes only in Europe.
2 different trends in production costs of energy sources (fossil vs
renewables).

4 Endogenize technology for production fossil fuel and renewable energy.
5 Calibration and analysis of how R&D and carbon taxes interact.
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A simple regional integrated assessment model

Three integrated parts, models of:

1 economic growth incl energy use,
2 carbon circulation, and
3 climate change.

Model framework builds on Nordhaus (RICE/DICE), and Golosov et
al. (2014).
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The economy

r regions: r − 1 have no conventional oil but other sources of energy
(oil consumers), one region is the oil supplier.

Representative consumer in i ∈ {1, 2, ..., r} with preferences

E0
∞

∑
t=0

βt log(Ci ,t ). (1)

Oil consuming regions produce common final good,

Yi ,t = Ai ,tL1−α−ν
i ,t K α

i ,tE
ν
i ,t

Ai ,t is factor productivity, Li ,t is labor, Ki ,t is the capital stock and
Ei ,t energy services (an aggregate of different energy sources/fuels).
Oil supplying region only sells from its finite oil reserv, extracted at
zero cost.
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Energy production

Energy services provided competitively by representative firm in each
region:

Ei ,t = E(e1,i ,t , . . . , en,i ,t ) =

(
n

∑
k=1

λk (ek ,t )
ρ

) 1
ρ

where e1,i ,t import of oil to region i , e2,i ,t , ..en,i ,t produced regionally
with linear production function using the final good as input.

Oil traded on global market at price p1,t .

Other energy sources produced in each region at cost pk ,i ,t and not
traded.
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Resource constraints

Resource constraint for oil consuming regions

Ci ,t +Ki ,t+1 = Yi ,t − p1,te1,i ,t −
n

∑
k=2

pk ,i ,tek ,i ,t + (1− δ)Ki ,t

= Ŷi ,t + (1− δ)Ki ,t .

for oil supplying region

C1,t = p1,t
n

∑
i=2
e1,i ,t

Rt+1 = Rt −
n

∑
i=2
e1,i ,t

where Rt ≥ 0 is remaining oil in ground.
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Emission and carbon circulation

Energy source k produces gk units of carbon emissions. Measure
fossil fuels in carbon content, for these gk = 1.

Aggregate regional emissions

Mi ,t =
n

∑
k=1

gkek ,i ,t

Golosov et al. (2014), building on IPCC, show that a simple
depreciation model for the atmospheric excess stock of carbon St well
replicates advanced carbon circulation models.

St =
t

∑
s=0
(1− dt−v )∑

i
Mi ,t

where
1− ds = ϕL + (1− ϕL) ϕ0 (1− ϕ)s

measures how much of unit of emissions is left s periods after it was
emitted.
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Climate and damages

Emissions affect global energy budget (inflow from sun - outflow to
space) through greenhouse effect. Provides mapping from St
(atmospheric carbon stock) to Tt (global mean temperature).
(Arrhenius, 1896).

Climate change affect regional economy through summary damage
function multiplying GDP (Nordhaus).
Combined mapping (from St to Tt to damages) well approximated by
constant elastic (exponential) damage function (Golosov et al,
2014).

Allow one period lag. Then aggregate TFP is a function of St−1 (and
exogenous potentially stochastic trend zi ,t);

Ai ,t = e(
zi ,t−γi ,tSt−1)

γi ,t is lost flow of GDP per unit of carbon in atmosphere.
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Markets and equilibrium

Perfect and complete regional markets and global market for oil (oil
import is paid with the final good).

No international bond-market, no international market for other
sources of energy (coal, renewables).

Optimum for representative oil producer yields

Rt+1 = βRt , C1,t = p1,t (1− β)Rt .

Regional competitive energy service provider minimizes cost of energy
services

min
ek ,i ,t

n

∑
k=1

pk ,i ,tek ,i ,t − Pi ,t

( n

∑
k=1

λk (ek ,t )
ρ

) 1
ρ

− Ei ,t


Simplify by assuming full depreciation δ = 1. Use period length of a
decade. Implies constant savings rate at αβ

1−ν .
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Equilibrium

Allocation determined by Ki ,t ,Rt and St−1 and satisfies:

1 Constant capital savings rate αβ
1−ν of net output.

2 (aggregate energy price) Pi ,t =
(
p1,tλ1 +∑nk=2 p

ρ
ρ−1
k ,i ,tλ

1
1−ρ

k

) ρ−1
ρ

3 (aggregate energy use) Ei ,t =
(

ν
e(zi ,t−γi ,t St−1)L1−α−ν

i ,t K α
i ,t

Pt ,i

) 1
1−ν

4 (energy source use) ek ,i ,t = Ei ,t
(
Pt ,iλk
pk ,i ,t

) 1
1−ρ

5 (oil demand) e1,i ,t = Ei ,t
(
Pt ,iλ1
p1,i ,t

)
6 (oil equilibrium) ∑ri=2 e1,i ,t = (1− β)Rt
7 (state variable l-o-m) Ki ,t+1 =

αβ
1−ν Ŷi ,t , Rt+1 = βRt and

St = ∑tv=0(1− dt−v )∑i Mi ,t .

Equilibrium determined sequentially without forward-looking
components. Everything but oil price p1,t determined by closed-form
expressions. Can solve in excel sheet.
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1−ν Ŷi ,t , Rt+1 = βRt and

St = ∑tv=0(1− dt−v )∑i Mi ,t .

Equilibrium determined sequentially without forward-looking
components. Everything but oil price p1,t determined by closed-form
expressions. Can solve in excel sheet.

(IIES, IIES, Riksbank and IHS) Integrated Assessment in a Multi-region World with Multiple Energy Sources and Endogenous Technical Change5/5 12 / 33



Equilibrium

Allocation determined by Ki ,t ,Rt and St−1 and satisfies:

1 Constant capital savings rate αβ
1−ν of net output.

2 (aggregate energy price) Pi ,t =
(
p1,tλ1 +∑nk=2 p

ρ
ρ−1
k ,i ,tλ

1
1−ρ

k

) ρ−1
ρ

3 (aggregate energy use) Ei ,t =
(

ν
e(zi ,t−γi ,t St−1)L1−α−ν

i ,t K α
i ,t

Pt ,i

) 1
1−ν

4 (energy source use) ek ,i ,t = Ei ,t
(
Pt ,iλk
pk ,i ,t

) 1
1−ρ

5 (oil demand) e1,i ,t = Ei ,t
(
Pt ,iλ1
p1,i ,t

)
6 (oil equilibrium) ∑ri=2 e1,i ,t = (1− β)Rt

7 (state variable l-o-m) Ki ,t+1 =
αβ
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Taxation

Introduce fossil carbon taxes straightforward. Analyze two cases:

1 ad-valorem taxes (price including taxes = (1+ τi ,tgk ) pk ,i ,t ) and
2 per unit tax (price including taxes = τi ,tgk + pk ,i ,t )

Allocation equations are the same, except that if tax revenues are
non-zero and distributed lump-sum to consumers, savings rate is no
longer exactly αβ

1−ν .

Negligible deviation, now keep constant savings rate.
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Questions - exogenous technology

How is allocation affected if a global carbon or coal tax is introduced?
If only Europe introduces it?

What happens if trends in cost of energy sources change (coal vs
renewable)?

Focus on amount of global warming and distributional consequences
(between Europe, US, China, Africa and Oil producers).
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Calibration

5 regions, oil producers, Europe, U.S., China, Africa.

3 sources of energy, oil (finite supply 400 GtC), coal and
renewables. Latter two perfectly elastic at prices pk ,i ,t (later allow
R&D to affect these).

Standard assumptions for discounting and final good production.

Elasticity of substitution between energy sources 0.95 (Stern, 2012).
Energy suppliers production function calibrated based on observed
market prices and quantities. Cost of coal production allowed to differ
across regions (World Energy Outlook). Price renewables = current
price of oil.

Price of domestic fuels in terms of output good constant in
bench-mark (equal tech trends).

Regional damage parameters γi based on Hassler and Krusell (2012)
and Nordhaus. Higher in EU and Africa, lower in China and US.
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Experiments - taxes

Compare global (European only) carbon tax and coal tax. Set to the
optimal global tax 56.9 US$ per ton carbon (Golosov et al. 2014).
Increases by 2% per year (follows global GDP).

Summary of results:

Global coal tax is effective in mitigating climate change — tax on oil or
EU-only taxes not effective.
Africa and Europe gains by global carbon/coal tax, US and China not
much affected.
Oil producers loose from oil tax (which doesn’t change the climate) but
not (much) from a coal tax.
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Experiment - tech change

Assume faster exogenous tech change in green and stagnant in coal.
2% yearly reduction in relative price of renewables and 2% increase in
relative price of coal.

Summary of results:

Tech change achieves approximately the same as a global coal tax (a
bit more back-loaded output/consumption).
Only green tech change does little for climate, relative price of coal
must increase!
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Endogenous technical change

Technical change in extraction key for climate change. Need to
endogenize.

Here —consider interaction with energy taxes (rather than R&D
subsidies).

Stylized model, but can be extended and more realistically calibrated.

Involves only energy service providers, nothing else is changed in
model (including simple recursive structure).
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Energy service providers

Representative energy service providers now has a second choice —
which energy sources to reduce cost of producing.

Minimize cost subject to constraint RDi ,t (p2,i ,t , ..., pn,i ,t ) .
Spill-over across firms (and regions) with one period lag makes R&D
choice static.
With ad-valorem taxes, the firm solves

min
{ek ,i ,t}n1 ,{pk ,i ,t}

n
2

n

∑
k=1

(1+ τk ,i ,t ) pk ,i ,tek ,i ,t

−Pi ,t (E(e1,i ,t , . . . , en,i ,t )− Ei ,t )−Λi ,tRDi ,t (p2,i ,t , ..., pn,i ,t ).

First order condition for R&D cost reduction,

(1+ τk ,i ,t ) e
∗
k ,i ,t = Λi ,t

∂RDi ,t (p2,i ,t , ..., pn,i ,t )
∂pk ,i ,t

,

with per unit taxes

e∗k ,i ,t = Λi ,t
∂RDi ,t (p2,i ,t , ..., pn,i ,t )

∂pk ,i ,t
.
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R&D constraint specification

As a starter, repr energy firm reduce domestic costs (not oil) subject
to a constraint on a weighted sum of percentage cost reductions over
benchmark costs (given from previous periods aggregate global or
regional R&D).

With two domestic energy sources R&D constraint is

RDi ,t (p2,i ,t , p3,i ,t ) ≡ ε2,i ln
p2,i ,t
p̄2,i ,t−1

+ ε3,i ln
p3,i ,t
p̄3,i ,t−1

+ a ≥ 0

Also constraint that pk ,i ,t ≤ p̄k ,i ,t−1, later to return to. Cannot
reduce p3,i ,t by making p2,i ,t > p̄2,i ,t−1.
FOC condition with ad-valorem taxes

(1+ τk ,i ,t ) e
∗
k ,i ,t = εk ,i

Λi ,t

pk ,i ,t
Note that direct effect of taxes is to increase marginal value of cost
reductions (LHS). Also indirect effect in opposite direction coming

from
de∗k ,i ,t
dτk ,i ,i

< 0 .
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No effect of taxes on after tax costs!

Using expression for optimal supply e∗k ,i ,t (same as before) in

(1+ τk ,i ,t ) e∗k ,i ,t =
Λi ,t
pk ,i ,t

yields

(1+ τ2,i ,t ) p∗2,i ,t
(1+ τ3,i ,t ) p∗3,i ,t

=

(
ε2
ε3

) ρ−1
ρ
(

λ2
λ3

) 1
ρ

, and

e∗2,i ,t
e∗3,i ,t

=

(
λ3
λ2

ε2
ε3

) 1
ρ

R&D completely undo taxes! (When FOC is satisfied). Intuition,
the two effects discussed above cancel each other. Suggest per unit
taxes are not neutral.
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Per unit tax

If tax is per unit, no longer closed-form solution.

p2,i ,t (τ2,i ,t + p2,i ,t )
−1
1−ρ

p3,i ,t (τ3,i ,t + p3,i ,t )
−1
1−ρ

=
ε2
ε3

(
λ2
λ3

) 1
ρ−1

Now coal taxes leads to higher coal production costs. An effect in
opposite direction now absent.

Strong effects if subst elasticity σ = 1
1−ρ is close to unity

dp2,i ,t
dτ2,i ,t

∣∣∣∣
τ3,i ,t=τ2,i ,t=0

=
σ

1− σ
ε3.

Use previous calibration for Europe and assume FOC is satisfied
(latter gives ε3 = 0.778 and ε2 = 0.222, more diffi cult to reduce cost
of green).
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Is solution interior?

Until now, assumed R&D FOC is satisfied. Is it?

Not if elasticity of substitution between energy sources >1.

Not if corner pk ,i ,t ≤ p̄k ,i ,t−1 binds — then at corner for a number of
periods.

Corner calibration: if no R&D efforts is spent on coal, the relative
price of coal increases by 2% (GDP-growth) per year.

Then from RD-constraint price of green p2,i ,t falls, by
ε2
ε3
∗ 2% = 0.57% per year.

If FOC implies faster reduction, solution is a corner with 2% increases
in coal prices and 0.57% reductions in renewables.

Would result also with taxes much smaller than optimal!
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in coal prices and 0.57% reductions in renewables.

Would result also with taxes much smaller than optimal!
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Conclusion

Lot’s of interesting work ahead!

1 More serious calibration of energy supply including fracking and other
non-conventional sources of fossil fuel as well as existing taxes and
subsidies.

2 Allow higher elasticity between some fuels, e.g., non-conventional and
conventional oil/gas. Endogendous tech change can make them a
backstop - longlived price cap. Big threat to climate.

3 Trade in some of these energy sources.
4 Serious calibration of R&D —not relying on log-linear extrapolation.
5 More regional heterogeneity.
6 Much more!
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