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Carbon taxation is mostly studied in social planner or infinitely lived-agent models, which obscure carbon
taxation’s potential to produce a generational win win. This article’s large-scale, dynamic 55-period, overlap-
ping generations model calculates the carbon tax policy delivering the highest uniform welfare gain to all cur-
rent and future generations. Our model features coal, oil, and gas, increasing extraction costs, clean energy,
technical and demographic change, and Nordhaus’ carbon/temperature/damage functions. Assuming high-end
carbon damages, the optimal carbon tax is $70, rising annually at 1.5%. This policy raises all generations’ wel-
fare by almost 5%. However, doing so requires major intergenerational redistribution.

1. INTRODUCTION

Climate change presents grave risks to current and future generations.> Anthropogenic
global warming, associated with the human release of carbon into the atmosphere, is widely
viewed as the primary cause of climate change.® Since 1880, the planet’s average temperature
has risen by 1.8°C, minimum levels of Arctic ice are declining by 12.8% per decade, 413 giga-
tonnes of ice sheets are melting annually, and the sea level may rise 8 feet by 2100. The 2018
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2The perils include drought, extreme storms, floods, a rise in sea level, intense heat, wildfires, pollution, desertifica-
tion, the spread of disease, earthquakes, tsunamis, a rise in ocean acidity, the proliferation of insects, and mass extinc-
tions.

3 According to NASA (see https://climate.nasa.gov), carbon dioxide in the atmosphere has increased by one-third
since 1950 and is now at its highest level in 650,000 years.
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U.S. Government’s National Climate Assessment projected potentially massive costs to the
economy, the ecosystem, health, infrastructure, and the environment.* Recent estimates put
2100 climate damages at one-quarter of global GDP.

Inspired and instructed by Bovenberg and Heijdra (1998), Bovenberg and Heijdra
(2002), Heijdra et al. (2006), Leach (2009), and Sachs (2014), this article develops a large-scale
overlapping generations (OLG) climate-change model to realistically assess the potential
generational win wins available from carbon taxation. The OLG model appears better suited
for studying carbon taxation than the standard frameworks—the social planner (SP) and
infinitely lived agent (ILA) models. In the OLG framework, generations are selfish. They
care solely about their own well-being when alive and care nothing for the welfare of their
immediate, let alone far distant, progeny. Hence, their imposition of negative externalities on
future generations comes naturally. The OLG framework also highlights a key point that has
been obscured in all but a few analyses of carbon taxation. Carbon taxation, coupled with
the appropriate intergenerational redistribution, can make all current and future generations
better off.

Our OLG model has 55 overlapping generations. A single consumption good (corn) is pro-
duced with capital (unconsumed corn), labor, and energy. The energy is clean or dirty. Clean
energy is produced using capital, labor, and fixed natural resources (e.g., windy areas), which
is proxied by land. Labor and land are in fixed supply. Corn and clean energy experience tech-
nical change (total factor productivity (TFP) growth), which can happen at permanently dif-
ferent rates. As in Golosov et al. (2014), we explicitly model dirty energies, in our case coal,
oil, and natural gas.® Each has finite reserves, and each is subject to increasing extraction cost.
Apart from our energy supply side and OLG structure, our model matches Nordhaus (2017).
In particular, it adopts Nordhaus’ modeling of carbon emissions, temperature change, and
temperature-induced economic damage. It also adopts Nordhaus’ projections of the global
population with appropriate assumptions about its distribution by birth cohort.

Calculating Pareto improvements is a standard procedure for determining optimal policy
responses to negative externalities. Anthropogenic climate change is arguably the planet’s
worst negative externality. We use Auerbach and Kotlikoff’s (1987) lump-sum redistribution
authority (LSRA) to derive the largest uniform (across all current and future generations)
welfare increasing (UWI) carbon tax, where welfare changes are measured as compensating
consumption differentials. We also present results for two alternative means of distributing
efficiency gains from controlling CO, emissions.” The first allocates all efficiency gains uni-
formly to current generations (the born). The second allocates efficiency gains uniformly to
future generations (the unborn). Depending on the size of the damages, optimal carbon policy
can depend on how efficiency gains are shared.

Our policy cannot readily be supported as a solution to an SP’s problem since achieving
a uniform welfare gain across all or some subset of generations (with, in the latter case, no
welfare losses to any generation) depends on the no-policy path of generation-specific utility.
However, the status quo path of utility is not an argument of standard social welfare func-
tions. This is clear in the SP welfare functions posited in typical integrated assessment models
(IAMs), such as Nordhaus’ (2017). Those functions place no weight, positive or negative,
on the status quo path of welfare. Consequently, there is nothing in IAMs that guarantees
a Pareto improvement. On the contrary, [AMs’ SPs would use carbon policy to redistribute
resources across generations, even in the absence of carbon damage where such policy is able
to better achieve the SP’s desired intergenerational distribution of welfare.

4 https://nca2018.globalchange.gov.

3 https://www.ngfs.net/en/communique-de-presse/ngfs-publishes-first-set-climate-scenarios-forward-looking-
climate-risks-assessment-alongside-user. In one of our models below, which features an extremely large, but, unfortu-
nately, highly plausible damage function, we produce climate damages of this order of magnitude.

6 Golosov et al. (2014) combine oil and natural gas.

7 Our three focal Pareto improvements help characterize the infinite set of such improvements. Which Pareto im-
provement and its associated carbon tax cum redistribution policy is chosen by society are possibly viewed as made by
an SP, although how such a planner would gain dominion over all current and future generations is unclear.
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Other models, for example, Golosov et al. (2014), examine optimal taxation in ILA mod-
els. If there is a single (representative) agent, welfare results are identical to those obtained
in the SP framework. However, one needs to find the correct taxes to implement the first-best
allocation. The ILA model relies, implicitly, on intergenerational altruism (see Barro, 1974).
However, such altruism begs the question of why appropriate climate policy is not already in
place.® The choice of OLG versus ILA frameworks would be of little importance for carbon
policy if both frameworks produced identical or very similar policy prescriptions. We com-
pare an otherwise identical economy that is populated by a single ILA to our OLG model and
show that, depending on the rate of time preference and the magnitude of climate damages,
the two frameworks can produce dramatically different optimal carbon policies with the ILA
policy potentially harming some generations to help others.

Our UWI solution may usefully be compared with the recent proposal by the Climate
Leadership Council (CLC)? to tax carbon annually and annually rebate all revenues in equal
amount to all Americans. As described below, our model includes such annual revenue re-
bates, albeit to owners of dirty energy reserves. However, the rebates are insufficient to
guarantee a Pareto improvement, let alone a UWI. On the contrary, for older generations
who are too old to benefit from carbon mitigation, a carbon tax cum lump-sum redistribution
of revenue produces a deadweight loss per Diamond et al. (1974).

1.1. Overview of Findings. Under our baseline, business-as-usual (BAU) calibration, cli-
mate damages are initially 0.17% of output, peaking 231 years after the policy is initiated at
7.73% of output.!” Dirty energy represents 97% of total energy in year 0, 86% in year 50,
46% in year 100, and 0% after year 130, when the value of additional dirty energy extraction
exceeds its cost. Relative to their initial stocks, BAU extraction reduces, by year 130, coal, oil,
and gas reserves by 70%, 75%, and 85%, respectively. Hence, BAU entails burning most of
the planet’s fossil fuels. Our BAU simulation also predicts that gas production will rise over
the next 20 years and then steadily declines. As for coal production, it rises over the next 45
years and then sharply declines. Finally, oil production falls for 20 years, rises for the following
40 years, and then gradually declines through year 130, which is the last year that dirty energy
is produced. These surprising dynamics reflect the different extraction costs for gas, coal, and
oil, as well as the precise dynamics of the price of energy.

Given the significant uncertainty (see Lontzek et al., 2015) surrounding climate damage, we
also consider larger damage functions where the quadratic coefficient in the damage function
by Nordhaus (2017) is multiplied by either 3 or 6. Below, we refer, admittedly loosely, to the
three damage functions as 1x, 3x, and 6x damages.!! As Lontzek et al. (2015) indicate, sensi-
tivity analysis is hardly a perfect substitute for formally modeling climate-damage uncertainty
in an OLG setting, which is our major near-term research goal.'> In our 6x BAU simulation,
damages are initially 1% of output, peaking at 18.8% in year 220. The BAU course of dirty
energy production and the extent of reserve exhaustion are quite similar for all three (1x, 3x,
and 6x) damage functions.

With our baseline, the Nordhaus (2017) damage function, the optimal UWI carbon tax
starts at $23, rises 2% per year and raises the welfare of all current and future generations

8 Distinct infinitely lived dynasties would try to free-ride on one another both within and across regions. However,
as shown, for example, by Bernheim and Bagwell (1988), intermarriage between altruistic dynasties produces altru-
istic linkages across dynasties, which eliminate the free-rider problem. One can also question the ILA framework on
empirical grounds. See, in this regard, Altonji et al. (1997), Altonji et al. (1992), Hayashi et al. (1996), Abel and Kot-
likoff (1994), and Gokhale et al. (1996).

9 https://clcouncil.org/our-plan.

10 Throughout this article, we take the year 2015 as period 0.

11 The specification for damage as share of GDP in Nordhaus (2017) is D; =1 — W with parameters
e )"

1+m 1A
values 7y = 0, 7, = 0.00236, where the term 7! references the Celsius change since 1900 in global mean surface tem-
perature. The reference, below, to an “mx Damage Function” means we set 7, to 0.00236 times m.

12 With uncertainty, the optimal UWI carbon tax will be higher to insure future generations against extreme carbon
damage. Indeed, given the downside tail risk, a positive carbon tax would likely be warranted as self-insurance even
where expected future carbon damages negative.
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by 0.73% on a consumption-equivalent basis.'* Sharing the efficiency gains from our two-part
carbon policy (an initial tax plus its annual growth rate) evenly requires taxing future genera-
tions by as much as 8.0% and subsidizing early generations by as much as 1.1% of the present
value of their remaining or total lifetime future consumption. Without such redistribution,
the carbon tax constitutes a win—lose policy with those now alive experiencing up to a 0.8%
welfare loss and those born in the medium term (in this case, year 200) experiencing up to a
7.5% welfare gain. Those born in the long-run benefit by 3.75%.

With 6x damages, the optimal UWT initial carbon tax is $70, rising at 1.5% per year. This
policy raises all generations’ welfare by almost 5%. However, doing so entails lump-sum taxes
as high as 50.1% and lump-sum subsidies as high as 10.1% of lifetime consumption. Of note,
the carbon tax with intergenerational redistribution achieves, in this case, close to a win win
with (a) minor welfare losses for current and early generations, but (b) gains reaching 45.0%
for future generations. The UWI solution is, of course, just one of an infinite number of Pareto
paths. For 1x damages, the optimal path of carbon taxation is robust to how efficiency gains
are shared. For larger damage functions, the sharing method matters to the optimal policy.

The optimal carbon tax materially alters the course of dirty energy production. For exam-
ple, with 1x damages, coal production is 0 for 13 years, positive for 39 years, and 0 thereafter.
This means the planet needs to cool down before it is efficient to reuse coal. However, the
reuse of coal, when it occurs, is small. Indeed, our UWI, 1x damage solution entails burn-
ing, over time, only 10% of initial coal reserves. As indicated, under BAU—that is to say,
no-policy, 70% of initial coal reserves are burnt. With 6x damages, UWI policy entails an
immediate end to coal production. Pareto-efficient carbon taxation also shortens the period
during which dirty energy is produced from 130 to 100 years in the 1x case and 80 years in the
6x case.

Limiting our carbon policy instruments to two (an initial carbon tax and its annual growth
rate), which we do for computational convenience, may understate potential efficiency gains.
However, as discussed, we explored whether having separate short- and long-term carbon tax
growth rates permit much higher values of the UWI efficiency gain. The answer is no. The
optimal short- and long-term growth rates are identical.

We also calculate optimal two-part carbon policy for our model’s sister ILA model—an
ILA model that differs from our OLG model due solely to the assumption of intergenera-
tional altruism. In the Nordhaus (2017) baseline, which posits a 1.5% time preference rate
and our 1x damage function, optimal policies in the OLG and ILA models coincide. But they
differ dramatically if the time preference rate differs from 1.5%, or the damage function is
large. Indeed, we provide examples in which optimal carbon taxes, a century from now, differ
by a factor of 4 between the two frameworks. Moreover, even, in our baseline calibration,
where the time path of the optimal carbon tax is the same in both frameworks, the OLG
UWI solution calls for intergenerational redistribution, whereas the ILA model does not.'*
We also consider whether delaying the implementation of optimal UWI carbon policy for 20
years materially reduces the UWI gain. The answer is yes—by 44.6% with baseline damages
and by 55.4% when our damage function is six times larger. Finally, we measure the uniform
efficiency losses from implementing 1x, 3x, and 6x carbon tax policies when damages are
actually 0, as climate skeptics claim. The answer is the potential efficiency losses from taking
precautions are smaller than the potential efficiency gains and far smaller in the 3x and 6x
damage cases.

13 This is relative to consumption under BAU—that is to say, each generation’s utility gain is equivalent to raising
their BAU consumption in each year of their remaining (in the case of current generations) or full lives (in the case of
future generations) by 0.73%.

14 This is not a problem for the ILA model since intergenerational redistribution is of no consequence in that
framework. But if the underlying reality is that of selfish generations, the failure to compensate losing generations
means the ILA prescription, namely, provide no compensation in the course of taxing carbon, will produce a gener-
ational win—lose outcome.
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1.2. Organization of Article. The climate literature has grown exponentially since the
seminal work by Nordhaus (1979). Section 2 reviews a very small portion of this literature.
Section 3 presents our model, Section 4 describes its calibration, Section 5 explains our
solution methods. Thereafter, Section 6 presents our results, including their sensitivity to
parameter values and the sharing of efficiency gains. Section 7 compares optimal taxation in
our model with that in an ILA model where the models differ only along one dimension—
intergenerational altruism. Sections 8 and 9 show that our optimal policy is robust to the
inclusion of either high dirty-energy production shutdown costs or lifespan uncertainty. Fi-
nally, Section 10 summarizes and concludes.

2. LITERATURE REVIEW

There is a vast and growing literature on the economics of climate change, much of which
emanates from seminal contributions by Hotelling (1931), Solow (1974b, 1974a), and Nord-
haus (1979). The literature includes theoretical models, optimal tax models, and simulation
models, including Nordhaus (1994, 2008, 2010), Nordhaus and Boyer (2000), Nordhaus (2017),
Stern (2007), Metcalf (2010, 2014), Gurgel et al. (2011), Rausch et al. (2011), Manne et al.
(1995), Plambeck et al. (1997), Tol (1997, 2002), Tol et al. (2003), and Ortiz et al. (2011). The
literature also incorporates problems of coalition formation (see, e.g., Yang, 2008; Bréchet
et al., 2011; Nordhaus, 2015), endogenous economic growth (see, e.g., van der Zwaan et al.,
2002; Popp, 2004; and Acemoglu et al., 2012), and stochastic damages (see, e.g., Lemoine and
Traeger, 2014; Lontzek et al., 2015; Cai et al., 2013; or Brock and Hansen, 2017).

The work by Golosov et al. (2014) shows how to cast the problem into a standard calibrated
setting and how to decentralize the planner’s solution, which simply mandates how much
carbon will be a burden, with a decentralized system of carbon taxes. It also introduces more
than one form of dirty energy and considers clean energy’s production as limited due to a
fixed input—two features we adopt in our analysis.!> There is also a growing literature con-
sidering regional effects of climate change and carbon taxation (see, e.g., Nordhaus and Yang,
1996; Cai et al., 2018; or Krusell and Smith Jr., 2015).

Early OLG models that consider resource extraction and the environment include Howarth
and Norgaard (1990), Howarth and Norgaard (1992), Burton (1993), Pecchenino and John
(1994), John et al. (1995), and Marini and Scaramozzino (1995), Howarth and Norgaard
(1990), Howarth (1991a, 1991b), Burton (1993), and Kavuncu and Knabb (2005). Howarth
and Norgaard (1990), posting a pure exchange model, and Howarth (1991b), using a two-
period OLG model with capital, point out that policymakers can choose among an infinite
number of Pareto-efficient paths in the process of correcting negative environmental exter-
nalities.!® Howarth (1991a) extended his important prior work to consider, in general terms,
how to analyze economic efficiency in OLG models in the context of technological shocks.
Howarth and Norgaard (1992) introduced damages to the production function from envi-
ronmental degradation and studied the problem of sustainable development.!” The fact that

15 Lemoine and Traeger (2014), Cai et al. (2013), and Cai and Lontzek (2019) are major additions to the literature,
showing that optimal carbon tax rates can be considerably higher if the extent of future carbon damage is uncertain.
The downside tail of the damage distribution can be particularly important given climate tipping points. These include
losing much of the Amazon rain forest, faster onset of El Nifio, the reversal of the Gulf Stream and other ocean circu-
latory systems, the melting of Greenland’s ice sheet, the melting of Siberia’s permafrost, and the collapse of the West
Antarctic ice shelf.

16 Gerlagh and Keyzer (2001) and Gerlagh and van der Zwaan (2001) consider the choice among such Pareto paths
and the potential use of trust-fund policies that provide future generations a share of the income derived from the ex-
ploitation of natural resources. Gerlagh and van der Zwaan (2001) also point out that demographics can impact the
set of efficient policy paths through their impact on the economy’s general equilibrium.

17 An alternative approach to incorporating a negative environmental externality is including environmental qual-
ity directly in the utility function. Pecchenino and John (1994) and John et al. (1995) make this assumption in a
discrete-time OLG model. Marini and Scaramozzino (1995) do the same in a continuous-time OLG framework.
The problem of generational equity and sustainable development is also discussed by Mourmouras (1991, 1993) and
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OLG models do not admit unique solutions when it comes to allocating efficiency gains across
agents, including agents born at different dates, has led some economists to introduce social
welfare weights. Papers in this genre include Burton (1993), Calvo and Obstfeld (1988), En-
dress et al. (2014), Howarth (1998), Ansuategi and Escapa (2002), Marini and Scaramozzino
(1995), Schneider et al. (2012), and Lugovoy and Polbin (2016). These papers appear to
emulate the SP solution.

Our article is closely related to Bovenberg and Heijdra (1998, 2002) and Heijdra et al.
(2006). Their studies consider a continuous-time Yaari-Blanchard model, and they examine
the use of debt policy to achieve Pareto improvements in the context of adverse climate
change.'® However, their models differ from ours in three important ways. First, they confine
environmental damage to the utility function. Second, they do not model clean as well as dirty
energy, with dirty energy becoming depleted in the future based on the speed of technological
change in the clean energy sector as well as carbon policy. And third, their study does not pro-
vide a quantitative analysis of optimal policy. Rather it derives conditions on fundamentals,
which ensure the existence of Pareto-improving tax-deficit policies.

The model by Leach (2009) is similar to ours. He, too, adapts Nordhaus’ DICE model to in-
clude selfish overlapping generations. Instead of considering Pareto-improving policies, Leach
(2009) shows that a variety of carbon policies, including an approximation of the Kyoto pro-
tocol, leave early generations worse off. Leach further shows that, without a bequest motive
or other means to transfer resources from winning to losing generations, carbon policies are
unlikely to be sustained in a political equilibrium. Our article differs from Leach (2009) not
only in searching for Pareto paths, but in modeling the dirty and clean energy sectors in more
detail. Moreover, unlike Leach, we assume a competitive, instead of an oligopolistic dirty
energy sector.!

To achieve our narrow objective, namely, evaluating the potential win win from carbon pol-
icy in a model that is as close as possible to the literature’s gold standard—Nordhaus (2017),
we ignore fiscal policies, such as income taxes, which distort both labor supply and saving
decisions. Including such polices (another future research task) would permit larger win wins
from carbon taxation where the carbon tax revenue was used to reduce such distortionary
taxes.”’ Finally, we should point out that our model builds on a long line of dynamic CGE
OLG models, which, however, do not include climate change. Early work on such models
includes Summers (1981), Auerbach and Kotlikoff (1983), Auerbach and Kotlikoff (1987),
and Altig et al. (2001). These models have been extended over time to include multiple re-
gions, multiple goods, and demographic change (see, e.g., Fehr et al., 2003; Borsch-Supan
et al., 2006; Kotlikoff et al., 2007; Benzell et al., 2017).

Batina and Krautkraemer (1999) in a model where energy is renewable. Rasmussen (2003) and Wendner (2001) ex-
amine the impact of the Kyoto Protocol on the future course of the energy sector. Wendner (2001) also considers the
extent to which carbon taxes can be used to shore up Austria’s state pension system. Their papers feature large scale,
perfect-foresight, single-country models. However, they omit climate damage.

18 Karp and Rezai (2014) also consider a life-cycle model, but explore the degree to which policy-induced general
equilibrium changes in factor and asset prices could affect a Pareto improvement with no direct redistribution across
generations. In their model, agents live for two periods.

19 The assumption of oligopoly introduces a second distortion to the economy, which could, incidentally, limit the
climate externality by raising the price of dirty energy. Leach’s model also differs from ours in terminating the econ-
omy at a finite date since his model does not admit steady-state growth and in proxying the advent of clean energy via
a declining dirty energy share and an increasing dirty energy efficiency coefficient.

20 The potential to achieve a “double carbon dividend” was first explored by Goulder (1995), De Mooij and Boven-
berg (1998), and Bovenberg (1999). Fried et al. (2018) focus specifically on the double dividend from carbon taxation
as well as an important issue omitted here, namely, the intragenerational redistribution that carbon taxation can pro-
duce if, for example, the poor spend a larger share of their consumption basket on energy or products produced with
energy. Rausch (2013), Rausch and Yonezawa (2018), and Fried et al. (2018), examine the distributional effects of car-
bon taxation in a large-scale OLG model. They take as given that a reduction of CO, emissions is required and do
not model the welfare effects of climate change. Instead, they consider various forms of revenue recycling and various
forms of carbon taxes and compare their impacts on current and future generations’ welfare.
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3. OUR MODEL

This section presents our model. Subsection 3.1 discusses its firms, Subsection 3.2 its house-
holds, and Subsection 3.3 the government and the LSRA policy, whereas Subsection 3.4
demonstrates how the climate is coupled to the economy. Subsection 3.5 finally discusses
long-run growth.

3.1. Firms. Output is produced via
(1) Y, = AK: L) E TP,
where Y; is the final output whose price is normalized to 1, and A,, K, Ly,, and E, reference

total factor productivity and the three inputs used to produce this output—capital, labor, and
energy. Profit maximization over capital, labor, and energy requires

) wAKLE EP =140,
(3) ﬂA,K;,Lﬁ;lE}*“*ﬂ = w,,
and

(4) (1 —a = B)AK; LY E = pi,

where 7, §, w;, and p, reference the real interest rate, the capital depreciation rate, the real
wage rate, and the price of energy, respectively.?!

We posit four perfectly substitutable sources of energy: clean energy, S;; oil, O;; gas, G;; and
coal, C;. Hence, we can write total energy supply, E;, as

(5) E[ = S[ + KOO[ + KGG[ + KCC[.

Each type of dirty energy is measured in units of CO,. The parameters «¢, kg, and k¢ are
energy efficiency coefficients.
Production of clean energy obeys

(6) S = BlngLﬁthl_e_wv

where By, K;;, Ls;, and H; reference, respectively, the clean energy sector’s productivity level
and its demands for capital, labor, and land, and where 6, ¢ > 0,0 + ¢ < 1. Land is fixed in
supply—that is, for all ¢, H, = H for some H > 0. Profit maximization in the clean-energy sec-
tor over capital, labor, and land implies

(7) pOBKITILY H T =1 6,
(8) pBKI LY H! T = w,
and

) p(1 =6 —@)BK] LYH "™ = n,,

where #; is the rental price of land.

2l Asis standard, o, § > O and o« + 8 < 1.
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10 KOTLIKOFF ET AL.

Dirty energy producers, indexed by M € {O, G, C}, have a finite amount of energy reserves,
RM . The costs of extracting these reserves are increasing in the cumulative amount extracted.
We posit the following functional form for the extraction cost of dirt energy of type M per
unit of dirty energy extracted:

(10) (R = (5" + X (RY = RY)+ £ (RY — R + 8/ (RY —RY) + () )

The last term ensures that extraction costs approach inﬁnity when reserves approach 0.

Dirty energy producing firms maximize market value, V"', given by

o0 j

(11) VrM = Z [(P%j - C%—]’(R%-j) Tz+/)Mr+1 ] 1_[ T+ 7
j=0 =0

subject to

(12) R =R, - M,

(13) —R" <0,

(14) -M, <0,

where p¥ is the price of a unit of dirty energy M at time 7, 7, is the absolute tax per unit of
carbon levied at time ¢, and 7, is the lump-sum rebate of time-f carbon taxes to type M dirty
energy producers.

The Kuhn-Tucker optimality conditions for this problem are given by

(15) p =R~ — e+ ) =0,
and
dcM(RM) o
16 9 (R)py ogm_ S yw
( ) 3R{” ! ! 1 + Fey1 wt

where ¢;, ¥, and u, are nonnegative Lagrange multipliers for the restrictions in Equations
(12)—(14), respectively.
The complementary slackness conditions are

and
(18) Rf\”wrM =0

The value of land, Q,, equals the present value of future land rents—that is,

(19) 0 = Z”HjH 1_[ T+,
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GENERATIONAL WIN-WIN CARBON TAXATION 11

If dirty energy, M € {O, G, C}, is produced, the fact that we assume that all energy types are
perfect substitutes in Equation (5) implies

(20) pfu = KypP:
3.2. Households.

3.2.1. Overlapping generation households. Each period corresponds to one calendar year
and each household is active in markets for 55 periods. Households born at time ¢ maximize
utility defined by

55 1—0o
1 Ct+ 1,1
21 U = . )
1) ! ; (1+p) 1-0
subject to
(22) a1 01 = A +r)a j+wli+ T, j —C j,

where C, ;, T j, a; j, and /; correspond to consumption, transfers from the government, assets,
and labor supply of generation j at time ¢, p is the time preference rate, and o is the coeffi-
cient of relative risk aversion. Total household assets comprise physical capital, the value of
dirty energy firms, the value of land, and government debt.

For computational expedience, but also to maintain comparability with the prior literature,
we take labor supply as exogenous. In the standard calibration of the Auerbach—Kotlikoff
model, income effects typically dominate labor supply effects. We believe that the income ef-
fect, which is quantified by the uniform efficiency gain, is likely to be too small to significantly
alter labor supply.

The market-clearing condition for assets is given by

55
(23) Y P =K+VZ+VI+Vi+0,+D,
j=1
where P, ; is the population of generation j at time ¢ and D, is government debt.
Total supplies of capital and labor equal the sum of their sectoral demands—that is,

(24) Kt = Ky,t + Ks,z,

and
55

(25) Li= )Y Pjlj=Ly+ L.
j=1

3.2.2. The infinitely lived agent. The ILA maximizes

> 1 Cc-1
(26) U=) F ’
p 1+p)y 1-0

subject to the flow budget constraint
@7) Kt + VG +VE+VE + 0 = A+ ) (K + V2 +VE+VE+ Q) +wl - PG,

where P, = Zjil F, ; is total population at time ¢ and C, is per capita consumption.
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12 KOTLIKOFF ET AL.

3.3. The Government and The LSRA Policy. Government debt evolves according to the
following equation:

55
(28) Dt+1 = (1+rl)Dl+ZB,]TI,]
j=1

In implementing the LSRA policy, we set the initial debt level Dy and T, ; for ¢ > 0, j > 1,
to 0. Thus, the government pays transfers (possibly negative) to unborn generations in the
year they are born, whereas current generations receive transfers att = 0.

To compute the LSRA policy, we search for the optimal carbon policy, consisting of an
initial carbon tax, a carbon tax growth rate, and generation-specific net transfers, T; ;, that
uniformly maximizes the welfare gain (measured as a consumption equivalent) of either all
generations, all existing generations, or all future generations. The case-specific uniform wel-
fare gain, which is unknown ex ante, is determined as part of the equilibrium. We calculate all
components of the optimum policy path via numerical iteration.

As an example, consider the case in which all generations uniformly gain by a common per-
centage, A. First, we guess a value for A. Second, we find the steady-state (balanced growth)
debt and transfers to generations at the beginning of their lives that achieves a A-percent
welfare gain. Third, we calculate the values of T,; producing, for each future generation,
a A-percent welfare gain. Fourth, we calculate values of Ty ;, 1 < j < 55, which achieve the
A-percent welfare gain for initial generations under age 55—that is, for those with 1 < j < 55.
Fifth, we determine the value of Ty ss that makes the present value, as of time 0, of the path of
transfers 0. We iterate on A until T 55 provides an increase in consumption of the oldest alive
generation at ¢+ = 0 by A. This five-step calculation of A and the associated, generation-specific
path of net transfers is an “inner loop” calculation of the entire general equilibrium transition
path, which is conditional on our two-part carbon policy—an initial carbon tax and a carbon
tax growth rate. We search over alternative two-part policies until we find the one achieving
the largest value of A for the UWI-case in question.

3.4. Modeling Climate Change’s Negative Externality. Following Nordhaus (1994, 2008,
2010) and Nordhaus and Yang (1996), we assume the following time-t TFP-damage function,
Dy:

1
14+mTA+ m(TtA)T

(29) D/ =1-
The term T references the change, since 1900, in global mean surface temperature measured
in Celsius. The damage function alters TFP according to
(30) A= (1 - Dt)Zr,

where Z, is an exogenous path of TFP absent climate change.
We adopt Nordhaus’ three-reservoir (the atmosphere, the upper ocean, and the lower
ocean) temperature model. CO, concentration obeys

JA JA O, + G, +(
(31) JU =0 |JY, | + 0 :
Tk JE 0

~

t—1

where JA, JU, and JE are concentrations of CO, in atmosphere, upper oceans, and lower

oceans, and @’ is a matrix of parameters.
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GENERATIONAL WIN-WIN CARBON TAXATION 13

CO; in the atmosphere impacts radiative forcing, F7, according to
I
(32) F =mnlog 70

and radiative forcing influences temperature according to

A (TA mF
(33) t — ¢! -1 I t ’
s L 0
where TF is the Celsius change, since 1900, in the temperature of the deep oceans.
Per Nordhaus’ formulation, a share of atmospheric carbon is absorbed by the oceans, with

the remaining share remaining in the atmosphere forever. Thus, the damages from emissions
are hump-shaped, peaking, and declining, but not falling to 0.

3.5. Long-Run Growth. We assume that technology improves according to

(34) Z, = Zoexp(gzt),
and
(35) B; = Boexp(gat).

In the long run, after all, dirty energy reserves have been extracted, climate change damage
has stabilized, and output and clean energy grow at rates gy and gs determined by

gz+ (1 —a—B)gp

(36) gY:l—a—G(l—a—,B)’
and
(37) gs =g+ o= P

l—a—01-a-p)
In addition, the prices of energy and land grow at rates gp and gy determined by

_ gz(1-0)—gpp
(38) = a6 —a—5)

and

gzt —a—PB)gs _
(39) =1 o —a_p) =%

It is easy to show that, along with the economy’s balanced growth path, the wage rate grows
at gy, and the return to capital is constant. As the growth-rate equations make clear, gz can
differ from gz without preventing long-run balanced growth. Indeed, our model admits many
different long-run balanced growth paths. These include steady states in which output grows
faster or slower than energy supply. If energy supply grows at a faster rate than output, its
price must fall through time.?

22 Note, a long-run declining energy price is required to ensure dirty energy extraction ends at a finite date.
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14 KOTLIKOFF ET AL.

4. CALIBRATION

Our calibration adheres, where possible, to Nordhaus (2017).2> We also calibrate some pa-
rameters based on Golosov et al. (2014). Deviations from Nordhaus (2017) reflect structural
differences between the two models. To begin, our model features autonomous overlapping
generations, whereas the DICE model posits an infinitely lived SP. Our model has three dirty
energies supplied at an increasing cost. It also has an explicit clean energy sector whose pro-
duction, at a point in time, is limited by complementary natural resources. The DICE model
posits a fixed supply of a single dirty energy, which can be extracted at 0 cost. There is no
explicit clean energy sector. The DICE model’s time periods reference five years instead of
our one year.”* Emissions abatement arises, in our model, via the replacement, in the mar-
ket place, of clean for dirty energy. In DICE-2016R (henceforth, DICE), the SP determines
how much of the fixed stock of dirty energy reserves to burn and when to burn them before
year 500, at which point the DICE model ends. Instead of an end-time condition, our model
features a well-defined long-run balanced growth path.>> Recall that we take the year 2015 as
period 0. The key macroeconomic variables in this year are as follows: interest rate 4.3% and
capital output ratio, 2.1.

4.1. Supply-Side Parameters. The capital, labor, and energy shares in the final goods pro-
duction function, Equation (1), are set to 0.3, 0.66, and 0.04, respectively, as in Golosov et al.
(2014). The capital, labor, and land shares in the production function for clean energy (cf.
Equation (6)) are set at 0.125, 0.275, and 0.6, respectively. That is to say, we assume that 60%
of clean energy output is paid to the fixed input, land, and the rest of clean energy output is
distributed between labor and capital in the same proportion as in the final goods sector.?

The depreciation rate, 8, is set at 10%. The technology growth rates, gz and gz, for clean en-
ergy and output, are set to 0.0064 for gz and 0.0137 for gg. These values produce Nordhaus
(2017)’ assumed long-run annual output growth of 2% and long run —0.5% annual decline in
the price of energy (actually clean energy, since it is the only long-run energy source).

Initial world capital equals $223 trillion as in the DICE model. As for the global workforce,
the DICE model assumes that the world’s population rises from 7.403 to 11.5 billion. We dis-
aggregate DICE’s age-specific population dynamics based on UN data”’ to accommodate our
55-generation population age structure. Figure 1 summarizes this disaggregation. We allocate
the world’s stock of wealth by age based on the model’s zero-damage steady-state age wealth
distribution. We calibrate initial levels of TFP in each sector in line with DICE’s initial world
GDP of $105.5 trillion 2010 USD and the 2010 $550 USD backstop cost per ton of CO,. Our
damage function parameters are those in DICE, namely, 7; = 0 and 7, = 0.00236.

23 In particular, we take the values from Version DICE-2016R-091916ap, which is available from Professor Nord-
haus’ website under https:/sites.google.com/site/williamdnordhaus/dice-rice.

24 As Cai et al. (2012) make clear, the length, in years, of a period matters to optimal carbon policy.

25 Although our model’s growth path accommodates stable population growth, we follow UN projections, which as-
sume that the planet’s population stabilizes in the medium run.

26 We calibrated the share of the fixed factor to match our model’s marginal cost of replacing one unit of
dirty energy with one unit of clean energy with the comparable cost in the DICE model. To be precise, ac-
cording to our Cobb-Douglas production function, the price of energy can be written as p; o< (r, +8)° w;"n,]_e_“).
From Equation (9), n; o< S;p;. On the other hand, the final goods price, which is normalized to 1, is propor-

tional to (r, +8)“ w[ﬁ le ~@=F_Since we calibrate capital and labor shares in clean energy production function such
(a+B-1)(6-+9)

o0+

that %5 = ﬁ and ﬁ = 54, we can get (1 +8)wf = ((r, + 8)"‘11);3)ﬁ op, “ . Thus, we have p;
(tp—1)(0+9) (1-0-g)(atp)

pe T (Sip)'P ¢ or ppcS, "7 . In the model by Nordhaus (2017), the energy price evolves according

pr o u}6, where p1, is emission control rate that represents the share of dirty energy replaced by abatement technol-
ogy. Solving for U=2200EH) — 1 6 yields 1 — 6 — ¢ = 0.625 ~ 0.6.
7 http://www.econ.yale.edu/ nordhaus/homepage/homepage/DICE2016R-091916ap.gms.
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FIGURE 1

PROJECTED POPULATION COUNTS OF SPECIFIED AGE GROUPS [COLOR FIGURE CAN BE VIEWED AT WILEYONLINELIBRARY.COM]

4.2. Preferences. We set o to 1.45 as in DICE—that is to say, we assume that the intertem-
poral rate of substitution, é = ﬁ We assume that households work full time for their first
40 years and then retire. Moreover, we incorporate the following age-efficiency labor-earnings

profile:
(40) I =1y ¢(4:47+0.033j-0.00067%) j <402

We also follow the DICE model in assuming, for our base case, a time preference rate, p, of
0.015.

4.3. Dirty Energy Production-Sector Parameters. Based on McGlade and Ekins (2015), we
calibrate global available oil reserves at 600 GtC, global available gas reserves at 400 GtC, and
global available coal reserves at 2,700 GtC. To calibrate the extraction cost functions for each
of the fossil fuels, we fit third-order polynomials to extraction cost data reported in McGlade
and Ekins (2015).%

Finally, we calibrate our energy-efficiency parameters such that, initially, dirty energy con-
stitutes 96% of global energy production. We normalize our oil efficiency coefficient, ¢, to 1,
set kg equal to 1.1, and «¢ to 0.35. Based on these values, the time-0 dirty-energy composition
is 35% oil, 20% gas, and 45% coal, in line with Boden et al. (2017).

4.4. Modeling Climate Change. Following Nordhaus (2017), we set initial atmospheric
carbon concentration, ];“, at 851 GtC, the initial upper ocean carbon concentration, J,U, at 460
GtC, and the initial lower ocean carbon concentration, J[L, at 1,740 GtC. We also set the initial
lower ocean temperature change (relative to its 1900 value), T;%, at 0.0068 C, and the initial
atmospheric temperature change (again, relative to its 1900 value), 74, at 0.85°C.

28 This is taken from Benzell et al. 2015.

2 Let ¢ stand for the cost of extracting dirty energy, M, then our regression is ¢ = (SIM + §2M (Rg” —RM) 4+
EM(RY — RM)2 + (R} — RM)? + (5 )) + ¢, where &0 =0.807, £f = 0355, £ = —=3.076¢%, £ =1.260e~"7,
£0 =45.405, £ =0.142, ¥ = —1.998¢~%, £ =2.304¢77, &0 =14.839, & =0.013, &§ = —1.481¢™", and &§ =
5.106e 11,
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Cai et al. (2012) suggest how to calibrate our one-year per period climate model to accord
with DICE’s five-year per period climate model. Specifically, we simulate the DICE model
with no limitation on emissions and record the resulting temperature path. Next, we inter-
polate DICE'’s five-year per period temperature path over single years. Finally, we estimate
parameters for our one-year climate model that minimize the mean-squared percentage error
between our interpolated paths of climate variables over five-year intervals in our one-year
system and DICE’s original five-year system. This produces the following values for the
parameter matrices ®’ and ®7 as well as the constant 7,:*

0.9763  0.0387 0
(41) @’ =10.0237 0.9599 0.0003 |, d" = (
0 0.0014  0.9997

0.9715 0.0017

, 1> = 0.0225.
0.0049  0.9951

The parameters 7, = 3.6813 and J = 588 GtC in the radiative forcing Equation (32) are those
in the DICE model.

5. COMPUTATION METHODS

This section briefly outlines our methods for solving our OLG models. Additional details
can be found in the Appendix. There we also explain how to solve the ILA model.

As in Auerbach and Kotlikoff (1987), our OLG model’s overall solution combines solving,
in an inner loop, microeconomic equations either analytically or numerically, depending on
the time interval, while iterating, in an outer loop, over macroeconomic aggregates.

Our method starts by guessing the time paths of the aggregate capital stock, K;, and dam-
ages, D;. When we apply the LSRA mechanism, we also guess the uniform welfare gain, A.
Next, we jointly calculate, for each year, factor prices; the sectoral distributions of capital
and labor; the output of the final good; CO, emissions; the production of each type of en-
ergy; the prices of clean energy, oil, gas, and coal; the price of land; the prices of coal, oil,
and gas reserves; and, where relevant, the path of generation-specific LSRA net taxes, with
the LSRA net tax imposed on the oldest generation chosen to achieve intertemporal LSRA
budget balance. From the paths of a factor and noncapital asset prices, we determine the time
path of households’ aggregate supply of capital. The new paths of capital and damages are
weighted with the prior paths to obtain new guesses for these paths in the outer loop of our
iteration. If the percentage change in welfare for the initial oldest generation differs from A
(or 0, in the case the initial old do not share in the efficiency gains), the guessed value of A is
adjusted to produce that outcome.’’ We continue the outer to inner to outer loop iteration
until convergence.

6. RESULTS

We first examine the magnitude of climate damage absent carbon policy and show the
remarkable ability of such a policy to mitigate the problem. Second, we present optimal UWI
carbon policy for our base case and consider its sensitivity to the damage function, the time
preference rate, and the long-run growth rate of the price of energy. Third, we examine the
size of the intergenerational redistribution required to achieve UWI win wins. Fourth, we
consider how optimal carbon taxation, including requisite intergenerational redistribution,
differs depending on how efficiency gains are distributed across generations. Fifth, we ex-
amine the economic precision of our optimal tax solution. Next, we consider the efficiency

30 Over five-year periods our, annual system produces climate outcomes that are almost identical to those in the
DICE model.
31 See Auerbach and Kotlikoff (1987) for a description of this adjustment process.
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TABLE 1
DAMAGES AS PERCENT OF GDP UNDER BAU AND OPTIMAL UWI AND BY YEAR ¢

t=0 t=10 t=50 =100 =150 £ =200 =250 £ =300
1x, BAU 0.17 0.29 1.77 5.08 7.28 7.70 7.72 7.65
1, UWI 0.17 0.27 1.16 2.53 2.89 2.93 2.89 2.84
3x, BAU 0.51 0.87 5.09 13.49 18.01 1877 18.79 18.62
3x, UWI 0.51 0.79 2.56 4.96 5.52 5.56 5.49 5.38
6x, BAU 1.01 1.72 9.58 23.05 28.69 29.55 29.53 29.27
6x, UWI 1.01 1.55 4.66 7.99 8.61 8.62 8.49 8.31

costs of implementing the optimal carbon tax but with a delay of 20 years. These efficiency
costs include those arising from the Green Paradox by Sinn (2008). Sixth, we compare the
optimal UWI carbon policy in our OLG model with optimal carbon policy in the analogous
ILA model. We point out in this subsection that our two-part carbon policy—an initial tax
and an annual growth rate—appears to achieve the UWI and ILA optimums that would arise
using a larger set of fiscal instruments. That is, our two-part optimal policy achieves the global
optimum. Seventh, we consider the efficiency cost of implementing optimal carbon taxation if
the carbon skeptics are correct, and there are no damages from climate change. The Appendix
shows the evolution of all key variables for (a) different damage functions under BAU, (b) im-
plementation of the carbon tax policies that maximize UWI gains, but leaving out the policies’
associated LSRA transfers and taxes, and (c) implementation of the carbon policies, inclusive
of the LSRA transfers and taxes, which maximize UWI gains.

6.1. Damages Under Business as Usual. Under the BAU scenario, CO, concentration in
the atmosphere increases over the next 100 years to about 9,000 Gt (see Figures A1-A3).
It then stabilizes and decreases slightly over the subsequent century. The associated increase
in surface temperature over the proximate century is 4.8°C and almost 6° at its peak. This is
consistent with the more optimistic scenarios used in climate science, in particular with so-
called representative carbon pathways (RCPs) designed RCP4.5 and RCP6, but not with the
pessimistic RPC8.5°2. However, as emphasized by Weitzman (2007), Pindyck (2013), Lontzek
et al. (2015), and others, the extent and timing of temperature rise under BAU is highly un-
certain. Again, modeling this uncertainty is at the top of our future research agenda. Here,
however, we simply seek to understand the Pareto-efficiency gains from carbon taxation in a
framework that, apart from its OLG preference (nonintergenerationally altruistic) structure,
fully adheres to the standard DICE model.

Table 1 shows BAU damages as a percent of GDP for selected years, assuming 1x, 3x,
and 6x damage functions. It also shows the size of the damages, but under optimal UWI pol-
icy. With BAU, the damages are initially 0.17%, 0.51%, and 1.01% of GDP for the 1x, 3x,
and 6x damage-function cases, respectively. In year 2000, the damages in the three cases are
7.70%, 18.77%, and 29.55% of output. Paradoxically, with greater damages, the temperature
increase is actually smaller. In the 6x case, for example, the peak temperature increase is
4.5°C in year 1999. There are two reasons. First, damages are so large in the 6x case that they
limit future output, which limits future emissions. Second, the clean energy sector is assumed
to operate with no damage, giving it a greater comparative advantage, the larger the extent of
the damages. The table also shows that the optimal UWI carbon policy is remarkably effective
in reducing peak damages. Peak damages are 2.93%, not 7.72% of GDP in the 1x case. They
are 5.56%, not 18.78% of GDP in the 3x case. Moreover, they are 8.62%, not 29.55% of GDP
in the 6x case. Thus, the UWI policy reduces peak damages by 62%, 70%, and 71% in the 1x,
3%, and 6x cases, respectively.

32 See Rogelj et al. (2011).
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TABLE 2
THE OPTIMAL UNIFORM WELFARE IMPROVING CARBON POLICY

1x Damage Function 3x Damage Function 6x Damage Function
14 gp 70 8t A 70 8t A 70 8t A
0.8% —0.5% $33 1.5% 1.08% $56 1.5% 3.25% $78 1.5% 5.58%
1.5% —0.5% $23 2% 0.73% $49 1.5% 2.59% $70 1.5% 4.68%
3% —0.5% $13 2% 0.24% $34 1.5% 1.27% $51 1.5% 2.75%
1.5% —0.1% $28 1.5% 0.71% $49 1.5% 2.52% $70 1.5% 4.58%
1.5% —1% $23 2% 0.73% $49 1.5% 2.60% $70 1.5% 4.74%
1.5% —2% $23 2% 0.66% $50 1.5% 2.46% $73 1.5% 4.61%

Nortes: p references the time preference rate, gp the long-run annual percentage change in the price of energy, t the
initial carbon tax, g; the growth rate of the carbon tax, and A the welfare gain measured as the equivalent percentage
increase in consumption under BAU needed to achieve the welfare gain under the optimal UWI policy.

Assuming 1x damages, atmospheric CO; rises under the optimal UWI policy slightly over
the next 70 years and then decreases. The reason for this is that the CO, concentration stays
around 5,000 Gt under the policy instead of rising to 9,000 Gt. Moreover, the rise in tempera-
ture is considerably slower than under BAU. Despite the drastic reduction in CO, emissions,
the average surface temperature still rises by about 4°C over the next 125 years under the op-
timal UWI carbon policy. Nevertheless, given our damage function, the resulting damages are
much smaller. As opposed to an almost 8% long-run permanent decline in TFP, the long-run
TFP reduction is limited to roughly 3%. This long-run difference of 5% of GDP provides the
scope for our calculated UWI gain.*3 Assuming 6x damages under optimal taxation, the total
CO; in the atmosphere stays below 4,000 Gt. The associated increase in temperature is only
about 2.5°C—close to the goal of the Paris accord (see Figures A7-A9).

6.2. Optimal Uniform Welfare Improving Carbon Policy. Table 2 presents our optimal
UWTI carbon policies under alternative assumptions. The second row is our base case. It
assumes the 1.5% time preference rate by Nordhaus (2017) and his long-run negative 5%
energy-price growth rate. The optimal initial energy tax, o, is $23 per cubic ton of CO,, rising
at a rate, g,, of 2% per year. With 3x and 6x damage functions, the initial optimal carbon
taxes are $49 and $70, respectively. The tax’s optimal growth rate in both cases is 1.5%. The
model’s message then is that when carbon causes higher damages, it is important to limit it
quickly by levying a higher initial tax, which can then grow at a slower rate.

The UWI efficiency gain, A, is 0.73%. With 3x damages, it is 2.59%, and with 6 x damages,
it is 4.68%. Even a 0.73% gain is significant. It is equivalent to adopting no policy but raising,
under BAU, each current and future generation’s consumption in each future year by 0.73%.
The close to 5% efficiency gains, assuming 6x damages, which, again, is provided to all gener-
ations for all time, is massive, reflecting the severity of damages in the 6 x damage case.

The first row of Table 2 considers the lowest time preference rate we consider, namely,
0.8%. The third row considers the highest time preference, namely, 3%. The table’s message
for all three damage functions is that the optimum initial tax is higher, the lower the time pref-
erence rate. On the other hand, the optimal growth rate differs only in the 1x damage case
when the time preference rate is 0.8%. As an example, take the 6x damage case, the optimal
initial tax is $78 for a 0.8 time preference rate, by $51 for a 3% time preference rate.

The size of p also makes a significant difference in the size of the UWI efficiency gains. In
the 1x case, the gain is 1.08%, 0.73%, and 0.24% when p is 0.8%, 1.5%, and 3.0%, respec-
tively. In the 6 x case, the corresponding gains are 5.58%, 4.68%, and 2.75%.

33 The crucial reason for the relatively large increase in temperature permitted under the optimal policy compared,
for example, with the Paris accord, which vowed to limit the rise in surface temperature to 1.5 to 2°C, lies in the Nord-
haus (2017) damage function. With this function, a 4°C increase in average temperature leads to major, but still mod-
erates long-run damages.
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Nortes: The left panel shows the LSRA net transfer as a share of the cohort’s present value of remaining or total
lifetime consumption. The UWIs are 0.73%, 2.59%, and 4.68% with 1x, 3x, and 6x damage functions, respectively.
Transfers reference the LSRA net payment expressed as a present value of the remaining lifetime (in the case of
existing generations) or total lifetime (in the case of future generations) present value of a cohort’s consumption
under the optimal policy. These net transfers are needed, given the time path of carbon taxation, to achieve the
UWI—the uniform increase in each cohort’s remaining or lifetime utility relative to its BAU values measured as
a compensating consumption differential. The right panel shows generation-specific welfare changes arising from
each specified carbon tax assuming no intergenerational redistribution arises. The welfare gains are measured as the
equivalent percentage increase in consumption under BAU needed to achieve the welfare gain under the optimal
UWTI policy where the policy to be imposed without its LSRA net payments.

FIGURE 2

NET TRANSFERS AND WELFARE GAINS WITHOUT TRANSFERS

What explains the sensitivity of our OLG results to the time preference rate? As we ex-
plained in the introduction, our LSRA approach is very different from approaches that max-
imize social welfare functions. In our results, the time preference rate only matters through its
general equilibrium impact. With a higher time preference rate, the OLG economy will gen-
erate less life-cycle saving, and thus, a lower capital-labor ratio through time. This, in turn,
makes it relatively more expensive to help future generations via immediate high levels of car-
bon taxation since a higher interest rate has to be paid on transfers.

Table 2 also examines the sensitivity to the long-run growth rate of the energy price—that
is, gp.>* Apart from the carbon tax’s optimal annual growth rate in the 1x damage case, the
table indicates very little sensitivity to optimal carbon taxation based on the price of energy’s
long-run growth rate.

6.3. Size of Intergenerational Redistribution Required to Achieve UWI. The left panel of
Figure 2 considers the size of the net lump-sum transfers required, in the 1x, 3x, and 6x
cases, to affect each case’s uniform percentage rise in welfare. The net transfers are expressed
as a percentage of the present value of remaining lifetime consumption in the case of current
cohorts and as a percentage of the present value of lifetime consumption in the case of those
born in the future. The right panel shows generation-specific welfare changes arising from
each specified carbon tax assuming no intergenerational redistribution arises.

Consider first the results for the 1x damage case. They show that if we simply implement
an initial $23 carbon tax and let it rise at 2% annually, but do not redistribute across gen-
erations to achieve the associated 0.73% UWI, we end up with generational losers as well
as winners. In this case, initial older generations benefit due to the rise in the price of en-
ergy, which increases the value of their dirty energy reserves, leaving them better off despite

34 The different values of gp considered in the table reflect values of g, and gp that satisfy Equations (36) and (38)
holding gy fixed.
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paying more for energy in their remaining years. For example, the oldest initial generation
(those of age 55 in year 0) experiences a 4.2% welfare gain. For future generations, there are
also far larger welfare gains than 0.73%. Indeed, those born in the year 200 are better off by
7.50%. However, the failure to redistribute hurts initial young generations and those born in
the first three or so decades after the policy is imposed. Their maximum welfare loss amounts
to roughly 1%.

The left panel of Figure 2 shows, for instance, for the 1x damage case, the net transfers
needed to transform what would otherwise be a generational win—lose outcome to a uniform
win win in our baseline case. There are several interesting findings here. First, the transfers
to all living generations are positive.”> They are the highest for the youngest current gener-
ations. Second, those born in the first few decades after the policy begins also receive com-
pensation. Again, their loss in welfare from facing higher energy prices exceeds their bene-
fits from lower climate damage. For those born 35 or more years after the reform, the uni-
form win win policy entails first rising and then declining net cohort-specific taxes. The net tax
peaks at roughly 8% for those born two to three centuries into the future. In the very long
run, it declines to less than 4%. The requisite net lump-sum tax is smaller in the long run due
to the slow, but steady depreciation of atmospheric CO,. Hence, generations born far into the
future have much less to gain from reducing carbon emissions since, even under BAU, CO,
emissions end by roughly year 125. Since such long-run generations gain less than generations
born, say, in year 200, they cannot be taxed as highly if we seek to achieve a uniform welfare
improvement.

As the 3x and 6x results show, future generations must, but are also able to compensate
current generations and those about to be born to a much higher extent when climate change
is an even bigger problem. The higher damage functions mean far higher carbon taxes and,
consequently, far higher short-term energy prices (see Figures A4-A6 as well as Figures A7-
A9). With a 6x damage function, generations born in year 200 face a 50.13% tax, again mea-
sured as a share of their BAU consumption. However, it would, relative to BAU, leave them
and all other generations, on balance, 4.69% better off. Of course, future generations would
greatly prefer letting earlier generations impose the UWI optimal carbon policy, but without
any compensation. For newborns in year 200, this would produce a massive 45.04% utility
increase—almost 10 times the utility gain when efficiency gains are evenly distributed to each
and all. The magnitude of the transfers and taxes needed to achieve the UWI with 6x dam-
ages speaks to the political challenges in its implementation. Today’s youngsters would, for
example, need to receive a roughly 2.5% of BAU consumption transfer each year through the
rest of their lives, whereas those born some four decades later would be required to pay taxes
equal to roughly 10% of their BAU consumption.

Our LSRA mechanism can be viewed as a nondistortionary deficit policy in which the
government cuts taxes in a lump-sum manner for early generations based on the figures in the
table and then raises the net tax, again, as indicated, to service the associated debt. The size
of the debt to GDP ratio required to effect the win win is significant even for the 1x damage
case. The LSRA’s debt to GDP ratio is 0.50 in year 50, 0.78 in year 100, 0.82 in year 200, and
0.70 in the year 1,000, stabilizing at 0.48 in the long run in the 1x damage function case. The
LSRA'’s debt to GDP ratio is 1.03 in year 50, 1.22 in year 100, 1.19 in year 200, and 1.11 in
the year 1,000, stabilizing at 0.89 in the long run in 3x damage function case. Moreover, the
LSRA'’s debt to GDP ratio is 1.31 in year 50, 1.34 in year 100, 1.24 in year 200, and 1.22 in the
year 1,000, stabilizing at 1.12 in the long run in the 6 x damage function case.

6.3.1. Sensitivity of optimal carbon policy to intergenerational sharing of efficiency gains.
One might expect that optimal carbon policy and the efficiency gains from such a policy would

35 Asset prices are adversely affected by the rise in interest rates associated with LSRA debt crowding out capital.
36 This statement is relative to the conventional formulation of climate damage. It would not hold were we to incor-
porate, as we intend in future work, climate tipping points that impose permanent damages on the economy.
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TABLE 3
THE OPTIMAL CARBON TAX POLICY UNDER ALTERNATIVE WAYS TO SHARE EFFICIENCY GAINS

1x Damage Function 3x Damage Function 6x Damage Function
0 8t A 0 8t A 70 8t A
Uniform $23 2% 0.73% $49 1.5% 2.59% $70 1.5% 4.68%
Born $22 2% 1.82% $43 1.5% 5.44% $59 1.5% 8.90%
Unborn $24 2% 1.20% $55 1.5% 4.70% $83 1.5% 9.22%

Note: The values in the table were generated by setting p = 1.5% and gp = —0.5%.

be invariant to which generations are allocated the efficiency gains. After all, redistributing
in a lump-sum manner from one generation to another introduces no distortion. Although
for small distortions introduced in initially efficient scalable models, the calculus of excess
burdens indicates that efficiency losses can be summed across households (that their total
does not depend on who benefits from eliminating the distortions), our model is not scalable.
It includes land, which is a fixed factor, and extraction costs, which effectively act as a fixed
factor. Nor are there zero initial distortions. On the contrary, the model’s baseline entails a
very major distortion—the carbon emissions’ negative externality. Moreover, the externality is
time-dependent, so the treatment and associated behavior of early generations matter for how
the externality evolves. Finally, we consider very large, not very small changes in policy. In
such circumstances, general equilibrium feedback effects interact with changes in distortions
in determining efficiency effects. In light of all these factors, one should not expect optimal
carbon tax policy to be invariant to its beneficiaries.?’

Table 3 considers the sensitivity of optimal carbon policy to alternative ways to share ef-
ficiency gains. In addition to the first row’s UWI, we consider allocating all efficiency gains
uniformly to either the born (those alive in year 0) or the unborn (the future newborn—those
born after year 0). In the 1x case, the optimal carbon policy is largely invariant to the man-
ner of efficiency-gain sharing. In the 3x and 6x cases, the initial tax, but not the carbon tax
growth rate, depends on the sharing rule. The largest discrepancy arises in the 6x case. When
the gains are allocated to the born, the optimal initial tax is $59. It is $83 larger when the gains
are shared just among the unborn. One would expect welfare gains to be more significant
when spread over fewer generations. In the 1x case, the welfare gains are 0.73% with uniform
sharing, 1.82% with sharing among the born, and 1.20% with sharing among the unborn case.
In the 6x case, the corresponding percentages are 4.68, 8.90, and 9.22. In this case, the larger
gain to the unborn may reflect the larger size of the climate damage in the BAU.

Figure 3 below compares LSRA transfers and taxes under the three methods of sharing effi-
ciency gains. Both the transfers and taxes are largest when the efficiency gains are distributed
uniformly to the born, next largest when they are distributed uniformly to both the born and
unborn, and smallest when they are distributed to the unborn.*

6.3.2. Economic precision. Tables 4-6 tell us about the cost of setting carbon policies that
differ from the absolute optimum.* For all three damage functions, the message is clear.
There is more than one combination of the initial tax and its growth rate that can deliver
close to the optimum. This is particularly the case for the larger damage functions. For ex-
ample, in the 6x damage case, an initial $30 tax and a 3.0% growth rate will deliver a 4.57%

37 This said, as described below, we find, in the 1x damage case, very similar optimal carbon tax policies as well as
fairly similar present value sums of the efficiency gains from carbon taxation independently holding carbon tax policy
at its alternative UWI configurations while varying the recipients of the efficiency gains.

38 There are many factors at play in determining these figures, including the extent of damages, the degree of cap-
ital’s crowding out from the LSRA debt policy, and the size of each cohort’s consumption (since the tax and transfer
gains are measured as consumption equivalents).

39 Although the table considers initial taxes that differ by $10, in searching over optimal policy, we used, as men-
tioned, a grid with a step size of $1 for the initial tax and a step of 0.5% for its growth rate.
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Norte: UWI stands for “uniform welfare improving,” UWB for “uniform welfare improving of born generations,” and
UWU for “uniform welfare improving of unborn generations.” The top panel depicts the results for the 1x damage
case, whereas the middle and the lowest panels depict the 3x and 6x damage case, respectively.

FIGURE 3

LSRA NET TRANSFER AT TIME () OR AT BIRTH AS SHARE OF THE PRESENT VALUE OF CONSUMPTION UNDER ALTERNATIVE
REDISTRIBUTION POLICIES
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TABLE 4
WELFARE GAINS WITH 1 X DAMAGE FUNCTION

70 8¢ —-1.5% 0% 1.5% 3.0% 4.5%
10 0.17 0.25 0.45 0.62 0.61
20 0.27 0.42 0.68 0.70 0.52
30 0.34 0.53 0.73 0.60 0.36
40 0.38 0.59 0.66 0.51 0.20
50 0.41 0.61 0.63 0.40 0.03
60 0.43 0.61 0.58 0.27 —0.14
70 0.43 0.60 0.51 0.14 -0.32
80 0.43 0.57 0.43 0.00 —0.49
90 0.42 0.54 0.34 —0.15 —0.67
TABLE 5

WELFARE GAINS WITH 3 X DAMAGE FUNCTION

70 87 —1.5% 0% 1.5% 3.0% 4.5%
10 0.50 0.74 1.21 1.69 1.94
20 0.87 1.31 2.00 2.38 242
30 1.15 1.73 2.43 2.55 2.40
40 1.37 2.03 2.58 2.52 2.30
50 1.55 2.24 2.59 2.46 2.17
60 1.69 2.37 2.57 2.38 2.03
70 1.80 2.45 2.54 2.28 1.88
80 1.89 2.49 2.49 2.16 1.73
90 1.96 2.51 2.43 2.04 1.57
TABLE 6

WELFARE GAINS WITH 6 X DAMAGE FUNCTION

70 g ~15% 0% 15% 3.0% 4.5%
10 0.92 134 2.04 2.76 3.24
20 1.63 2.39 3.43 4.15 4.39
30 2.17 3.16 428 4.57 4.51
40 2.60 371 4.59 4.61 4.48
50 2.95 4.09 4.64 4.61 441
60 3.24 434 4.67 4.58 4.32
70 347 4.49 4.69 4.52 421
80 3.66 4.59 4.68 4.45 4.08
90 3.81 4.64 4.65 4.36 3.95

UWI, which is very close to the 4.69% UWI with the optimal initial $70 tax and its 1.5%
growth rate.

The three tables also point to a surprisingly effective alternative carbon policy, namely,
starting with a high carbon tax and having it decline through time to 0. Take the 6x case. An
initial $90 tax declining at 1.5% per year delivers a UWI gain of 3.81%. This is within 20% of
the gain from the optimal policy.

Why would a high initial carbon tax that falls through time make sense? The answer is that
there are two ways to limit the burning of fossil fuels. The first is to make the net-of-tax value
of burning coal, oil, and gas sufficiently low relative to their extraction costs that reducing pro-
duction makes sense. This is the case of a low but rising carbon tax. It does not immediately
shut off CO, emissions. It slows them down and shuts them off sooner than would otherwise
be the case. This first mechanism involves limiting the burn over time to an increasing degree.
The second mechanism is to give dirty energy producers an incentive to slow down their
burning of fossil fuels not by making the return to production lower, but by raising the gain
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from deferring production. An initially quite high, but a declining carbon tax, provides the in-
centive to produce less in the present and more in the future. Implementing a high initial, but
declining tax may be politically more palatable than starting with a lower tax that rises. How-
ever, the transfers to initial and early generations and the taxes on future generations needed
to achieve the UWI optimum are very similar to what arises when the tax starts low, but rises.

6.3.3. The efficiency cost of delay and the efficiency losses from carbon taxation if carbon
damage is small or 0. As stressed by Sinn’s Green Paradox (cf. Sinn, 2012) and the large
literature it spawned (see, e.g., Van der Ploeg and Withagen, 2015), a delay in implementing
carbon policy can lead dirty energy producers to “use it or lose it,” thus accelerating the
extraction of fossil fuels.*” Unlike a model with zero extraction costs, our increasing extraction
costs place a natural brake on the Green Paradox problem, but it does not eliminate it. To
assess the magnitude of the problem in our model, we calculated the optimal two-part UWI
carbon policy, but starting in year 20 instead of in year 0.*' Even though the policy start date
is later, the UWI gains are provided, as before, to all generations alive or still to be born as of
time 0. In the case of 1x damages, the year-20 UWI optimal tax starts at $47 ($24 higher than
the starting tax were the optimal policy to start at time 0) and grows thereafter at 1.5%. This
is higher by $12.8 than the optimal tax would have been in year 20 were it enacted starting in
year 0. For the 6x damage case, the optimal tax starting in year 20 is $141 (§71 larger than the
optimal year-0 $70 value), growing at the 1%. This is $47 higher than its year-20 value under
the optimal UWI policy starting in year 0. The message, then, is that when carbon taxation is
delayed, the tax needs to start at a higher value than would otherwise be the case.

Due to waiting too long to limit emissions and to the exacerbating influence of the Green
Paradox, UWI gains are reduced considerably by delay. In the 1x case, the UWI gain is 0.40%
versus 0.73%. In the 6x case, the UWI gain is 2.10% versus 4.68%. In percentage terms, a
20-year delay reduces the efficiency gains by 45.2% in the 1x case and 55.1% in the 6x case.
The message here is that waiting too long to address climate change is not only inefficient, but
it also reaches an economic tipping point where the UWI gains are potentially too small to
achieve consensus on taking action.

Despite the overwhelming scientific evidence of climate change, climate skeptics abound.
Hence, it seems worthwhile to address their view that imposing carbon taxation would be
costly with no benefit. If the damages were indeed 0 and the government imposed the 1x
UWI policy, the uniform, across all generations, efficiency loss would equal to 0.54%. With
a 3x policy, it would equal 0.87%. Moreover, with a 6x policy, it would equal 1.04%. These
values are all smaller or far smaller than the far more likely respective gains of 0.73%, 2.59%,
and 4.68%. Another possibility is that damages are smaller than the policy adopted assumes.
If the damages were 0.5x and the government imposed the 1x UWTI policy, the uniform,
across all generations, efficiency gain would equal 0.19%. With a 3x policy, there is an effi-
ciency loss equal to 0.03%. And with a 6x policy, there is an efficiency loss that would equal
0.18%.

7. COMPARISON OF OPTIMAL CARBON POLICY —OLG VERSUS ILA

We now compare optimal ILA and UWI (across all generations) OLG carbon policies. The
ILA framework implicitly assumes that all currently living agents are homogenous and, unlike
OLG agents, altruistic in the sense that the consumption of their children enters their utility
functions.*?

40 This point was stressed, recently, in Kotlikoff et al. (2016) in conjunction with the Paris Accord.

41 As discussed below, our numerical analysis suggests that our two carbon tax policy instruments fully span the
policy set insofar as adding year-specific carbon taxes would make very minor differences to our results.

42 Indeed, the standard ILA formulation assumes that the utility of children enters the parent’s utility function in
the same way as their consumption.
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TABLE 7
WELFARE GAINS FROM A THREE-INSTRUMENT POLICY

Initial Tax SR Tax Growth Rate LR Tax Growth Rate % Increase in Welfare
OLG, 1x DF $23 2% 1.5% 0.11
OLG, 3x DF $49 1.5% 1.5% 0
OLG, 6x DF $71 1.5% 1% 0.04
ILA, 1x DF $19 2.5% 1.5% 0.38
ILA,3x DF $55 2% 2.5% 0.01
ILA, 6x DF $110 2% 2.5% 0.03

NotE: DF stands for “damage function.”

TABLE 8
OPTIMAL CARBON POLICY OF OLG WITH ILA

1x Damage Function 3x Damage Function 6x Damage Function
Model p T 8t A ) 8t A ) 8t A
OLG 0.8% $33 1.5% 1.08% $56 1.5% 3.25% $78 1.5% 5.58%
ILA 0.8% $34 2% 1.29% $83 2.5% 5.73% $144 3% 12.38%
OLG 1.5% $23 2% 0.73% $49 1.5% 2.59% $70 1.5% 4.68%
ILA 1.5% $19 2.5% 0.50% $57 2% 3.16% $99 2.5% 7.24%
OLG 3% $13 2% 0.24% $34 1.5% 1.27% $51 1.5% 2.75%
ILA 3% $7 2.5% 0.07% $30 2% 1.00% $43 2.5% 2.77%

Nortes: p references the time preference rate, gp the long-run annual percentage change in the price of energy, t( the
initial carbon tax, g; the growth rate of the carbon tax, and A the welfare gain measured as the equivalent percentage
increase in consumption under BAU needed to achieve the welfare gain under the optimal UWI policy in the OLG
case or the ILA optimal in the ILA case.

The ILA optimum will not necessarily coincide with the SP optimum, which is studied in
standard IAMs (see, e.g., Nordhaus, 1994, 2008, 2010 and Golosov et al., 2014). This said, the
SP in these studies might be proxying for a model of ILAs whose government has sufficient
fiscal instruments to achieve the SP solution. An example, in this regard, is Golosov et al.
(2014) who derive the optimal ILA carbon tax policy based on the solution to the correspond-
ing SP problem.

To determine if our two-part carbon policy suffices to reach full Pareto optima, we explored
using three instead of two fiscal instruments to improve on our UWI efficiency gain. The three
instruments are an initial carbon tax, a short-run (50-year) growth rate, and a long-run (post
year 50) growth rate. As Table 7 shows, the optimal tax policy changes for both our OLG and
ILA models, but the UWI values and ILA welfare gains are essentially unchanged.

Given the frequent reliance on the ILA for analyzing optimal carbon taxation, a natural
question is whether the optimal two-part carbon policy differs in our OLG and ILA models,
where the ILA model differs from the OLG model only through its assumption of intergener-
ational altruism. Table 8 presents our comparison. Consider first rows 3 and 4. They show op-
timal UWI OLG and ILA carbon policy, assuming the 1.5% time preference rate and damage
function assumed by Nordhaus (2017). The optimal two-part policies are identical, namely, a
$23 initial tax growing annually at 2%.* However, since the ILA solution does not include
the LSRA, it does not ensure a Pareto improvement. This, indeed, is what we see in the right
panel of Figure 2 for the 1x damage case. Moreover, the UWI OLG and ILA policies differ
significantly when time preference rates are larger or smaller or when the damage function is
more significant. Consider, for example, the 1x case with a time preference rate of 0.8%. The
ILA optimal tax, in this case, is perpetually one-third larger than the OLG-maximizing UWI
carbon tax. For a higher, 3% time preference rate, the OLG and ILA initial optimal taxes are

43 This surely reflects, in part, the fact that our BAU delivers an interest rate path that is comparable to that in the
ILA equilibrium.
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TABLE 9
INTEREST RATES IN PERCENT PER YEAR

t=0 t=10 t=>50 t=100 t =150 t =200 t =250

OLG, BAU, 1x DF, p = 0.8% 43 4.0 33 33 35 3.6 3.6
OLG, OP, 1x DF, p = 0.8% 4.1 4.1 3.8 4.5 5.0 5.1 5.1
ILA,BAU, 1x DF, p = 0.8% 43 3.6 3.4 3.5 3.7 3.7 3.7
ILA, OP, 1x DF, p = 0.8% 4.1 35 35 3.7 3.7 3.7 3.7
OLG, BAU, 1x DF, p =1.5% 43 43 3.7 3.8 4.0 4.0 4.0
OLG, OP,1x DF, p =1.5% 4.2 4.4 4.1 4.8 53 5.4 5.4
ILA,BAU, 1x DF, p =1.5% 43 4.1 4.1 42 44 44 4.5
ILA, OP, 1x DF, p =1.5% 4.2 4.1 42 4.4 4.4 4.5 4.5
OLG, BAU, 1x DF, p =3% 4.4 53 5.0 52 5.4 5.4 5.4
OLG, OP, 1x DF, p =3% 4.3 5.4 53 5.7 6.1 6.2 6.2
ILA,BAU, 1x DF, p =3% 4.4 53 5.6 5.7 59 6.0 6.0
ILA, OP, 1x DF, p =3% 4.3 53 5.7 5.8 6.0 6.0 6.0
OLG, BAU, 6x DF, p = 0.8% 42 39 2.9 29 3.4 3.5 3.6
OLG, OP, 6x DF, p = 0.8% 39 44 5.0 71 8.2 8.3 8.4
ILA, BAU, 6x DF, p = 0.8% 42 3.4 2.9 3.0 3.6 3.7 3.7
ILA, OP, 6x DF, p =0.8% 3.8 3.4 35 3.7 3.7 3.7 3.7
OLG, BAU, 6x DF, p =1.5% 42 42 33 34 39 4.0 4.1
OLG, OP,6x DF, p =1.5% 39 4.6 53 7.3 8.3 8.5 8.5
ILA, BAU, 6x DF, p =1.5% 42 4.0 3.6 3.7 43 44 4.5
ILA, OP,6x DF, p =1.5% 39 39 4.0 4.4 44 4.5 4.5
OLG, BAU, 6x DF, p =3% 43 52 4.5 4.8 53 5.4 5.4
OLG, OP, 6x DF, p =3% 4.0 5.5 6.2 8.1 9.0 9.2 9.2
ILA, BAU, 6x DF, p =3% 43 5.1 5.1 53 59 6.0 6.0
ILA, OP, 6x DF, p =3% 4.0 5.1 5.5 59 6.0 6.0 6.0

Norte: OP and DF stand for “optimal policy” and “damage function,” respectively.

both $10, but the tax rises at 3% annually in the OLG case and at 1.5% annually in the ILA
case. After 50 years, the OLG carbon tax is twice the ILA carbon tax. After a century, it is 4.4
times larger. As another example of the significant differences in carbon policy prescriptions
emanating from the two models, consider the 6x case with a time preference rate of 0.8%.
The optimal ILA carbon tax starts at $140 and rises at 3% annually. In the OLG model, the
carbon tax starts at $80 and rises at 1.5% annually. Once again, the difference in the two opti-
mal carbon taxes rises dramatically through time.

One reason the OLG and ILA optimal policies may differ so much is their different gen-
eral equilibrium path. In the ILA, the economy’s long-run interest rate is pegged, in signifi-
cant part, by the rate of time preference. In the OLG model, the time preference rate matters,
but so does generational policy, including the LSRA’s debt accumulation policy.

As can be seen in Table 9, the LSRA’s debt policy raises the long-term interest rate. Take
our base case. The interest rate starts at 4.3% and under BAU ends up at 4.0%. However,
when we maximize the UWI gain, the long-run interest rate is 5.4%. In the corresponding
ILA simulations, the long-run interest rate is 4.5%. For the case of very large damages, in-
tergenerational transfers, and thus, LSRA debt, must be very large to compensate current
generations for the much higher requisite carbon taxation. With p at 1.5% and a 6x damage
function, the OLG long-run interest rate is 8.5%. It is 4.1% under BAU and 4.5% under the
ILA BAU and ILA optimal policies. Clearly, the rise in the interest rate, which must be paid
on the LSRA debt, limits the size of the carbon tax through time.

So far, we have shown that the choice of model, OLG versus ILA, will, in general, make a
significant difference in determining optimal carbon policy. However, will it matter to the in-
tergenerational distribution of welfare? The answer is yes, as shown in Figures 4 and 5. These
figures show the impact on the time path of current and future generations’ utilities of im-
posing ILA “optima” on the OLG economy with no redistribution across generations to off-
set utility losses. If the damages are 1x, the optimal ILA solution, when the ILA agents are
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Optimal tax in OLG without the LSRA being operational Optimal tax in OLG with the LSRA being operational
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FIGURE 4

WELFARE GAINS FOR AN OLG WITH OPTIMAL TAXATION VERSUS AN ILA SOLUTION WITH A 1 X DAMAGE FUNCTION

presumed to have very low time preference rates, e.g., 0.1%, can materially hurt young
and early generations. With 6x damages, the potential harm to such generations is smaller
but nontrivial.

8. SENSITIVITY OF OPTIMAL POLICY TO SHUTDOWN COSTS

The baseline model assumes that the dirty energy extraction firms can choose, at no extra
cost, when to extract available reserves. In particular, they can costlessly shut down produc-
tion for prolonged periods and then costlessly reopen. Temporarily stopping coal production
is an example and, indeed, is part of the 1x policy optimum (see Figure Al). To see if our
zero-adjustment cost assumption impacts our findings, we reran the model with quadratic
adjustment costs, expressed as ¢o(O, — O,_1)?, ¢6(G, — G,_1)?, and ¢c(C; — C,—1)?. To fully
consider this issue, we set high values for ¢p, ¢g, and ¢¢. Our choices imply a cost of a com-
plete shutdown in each dirty energy sector equal to five years of revenues. Interestingly, the
optimal tax policy is not materially impacted by adding these adjustment costs. But, as ex-
pected, these costs do reduce the efficiency gain from optimal policy, although only slightly.
Under our baseline calibration, the uniform welfare gain decreases from 0.73% to 0.70%
for 1x damages, from 2.59% to 2.49% for 3x damages, and from 4.68% to 4.53% for 6x
damages. Adding adjustment costs does make one appreciable difference. As Figure 6 makes
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Optimal tax in OLG without the LSRA being operational Optimal tax in OLG with the LSRA being operational
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FIGURE 5

WELFARE GAINS FOR AN OLG WITH OPTIMAL TAXATION VERSUS AN ILA SOLUTION WITH A 6 X DAMAGE FUNCTION
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DIRTY ENERGY EXTRACTION PATHS, ASSUMING OPTIMAL UWI-CARBON TAXATION WITH THE 1 X DAMAGE FUNCTION
[COLOR FIGURE CAN BE VIEWED AT WILEYONLINELIBRARY.COM]
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plain, costly adjustment produces smoother and, arguably, more realistic paths of dirty energy
extraction.

9. SENSITIVITY OF OPTIMAL POLICY TO LIFESPAN UNCERTAINTY

Another issue of sensitivity involves lifespan uncertainty. Our baseline model assumes that
adult agents have fixed 55-year lifespans—that is, they have a life expectancy of age 75, assum-
ing that 20 is the initial age of adulthood. Including lifespan uncertainty, which we consider
in this section, increases the effective discount rate, which, as suggested in our discount-rate
sensitivity analysis, can impact policy. On the other hand, it also lowers the cost of future
consumption, since, due to the presence of actuarially fair annuities, the price of future con-
sumption is now actuarial. Consequently, survival probabilities drop out of intertemporal
first-order conditions.

Lifespan uncertainty may, nonetheless, have some impact on optimal carbon taxation since
having agents die, on average, at a given age is not the same as having them all die for sure at
that age. To explore this issue, we modified our model to permit agents to live for 80 periods—
that is, to age 100, but face the risk of dying after their first 40 periods. We parameterized
our age-specific mortality rates to maintain the same life expectancy. Specifically, we set the
age-specific probability of death at O for each agent’s first 40 years of life, to 5% for the next
20 years, and to 15% for the last 20 years. With this calibration, life expectancy is essentially
age 55 (75 in the real world), and the model reproduces approximately the same steady-state
interest rates as in the baseline model with a fixed lifespan. Moreover, there is only a small
difference in optimal carbon tax policy. For 1x damages, the first-period optimal tax increases
from 23§ to 24$ with the uniform welfare increase rising from 0.73% in the baseline to 0.76%
in the model with lifespan uncertainty. For 3x damages, the first-period optimal tax increases
from 49% to 513, and the welfare increase rises from 2.59% to 2.70%. For 6x damages, the
first-period optimal tax increases from 70$ to 73§, and the uniform welfare increase rises from
4.68% to 4.90%. Intuitively, the chance of living longer increases the probability that agents
will benefit late in life from a better environment. This increases the welfare gain from carbon
taxation, which explains why the optimal tax starts a bit higher, and the welfare gains are a
bit larger.

10. SUMMARY AND CONCLUSION

Large-scale modeling of optimal carbon policy has been framed, almost exclusively, in two
ways. The first invokes an omnipotent SP whose preferences about the treatment of different
generations need to bear no connection to actual preferences of either those alive or those yet
to be born. The second assumes that households are infinitely lived, ostensibly due to altru-
istic concerns for their descendants. Each approach is problematic. Neither “optima” need to
produce a Pareto improvement if cohorts are selfish. Hence, relying on either approach can
transform the debate about efficient carbon policy from one of a generational win win to one
of a generational win-lose.

The appropriate framework for studying the carbon externality is surely that of selfish
cohorts who quite naturally ignore the costs their CO, emissions impose on their current and
future progeny. In focusing on generational win wins, principally the carbon policy producing
the highest uniform welfare gain for all (current and future) generations, our article confines
optimal carbon taxation to the province of economics. That is, we leave aside carbon policies
that are “just” based on the preferences of an assumed SP or those of agents, all of whom
supposedly care, indeed uniformly care, about future generations, but somehow collectively
fail to assist them.

When we calibrate the emissions/temperature/damages relationships per Nordhaus (2017),
the optimal carbon tax is $23 per cubic ton of CO; rising at 2% per year. With a 6x worse
damage function, the optimal initial carbon tax is $70, growing at 1.5% per year. In the
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analogous ILA model, the optimal 1x damage function tax is $33, rising at 2%. With a 6x
damage function, it is $99, growing at 2.5% annually. Hence, optimal OLG UWI and ILA
carbon policies can be very different. Moreover, the ILA optimum differs dramatically from
the OLG UWI results because the ILA optimum entails no intergenerational redistribution.
As shown, such redistribution can be critical to ensure that carbon taxation entails a Pareto
improvement.

In our OLG optimal carbon policy calculations, which include a lump-sum redistribution,
the uniform welfare gains with 1x and 6x damage functions are 0.73% and 4.68%, respec-
tively, measured as consumption compensating variations in the BAU equilibrium. Achieving
these win win outcomes does, however, require significant redistribution from future winners
and transfers to early losers. Indeed, with 6x damages, the net taxes on future generations
can equal up to half of their annual consumption. This is testimony to the magnitude of the
negative carbon externality.

Our results on optimal carbon policy are much less sensitive to the assumed rate of time
preference than those that assume either an SP or a representative infinitely lived single
agent. Moreover, we find no meaningful sensitivity to the inclusion of either shutdown costs,
in the form of quadratic adjustment costs, or lifespan uncertainty.

We have, as mentioned, many important first-order issues to explore in future work—issues
that have already been examined in SP and ILA frameworks and even some steady-state
OLG models.** We have excluded these factors here to keep our model simple and to focus
on our key objective—calculating optimal, Pareto-improving carbon taxation and its associ-
ated intergenerational redistribution in a large-scale OLG model that incorporates standard
(Nordhaus, 2017) assumptions about the relationship between carbon emissions, temperature
increase, and economic damages.

Our goals for future research are, first and foremost, incorporating uncertainty and deriving
state-specific carbon tax and state-specific intergenerational redistribution that uniformly
raise all generations’ expected utilities. Second, it is to add multiple regions together with
region-specific damages, some of which may be negative, as well as regional free riding. Third,
it is to account for carbon taxation’s regressivity. Doing so requires expanding the model to
include multiple goods, some of which are energy-intensive as well as differentially consumed
by the poor. It also requires within-cohort labor earnings heterogeneity. Fourth, it is to in-
corporate preexisting fiscal distortions whose reduction, via the carbon policy, may permit
even larger Pareto improvements—the so-called carbon double dividend. Finally, we plan to
explore Schwerhoff and Stuermer (2015)’s contention that extraction costs are endogenous
due to profit-motivated directed technological change.

With intergenerational, intragenerational, interregional heterogeneity, preexisting distor-
tions, and limitations on lump-sum (equivalently, inframarginal) taxes and transfers, achieving
realistic win win solutions requires careful design of tax-transfer schemes where such schemes
rely either exclusively or primarily on extant fiscal instruments. However, calculating such
taxes and transfers within large-scale OLG models seems critical for identifying carbon pol-
icy changes that are of universal benefit, and therefore, far more likely to be adopted on a
planet-wide basis.

APPENDIX A.
A.1 Computational Method.
A.1.1 Details on the OLG computations. Following Nordhaus (2017), we chose param-

eters for the right-hand side of Equation (38) that produce, in the long run, a decreasing
price of energy. This guarantees that our model’s economy will never extract all dirty energy

4 For example, the perfect substitutability between ex ante and ex post capital investments regarding energy tech-
nologies clearly is a very strong assumption that might play an important role in the quantitative results.
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reserves, that is, extraction will endogenously stop at time 7. Since dirty energy reserves will
always be positive, ¥ for all M will always equal 0. That is, we can drop the complementary
slackness conditions RMyM = 0 and the variables ¥. After T, we can analytically solve for
the sectoral distribution of aggregate capital and labor using

(A1) By = 9(1—ﬁ)+a(1—9)K”
. 1—a—-p)0
(A2) K, = 50— B e —oy %"
(A3) L, = P L
el —a)+B(1—)
and
(A.4) L, - vd-a=ph)

e wT s

In the solution algorithm, we set two dates, 7, and 7;. 7, is the year by which we assume
that the model has reached, to a very high degree of precision, its long-run balanced growth
path. Ty > T is a year sufficiently high to assure that dirty energy extraction has stopped.
T, — Ty must be quite large because atmospheric carbon depreciates very slowly in our model.
Our algorithm sets 75 at 2,999 (3,000 years from ¢ = 0). We typically set 77 to 149 in running
the model.

For t < Ti, when each type of dirty energy is potentially being extracted, we need to solve
the following system of equations, which include Kuhn-Tucker conditions permitting the ex-
tractions of some or all of the fossil fuels to equal 0 between 7 and T—that is,

(A.5) K, =K, + Ky,

(A.6) L =Ly, + Ly,

(A7) aAKLE ESP =1 46,
(A.8) BAKS, L E P =y,
(A.9) (1—a—B)AKS L) E " =p,
(A.10) E =8 +«00; + kG, + kcCy,
(A.11) S, = B.K¢ LY H' ",
(A.12) pOBKI LY H ¢ =1, +3,
(A.13) pipB K LI H! 070 =
(A.14) kopi — ¢ (RY) =t — € + pu =0,
(A.15) kGpi— ¢ (RY) = — & +u =0,
(A.16) kepe— ¢ (RY) =t — & +pf =0,
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3c?(R?) 29

A7 L0, 400 - L

( ) aR[O t t 1 + i’[+1
3cC(RO) S

A18 GG -

( ) BR,G t t 1 + r[+]

ac(R) o

A19 t t C EC _ t+1 —

( ) dRY +h 1+rp

(A.20) R°=R?, -0,

(A21) R° =R%, -G,

(A.22) RC=R{ | —C,

(A.23) oul =0,

(A.24) Gl =0,

(A25) Ciui =0.

In solving this system of equations, we provide initial conditions for oil, gas, and coal re-
serves as well as the zero value, for ¢ > T, terminal conditions for the shadow values of dirty
energy reserves, E%H, E%H, and €5, ;.

To facilitate our solution, we used the square norm of the Fischer—-Burmeister function and

replaced Equations (A.23)-(A.25) by

(A26) (o, + 1~/ (0 + w?)z)z — 0,
(A27) (GZ + 18— (G + (uF)Z)Z =0,

and

(A.28) (Cz +uf - \/m>2 =0.

For example, Equation (A.26) equals 0 iff O, >0, n? > 0 and O,u? = 0. Thus, we can
numerically solve the system of Equations (A.5)—(A.22) and Equations (A.26)-(A.28) with
interior-point methods. Our solver is the standard Matlab fmincon function with the “interior-
point” option and no bounds on variables. We compute the Hessian and gradients and
provide them to fmincon as sparse matrices, which dramatically speeds up convergence. Our
algorithm can be formalized in the steps stated in Algorithm 1.

A.12 Our ILA solution method. The ILA model consists of Equations (A.5)—(A.22) and
(A.26)-(A.28) plus

Gy (1 + Fi )1/”
A.29 = ,
( ) @ 1+p
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ALGORITHM 1 ALGORITHM FOR SOLVING THE OLG MODEL

Require: 71, T, By, A3 K& |10l tol k., tol 4

1. K, < K;gums, At - Afuess

2: repeat

3: Solve system of Eq. A.5- A22, A26-A28for0<t<T)
with ’fmincon’ with tolerance fol assuming that after 7}
extraction of dirty energy is zero

4: Solve system of Eq. A.5-A22, A26-A28forTy <t <T,
analytically assuming that after 77 extraction of dirty
energy is zero

50 K < K&, A, < A5 construct KF*“* using household
optimal behavior with given prices, construct A5““* using
dirty energy emissions and climate block equations

6: wntil | K, — K| < tolg, |A; — AZF| < tol 4

and
(A.30) Y, =K1 — (1 =8)K, + P.C + cC(RE)C, + cC(R)O, + cP(RO)G,.

Equation (A.29) is the standard ILA consumption-growth formula. Equation (A.30) is the
ILA’s flow budget. To solve the model, we guess the paths of damages, solve Equations (A.5)-
(A.22) and Equations (A.26)—(A.30) using multiple shooting (see Lipton et al., 1982), and
then update our guessed path of damages based on the derived path of output. Our shooting
algorithm divides the transition path into m 50-year-long subperiods, fy < t; < .. < t,,,—1 < 1>,
and guesses the capital stock at dates t, .., #,,_1, denoted by &, .., k;, _,.

Assuming that the model reaches its steady state at 7>, we shoot C;, , with initial condition
ki, ,, targeting steady-state consumption at date 7>. Then we shoot C;, , with initial condition
k;, ,, targeting consumption C;, , and so on. After each consumption shooting round, we
update k;,, .., k;, , and repeat, using simple bisection, until convergence. As with the OLG so-
lution, we set #; high enough, typically at 150 years, to ensure that dirty energy extraction ends
by that date. Our shooting prior to #; uses fmincon to solve the relevant system of equations,
namely, Equations (A.5)-(A.22) and Equations (A.26)—(A.30). For intervals between #; and
T, the equations are solved analytically for given paths of consumption and capital.

A.1.3 Accuracy of the solutions. All results reported below are based on highly accurate
numerical solutions. We solve the OLG model setting the error tolerance—step 6 in Algo-
rithm 1—at 10~°. The residuals in our ILA solutions are of order ~ 10~ To limit the number
of computations, without materially affecting the optimal solution, we solve for the optimal
initial carbon tax over a grid of size $1 and for the optimal annual growth rate to within 0.5
percentage points.
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A.2  Optimal Tax Policy With 1 x, 3x, and 6x Damage Functions.
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Nortes: Oy stands for oil, G; for gas, C; for coal, R,O for oil reserves, RtG for gas reserves, Rf for coal reserves, Jf‘1 for
CO; concentration in the atmosphere (all 7 in GtCO,), S; for clean energy production, E; for the total energy con-
sumption, F; for radiative forcing, gy for steady-state growth rate of output, and gg finally for the steady-state growth
rate of clean energy.

FIGURE Al

OPTIMAL TAX POLICY WITH A 1 X DAMAGE FUNCTION (PART 1)
[COLOR FIGURE CAN BE VIEWED AT WILEYONLINELIBRARY.COM|
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in the welfare of a generation born in period ¢ compared to no policy scenario.

FIGURE A2

OPTIMAL TAX POLICY WITH A 1 X DAMAGE FUNCTION (PART 2)
[COLOR FIGURE CAN BE VIEWED AT WILEYONLINELIBRARY.COM]
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NoTES: V,O stands for the value of the oil company, V,¥ for the value of the gas company, V¢ for the value of the coal
company, Y; for the final output, K; for the total capital, K, for the clean energy sector’s capital, K,,; for the final
goods production sector’s capital, w; for the real wage rate, r; for the real interest rate, n, for the rental price of land,
O, for the value of land, and gy for the steady-state growth rate of output.

FIGURE A3

OPTIMAL TAX POLICY WITH A 1X DAMAGE FUNCTION (PART 3)
[COLOR FIGURE CAN BE VIEWED AT WILEYONLINELIBRARY.COM]

85UB017 SUOLLWIOD BAIER1D 3|ced!(ddde a3 Aq peuenob 818 S3joNe WO ‘88N JO S3|NJ 404 Aziq 1T BUIIUO AB]IM UO (SUOTHPUOD-PUE-SWBIALIOD" A8 | 1M ARIq 1 BUI|UO//STRY) SUORIPUOD PUe SW L 8U3 885 *[G202/2T/ST] Uo ARigiTauliuo A8|im ‘Aisieaun uosog Aq e8vZT @RI/ TTTT 0T/I0p/wod | im Ariqieuliuo//sdiy woiy pepeojunmoq ‘T ‘T20Z ‘YSEZeorT



GENERATIONAL WIN-WIN CARBON TAXATION 37

Ot Gt
: : 40 . .

40 sennnnn BAU

R Policy 20
20 ."'. ==='LSRA /\\
. ANy
' .'u_. L .'Li

0
0 62 125 187 249 0 62 125 187 249

C. RO
100 4,000

an
RLITULLY N

50 [oas* *, 2,000 \—

b
AumEEEEEEEEEEEEEEEEET

0 0
0 62 125 187 249 0 62 125 187 249
G c
R; R;
2,000 10,000 pr=
1Y000\ 5,000 ...'....llllllllllllllll--
0 0
0 62 125 187 249 0 62 125 187 249
J# log B — gst
10,000
5,000 | ,s**
b
0
0 62 125 187 249 0 62 125 187 249
log S; — gst F
4 : : : 10 : :
’ /4-‘-‘“’"‘— 5 “"“‘
0 0
0 62 125 187 249 0 62 125 187 249

Notes: O, denotes oil, G; gas, C; coal, R,O oil reserves, R,G gas reserves, Rf coal reserves, J;“ CO; concentration in at-
mosphere (all 7 in GtCO,), S, clean energy production, E; total energy consumption, F; radiative forcing, gy steady-
state growth rate of output, and finally gs stands for the steady-state growth rate of clean energy.

FiGure A4

OPTIMAL TAX POLICY WITH A 3X DAMAGE FUNCTION (PART 1)
[COLOR FIGURE CAN BE VIEWED AT WILEYONLINELIBRARY.COM]
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NOTES: T,A stands for the global mean surface temperature, D; for damages, p; for the price of clean energy and oil
per tCO,, 7, for the absolute tax per tCO,, and G ; for consumption of generation j at time ¢. gy abbreviates the
steady-state growth rate of output, and A, the percentage change in consumption of households that produces the
same change in the welfare of a generation born in period ¢ compared to no policy scenario.

FIGURE A5

OPTIMAL TAX POLICY WITH A 3X DAMAGE FUNCTION (PART 2)
[COLOR FIGURE CAN BE VIEWED AT WILEYONLINELIBRARY.COM]
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Notes: V¢ stands for the value of oil company, V,© for the value of gas company, V¢ for the value of coal company,
Y; for the final output, K; for the total capital, K, for the clean energy sector’s capital, K, ; for the final goods pro-
duction sector’s capital, w, for the real wage rate, r; for the real interest rate, n, for the rental price of land, O, for the
value of land, and gy for the steady-state growth rate of output.

OPTIMAL TAX POLICY WITH A 3X DAMAGE FUNCTION (PART 3)
[COLOR FIGURE CAN BE VIEWED AT WILEYONLINELIBRARY.COM|
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Nortes: O; stands for oil, G; for gas, C; for coal, R,O for oil reserves, RtG for gas reserves, R,C for coal reserves, J;“ -CO,
for the concentration in atmosphere (all 7 in GtCO,), S; for clean energy production, E; for the total energy con-
sumption, F; for the radiative forcing, gy for the steady-state growth rate of output, and gg for the steady-state growth
rate of clean energy.

FIGURE A7

OPTIMAL TAX POLICY WITH A 6X DAMAGE FUNCTION (PART 1)
[COLOR FIGURE CAN BE VIEWED AT WILEYONLINELIBRARY.COM]
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NoTES: T,A stands for the global mean surface temperature, D, for the damages, p, for the price of clean energy and
oil per tCO,, 7, for the absolute tax per tCO,, and C; ; for the consumption of generation j at time /. Moreover, gy
abbreviates the steady-state growth rate of output, and A, the percentage change in consumption of households that
produces the same change in the welfare of a generation born in period ¢t compared to no policy scenario.

FIGURE A8

OPTIMAL TAX POLICY WITH A 6X DAMAGE FUNCTION (PART 2) 0
[COLOR FIGURE CAN BE VIEWED AT WILEYONLINELIBRARY.COM]
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Notes: V,© stands for the value of oil company, V,¢ for the value of gas company, V¢ for the value of coal company,
Y; for the final output, K; for the total capital, K, for the clean energy sector’s capital, K, ; for the final goods pro-
duction sector’s capital, w, for the real wage rate, r, for the real interest rate, n, for the rental price of land, Q; for the
value of land, and gy for the steady-state growth rate of output.

FIGURE A9

OPTIMAL TAX POLICY WITH A 6X DAMAGE FUNCTION (PART 2)
[COLOR FIGURE CAN BE VIEWED AT WILEYONLINELIBRARY.COM]|
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