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Abstract

The Paris Agreement established that global warming should be limited to “well below” 2 °C
and encouraged efforts to limit warming to 1.5 °C. Achieving this goal presents a challenge, espe-
cially given (i) adjustment costs, which penalize a swift transition away from fossil fuels owing to,
e.g., skilled labor scarcity, and (ii) climate uncertainty that complicates the link between emissions
reductions and global warming. This paper presents a modeling framework that explores optimal
decarbonization investment strategies with adjustment costs and climate uncertainty. The findings
show that climate uncertainty impacts investment in three ways: (i) the cost of policy increases,
especially when adjustment costs are present; (ii) abatement investment is front-loaded relative to a
scenario without uncertainty; and (iii) the sectors with the largest changes in investment are those
that are “hard-to-abate”, such as heavy industry and agriculture, each of which have high invest-
ment costs and annual emission rates. The longer learning about climate uncertainty is delayed,
the more these impacts are amplified. Each of these effects can be traced back to the carbon price
distribution inheriting a “heavy tail” when climate uncertainty is present. The paper highlights
how climate uncertainty and adjustment costs combined lead to heightened urgency for near-term

investments in decarbonization.

Plain Language Summary: Achieving international climate goals will require transitioning the
global economy from greenhouse gas-emitting technologies to clean technologies. How one allocates
effort towards this transition over time is complicated: going “too fast” runs the risk of imposing extra
costs — often referred to as ”adjustment costs” — related to, say, a scarcity of electricians that are
trained to install solar panels (here, the cost of training new electricians would be an adjustment cost).
Going “too slow”, however, risks missing climate targets altogether. Further complicating this process is
uncertainty in how the climate responds to carbon emissions, which limits policymakers’ ability to know
how much time they have to complete the transition. To understand how adjustment costs interact
with climate uncertainty in the green transition, this paper presents a model for financing the least-cost

green transition under climate uncertainty. The paper shows how, to hedge against worst-case climate
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outcomes, investment efforts need to be front-loaded, with more early investments in expensive-to-abate
sectors like heavy industry and agriculture. The paper discusses how climate uncertainty increases the
carbon price needed to meet climate goals, raising the profitability of investments in green technologies.

Overall, the paper points towards climate uncertainty increasing the urgency of climate policies.

Key Points:

e The optimal policy under climate uncertainty leads to more early investments to hedge against

worst-case outcomes.

e Adjustment costs slow the rate of abatement (via, e.g., labor scarcity), thus increasing near-term

investment needs to meet climate goals.

e The interaction of climate uncertainty and adjustment costs leads to higher carbon prices and

larger near-term investment needs.

1 Introduction

The signing of the Paris Agreement marked a breakthrough commitment and consensus in the interna-
tional community about the serious threat of human-caused climate change (United Nations Framework
Convention on Climate Change, 2015). Coincident with this watershed moment in global climate policy
arose an equally daunting challenge: confining planetary warming to the targets enshrined in the Paris
Agreement, namely, “well-below” 2 °C with effort towards limiting warming to 1.5 °C. These goals
are ambitious, and present a major challenge to the international community. For example, a recent
estimate suggests that while gross investments in climate financing amassed to about 1% of global GDP
— about $1.3 trillion USD - in 2023, in order to reach the Paris Agreement targets, climate finance

must increase by at least five-fold annually relative to current levels (Climate Policy Initiative, 2023).

Clearly, transitioning from an economy based on “dirty” capital, such as coal-fired power plants, to
“clean” capital, such as renewable energy and electricity-powered vehicles, will require significant in-

vestment in abatement. A number of factors exist that complicate this process.

For example, adjustment costs (Lucas, 1967; Mussa, 1977) considerably raise the price tag of a swift
transition to a greenhouse gas emissions-free economy. This is because an induced transition from dirty
to clean capital creates an opportunity cost to direct scarce resources, such as skilled labor or productive
capacity, from polluting production to greenhouse gas-abating economic activity and tends to slow the
diffusion of new technologies (Morris et al., 2019). As an example, if one was to transition a region’s
electrical grid from relying on natural gas to primarily relying on renewables with battery storage,
completing this transition in one year would be far more expensive than if it was done over the course
of a decade. In this example, the “adjustment cost” might be the cost of training additional electricians
to install the required solar panels, or the cost of buying more expensive batteries to accommodate
the speed of the transition. Additional adjustment costs could arise from supply chain and trade
constraints that place limits on the rate certain technologies can be bought, imported, and deployed.
Models including adjustment costs tend to favor more near-term investments in clean technologies (Ha-

Duong et al., 1997; Campiglio et al., 2022) conflicting with a number of models in the literature that



do not consider these effects (e.g., Nordhaus (2017)) and recommend an initially low, rising investment

pathway.

Another complicating factor is that there are a number of options one can choose to abate fossil
fuel emissions; how does one choose between abating emissions in the energy sector, say, versus heavy
industry? And how should these efforts be allocated over time? Conventional marginal abatement cost-
based approaches would suggest that one should start with cheap mitigation options and progressively
move towards more expensive technologies; however, this policy advice can be challenged if one includes
the impact of adjustment costs, which has been shown to lead to more investment happening earlier
in expensive-to-abate sectors (Vogt-Schilb and Hallegatte, 2014). Throughout, we will refer to sectors
with both high marginal abatement costs and high emissions intensities as “hard-to-abate” (e.g., heavy

industry and agriculture).

The challenge to financing decarbonization posed by each of these economic factors is compounded by
the presence of uncertainty in the physical climate system. While the targets in the Paris Agreement are
deterministic, in the sense that the targets themselves are not uncertain, the geophysical timing of their
actualization is unclear owing to uncertain climate feedbacks (Sherwood et al., 2020). For example, the
true value of the remaining carbon budget (or simply “the carbon budget”), a geophysical quantity that
corresponds to the amount of emissions one has left to emit before a given long-term global temperature
target is nearly certain to be reached, is ambiguous owing to uncertainty in the zero-emissions commit-
ment, future aerosol emissions, and the transient climate response to emissions (Matthews et al., 2009,
2018, 2021; Jenkins et al., 2022). The presence of climate uncertainty has been generally shown to
increase the stringency of climate policy (see Lemoine and Rudik (2017), Lemoine (2021), Cai (2021),
and Bauer et al. (2024b) for a few examples) and imply more climate damages (Calel et al., 2020); this
is especially the case if so-called “climate tipping points” are considered (Lenton et al., 2008; Lemoine
and Traeger, 2016; Cai and Lontzek, 2019; Dietz et al., 2021).

In this paper, we amend an economic model of abatement investment that includes convex adjustment
costs and heterogenous sectors (Vogt-Schilb et al., 2018) with a representation of climate uncertainty
to jointly explore the influence of adjustment costs and climate uncertainty on optimal decarbonization
investment strategies. In particular, we task the social planner with decarbonizing the economy prior
to breaching some temperature target for the least cost when the true value of the carbon budget
is hidden until some point in time; once the carbon budget is known, the planner’s policy can be
adjusted (either to be more stringent or lax) in accordance with the true value. The result is that
the social planner has to formulate a policy which is robust under a number of potential future risk
states that will be revealed later on (similar to the approach of, e.g., Ackerman et al. (2013), Crost
and Traeger (2014), Morris et al. (2018), and Okullo (2020)). Our approach allows us to vary the time
when the carbon budget is learned, and analyze how learning the true value of the carbon budget in
2030, for example, impacts the resulting policy in comparison to learning about the carbon budget in
2080 or later. We compare the results of this experiment with a “strawman” model, where the effects

of adjustment costs are neglected, to isolate how climate uncertainty interacts with adjustment costs.

We find that the effect of climate uncertainty has three main impacts on optimal decarbonization
investment strategies: (i) the presence of adjustment costs magnifies the impact of climate uncertainty,

especially for stringent temperature targets, (ii) abatement investment is front-loaded relative to an



equivalent policy without uncertainty, and (iii) sectoral allocation of abatement investment is affected
to prioritize hard-to-abate sectors relative to the certainty policy. We further find that if learning about
climate uncertainty is delayed, each of these effects is magnified because the planner has to formulate a
policy that is robust to the worst-case climate outcome (i.e., a scenario with high climate sensitivity or,
equivalently, a low carbon budget) for longer. Our findings suggest that uncertainty and adjustment
costs interact to exacerbate the influence of uncertainty, and overall advocate for a more aggressive
least-cost investment strategy for decarbonization. We find these results are robust to a number of
alternative model specifications, such as allowing for the deployment of direct air capture technologies,
different emissions baselines, and alternative cost of investment calibrations (Sections 1, 2, and 3 of the

Supplementary Information, respectively).

2 Model Description

In this section, we outline each of our model frameworks. In Section 2.1, we define the base models: one
that uses abatement investment and captures adjustment costs, and one that does not. In Section 2.2,
we add climate uncertainty to the base models. Note the solutions to the models highlighted in
Section 2.1 are the certainty solutions of the uncertain models in Section 2.2. In Section 2.3, we

describe our general calibration routine.

2.1 Base models
2.1.1 Abatement investment model

The abatement investment model tasks a policymaker with decarbonizing a set of economic sectors,
7, for the least cost over some time horizon, 7 := [0,%f], such that the carbon budget, B > 0, is
not exceeded. FEach sector has an abatement potential (or annual emissions rate), a; > 0, and a
capital depreciation rate, 0 < §; < 1. No sector has the capacity for “negative emissions”; we explore
the influence of “negative emissions” technologies on our results in Section 1 of the Supplementary

Information, and find that none of the results are significantly altered.

We represent abatement of greenhouse gases via the accumulation of abatement capital stocks. Here,
abatement capital stocks represent any abatement technologies that, once invested in, reduce green-
house gas emissions over their lifetime. In this way, our representation of abatement capital stocks
follows the “committed emissions” framework originally developed by Davis and Socolow (2014). As
an example, if one builds a green steel plant with a capital lifetime of 30 years which replaces a dirty
steel plant that emitted 1 MtCO4 per year, then the green steel plant represents an abatement invest-
ment of 1 MtCOs per year, per year the green plant is in operation. The task of the social planner
is therefore to build up sufficient abatement capital stocks over the investment horizon (while also
replacing capital as it depreciates) such that the economy’s greenhouse gas emissions rate reaches zero

when the carbon budget is depleted.

Mathematically, the policymaker controls the amount of investment in abatement capital stocks, x;,

in each sector ¢ € Z at each point in time ¢ € T; abatement investment leads to the abatement of



emissions, a;¢, via the accumulation of abatement capital. Global cumulative emissions are given by
Y. The cost of abatement investment in each sector i € Z, ¢;(x;y), is assumed to be an increasing
and convex function of investment (i.e., its first and second derivatives with respect to investment are

positive).

The convexity requirement on our cost function endows the system with adjustment costs (Lucas, 1967;
Mussa, 1977). Intuitively, if one wants to install a large amount of solar panels in a short amount of
time, completing the installations will require training new technicians to make the installations, and
retraining them after the installations are complete. These training and re-training costs would not be
incurred if installations happened smoothly over time, where the demand for solar panel installations is
equal to the supply of available technicians. Here, the training and re-training costs are the “adjustment
costs”, and demonstrate how the marginal cost of abatement capital, ¢’ (), is a function of the rate
of capital installed, x; since /() is an increasing function of x, c¢(z) must be convex, and therefore a

convex cost of investment captures adjustment costs.

The problem facing the social planner can therefore be formulated as,

min [Z gt Zci(xm)] , (2.1)

{xi,t}iel teT el

Subject to : ;41 = aiy + At (zi¢ — 0iaiy) ,

Y1 = Yy + At (Z (a; — ai,t)) ,

1€
0<a < a,
0<1 < B,
iy > 0,

a0, ¢0 given)

where At > 0 is the timestep (assumed to be annual throughout), 3 := (1+7)"! is the discount factor,
and 0 < r < 1 is the social discount rate. While an exogenous rate of technology change could be
incorporated into the discount factor (via the transformation 8 = (1 +7)"* = (1 — ¢)/(1 + r) where
¢ > 0 is the exogenous rate of technology change), we ignore it to focus on model dynamics. This
model was extensively studied in Vogt-Schilb et al. (2018), and we refer readers to this paper for a full

analytical treatment of the model.

Two theoretical features of the model are important for our discussion. First, supposing that t; is
sufficiently large that the economy is decarbonized at some time t < t t, the model will reach a steady
state such that 1/) = @; = 0. This implies that for all ¢ > ¢, a;¢ = ai, Yy = B, and x;; = J;a;, meaning

the steady-state investment effort is given by ¢;(d;a;).

The second important result is that, along the optimal path of (2.1), investment is either bell-shaped
or decreasing over time (see Proposition 1 in Vogt-Schilb et al. (2018)). The shape of the investment

pathway in a given sector relies on the inequality,

ez (r+6;)ci(diaq), (2.2)



that weighs the carbon price (given by p) against the marginal abatement investment costs. Note the
carbon price is determined endogenously in the model as the shadow value of emissions reductions
(i.e., is the Lagrange dual of the cumulative emissions time derivative, 1 := Z (@; — ait)). When
pw > (r + 8)ci(8;a;), paying the carbon price is more expensive than a margirzlfj unit of abatement
investment, and it follows that the optimal investment path is declining. If u < (r + &;)c}(8;a;), then
initially paying the carbon price is more cost-effective than a marginal unit of abatement investment,
forcing the investment pathway to start low. The path then rises over time, commensurate with a
rising carbon price (Hotelling, 1931), before declining again to the steady-state. This dynamic gives
rise to the bell-shaped investment pathway shown in Vogt-Schilb et al. (2018). These considerations

will be important when we discuss the sectoral allocation of abatement investment in Section 4.2.3.

2.1.2 “Strawman” model

We formulate our “strawman” model as an analogous problem to that of (2.1) without adjustment costs
and abatement capital stock accumulation. In this formulation, the social planner controls the abate-
ment rate, rather than abatement investment; this approach is analogous to conventional approaches
in climate-economic integrated assessment models (Nordhaus, 2017; Barrage and Nordhaus, 2024) and
has been used as a counterfactual case to isolate the effects of adjustment costs on decarbonization
policy (see, e.g., Campiglio et al. (2022)). Rather than using investment costs, the social planner uses
an abatement cost function in each sector i € Z, 7;(ai;), that maps abatement to monetary cost.
The abatement cost functions +; are increasing and convex functions of abatement, but since capital
accumulation dynamics are not present, the convexity of the cost function does not endow the model
with adjustment costs. The remaining constraints are identical to those of the abatement investment

model.

We can formulate this problem as a cost-minimizing optimization problem such that,

min [Z ﬁtZ'yi(ai7t)] , (2.3)

{ai,t}iel teT el

Subject to : Y11 = ¥y + At <Z (@ — ai,t)) )
i€l
O S ai7t S ai7
O S ¢t S Ba

Yo given.

This model is also treated in Vogt-Schilb et al. (2018) and we refer interested readers to their paper
for a full analytical treatment, but note two theoretical findings analogous to those discussed for the

abatement investment model.

This first relevant theoretical finding is that (2.3) admits a steady-state solution when 1y = B, but
here the steady state is simply that a;; = a; and the steady-state investment effort level is v;(a;). The
second finding is that the shape of the optimal abatement path follows an exponentially rising profile,

as here the planner simply equalizes marginal abatement costs with the shadow price of emissions, the



latter of which follows an exponential path analogous to a Hotelling rule (Hotelling, 1931).

2.2 Adding climate uncertainty
2.2.1 Abatement investment model with climate uncertainty

We now add uncertainty about the carbon budget to the model structure. Consider the abatement in-
vestment model outlined by (2.1), and allow the remaining carbon budget B to be uncertain. Since the
carbon budget distribution is approximately Gaussian (Intergovernmental Panel on Climate Change,
2021), let pp,.. ~ N (BT*,O'%;T*) be the Gaussian distribution of the carbon budget for some temper-
ature target 7% > 0 where By~ > 0 and a?_;T* > 0 are the average and variance of ppg, ., respectively.
Further let B := {Bj, Bo,..., By} be a discrete set of quadrature nodes approximated from pp._.,

= |B| be the number of quadrature nodes, and J := {1,2, ..., N} index each node. (Equivalently,
B can be thought of a set of samples from pp,., but since we use a quadrature approach in our nu-
merical solution, it is more consistent to introduce B as a set of quadrature nodes, see Section 4 of the
Supplementary Information.) Assume the social planner learns the true value of the remaining carbon
budget at a time t* such that 0 < t* < ty (see Kelly and Kolstad (1999) and Fitzpatrick and Kelly
(2017) for treatments where learning is continuous in time). Then we can write the social planner

decarbonization problem as a 2-stage stochastic optimization problem, such that,

min (t*z_:lﬁ ZC”L zit) +Eg {Q (ffz',t;B(j)ﬂ) , (2.4)

{zithier \ = pyet

Subject to : Y11 = Yy + At Z —a;t) (2.5)
i€l

Qi1 = Qi+ At (@i — dia;),
0 < At < G,
xip 2> 0,

a;0, %o, t" given,



with

tp—1

Q (:cm;Bj) = (])min Z ﬁthl ( zt) , (2.6)

{=, ezjer \t=t* €T

Subject to : 1/Jt+1 = (]) + Atz ( a; )
1€L
=+ 80 (60 8.

0 < a'L(,t) < aiv

0< 9 <BY,

xz(,jt) =0,

al,t* - ag,]t)*a
J

e =

Note al(-i) represents the abatement in sector i € Z at time ¢t € T in future state j € J (the same notation
is applied for cumulative emissions and investment, where the sectoral index is dropped for cumulative
emissions). The final two constraints in (2.6) require continuity in abatement and cumulative emissions
(the state variables) across the learning time. Note that if t* = 0, there is no delayed learning, but the
policymaker still minimizes the expected policy cost; this is distinct from the certainty solution of the

model given by (2.1) where uncertainty is neglected entirely.

2.2.2 “Strawman” model with climate uncertainty

The “strawman” model can be formulated with delayed learning in an analogous way to the abatement

investment model; using (2.3), we can write

min (t*z_lﬁtZ% (a;r) +Ej {Q (ai,t;B(j)>}>7 (2.7)

{ait}iez s
Subject to : P11 = ¥y + At Z — Qiyz)
€T
0<a; <a,
1o, t" given,



with

tp—1 '
0 (aisBY) = min | 38N (o)) | (28)
{ai',t ieTjeg \t=t" €T
Subject to : wgi)l = éj) + Atz (Ezi - aE?) ,
€L

2.3 Calibrating marginal investment costs

Throughout the main text, we assume that our cost functions ¢;(x;;) and 7;(a;¢) are quadratic, such
that

Eingw (2'9)
Fia,. (2.10)

In Section 3 of the Supplementary Information, we test this assumption with a higher-order cost
function, and find the main results of the paper are not changed. Existing data for marginal abatement
costs broken down by economic sectors (as first done by McKinsey & Company (2013)) allow us to
directly fit values for 4;; later, we will utilize the recent IPCC estimates for marginal abatement
costs (see Intergovernmental Panel on Climate Change (2022), Summary for Policymakers Figure 7,
SPM.7). However, we are not currently aware of data for calibrating the marginal investment costs,
¢;. We therefore use the following prescription for translating marginal abatement costs into marginal
investment costs. First, we require that the relative marginal abatement cost and marginal investment

cost between each pair of sectors (4, j) are equal, such that

r_Z (2.11)

as done in past work (Grubb, 1997; Vogt-Schilb et al., 2018). This defines marginal costs up to one
remaining parameter. The final cost coefficient is calibrated by demanding that the total discounted
costs between both approaches are equal for a given target under the assumption of certainty about
the carbon budget (Grubb, 1997). Therefore, any differences in total policy costs once we add in the
effects of uncertainty must come from the uncertainty itself, as the models are calibrated to be equally

costly in the certainty case.

3 Simple Example of Model Behavior

To demonstrate the generic behavior of the abatement investment model and “strawman” model re-

sponses to uncertainty, we develop a simple numerical experiment. The goal of this section is not
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Figure 1: Example abatement investment model and “strawman” model output. The left-
hand column shows example output from the abatement investment model, while the right-hand column
shows example output from the “strawman” model. Panel a shows the optimal investment pathway in
the deterministic abatement investment model with an average carbon budget (grey, dashed line), as
well as the paths for the stochastic model with three carbon budgets: high (green solid line), average
(blue solid line), and low (yellow solid line). Note the solid black line shows the stochastic model
path prior to learning where all three possible outcomes for the carbon budget follow the same policy.
The dotted black line shows the steady-state investment effort level. Panel ¢ shows optimal abatement
pathways, and here the black dotted line shows the economy-wide annual emissions rate. Panel e shows
the optimal cumulative emissions paths, where the three dotted lines are the three carbon budgets,
labeled by their colors. Panels b, d, and f mimic that of a, c, and e, respectively, for the “strawman”
model.
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to emulate real-world economies, but rather to provide intuition for how both the deterministic and
stochastic models behave before moving to a more complicated setup with multiple, heterogeneous

economic sectors.

For the following discussion, we assume there is one economic sector with a marginal abatement cost,
7, of 50 ($ / tCO2) / (GtCOg2 / yr), annual emissions rate, a, of 10 GtCOgz per year, and a capital
deprecation rate, ¢, of 5% annually. Following the procedure outlined in Section 2.3 implies the marginal
investment cost, &, of 12500 ($ / tCO3) / (GtCO; / yr?). The social planner uses a social discount
rate, r, of 2%. The expected carbon budget, B, is 300 GtCO,. We assume that thirty years after the
start time, uncertainty in the carbon budget is resolved, and is either 200 GtCOgy (the worst case),
300 GtCOq (is in line with our expectations before learning), or 400 GtCOg2 (the best case). Each
of these outcomes are equally likely. We use this parameter set to solve (2.4) and (2.7), and in our
deterministic model runs, we solve (2.1) and (2.3) with a carbon budget of 300 GtCO3 for comparison

with the stochastic case.

We visualize the results of this experiment in Figure 1, where the optimal investment, abatement, and
cumulative emissions pathways for the abatement investment model (“strawman”, resp.) are shown
in the left-hand (right-hand, resp.) column. In each case, the results from solving the deterministic
models are shown in grey, dashed lines. Prior to learning, the optimal stochastic path is shown in the
solid black line, while the three possible stochastic model paths after learning are shown in the solid,
colored lines. Each color corresponds to a different carbon budget. Notice that before the learning date
(here, 2050), there is one path for the stochastic model, that then branches into three after learning
(marked by the change in line color from black to colored), showing how the policymaker can adjust

the policy course after learning the true value of the carbon budget.

Starting with the deterministic models (grey, dashed lines in Figure 1), Fig. la—b show how the
abatement investment model and “strawman” model result in markedly different investment pathways.
The abatement investment model starts low and rises over time, before declining to the steady-state
investment value of c¢(da), therefore following the bell-shaped path mentioned in Section 2.1. On the
other hand, the investment pathway for the “strawman” model follows an exponential path, since
the planner equalizes marginal abatement costs with an exponentially rising carbon price (akin to a
Hotelling rule (Hotelling, 1931)).

The optimal abatement pathways between the abatement investment model and the “strawman” model
also differ substantially. In the abatement investment model, since the level of abatement capital stocks
are initially zero and must be built over time, the optimal abatement path starts at zero and grows
steadily. On the other hand, the “strawman” model has a discontinuous jump at the initial time point
because such capital stock dynamics are neglected; the planner can essentially “snap their fingers” and
eliminate 30% of greenhouse gas emissions “overnight”. This leads to an initially high and convex path
of abatement in the “strawman” model, as opposed to the initially low and concave abatement path
in the abatement investment model. Finally, the cumulative emissions path between both models are
qualitatively similar, albeit with the abatement investment model path being slightly more concave

than the “strawman” model path.

These qualitative differences between model behavior are accentuated by the addition of climate un-

certainty (see the colored lines in Figure 1). In the abatement investment model, we find a massive
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spike in investment in the worst-case carbon budget scenario (yellow line in Fig. 1a); this large increase
in investment is required to overcome adjustment costs while still limiting emissions below the lowest
carbon budget (B, in Fig. le). Such a large injection of investment, however, is not required in the
“strawman” framework because of the lack of adjustment costs (yellow line in Fig. 1b), thus limiting

the additional costs imposed by uncertainty in the “strawman” model.

Comparing the average and high carbon budget investment paths between models further highlights
how neglecting adjustment costs and capital stock dynamics changes the model response to uncertainty.
In the abatement investment model, after learning about the carbon budget the investment paths for the
average and high carbon budgets decrease before tracing out bell-shaped paths. This causes abatement
to decrease slowly and continuously, as some abatement capital stocks depreciate (i.e., da > x because
@ < 0) during this period. This is not the case in the “strawman” model, where we find that after
learning, both the investment effort and the abatement decrease instantaneously by a small amount
for the average carbon budget path and decrease substantially in the high carbon budget case. This
shows how, when adjustment costs and transition dynamics are neglected, the planner can “snap their
fingers” to decrease abatement in response to good news about the climate. This contributes to far

less precautionary spending in the “strawman” model relative to the abatement investment model.

These differences between the investment pathways manifest in different optimal abatement and cu-
mulative emissions pathways, as well as total policy costs. We find that precautionary spending in
the abatement investment model amounts to about 1 GtCOgy of precautionary abatement (i.e., the
difference between the green solid line and grey dashed line in 2050 in Fig. 1¢) compared to about 0.2
GtCOq per year in the “strawman” case. We further find that the total policy cost in the stochastic
abatement investment model exceeds that of the stochastic “strawman” model by about 7% (despite
the models being calibrated to have the same total policy cost in the deterministic case), highlighting
how the interaction between adjustment costs and climate uncertainty leads to higher policy costs. We
now move to design numerical experiments in-line with recent estimates of marginal abatement costs,

carbon budgets and their uncertainties, and social discount rates.

4 Calibrated Numerical Experiments

4.1 Calibration
4.1.1 Global parameters

The remaining carbon budget. We use a recent study (Dvorak et al., 2022) that estimates the car-
bon budget probability distribution using a state-of-the-art, simplified climate emulator, FalR (Smith
et al., 2018; Leach et al., 2021), which was also used by the IPCC for the same purpose (Intergovern-
mental Panel on Climate Change, 2021). We utilize two temperature targets in our analysis: 1.7 °C
and 2 °C. We explore a 2 °C temperature target because of its relevance in the Paris Agreement targets,
while 1.7 °C represents a more ambitious, yet achievable target under the worst-case scenario. Indeed,
in the worst case, we cannot achieve the 1.5 °C temperature target without considerable overshoot of

the target temperature because the worst-case carbon budget has already been depleted. As such, we
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Figure 2: Calibrating marginal abatement costs. Marginal abatement costs broken down by
sector using IPCC AR6 data (Intergovernmental Panel on Climate Change, 2022). Black lines represent
a nonlinear marginal abatement cost (in particular, a quadratic fit for all sectors other than agriculture);
gold lines represent a linear fit to lowest cost bracket marginal cost values; blue lines represent a linear
fit to highest cost bracket marginal abatement cost data.
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explore the 1.5 °C temperature target in Section 3 of the Supplementary Information using a heavily

truncated distribution, but exclude the numerical results from the main analysis.

The carbon budget distribution is approximately Gaussian (Intergovernmental Panel on Climate Change,
2021; Matthews et al., 2021; Dvorak et al., 2022), and we sample the 15 — 99" percentile range of
their distribution using a truncated normal distribution, see Table 1. We truncate our carbon budget
distribution for two reasons. The first is that, in our framework, negative values of the carbon budget
make the model infeasible to solve, and hence are excluded. The second is that the carbon budget
distribution estimated in Dvorak et al. (2022) is found using a parameter ensemble approach that limits
the ability of the model to capture the tails of the carbon budget distribution; indeed, the paper only
quotes results up to the 99 percentile. We apply a Gauss-Hermite quadrature rule (Cai and Judd,
2010) to approximate the expectation operator, following the approach outlined in Cai and Judd (2015)
for applying quadrature rules to truncated normal distributions (see Section 4 of the Supplementary

Information for the technical details of this approach).

Social discount rate. We set the social discount rate to 2% yr~!, in line with a recent international
expert elicitation (Drupp et al., 2018) and the US EPA’s prevailing rate for their social cost of carbon

estimates (National Center for Energy Economics, 2022).

Emissions scenario. It remains to define a “business-as-usual” emissions scenario, a notoriously
difficult task. Remarkably, the total abatement potential described by the IPCC is ~40 GtCOq yr—*,
which is approximately equal to the peak emissions of SSP2-4.5 (the “middle of the road” emissions
scenario used by the IPCC (Intergovernmental Panel on Climate Change, 2021)) and the Resources
for the Future-socioeconomic projects used in the United States’ Environmental Protection Agency’s
estimates of the social cost of carbon (Riahi et al., 2017; National Center for Energy Economics, 2022).
In each of these baselines, emissions are expected to rise to just above 40 GtCOy yr~* before declining.
We therefore assume that, without abatement, emissions will maintain their peak levels in each of these
emissions scenarios, i.e., at ~40 GtCOy yr~!. This describes our “business-as-usual” scenario; we probe
the impact of assuming an increasing emissions baseline in Section 2 of the Supplementary Information.
One caveat with our approach is that some green technologies are already cost-competitive with their
dirty equivalents, and therefore do not necessarily require a carbon price to be assimilated into the
economy; indeed, these “costless” abatement technologies are a key source of uncertainty in projecting
the costs of the green transition (Kotchen et al., 2023). Therefore, our assumption that emissions will
remain at peak levels without a carbon price can be viewed as conservative, as all abatement in our
approach is spurred by the presence of a carbon price. We solve the model for 300 years to approximate
an infinite horizon solution, as studied in Vogt-Schilb et al. (2018).

4.1.2 Sectoral parameters

Abatement potentials. We lift the abatement potentials for each sector from the third working
group’s contribution to the IPCC’s AR6 (Intergovernmental Panel on Climate Change, 2022). These
abatement potentials are estimated via bottom-up studies of the potential for a variety of abatement
technologies to be deployed at scale, including technological interventions (e.g., solar and wind energy to

lower energy sector emissions) and behavioral changes (e.g., altering dietary habits to lower agricultural
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Figure 3: Effect of uncertainty and delayed learning on aggregate policy cost. In Panel a,
we show the total discounted policy cost for each temperature target (see the legend) for the abatement
investment model that includes the impact of adjustment costs (solid lines) and “strawman” model, with
does not include adjustment costs (dashed lines). Panel b is as a, net of the cost of the corresponding
policy without uncertainty. Panel ¢ shows the marginal cost of delaying learning by one additional
year.

emissions).

Marginal abatement and investment costs. We use the procedure outlined in Section 2.3 to com-
pute the marginal investment cost coefficients using the IPCC marginal abatement cost data (see Inter-
governmental Panel on Climate Change (2022), Summary for Policymakers Figure 7, SPM.7) shown in
Figure 2; throughout the main text, we use the low cost, linear calibration from Figure 2. Our results
are summarized in Table 1. Note that while we use the same discount rate, sectoral marginal abate-
ment costs, emissions rates, and capital depreciation rates for each temperature target, the sectoral
marginal investment costs are different owing to the total policy cost being different for each target;
since equalizing the total cost of policy between the abatement investment model and the “strawman”
model is our final constraint on the sectoral marginal investment cost parameters (in addition to the
relative marginal investment cost being equal to the relative marginal abatement cost for every pair of
sectors, as shown in (2.11)), the final column in Table 1 changes depending on the temperature target

under consideration.

4.2 Results
4.2.1 Aggregate policy costs

We first explore the impact of uncertainty in the carbon budget on the aggregate cost of optimal policy
for each temperature target (1.7 °C and 2 °C) in Figure 3. In Fig. 3a, we show the total discounted
cost of the optimal policy using the abatement investment model (solid lines) and “strawman” model
(dashed lines); we show the policy cost net of the equivalent certain policy cost in Fig. 3b. We find that
across models and temperature targets, the later the policymaker learns the true value of the carbon

budget, the higher the total policy cost relative to certainty.

The strongly increasing relationship between total policy cost and the delay in learning about the
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Table 1: Calibration parameters for the abatement investment and “strawman” models

for each temperature target using the low cost, linear calibration.

T =1.7°C

tp=300yr r=2%yr " B =770 GtCOy op = 220 GtCO,

Sector 5 {nggf;:lw a [GtCOy yr™1] 6 [%yr!] & {chtg;);;iﬂw
Waste 40.82 0.82 3.3 17470
Industry 17.54 5.47 4 7510
Forestry 7.12 8.25 0.8 3050
Agriculture 23.53 4.07 ) 10070
Transport 6.12 3.74 6.7 2620
Energy 2.82 11.99 2.5 1210
Buildings 12.99 3.2 1.7 5560

T =2°C
tp=300yr r=2%yr '  B=1340 GtCOy op = 380 GtCO
= =T

Sector ol {GthOCQOyQ;_J a[GtCOz yr '] 6 [%yr'] ¢ {GfCt(()jQO;fr—J
Waste 40.82 0.82 3.3 20900
Industry 17.54 5.47 4 8980
Forestry 7.12 8.25 0.8 3644
Agriculture 23.53 4.07 5 12040
Transport 6.12 3.74 6.7 3130
Energy 2.82 11.99 2.5 1440
Buildings 12.99 3.2 1.7 6650
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carbon budget can be explained by how long the social planner has to formulate a policy that is robust
to the worst-case scenarios for the carbon budget. If the policymaker learns about the carbon budget
10 years after the start date, then their policy must be robust to the worst-case carbon budgets for a
relatively short amount of time. Therefore, there is some increased spending to preemptively plan for
the worst-case, but the planner finds out relatively quickly if the worst-case ever materializes, and can
relax the policy in the likely event it does not. On the other hand, if the policymaker learns about
the carbon budget 50 years after the start date, then the policymaker must plan for the worst-case
for much longer; by then, a significantly higher amount of precautionary spending has occurred, which

drives up the total policy cost, especially for ambitious temperature targets.

A similar logic explains the “S”-shaped dynamics of the additional cost of uncertainty. Using the 1.7
°C target as an example in Fig. 3b, the difference between learning in 2020 and 2030 is small owing
to only a small amount of precautionary spending required for a robust policy. Yet this difference gets
large after 2030 when the worst-case carbon budgets must be planned for over an increasingly long
period of time. Finally, the difference between 2080 and 2090 is negligible, as there is only so much
additional precautionary spending that can make the policy marginally more robust to learning of a
catastrophe later on. This dynamic is present across temperature targets and model types, though the

curves are less steep for more lenient temperature targets (as catastrophes are not so extreme).

The “S”-shaped behavior of total policy cost can be clearly understood by computing the marginal
value of learning about the carbon budget a year earlier (see Fig. 3c); to this end, we compute the
marginal value of learning the carbon budget a year earlier by taking the derivative of Fig. 3b with
respect to the year the information is revealed. We find that the value of learning the carbon budget
a year earlier can be as high as $1t per year. This implies a potentially substantial cost-savings from
learning the true value of the carbon budget earlier rather than later, and furthermore, indicates that
the value of waiting to invest in abatement in order to learn more about the carbon budget must
be smaller than the increase in the expected net-present value of the social planner’s costs if they
delay (Dixit and Pindyck, 1994). This implies a positive “value of learning” about the carbon budget,
making reductions in carbon budget uncertainty valuable for policymakers. In simple terms: bad news

is difficult, bad news late is worse.

A final insight from Figure 3 is that adjustment costs accentuate the impact of delayed learning about
the carbon budget. We find that for both temperature targets, the additional cost of uncertainty in
the abatement investment model far exceeds that of the “strawman” model, showcasing the additional
price of delayed learning when adjustment costs are present. This is easily explained: adjustment
costs significantly penalize rapid decarbonization, which is exactly what is necessary if the worst-case
arises. Put differently, adjustment costs make catastrophes far worse than when they are absent. Inte-
grated assessment models that do not capture the capital accumulation and adjustment cost dynamics
described in our abatement investment model are therefore missing important investment dynamics
and may be underestimating near-term decarbonization investment needs, as well as the impact of

uncertainty on decarbonization pathways.
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Figure 4: Effect of uncertainty and delayed learning on the temporal distribution of

spending. Panel a shows the average, total discounted investment effort, S'E !Z cl(xzt)] , for a 1.7
1€

°C temperature target (solid lines), where the colors represent different years where information about

the carbon budget is revealed. The deterministic policy is shown in the grey, dashed line. Panel b is

as a, but for the 2 °C temperature target.

4.2.2 Temporal distribution of investments

If uncertainty about the carbon budget increases the total cost of policy, how does the social planner
distribute the additional spending in time? We explore the temporal shift in spending in Figure 4,

where we show the average, discounted, total investment effort (i.e., the sum of investment costs for

each sector discounted to the present-day, 3'E [Z ci(xit)|) over time. We find that the inclusion

1€
of uncertainty leads to a front-loading of abatement investment effort relative to the certainty policy

across temperature targets; while the deterministic and stochastic investment paths both exhibit a
declining profile over time, we find that the stochastic investment paths feature much higher near-term

investments and decline faster than the deterministic paths.

In addition, we find that the rate at which spending is shifted depends strongly on the desired tempera-
ture target. This can be explained by the difference in the worst-case carbon budgets between targets.
In the 1.7 °C target case, the worst-case carbon budget could be as low as ~ 300 GtCOs, which
given our baseline levels of emissions (~ 40 GtCOq yr_l) would imply the temperature target could
be reached in ~ 7.5 years in the absence of abatement. Hence, a small delay in learning the carbon
budget leads to a large amount of front-loaded precautionary spending, given the overall urgency of the
temperature target. On the other hand, for the 2 °C target, in the worst-case the policymaker would
have ~ 13 years to decarbonize in the absence of abatement, which delays the strong front-loading of

precautionary investment by ~10 years relative to the 1.7 °C temperature target.
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Figure 5: Effect of uncertainty and delayed learning on sectoral allocation of abatement
investment. In each panel we show the average, total investment effort in each sector for the stochastic
abatement investment model (solid lines), where the color of each curve corresponds to the year the
information about the carbon budget is revealed. The grey, dashed line is the deterministic investment
path in each sector. Notice how uncertainty in the carbon budget creates more urgency for near-
term investments, causing bell-shaped investment paths to shift to declining paths in agriculture and
industry, while already declining investment path sectors such as energy get steeper relative to their
no uncertainty case. Note these investment pathways are for the 1.7 °C temperature target, and that
panels b, d, and e show the investment effort until to 2200, while the remaining panels show the
investment effort until 2080.

The front-loading of abatement investment effort shown in Figure 4 provides further insight into the
finding that delaying learning about the carbon budget causes total policy costs to increase, as shown in
Figure 3. As an increasing amount of abatement investment is front-loaded to account for uncertainty,
discounting becomes less relevant for the total policy cost, as spending occurs much sooner than in the

certainty case.

4.2.3 Sectoral allocation of investments

If climate uncertainty leads to additional up-front costs, which sectors are getting the lion’s share of the
additional investment? We sectorally disaggregate investment effort in Figure 5 to explore this question.
We find that across sectors, as learning about the carbon budget happens later, more investment effort
occurs earlier; this is a form of precautionary spending, as the social planner prepares for the worst-
case scenario, as discussed above. For example, easy-to-abate sectors such as energy and forestry see a
~4-5x increase in investment effort relative to certainty in 2020 when the carbon budget is revealed in
mid-century. In hard-to-abate sectors, such as industry, agriculture, and transport (Fig. 5b,d,e), we

observe that the optimal investment pathway shifts from a bell-shaped path to a declining path prior to
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Figure 6: Effect of uncertainty and delayed learning on the carbon price. In Panel a, we plot
the remaining carbon budget distribution when the information is revealed (yellow bars) against the
carbon price distribution (blue bars) for the case where information is revealed in 2020. The black dots
are the simulated values of the carbon price for each carbon budget; the pink star is the average carbon
price with uncertainty; the green square is the carbon price in the certainty case for comparison with
the uncertainty case. Note reading the gold bars with the top x-axis dictates the initial distribution of
the carbon budget, while reading the gold bars with the bottom z-axis dictates how much of the carbon
budget remains when the true value is revealed. Panel b is as a, but for when the carbon budget is
revealed in 2030. Note the data used in this figure is for a 1.7 °C temperature target.

learning (further buttressing the front-loading of investment effort observed in Figure 4) before relaxing
to a bell-shaped path after learning, overall forming a “U”-shaped path. This behavior is similar to

that of the average carbon budget and high carbon budget investment paths shown in Figure la.

The change in sectoral allocation of abatement investment can be explained by the influence of climate
uncertainty on the carbon price. In Figure 6, we plot the distribution of carbon prices after information
is revealed on the vertical axis as a function of the remaining carbon budget when information is revealed
on the horizontal. In Fig. 6a, information is revealed in 2020, while in Fig. 6b information is revealed
in 2030. On the top horizontal axis, we also show the carbon budget at the beginning of the simulation
for comparison with the carbon budget when information is revealed. Notice that when information is
revealed in 2020, the worst-case carbon budget is about 300 GtCOs3, but when information is revealed
in 2030, the worst-case carbon budget is near zero. While the carbon prices shown in Figure 6 are
relatively low relative to recent estimates (e.g., the US EPA estimate of $190 per tCO2 (Rennert et al.,
2022)), the overall dynamics of our results are robust to a number of alternative specifications, including
higher cost specifications that drive higher carbon prices (see Section 3 and 5 of the Supplementary

Information).

We find that, if the policymaker learns about the carbon budget in 2020, there is an approximately
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linear relationship between the carbon budget and the log of the carbon price (Figure 6a); it follows that
since the underlying carbon budget distribution is Gaussian that the carbon price is approximately log-
normally distributed. Note here learning about the carbon budget in 2020 is equivalent to minimizing
the expected, total investment cost across a distribution of possible carbon budgets. This procedure
results in a slightly higher carbon price than the deterministic case because the planner still has
to consider worst-case outcomes, but since uncertainty is resolved immediately, there is less hedging

behavior when the carbon budget is learned in 2020 as is found when learning is delayed.

If the policymaker learns in 2030, we find the log-normal distribution of carbon prices breaks down; the
carbon price distribution inherits a “heavy tail” and becomes positively skewed, as shown in Figure 6b.
This is because the amount of the carbon budget left when information is revealed can be as low as
~ 30 GtCOg in the worst case, since some amount of emissions has occurred between 2020 and 2030.
If this worst-case scenario materializes — akin to a so-called “green swan” scenario (Bolton et al., 2020)
— the social planner has no choice but to impose an incredibly stringent carbon price to meet the
1.7 °C temperature target. (Recall the social planner is constrained to always meet the target in our
framework; in actuality, the planner may simply choose to target a higher temperature threshold if the
required carbon price is prohibitively high.) This heavy tail makes the average carbon price higher
than in the case of learning in 2020, and explains why the average carbon price (pink star in Figure 6b)

is outside the main body of the carbon price distribution in 2030.

Furthermore, Figure 6 demonstrates why the “value of learning” — that is, the value in learning the
carbon budget early in the investment path (Dixit and Pindyck, 1994; Lemoine and Rudik, 2017;
Barnett et al., 2021) — in our framework is positive: the carbon price distribution is only heavy tailed
on the high end, leading to an asymmetry between the worst-case and best-case responses. In the
worst-case, the social planner must impose an incredibly stringent carbon price to accommodate the
lower-than-expected carbon budget, whereas in the best-case, the social planner only relaxes the carbon
price slightly. This asymmetry gives rise to the precautionary investment strategy undertaken by the
social planner. Furthermore, learning about the carbon budget sooner limits the degree to which the

carbon price distribution becomes heavy-tailed, supporting a positive value of learning.

The carbon price influences the shape of the optimal investment pathway via the inequality shown
in (2.2). When the carbon price increases, the relative cost of either paying the carbon price or a
marginal unit of abatement investment is shifted in favor of investment. This leads to the social planner
investing more aggressively in easy-to-abate sectors, which causes their already declining investment
pathways to have an even steeper profile. In hard-to-abate sectors, the bell-shaped profile shifts to a
declining path as information is learned later and the average carbon price increases. This explains
how investments across economic sectors become more urgent in the near-term as a result of delayed

learning about climate uncertainty, as shown in Figure 5.

This behavior sheds further light on our previous findings that later learning about the carbon budget
leads to the front-loading of abatement investment, shown in Figure 4. The front-loading of investment
relative to certainty is caused by the increased urgency in investments to accommodate the worst-case
carbon budget that causes: (i) the optimal investment pathway for hard-to-abate sectors to change from
a bell-shaped path to a “U”-shaped path that declines prior to learning and is bell-shaped thereafter,

and (ii) the already-declining investment pathways of easy-to-abate sectors to decline more steeply for
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higher carbon prices. The high carbon prices, in turn, are caused by the remaining carbon budget when
the information is revealed to be smaller than the initial distribution; this leads to a risk of extremely
high carbon prices when the carbon budget is revealed to be low, which drives up the average carbon
price. In other words: the later bad news arrives, the more extreme the policy response must be to
accommodate the bad news, here in the form of an extremely high carbon price that drives up the cost

of policy.

5 Discussion

In this work, we explored the impact of climate uncertainty and delayed learning about this uncertainty
on optimal abatement investment pathways when adjustment costs are present. We posit three main
takeaway points: (i) that climate uncertainty increases the overall costliness of policy, especially when
adjustment costs are included, (ii) climate uncertainty causes abatement investment to be front-loaded
relative to an equivalent policy without uncertainty, and (iii) the sectoral allocation of abatement is
significantly impacted by climate uncertainty, especially in hard-to-abate sectors, where we find a shift
from a bell-shaped investment pathway to a “U”-shaped path that declines prior to learning and is
bell-shaped after learning. Each of these effects is increased when uncertainty about the carbon budget
is resolved later in the century, as the policymaker has to formulate policies that are robust to the

worst-case climate outcome (i.e., a high climate sensitivity) for a longer period of time.

This work provides many insights that are relevant for climate policymakers. The first is, as shown
in Figure 3, adjustment costs exacerbate the effects of climate uncertainty on optimal decarbonization
investment pathways and the overall cost of decarbonization. In essence, this is because adjustment
costs limit the ability of policymakers to hasten the green transition without incurring potentially
prohibitively high costs in the event of a worst-case carbon budget. Including the effects of capital
accumulation dynamics and adjustment costs in integrated assessment models is therefore essential, so
that crucial transition dynamics can be fully accounted for in climate policy recommendations. Models
that do not capture these dynamics likely underestimate near-term decarbonization investment needs

and policy costs, especially in the presence of climate risk.

A second takeaway is that, if one takes meeting a given temperature target seriously, then considering
the worst-case scenario for carbon budgets can have a sizable influence on optimal policy. This is
especially the case when considering stringent temperature targets, when learning the precise value of
the carbon budget (or its uncertainty is lessened to the point of near-certainty) is significantly delayed,
or when both of these effects are present. Note this argument would still hold even in a cost-benefit
framework, where rather than learning about the carbon budget we learn about how climate damages
depend on cumulative emissions (which are linked to temperature via the transient climate response
to emissions (Matthews et al., 2009)). The intuition here is analogous to using greenhouse gas targets
as insurance against worst-case climate damages, as argued by Weitzman (2012). Here we add to
this narrative by quantifying how the presence of adjustment costs makes the worst-case scenario even
more important to consider, as if the worst-case scenario materializes, adjustment costs will make an
aggressive decarbonization strategy especially expensive. These transition dynamics would therefore

increase the “insurance value” of stringent climate targets, to borrow the language of the Weitzman
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(2012) framework.

An additional takeaway from our work is that narrowing the uncertainty in the carbon budget could lead
to non-trivial monetary savings for policymakers. Indeed, the logic of the marginal cost of uncertainty
shown in Figure 3c cuts both ways; learning a year earlier about the carbon budget could also lead to
high levels of savings, especially if we are able to learn before 2030. This could be a fruitful direction

for research for climate scientists that would complement many policy discussions.

Two final takeaways are demonstrated in Sections 1 and 2 of the Supplementary Information, respec-
tively. The first is that the inclusion of direct air capture only leads to marginal cost-savings as a
function of learning time for both the 1.7 °C target and the 2 °C target. Importantly, the role of direct
air capture in this case is as a cost-offset for more expensive sectors such as agriculture and industry.
This gives context to the role of direct air capture in the decarbonization discussion: direct air capture
can offset the costs of decarbonizing hard-to-abate sectors, but should not be considered a substitute
for decarbonizing other relatively easy-to-abate sectors such as energy. The second point is that solv-
ing the model with an increasing baseline level of emissions reveals that the investment pathway for
achieving the 2 °C target exceeds that of the 1.7 °C investment path without the increasing baseline.
This highlights the significant cost of building more “dirty” capital stocks that have to be replaced later
down the line if climate goals are still to be realized; see Rozenberg et al. (2020) for a full treatment of
how “dirty” capital is phased out (or stranded) as a result of decarbonization, and how these phase-out

dynamics interact with policy instrument choice.

We note that our framework is idealized, and lends itself to a number of future studies. For example, we
consider here the effects of moving from a deterministic framework with static and dynamic abatement
costs (our abatement investment and “strawman” models, respectively) to one with uncertainty about
the carbon budget, conditional on the deterministic costs being identical. One could carry out a future
study where the expected costs between the two frameworks are identical, and analyze the dynamic
differences when expected costs are set to be the same (i.e., when the dashed and solid lines in Figure 3
are required to be equal). Moreover, a number of additional considerations beyond those mentioned
in this paper are necessary in formulating a robust climate policy suite. As an example, we compute
a globally optimal investment strategy, and future work would consider the cost implications of sub-

optimal policies, or heterogenous policy mixes (as explored in Clausing and Wolfram (2023)).

Open Research Section
All code and data used in this study are publicly available by two methods:
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e The lead author’s Github

— https://github.com/adam-bauer-34/BMH-delayed-learning-reprod (last accessed: 2/17/2025)
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Text S1: Including direct air capture technologies. In this Section, we include direct air capture
technologies (DAC) in our modeling framework. We treat DAC like an additional economic sector with
zero annual emissions (i.e., apac = 0) and some abatement potential, that we call Z > 0 (in GtCOq
yr_l). DAC is unique in that its emissions rate is not the same as its abatement potential, as was

assumed in every other sector.
Augmented model framework

A social planner tasked with decarbonization with DAC technologies at their disposal solves the fol-

lowing cost-minimization problem,

min [Z gt Z ci(:cw)] , (0.1)
teT

{ﬂfi,t}teT,z’eZ el

Subject to : a; 41 = aiy + At (zi¢ — iaiy)

Y1 = Yy + At (Z (a; — ai,t)) ,

i€T
0<a; < a,
0 <Y < B,
0<apac: < Z,

a0, Yo given.

Extending this formulation to a model with uncertainty about the RCB is straightforward. We take
the marginal abatement cost of DAC from International Energy Agency (2022) as $100-$300 tCO; .
In each simulation we show below, we assume a marginal abatement cost of $200 tCO; 1. Any lower
marginal cost we would judge to be unrealistically cheap, and any higher cost causes model behavior
to be completely unchanged in all of our simulations. We translate this marginal abatement cost to
a marginal investment cost using the approach in the main text. We assume the capital depreciation
rate of DAC is 5% yr~! and that, at maximum, the abatement potential from DAC technologies is 5
GtCOy yr ! (Terlouw et al., 2021).

Results

We find that the impact of including DAC in our model for abatement investment is consistent across
temperature targets, see Figure 1. For both temperature targets we explored, we find that there is
practically no change in the value of learning; in other words, the investment strategies with and
without DAC are essentially identical. This owes to the carbon price being too low to induce the social
planner to invest heavily in DAC; it is cheaper to simply abate emissions at their source, given the

relatively cheap cost of abatement investment in other sectors compared to DAC.

The marginal investments in DAC allows the social planner to invest slightly less resources in hard-to-
abate sectors, see Figure 2. We find that most sectors — waste, forestry, transport, energy, and buildings
— have minimal changes to their investment pathway when DAC technologies are introduced. However,
hard-to-abate sectors, such as industry and agriculture, have non-trivial reductions in investment early
on; these resources have been redirected to DAC. The additional resources dedicated to DAC serves

to decrease the steady state level of investment in agriculture, hence the blue line in Figure 2d being
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Figure 1: Effect of uncertainty and delayed learning on aggregate policy cost including
direct air capture technologies. In panel a, we show the total discounted policy cost for each
temperature target (see the legend) for the abatement investment model without DAC (solid lines) and
abatement investment model with direct air capture technologies (dashed lines). Panel b is as a, net
of the cost of the corresponding policy without uncertainty.

below the gold line. We conclude that the social planner uses DAC as a way to offset the costs in
hard-to-abate sectors only, while relatively easy-to-abate sectoral investment is unchanged with and
without DAC technologies. Note one caveat to these conclusions would be that, if the cost of other
technologies are higher than we consider here while the cost of DAC is held constant, we would expect
that DAC would have a more prominent role because it would offer more cost-savings than presented

here.
Text S2: Increasing emissions baselines

In this Section, we allow for the baseline emissions to increase. We assume that each sector grows at
some annual rate, 0 < ¢ < 1, until 2050, after which emissions are kept at level. We can therefore write

the emissions baseline in each sector as,

ai2020(1 +¢)f, <30,
Cflm = ’ (02)
ai2020(1 + €)%, > 30,

where @; 2020 is the 2020 emissions levels quoted in Table 1 in the main text. We choose ( = 1.5%
yr~! in the results that follow; this puts 2050 emissions on par with SSP3-7.0 (Riahi et al., 2017). The
model equations with a time dependent emissions baseline are straightforward to formulate based off
our discussion in §2 in the main text by simply replacing a; with a; ;.

Results

After incorporating an increasing emissions baseline, we find that the cost of achieving a given tem-

perature target unilaterally increases; this owes to the assumption of more ‘dirty’ capital stocks being
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ing, growing emissions baseline. Panel a shows the average, total investment effort, Z ci(xiy), for
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a 1.7 °C temperature target (solid lines), where the colors represent different years where information

about the carbon budget is revealed. The deterministic policy is shown in the grey, dashed line. Panel

b is as a, but for the 2 °C temperature target.

turned over to ‘clean’ capital stocks, which of course come at a price. The key conclusions of our paper,
however, still hold: learning later about the carbon budget causes the overall cost of policy to increase

and spending is relatively front-loaded when compared to the certainty policy (see Figures 3 and 4).

One important note is that, when an increasing emissions baseline in considered (i.e., we consider a
world trying to decarbonize while some sectors are building new ‘dirty’ capital simultaneously), the
investment cost of decarbonizing and meeting the 2 °C policy exceeds the cost of decarbonizing a
world with a constant emissions baseline that meets the 1.7 °C policy. This emphasizes the significant
cost-savings of decarbonization that simply arise by not building any new ‘dirty’ capital stocks, such

as coal-fired power plants or inefficient buildings.
Text S3: Alternative calibrations
High cost, linear calibration

In this subsection, we use the high cost, linear calibration of the marginal abatement cost curves
(blue lines in Figure 1 in main text) in our optimization scheme. We find that while the quantitative

implications of our analysis are altered, the qualitative results are robust to this alternative calibration.
Calibration

We use the same scheme as outlined in §2 in the main text to calibrate the abatement investment and
“strawman” model. We use the approach outlined in the main text to ensure the relative costs between
each sector are equal in both models, and that the total cost of each policy without uncertainty is

equal. The numerical values for the marginal abatement cost and marginal investment cost coefficients



Table 1: Calibration parameters for the “strawman” and abatement investment models

for each temperature target using the high cost, linear calibration.

T =1.7°C
tp=300yr r=2%yr " B =770 GtCOy op = 220 GtCO,
Sector 5 {nggf;:lw a [GtCOy yr™1] 6 [%yr!] & {chtg;);;iﬂw
Waste 243.9 0.82 3.3 116240
Industry 36.6 5.47 4 17420
Forestry 24.24 8.25 0.8 11550
Agriculture 24.57 4.07 ) 11710
Transport 26.7 3.74 6.7 12740
Energy 16.68 11.99 2.5 7950
Buildings 62.5 3.2 1.7 29790

T =2°C

tp=300yr r=2%yr '  B=1340 GtCOy op = 380 GtCO

= =T
Sector ol {GthOCQOyQ;_J a[GtCOz yr '] 6 [%yr'] ¢ {GfCt(()jQO;fr—J
Waste 243.9 0.82 3.3 133400
Industry 36.6 5.47 4 20000
Forestry 24.24 8.25 0.8 13260
Agriculture 24.57 4.07 5 13440
Transport 26.7 3.74 6.7 14620
Energy 16.68 11.99 2.5 9120
Buildings 62.5 3.2 1.7 34180
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Figure 5: Effect of uncertainty and delayed learning on aggregate policy cost, high cost,
linear calibration. In Panel a, we show the total discounted policy cost for each temperature target
(see the legend) for the abatement investment model that includes the impact of adjustment costs
(solid lines) and “strawman” model, with does not include these factors (dashed lines). Panel b is as
a, net of the cost of the corresponding policy without uncertainty. Panel ¢ shows the marginal cost of
delaying learning by one additional year.

are shown in Table 1.
Results

In the high cost, linear calibration, we find that the key implications of our paper hold: learning later
about the carbon budget causes the overall cost of policy to increase and spending is relatively front-
loaded when compared to the equivalent certainty policy (see Figures 5 and 6). The only differences
with the results of the low cost, linear calibration are quantitative, which is obviously the case, given

that costs have increased in each sector significantly.
Nonlinear calibration

In this subsection, we use the nonlinear calibration of the marginal abatement cost curves (black lines
in Figure 1 in main text) in our optimization scheme. Similar to the high cost, linear calibration
shown above, using the nonlinear calibration causes our quantitative results to change, while leaving

our qualitative conclusions about the effects of delayed uncertainty on policy unchanged.
Calibration

In our nonlinear calibration we fit a quadratic curve to the marginal abatement costs in Figure 1 to all

sectors except agriculture, which is obviously linear. Therefore, we use
/ _ =6
Yilait) = 7iazy, (0.3)
in conjunction with relative costs being equal to calibrate our “strawman” and abatement investment
models. See Table 2 for the numerical values for this calibration.

Results

In the nonlinear calibration, we find that the cost of achieving a given temperature target increases

across each target relative to the low cost, linear calibration; this owes to the nonlinear case being
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and “strawman” model, with does not include these factors (dashed lines). Panel b is as a, net of
the cost of the corresponding policy without uncertainty. Panel ¢ shows the marginal cost of delaying
learning by one additional year.



Table 2: Calibration parameters for the “strawman” and abatement investment models
for each temperature target using the nonlinear calibration.

T =1.7°C
tr=300yr r=2%yr " B =770 GtCOy op = 220 GtCO,
tCO, ! tCO, !
Sector $7€2 a[GtCOy yr'] 6§ [%yr™Y] @ % [-]
GtCO3 yr—¢ GtCO3 yr—3¢
Waste 242.1 0.82 3.3 976320 2
Industry 5.03 5.47 4 20290 2
Forestry 2.54 8.25 0.8 10250 2
Agriculture 25.4 4.07 5 102510 1
Transport 4.83 3.74 6.7 19460 2
Energy 1.04 11.99 2.5 4180 2
Buildings 19.4 3.2 1.7 78220 2
T =2°C
tpr=300yr r=2%yr ! B = 1340 GtCOy op = 380 GtCO,
$tCOy" $tCO,"
Sector 752 a [GtCOs yr '] 6 [%yr Y] @ % -]
GtCO3 yr—¢ GtCO3 yr—3¢

Waste 242.1 0.82 3.3 1614400 2
Industry 5.03 5.47 4 33550 2
Forestry 2.54 8.25 0.8 16950 2
Agriculture 254 4.07 5 169510 1
Transport 4.83 3.74 6.7 32180 2
Energy 1.04 11.99 2.5 6920 2
Buildings 19.4 3.2 1.7 129020 2
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Figure 8: Effect of uncertainty and delayed learning on the temporal distribution of

spending, nonlinear calibration. Panel a shows the average, total investment effort, Zci(:r:i,t),
i€l

for a 1.7 °C temperature target (solid lines), where the colors represent different years where information

about the carbon budget is revealed. The deterministic policy is shown in the grey, dashed line. Panel

b is as a, but for the 2 °C temperature target.

significantly more expensive than the low cost, linear calibration. The key conclusions of our paper,
however, still hold: learning later about the carbon budget causes the overall cost of policy to increase
and spending is relatively front-loaded when compared to the equivalent certainty policy (see Figures 7
and 8).

1.5 °C temperature target

In this subsection, we explore our model implications when we use a remaining carbon budget that
implies warming stays at or below 1.5 °C. We emphasize that our approach differs from the notion of
“keeping 1.5 °C possible”, that is, formulating a global investment strategy that maintains a nonzero
probability of 1.5 °C warming by 2100. Our model goes much further, and enforces that the planner
must formulate a strategy that is guaranteed to keep warming below 1.5 °C. Hence, in the results
below we find that the cost of achieving the 1.5 °C target is incredibly high even for our lowest cost
calibration, because the policy is robust to even very tiny carbon budgets, which causes the cost of
policy to skyrocket. For context, the worst case carbon budget we sample is just higher than 100
GtCO4, which would give the social planner just north of two years to decarbonize in the absence of
any abatement. Furthermore, we cannot rule out zero or negative RCBs for the 1.5 °C temperature
target (Matthews et al., 2021; Dvorak et al., 2022), implying that even our sampling of the RCB is
optimistic from a geophysical perspective. This framing provides context to our results: they should
not be interpreted as “ruling out” limiting warming to 1.5 °C, but rather should demonstrate the

urgency of this target in terms of global investment needs.

Calibration

10



Table 3: Calibration parameters for the “strawman” and abatement investment models
for the 1.5 °C temperature target using the low cost, linear calibration.

T =1.5°C
tr=300yr r=2%yr !  B=440 GtCOy op =180 GtCO
Sector ol {Gfgg:);rl—ll a[GtCO yr '] 6 [%yr '] @ L;jctcc)f;]:_gl
Waste 40.82 0.82 3.3 14440
Industry 17.54 5.47 4 6200
Forestry 7.12 8.25 0.8 2520
Agriculture 23.53 4.07 5 8320
Transport 6.12 3.74 6.7 2160
Energy 2.82 11.99 2.5 998
Buildings 12.99 3.2 1.7 4600

We calibrate our 1.5 °C target model using the low cost, linear calibration for the marginal abatement
costs, i.e., the gold lines in Figure 1 in the main text. We follow the same prescription as laid out in

the main text, see Table 3.
Results

We find that for the 1.5 °C temperature target, the main qualitative findings of our paper hold, as was

the case in each other alternative calibration; see Figures 9 and 10).

However, we do find some differences with other temperature targets. For example, the overall cost
of policy as a function of learning time does not follow an “S”-curve as much as an inverted “L”-
curve, owing to even a marginal delay in learning about the RCB causing a large increase in cost.
This is because the worst-case carbon budget is as low as 100 GtCOs, causing an immediate surge in
precautionary investment. However, overall costs level out as the budget is learned later in the century,

consistent with other temperature targets.

Furthermore, we find that the marginal cost of delay for the 1.5 °C target is more than twice that of

the 1.7 °C or 2 °C targets, again owing to the urgency of the worst-case scenario.
Text S4: Computational details

Truncated Gauss-Hermite approximation In our formulation of the RCB, we use a truncated nor-
mal distribution, as negative values of the RCB make our optimization problem infeasible. Geophysical
modeling suggests that the RCB distribution is approximately normal, justifying our approach (Inter-
governmental Panel on Climate Change, 2021; Dvorak et al., 2022).

To approximate this distribution, we use Gauss-Hermite quadrature nodes (Cai and Judd, 2010) trans-
formed to a truncated normal distribution following the approach of Cai and Judd (2015). We do so
using the following prescription. For a random variable z ~ N (Z, 0, ), we can generate a random draw
x* using

=T+ Joy, (0.4)

11
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Figure 9: Effect of uncertainty and delayed learning on aggregate policy cost, T = 1.5C.
In Panel a, we show the total discounted policy cost for each temperature target (see the legend)
for the abatement investment model that includes the impact of adjustment costs (solid lines) and
“strawman” model, with does not include these factors (dashed lines). Panel b is as a, net of the cost
of the corresponding policy without uncertainty. Panel ¢ shows the marginal cost of delaying learning
by one additional year.

where 9 ~ N(0,1). Therefore, formulating the Gauss-Hermite quadrature approximation for a trun-
cated normal distribution, x, equates to formulating the Gauss-Hermite quadrature approximation for
9.

Therefore, consider the random variable ¥. We can transform ¢ to a bounded random variable using

the sigmoid function
1— efm9

=150 L (0.5)
where k, T > 0. One can immediately see that ¥ has zero mean, is symmetric around the mean, and is
bounded between (—Y, T). We can choose a number such that our distribution is bounded between +Y
and select a x such that ¥ has unit variance.! An intuitive way to select Y is for T to be the number
of standard deviations away from Z one wishes to sample; for example, if z; is the first percentile of
the distribution of x, then ~

r=2"1 (0.6)

Ox

Assuming one has calculated & for their choice of T, a draw z,,,. can be generated using

e[ (0.7)
Trune = T e O .

It remains to apply the Gauss-Hermite approximation. We can approximate the distribution of 1 using
N Gauss-Hermite nodes with locations {01, ..., ¥n}, where 1J; is the ith root of the physicist’s Hermite
polynomials (Cai and Judd, 2010). Therefore, the locations of the Gauss-Hermite quadrature nodes

'This is done using a root-finding algorithm that can be found in the reproducibility package for this paper.

12
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Table 4: Truncated Gauss-Hermite parameters for each temperature target.

T* T K

1.5 1.8809 1.04536
1.7 23254 1.04534
2 2.3262 1.04505

for the truncated normal distribution are given by

1 — e Hvi
Titrune = T + T (W) Oz, (08)

as originally desired.

We choose Y to be the 15 percentile for the RCB distribution for the 1.7 °C and 2 °C targets, and the

3" percentile for the 1.5 °C target. We give the numerical values for T and & in each case in Table 4.

Solving the model We solve our model using CVXPY, a domain-specific language written in Python
and Julia for convex optimization problems (Diamond and Boyd, 2016). CVXPY uses disciplined
geometric programming to interpret model equations and constraints and cast them into generic forms
that can be used by open-source solvers (Agrawal et al., 2019). We use the GUROBI solver (Gurobi
Optimization, LLC, 2023), which can be accessed for free by academics and researchers, that solves the
base model in under 10~2 seconds and models with uncertainty in the range of 107! seconds, depending
on how many quadrature nodes we use or samples we draw from the RCB distribution. Using this
software allows us to circumvent solving the Bellman equation (Bellman, 1957) directly using techniques
such as value function iteration (Judd, 1998), which can be computationally challenging (Cai, 2019),
especially with high-dimensional state spaces and constraints on each state variable as is present in
our model setup. Note that we use Gauss-Hermite quadrature methods to evaluate the expectation
operator in our objective functions, and use 8 approximation nodes throughout (Cai, 2019); only in
generating Figure 5 in the main text do we take a large number of samples (500) from the RCB
distribution to solve the model for illustrative purposes. The results of this study were checked to be

the same using both methods.
Text S5: Carbon prices under different cost calibrations

We show in Figure 11 how the carbon price changes with the learning date for all of our cost calibrations.
Note in particular how calibrations with higher marginal investment costs (i.e., the high-linear and
nonlinear calibrations) have higher carbon prices than simulations using the low-linear calibration as
shown in the main text. The overall impact of uncertainty on policy costs and temporal allocation of

investment is robust to these different carbon prices, as shown in Text S3 above.
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