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Abstract

This paper develops a mechanism to pay for drawing down excess atmospheric carbon dioxide while
avoiding third party payments. Assuming this mechanism, the paper investigates the costs of reversing
global warming under different levels of commitment. The costs are based on simulated auctions for
emissions and carbon removal to reach a climate goal by a particular date. The paper describes a method
to model and price carbon removal contracts, and estimates the value of commitment to strong versus
weak contracts. The least cost trajectory requires long commitments to emissions reductions and carbon
removal. The paper estimates the value of long-run versus short-run commitments and the value of the
ability to manage revenue across decades. The models constrain warming robustly under different
discount rates. Hotelling’s rule does not apply because carbon removal makes the atmosphere a renewable
resource. For reducing temperature 1.4°C by 2125, estimates range from $20.4 trillion down to $10.84
trillion (present value over 100 years at 3%) depending on commitment. These estimates for reversing
global warming are far lower than other researchers’ estimates simply for keeping temperature to 1.5°C.
The models could be used in trading. The paper shows that drawdown costs less when emitters pay for it

than when a third party pays for it.

1.  Introduction: the commitments required to end global warming

1.1. The Problem

Stopping global warming requires carbon neutrality. Toward that end, the Paris Agreement!' specifies a
mechanism “to contribute to the mitigation of greenhouse gas emissions...” The voluntary mechanism
aims to give guidelines for verifying carbon credits and to encourage companies to buy carbon offsets
with the aspiration of global carbon neutrality. The need to raise aspirations is essential.> Unfortunately,
natural carbon removal markets suffer moral hazards, difficulties in pricing, and large transaction costs.

These problems are strong enough that the EU carbon market prohibits trade of carbon removal.?
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The still higher aspiration of reversing global warming requires drawing down excess atmospheric
carbon.* Drawdown requires money to remove the excess carbon in the air beyond removal for carbon
neutrality. If we could solve the moral hazard of the carbon removal market, no one has proposed a

payment mechanism for it.

Perhaps due to the widespread skepticism about natural carbon removal, while researchers have been
studying the vast costs and alleged benefits of global warming for many years, they have paid little
attention to drawdown. Almost all the research is about stabilizing to a maximum temperature, an
atmospheric CO2 concentration, or a carbon “budget.” Nordhaus>¢ developed his DICE model of energy,
emissions, and the main ecological components (land, layers of atmosphere, and layers of atmosphere
ocean), constraining atmospheric CO2 concentration. That work did not consider the possibility of
reversing global temperatures. Since then, researchers have developed many similar models, known as
computable general equilibrium (CGE) models, e.g., GCAM.” Some researchers have merged the CGEs
with agent-based simulations.® See Wei 2023 and Wang 2023 for reviews of hundreds of these models.
In attempting to calculate economic benefits and costs, these macroeconomic models try to maximize
“welfare” while accounting for the effects of warming on agriculture, capital, consumption, discount
rates, equity, inequality'?!3, health, labor, savings, sea levels, supply chains, tax rates, by country, by

city', by region, by sector, etc.

By 2014, the IPCC concluded “Only a limited number of studies have explored scenarios that are more
likely than not to bring temperature change back to below 1.5°C by 2100 relative to pre-industrial
levels...”!’ Lemoine and Rudik!¢ developed an economic model with simplified climate equations and a
temperature constraint. Terhaar et al'” developed an adaptive strategy for meeting a temperature target but
they ignore costs altogether. By 2023, the IPCC'® was studying pathways with ambition only to limit
warming to 1.5°C. The IPCC reports do not mention drawdown. But if the cost of drawdown were much

less than people thought, perhaps the estimates would have policy implications.
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Golmohammadi, Kraft and Monemina’® studied setting of deadlines with environmental standards. Their
deadline is a date by which a firm must comply, while the deadline here is a date by which the excess
externality would be removed. Still, this work overlaps with literature on regulatory timing. In general,

carbon pricing is effective.’!-3

I previously!>?° gave a model which examines the possibility of drawdown by a deadline. That model
implies the need for commitments for a hundred years of future carbon removals to be paid by a third
party and that model was not well calibrated to a climate model. This paper resolves the problems with

that paper and goes further.

In my view, the greatest uncertainty in ending global warming is the management uncertainty, i.e., what
we will do about it. Eliminating this management uncertainty means making commitments. The

commitments have multiple dimensions.

e Commitment to ending global warming by a deadline.

e Commitment to an institution with the responsibility to enforce emissions rules.

e Commitment of a third party (most likely governments) to paying for drawdown or an agreement for
current emitters to pay for the drawdown with a surcharge of some type.

e Commitment of buyers of carbon removal to enforce strong contracts for carbon removal.

e Commitment to long-term financial planning, enabling flexibility to transfer funds across decades.

1.2. Contributions

I will use the term “base zero” to mean a global average temperature equal to the average from 1850 to
1900, i.e., about 1.4°C lower than it is now.?! In this paper, I examine the cost of drawing down to base
zero. Rather than a carbon tax, which would not buy carbon removal,? or a cap-and-trade like existing
ones which exclude carbon removal, I study pure cap-and-trade between emitters of greenhouse gases and
carbon removers. The models impose the cap on global temperature by date rather than emissions,

eliminating measure uncertainty of a surrogate metric and, more importantly, the timing uncertainty for
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ending global warming. In a market cleared with these models, no one would receive free allowances and
no one would get paid to reduce emissions, thus reducing problems of additionality, moral hazard, and

enforcement. All revenue from selling emissions permits would go toward buying carbon removal.

This work draws on economics, market design, operations research, and atmospheric science. In
particular, the methods here draw on a different literature than the climate research with CGE models.
The methods proposed here are types of “smart markets?*>* now used to clear wholesale electricity
markets,? radio spectrum auctions,?® industrial procurement,?” transportation services,?® and a wide range
of other market types heavily covered by operations researchers. Combinatorial auctions fall in this
literature as well.2’ The models do not maximize macroeconomic welfare as do the CGE models. Rather,
a smart market model clears an auction between buyers and sellers, typically maximizing revenue or the
sum of buyer and seller surplus while accounting for complex constraints that would otherwise raise
transaction costs. The coefficients in the models here come directly from a climate simulator rather than

the approximate modeling in the CGEs, so results are likely more certain.

The models here are ordinary linear programs, easily solvable and extendable with open source software.
The models here can account explicitly for all greenhouse gases and land use change unlike the CGE
models. They can be calibrated easily and accurately to any stand-alone climate simulator as I will show.
DICE, by contrast, is notoriously difficult to calibrate.’3-** The models here can account for temporary and
uncertain carbon removal in contracts, which has not been done before. The models could be used in

actual carbon trading.

The key metric here is the cost of ending global warming. Compared to CGEs, the models here have an
important disadvantage: they do not track standard macroeconomic variables such as damage, welfare,
capital, or consumption. Those dependencies can raise the uncertainty of a model’s outcome.?>3¢ Using
trading revenue for purposes other than carbon removal raises costs and lowers certainty. These choices
of model and market design address in part the widespread frustration with existing carbon pricing?” and

reduce the management uncertainty of reaching the desired ecological outcome.
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Like other analogous work, I assume substantial participation of emitters. Ending global warming
requires global agreement which will require new strategies for incentives.!*3%3° Mainly, I show how to
use familiar operations research methods to examine the cost of ending global warming, assuming we

committed to it. From these methods flow the contributions.

e General micro-economic models to estimate the costs of carbon removal to reach a climate goal, e.g.,
net zero or base zero, by a particular date. These models could be used for clearing emissions trading
markets.

e A method to model and price different types of carbon removal contracts. A critical reason for lack of
progress in global warming is the messy carbon removal market, partly due to the lack of a single
purchasing institution, but also due to the difficulty of pricing carbon removal. The pricing method here is
general and enables researchers to apply a raft of classical models to pricing carbon removal. I estimate
the value of commitment to strong versus weak carbon removal contracts.

¢ A method to find emissions trajectories that are robust to discount rates. Hotelling’s rule is
appropriate for non-renewable resources, which makes sense only without carbon removal.

¢ A mechanism to pay for drawdown. To my knowledge, no one has proposed a mechanism for this and
it could be viewed as the main contribution. The method may apply to some other types of smart markets.
I show that the cost of drawdown is less when emitters pay for it than when a third party pays for it. This
important conclusion should help settle the arguments about how to pay for drawdown.

e Recommendations for managing the costs of drawdown over time. The least cost trajectory requires
long commitments to emissions reductions and carbon removal. I estimate the value of long-run versus
short-run commitments and the value of the ability to manage revenue across decades.

e A method to calibrate the models to a climate simulator while accounting for all greenhouse gasses.

This method of modeling avoids some of the modeling uncertainty in the CGE models.
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e Optimism for ending global warming. I estimate costs for reversing and ending global warming by
2125 under different levels of commitment. The costs are much lower than other researchers’ estimates

simply for avoiding a temperature rise over 1.5°C.

The methods are designed for high certainty. The key state variable is temperature by date rather than
surrogate measures such as emissions, global warming potential, or CO2 concentration. The models can

account for every greenhouse gas, though I have omitted smaller ones here.

I will assume that supply and demand curves capture relevant direct costs to the global economy. Each
greenhouse gas has its own curve of demand for emission (also known as marginal abatement cost
curves). Each carbon removal option (agriculture, forestry, seaweed, etc.) has its own supply curve.

Forestry contracts account for tree growth over contract terms of fixed lengths.

2. Development of the models

The modeling requires considerable data and a climate simulator, all of which are available for download

with model software. This section presents simplified models for clarity.

The models here rely on a matrix W with elements w),, as the marginal warming from a pulse emission of
a greenhouse gas. This precision approach substitutes for the crude global warming potential metric
(Terhaar et al. 2022; Jenkins 2018; Allen et al. 2018) used in existing emissions trading systems and the
approximations of atmospheric physics used in the CGE models. One unit emission of pollutant p has
warming of w,, degrees Celsius at ¢ periods after emission. For simplicity, assume matrix —W is the
marginal cooling effect of carbon removal. We can then write a linear optimization that tracks

temperature consistently with a full climate simulator for the same schedule of emissions.

Let the parameter b > 0 represent the willingness to pay of emitters and let —b represent the willingness to
sell of carbon removers. With marginal cost pricing, the objective maximizes the sum of buyer and seller

surplus.
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149  The parameter /< 0 represents a required fall in temperature by a deadline, say —1.4°C by 2125.

150  2.1. Revenue negative formulation

151 Variable 0 < g 7 < 1 represents the polluting activity. The subscript on the variables indicates the long-
152 term model SMDAMAGE LT. Variable 0 < 1 <1 represents carbon removal activity. An upper bound of
153 1 on each variable indicates the maximum quantity that the bidder is willing to trade at the bid amount.

154  An asterisk on the variable indicates an optimal value.

155  The simplified model of long-term commitment is as follows.

156  Long-term commitment SMDAMAGE LT:

157 (1) max b(qrt — rL1),

158 (2) WqLT — WVLT Sf;

159 (3) OSqLTfl, OSI’LTSI.

160 I will use dual variables 7, 1 for the constraints associated with matrix . At the optimum, 7, " Wqy 1"
161 — e Wrir' = mir'f. Under marginal cost pricing, buyers and sellers face prices " W. Assume buyers
162 and sellers have no initial rights. Assume the auction manager prohibits permit banking.*? The auction
163  manager receives revenue 1yt Wqrr" from emitters. Emitters pay the auction manager to offset only the

164  effects of their emissions, so they are net zero.

165  The auction manager pays nt. 1+ Wit to carbon removers. Part of this payment to carbon removers,
166wt Wiy — mor f, pays for emitters to be net zero. To draw down the excess carbon required to reach the
167  target temperature, the auction manager must produce funds 7, +'f'above the revenue n. 1+ Wgq 1" collected
168  from buyers. The value of 7. "/ would be trillions of dollars over the next 100 years. The auction manager

169  could take on such an expensive undertaking only with strong commitments from enduring institutions
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170 such as governments.** Model SMDAMAGE LT does not decompose by time period, so the auction

171  requires a feasible fully-committed schedule of emissions and removal over at least the next 100 years.

172 2.2. Revenue neutral decomposable formulation

173 To enable revenue neutral carbon removal and to avoid the need for long-term commitments, I next show

174 how the auction manager could apply an implicit surcharge within the warming constraints.

175  Introduce a new parameter T > 1. Later, this parameter will differ by time period, but for now assume that

176  t1is a scalar.

177  Short-term commitment SMDAMAGE ST{(7):

178 (4) max b(gst — ¥s1),

179 (5) TWqST - WVST < 0,

180 (6) OSqSTSI,OSI’STfl

181  Buyers face price tngt W and sellers face price st W. Since tnst Wqst™ — st Wrst™ = 0, the auction

182 manager is revenue neutral, receiving tngr Wqsr” from emitters and paying nst*Wrsr™ to removers.

183  For carefully selected 1, buyers likely face higher prices than with model SMDAMAGE_LT, so they will

184  likely emit less, and it is likely that g;;* > gs;". Further, since tns; Wqsr = sy Wrsr, it is likely that Wggr
185 < Wrg;". That is, sellers of carbon removal will remove the taxed warming effect beyond what buyers

186  require for net zero, so buyers are net negative. The manager should apply T to emissions in an early year

187  to the extent of their warming effects on a later temperature-constrained year.

188  This procedure would not be appropriate for an auction in which rights are well defined or where
189  constraints reflect physical limits, such as power line capacities in an hourly electricity auction. Its
190  application for smart markets generally is probably limited. This surcharge procedure is plausible because

191  the model does not require constraints for technological feasibility and initial rights are assumed zero.
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192 To choose 1 to fund drawdown, the auction manager can solve SMDAMAGE ST(t, ¢) parametrically over

193t with ¢ as a free variable, increasing t until ¢ = f.

194  SMDAMAGE_ST(x, ¢):

195  (7) max b(qz — r3),

196 (8) Wqs— Wr; <0,

197  (9) Wgs —Wry— ¢ <0,

198 (10) 0<¢3<1,0=<r3<1.

199  Model SMDAMAGE ST(z, ¢) decomposes by time period. A global mechanism, such as the one
200  contemplated by the United Nations,' could use SMDAMAGE _ST for annual auctions without the need

201  for third-party funds nor long-term commitments of removals.

202  Current emitters will argue this surcharge is unfair for many reasons. A counterargument is that the

203  surcharge omits the costs of damage and mitigation. This paper will argue further that the surcharge

204  results in a cheaper solution. Other costs such as for environmental justice must still be negotiated as side
205 payments. Because the market prices emissions and carbon removal over time, it can price temporary

206  carbon storage.* In a regional mechanism such as the European Union, participants could be net negative,

207  but asking one region’s participants to pay for the full global drawdown would be unreasonable.

208  Besides potential use in an emissions trading system, we can use models SMDAMAGE LT,
209  SMDAMAGE ST(t), and SMDAMAGE_ST(1, ¢) to estimate the direct costs of ending global warming by

210  the date of our choosing.

211 2.3. Modeling of carbon removal contracts

212 Carbon removal projects have proven notoriously weak.* Figure 1 is an influence diagram of the

213  problems in carbon removal. As a result this weakness, policymakers have excluded removal from

10
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238  from SMDAMAGE LT or SMDAMAGE ST, we put (¢, ") into a climate simulator. The optimization is
239  calibrated if the climate simulator with the same emissions and removal schedule reaches base zero at the
240 2125 deadline. With a calibrated optimization, the schedule is more likely to satisfy the temperature target

241  without the environmental mistake of ending too warm or the economic mistake of ending too cold.

242 This calibration requires consistency between the warming factors W in the optimization and the climate
243  simulation. To develop and calibrate W, I used the climate simulator Hector,*® but any climate simulator
244 would do. The Hector package includes historical emissions and standard scenarios, such as the IPCC

245  representative concentration pathway (RCP) 2.6.°" As far as I know, this calibration method is new.

246 Omitted gasses. The standard Hector implementation includes many factors omitted in the optimization
247  model: black carbon, C6F14, CCl4, CFC11, CFC113, CFC114, CFC115, CFC12, CH3Br, CH3CCIl3,

248  CH3CIl, CO, HALON1202, halon1211, halon1301, halon2402, HCF141b, HCF142b, HCF22, HFC227¢a,
249  HFC23, HFC245fa, HFC32, HFC4310,N20, NH3, NMVOC, NOX, OC, SO2, and SOx. These activities
250  were omitted because emissions demand data were hard to find. These factors together have less than

251  0.1°C effect on the deadline of 2125. The omission affects only the cost totals, not the temperature target.
252 When Hector simulates the temperature trajectory of the optimization output, Hector uses all these

253  factors, so the calibrated temperature should be correct. The simulations assume those gases follow the
254 RCP 2.6 pathway, implicitly getting these pathways at zero cost. As explained a bit later, land use change
255  bears a special role in this paper; the optimization treats land use change differently depending on the

256  desired analysis.

257  Timelines. The optimization has various endpoints: the temperature deadline (e.g., 2125), the last period
258 of bidding (e.g., 2274), the last period of constrained temperature (e.g., 2274). Hector runs to 2300, so the
259  input repeats the 2274 optimization values to 2300. I developed the initial uncalibrated marginal warming
260  parameters by modeling a pulse for each gas in 2005, resulting in w,,, running from =0, ..., 295 years

261  (steps 1 — 3 below).

12
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262 Omitted history. In place of historical emissions, the uncalibrated optimization substitutes an initial

263  temperature burden of 1.4°C. The calibration may prescribe a different initial temperature burden. The
264  uncalibrated optimization produced schedules more aggressive than needed, so the calibrated initial

265 temperature was typically less than 1.4°C. When put into the climate simulator, the calibrated schedules

266  meet the temperature target (Figure 2).

267  Warming factors W. Hector can supply an initial matrix of marginal warming factors W. To obtain and

268 improve W, we can follow these steps.

269 1. Run Hector with RCP2.6. Obtain temperatures temp,(RCP2.6) for years ¢ = 1765 through 2300.

270 2. Run Hector with a modified RCP2.6(p) for each gas p. For the year 2005, for one gas p at a time, we

271 change g,,,00s t0 q',200s = 0. Obtain temp(RCP2.6(p)) by year for years ¢ = 1765 through 2300.

272 3. Models RCP2.6 and RCP2.6(p) differ only in the emission reduction for gas p in year 2005, so

273 temperatures differ only for years 2005,..., 2300. For each gas p and year ¢ = 2005 to 2300, build
274 matrix W as w,, = (temp(RCP2.6) — temp(RCP2.6(p)))/q,,. Contracts for forestry require a
275 convolution of carbon removed by tree growth over the contract.

276 4. Solve model SMDAMAGE LT or SMDAMAGE ST as desired based on W and the initial temperature.

277 Obtain emissions and removal schedule (g%, ) and a temperature trajectory Temp(W, q~, r").

278 5. Run Hector with emissions and removal schedule (¢*, *). Obtain temperature trajectory HTemp(q",

279 r).

280 6. If Temp(W,q", r")= HTemp (q", r"), especially for the deadline year, consider (¢*, r*) adequate.

281 7. Else, to improve the optimization, we want to fit a new W, especially elements Weypon,, S0 Temp(W”,

282 q", r")= HTemp(q", r). To find the improved W’, model SMDAMAGE ST is easily modified to model
283 Fit W as described in the Appendix. Fit W produces a calibrated matrix #” and a calibrated initial
284 temperature. Go back to step 4.

13
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cost of ending global warming by a deadline, which is a different question than maximization of welfare

or utility.

Figure 3 shows temperature trajectories for a calibrated model SMDAMAGE LT with discount rates
ranging from 0% to 6%. The figure shows higher temperature peaks with higher discount rates as the
schedule postpones carbon removal, but all trajectories reach base zero by the deadline. In an auction, a
policy maker’s socioeconomic discount rates would not apply. Rather, market participants would use their

own financial costs of capital, likely higher than a risk-free rate.

Figure 3. Temperature trajectories with full commitment, a 2125 deadline, and four different discount rates

3.2. Long term commitment: emitters pay for drawdown

Using model SMDAMAGE_ST, the auction manager can apply a surcharge on emitters, avoiding the need

for third party payments.

Figure 4 shows annual carbon emissions (omitting other greenhouse gasses and removals) for T ranging
from 1.0 to 2.5. Rather than declining all at once, emissions fall slowly up to the deadline. The reason is
due to the shape of the warming factors W (Figure 8) and the commitment to the deadline. Assume
warming factors for carbon emissions and removals are the same but of different sign. Emissions today
increase warming most over the soonest 20 years with less warming in the far future, so emissions should
be lowest just before the deadline to reduce their impact. Carbon removal today cools the most over the
soonest 20 years with less cooling in the far future, so removals should be greatest just before the deadline
to increase their impact. When drawdown is complete, the auction can redeploy carbon removal capacity

from drawdown to carbon neutrality, allowing an increase in emissions and a lower price of emissions.

Figure 4. Carbon emissions with full commitment, a 2125 deadline, 3% discount rate, and four surcharge rates t

As a result of these timing effects, the commitment requires managing the flow of funds over time. Figure

5 shows net revenue each year for t ranging from 1.0 to 2.5. From 2025 to about 2060, net revenue is

15
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payments. Emitters face an average price of about $44.58/tC ($163.46)/tCO2). Removers receive only
$7.33/tC ($26.86/tCO2) because of the reduced cooling per ton of removed carbon. From 2025 to 2125,

total carbon emissions are about 420.9 GtC. Weak contracts result in a more costly drawdown.

I use the phrase “weak contract” here to mean a weak cooling effect of the contract. In an actual market,
the auction manager would be responsible for writing strong contracts for carbon removal,’” assuming a
legal implementation pathway could be found.> As mentioned above, the manager could use biological
simulation to estimate warming factors for a given carbon removal contract, considering local factors

such as weather and fire risk. The optimization can then price the contract.

3.4. Short-term versus long-term commitments

This paper thus far has assumed that an institution could save revenue from the early years before the
deadline to pay for increasing removal in the later years before the deadline. We can simulate an
institution that lacks this ability by running a series of models SMDAMAGE ST with short trading
periods, e.g., two years at a time. These two-year models simulate one auction for ¢ and #+1 for each
interval ¢ = 2025, 2027, 2029, ..., 2272, past the deadline of 2125. Each two-year auction is revenue
neutral. Setting auctions for only two years is conservative, because traders would want to purchase

emissions rights and sell removal contracts further into the future.

Despite the short auction trading, the optimization retains constraints on warming for the far future. Each
removal contract can start only during the two trading years, but contracts such as for forestry must be
able to continue longer. As the simulation advances in two-year intervals, the simulation treats trades

from previous intervals as constant.

Estimate 4. This estimate is based on a calibrated model SMDAMAGE ST and strong contracts with the
reasonable assumption that auction managers would improve contract strength over time. A value of T =
1.5 suffices to reach the 2125 deadline temperature of 0.002°C above base zero. Emitters pay about $12.7

trillion (3% discount rate) over the 100 years to carbon removers with no third party payments. Emitters
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face an average price of about $16.30/tC ($59.78/tC0O2). Removers receive $10.87/tC ($39.85/tCQO2).

From 2025 to 2125, total carbon emissions are about 688 GtC.

3.5. Time-varying T,

Estimate 5. The estimate 4 temperature trajectory had excess cooling of about 1.14°C around 2253
resulting in excess cost. We can address the excess cooling by adding a subscript for year to 1. Using
SMDAMAGE ST(z, ¢) as in Estimate 2, classic subgradient optimization found 1, resulting in virtually no
excess cooling. Emitters pay about $10.84 trillion (3% discount rate) over the 100 years to carbon
removers with no third party payments. Emitters face an average price of about $16.04/tC ($58.83/tCQO2).
Removers receive $10.10/tC ($37.04/tCO2). From 2025 to 2125, total carbon emissions are about 682

GtC. Over time ¢, 1, varied from 1 to 1.42 then back to 1.

3.6. Climate “inertia” and Hotelling’s Rule

One of the few papers with an explicit temperature constraint is Lemoine and Rudik '¢. They proved that
an explicit temperature constraint can result in a lower cost trajectory than one constrained by CO2. In my
view, their result demonstrates the benefit of using the correct metric of temperature rather than CO2
concentration or global warming potential. More controversially, they argued that “inertia” in the
atmosphere allows a delay in removals while meeting the temperature deadline. Their graphs show the

conventional Hotelling path (different to Figure 7) and their least cost path (similar to Figure 7).

Mattauch et al>® disputed their result, claiming that Lemoine and Rudik misunderstood climate models.
They wrote, “The least-cost policy path that limits warming to 2°C implies that the carbon price starts
high and increases at the interest rate. It cannot rely on climate inertia to delay reducing and allow greater

cumulative emissions.” Lemoine and Rudik® replied defending the correctness of their first paper.

I would not use the word “inertia,” but atmospheric physics do allow a delay in removals assuming

immediate commitment. Figure 4 shows high initial emissions declining and later increasing. I explained
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this above, but here is a trivial example for intuition: an emitter and a remover bid over two periods with a
requirement to reduce temperature by 0.5°C at the end of period 2. Period 1 emissions increase period 2
temperature by 0.4°C. Period 2 emissions increase period 2 temperature by 1°C. Removals have the same

effect but negative. A corresponding linear program could look like this:
(12)  Maximize emit(1) + emit(2) — remove(1) — remove(2),

(13)  subjectto 0.4 emit(1) + emit(2) — 0.4 remove(1) — remove(2) <—0.5
(14)  emit(1) <1, emit(2) < 1, remove(l) < 1, remove(2) < 1.

The solution is emit(1) = 1 and remove(2) = 0.9. Temperature increases least for emissions in period 1.
Temperature decreases most for removal in period 2. Forestry growth complicates these calculations, but

the effect remains.

Something else is also happening here. Researchers widely believe that Hotelling’s rule for non-
renewable resources provides the optimal emissions trajectory; the main disagreement is which interest
rate one should use. See Gollier,* for example, on Hotelling’s rule in CGE models. Hotelling’s rule does
not apply in this two-sided emissions market, because removal turns the atmosphere into a renewable
resource and because the deadline makes abatement today differ from abatement tomorrow. Hopefully,
these results give the climate research community second thoughts about the applicability of Hotelling’s

rule for the optimal emissions trajectory.

4. Conclusion: commitment lowers costs

This paper examined the costs for different levels of commitment to ending global warming, supposing a
commitment to a single institution running a global two-sided auction for emissions permits and carbon

removal.
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Table 1 summarizes the five cost estimates from highest to lowest. Commitment to strong contracts
lowers costs. Commitment to emitters paying for drawdown lowers costs. Commitment to flexibility in

funds management over time lowers costs. An ability to adjust the surcharge over time lowers costs.

Table 1. Summary of 100-year present value cost estimates to end global warming, 3% discount rate, 2125 deadline

Estimate 3 Estimate 1 Estimate 4 Estimate 2 Estimate 5

Model ST, LT ST, ST ST,
weak contracts short auctions time-varying t

Third party pays $0 $4.75 trillion $0 $0 $0
Average emitter price $44.58/tC $10.94/tC $16.30/tC $16.09/tC $16.04/tC
($163.46)/tCO2) | ($40.13/tCO2) | ($59.78/tCO2) | ($59.98/tCO2) ($58.83/tCO2)

Average remover price $7.33/tC $10.94/tC $10.87/tC $10.06/tC $10.10/tC
($26.86/tCO2) | ($40.13/tCO2) | ($39.85/tCO2) | ($36.87/tCO2) ($37.04/tCO2)

Emissions 2025-2125 420.9 GtC 761 GtC 688 GtC 681 GtC 682 GtC
Removal cost 2025-2125 $20.4 trillion $13.06 trillion $12.7 trillion $11.2 trillion $10.84 trillion

Compare these estimates with van Vuuren et al.> With a higher discount rate of 5%, their meta-model
predicts abatement costs of $15 to $30 trillion ($US 2020) for avoiding a temperature rise of 2°C and
1.5°C targets respectively above base zero. For target temperatures of 2.5 to 3°C, they say that their
largest uncertainty is “our limited understanding of the climate system and carbon cycle.” In my view, the
greatest uncertainty in ending global warming is what we will do about it. For lower targets, they say that
the largest uncertainties are the mitigation costs and, besides willingness to commit, I agree with that.
They also identify uncertainty from non-CO2 greenhouse gases which my model avoids. In any case, the

market mechanisms proposed here, if adopted, could lead to whichever target outcome we choose.
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Numerical mistakes are easy to make in work encompassing wide data collection, optimization, climate
simulation, and calibration. A different version of Hector will likely produce slightly different results.
These estimates may be too low for various reasons. The models ignore institutional constraints,®' but the
point of the paper is to examine costs if we could break those constraints. The models implicitly assume
that a few omitted activities follow the RCP 2.6 pathway, effectively getting them for free; those activities
are small. The models assume the bid curves account for switching costs. The bid curves ignore changes
in population and size of the economy. High emissions prices could result in emissions falling so far and
so fast that the auction manager would have to raise the surcharge to continue paying for drawdown; this
could be tested, but fast falling emissions seems like a good thing. During this writing, news reports

indicate a global temperature of 1.6°C above base zero.

The estimates may be too high for various reasons. The bid curves ignore learning and technological
change in both emissions and carbon removal.®> The energy transition could be cheap.%® Researchers can
add more options to the model, e.g., carbon capture and storage;* the models could price geo-engineering
but cannot assess the associated risks. Estimates of carbon removal by forestry can be improved.*>-%5 This
work has not even come close to assessing the full range of nature based solutions®® and adding options
will only lower the cost. The models ignore the non-temperature damage from fossil fuels. The models
omit costs of damage from global warming, but lower temperatures sooner with more certainty would

likely lower the damage cost of higher temperatures with higher uncertainty.

Apart from the estimates, the models are a key contribution. The models enable pricing of carbon
removal. Any researcher can update the models with new data on supply and demand, whether due to
better science, new technology, or global events, thus finding an improved cost estimate, supposing
policymakers decide to make the necessary commitments. The models are easy to solve with open source
linear programming software. They can be used to calculate the costs of delaying implementation, of
changing the deadline, of imperfect enforcement analogous to Sigman,%” and of constraining the peak

temperature. Analysts could add secondary metrics. The mechanism to pay for drawdown, the main
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contribution, makes all this possible. A straight forward extension to stochastic optimization®® could

account for a range of uncertainties.

National security researchers must study nuclear war, “unthinkable” in its pessimism. The commitments
studied in this paper seem unthinkable in their optimism. The ideal cost estimate would be based on
outcomes of an actual market. Unlike macroeconomic models, the models described here could be
implemented by an institution. The value of setting up an institution to operate such an auction seems to
be on the order of the value of the environmental and economic damage from following a longer path to
ending global warming minus the value of the environmental and economic damage if we committed to a

deadline and a trajectory.

Consider the implications of Figure 4 for the fossil fuel industry. The industry need not end and indeed
could resume almost fully if they would concede some decades of reduction. The need for reductions gets
steeper and stronger the longer they continue in intransigence. They could save their industry by fully

committing to the most rigorous and economical way of reversing and ending global warming.

Appendix: detailed formulations

Formulations for SMDAMAGE LT and SMDAMAGE ST

Models SMDAMAGE LT and SMDAMAGE ST differ only in constraint set A4 below.
Indices

a=1,..., A, agent.

p=1,..., P, activity (pollutant or removal contract).

t,u=1,..., T, period, where T'= 200 years. Generally, subscript « indicates the period of emission and ¢

indicates the period of warming.

Parameters
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Cap, = allowed increase in degrees Celsius in period ¢, relative to some baseline temperature, e.g., —1.4°C.

B, .= bid price by agent a to produce a unit of activity p in period u, e.g., a kiloton of SF¢ released or a

hectare of forest to remove atmospheric carbon. For emitters, B,,, > 0. For removers, B, <0.

0., = upper bid quantity by agent a, units of activity p (e.g., kilotons CO, or hectares forest) in period u.
T = final year that Cap; is constrained, e.g., the year 2301.

T = final year of denomination for contracts in the current year, specified by the auction manager.

1, = surcharge for period ¢.

Y = first year in which Cap, is constrained, e.g., 2125.

W, = marginal temperature increase, u periods after one unit of activity p [5, 23]. W, < 0 for removal

activity.
Decision variables
dap,: = quantity allocated to agent a to produce activity p (e.g., pollutant or removal contract) in period .

v, = total activity p in period . We can interpret this variable as the total emissions or removal by sector

P

m,, = market price, $ per unit (e.g., kilotons or hectares) of activity p in period ¢. This is the dual price on

constraint 3 below.

Models SMDAMAGE LT and SMDAMAGE ST
(Al)  maximize Y"q0ent g=1 2 activity p=1 2 Bperiod =1 Bap. qaps
(A2)  Gup:< Qaps for agent a=1,..., 4, activity p=1,...,P, and period t=1,..., T,

(A3)  DMgenta=1 Gap: = Vp for activity p = 1,...,P, and period ¢ = 1,...,T}, dual price m,,,
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(Ad)  SMDAMAGE_LT: ¥ emission period u=0 2. activity p=1 Wp, 1~ uVpu < Capy, for t =Y, Y+1, Y+2,...T,
(A4)  SMDAMAGE_ST: ' emission period u=0 Tt 2 activity p=1 Wp, 1~ uVpu <0, fort =7, Y+1, Y+2,...,T,
(AS)  qap. =0 for all agents a, activities p, and periods ¢.

Explanation

(A1) Maximize the value of the traded contracts to market participants.

(A2) Respect agents’ upper bid limits, as specified in their bids.

(A3) Calculate the total quantity of activity p each period as the sum of the agents’ allocated quantities.

The dual price m,, serves as the price for activity p in period .

(A4) Cap warming effects in period Y and thereafter. With SMDAMAGE _ST, the auction manager should

choose 1, so that

ztemission period u=0 zPactivity p=1 Wp, t—u V*p,u < Capt, fOI' t= Y) Y+1, Y+2’- . -aT-

(A5) Variables q,,, are nonnegative. The model does not need non-negativity constraints for v,, because

equations 3 and 5 together ensure the nonnegativity of v, ,.

Model Fit W

We simply modify linear program SMDAMAGE_ST so the activity schedule v, is the constant and the

warming factor W is the variable, changing their case here for emphasis.
Parameters:
T = last model year, e.g., 2300.
V,.= amount of activity p in year ¢ from solution of SMDAMAGE LT or SMDAMAGE_ST.

HectorTemp, = the temperature in year ¢ from Hector simulating solution V.
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Y, = contract length in years for a forestry contract p.

C,,, = the tons carbon removed per hectare in tree growth yeary =0, 1,2, ..., 1),
Variables:

w, , = marginal effect on warming after u periods from activity p.

over_error, = error below HectorTemp;, in year t.

under_error, = error above HectorTemp, in year .

initial temperature = starting temperature.
(A6) Minimize Y7 (over_error, + under_error;) subject to

(A7) initial_temperature + Y Pyivity p=1 2 emission period u=0 Wp,t —u, Vpu — OVer_error,+ under_error, =

HectorTemp,, fort =Y, Y+1, Y+2,....T,

(A8)  w,,>w,, for u>20 for p = fossil fuel emissions and land use change. This constraint ensures a

monotonic decline in the marginal warming factors with increasing u, to impose logical consistency.
(A9) over_error, under_error, w,, > 0 for all p and periods .

(A10) w,, =—2,—"DC, Weabon, -y Tor u=0, ..., 295 years, i.e., the length of the model horizon, for
each forestry contract p.

Model Fit W is easy to expand. If we like, we can add variables to measure the difference between the
old W, and the fitted w,,,, or we can fit one w,, matrix to & solutions V%, ,. In practice, the calibrated
temperature trajectories from models SMDAMAGE ST and SMDAMAGE LT closely match the climate

simulator’s trajectory.
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Code and data availability

The open-source Hector climate simulator is available at https://jgcri.github.io/hector/. Python code to
pull the warming matrix from Hector, the SMDAMAGE family of models, the calibration model, all data,
and full output is available at https://github.com/JohnFRaffensperger/SMDAMAGE. Agriculture data is
from figure 11.17 of Smith et al.®” (A more recent one is Bamicre et al.”?) Forestry data was extracted
from Stavins and Richards*” and section 4.3.7.2 of de Coninck et al.”! Bid data for CO, is from Anger et

al.”? Data for remaining chemicals is from Ehhalt et al,”® Ravishankara et al,” Tonkovich,”® and Prinn.”®
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