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Responding to climate change takes strategy. How much greenhouse gas should each nation allow itself to emit? Will cap-and-trade or a carbon tax be more effective at reducing emissions?  What policies will best spur innovative renewable energy technologies? 

Mathematics is critical for answering questions like these. Game theory is the field of mathematics devoted to analyzing strategic interactions, and mathematical models are a key predictive tool. To make informed decisions, policymakers need mathematicians and economists to quantitatively analyze the likely results of different policies.

But until recently, only a few mathematicians have been working on climate change, and those few have been sprinkled around, working largely in isolation. Climate change is too critical and complex a problem for such a scattershot approach to be sufficient.

So recently, mathematicians have been coming together to share their expertise and encourage others to enter the field. The latest effort along these lines was a workshop the Mathematical Sciences Research Institute this May on Economic Games and Mechanisms to Address Climate Change sponsored by the Sea Change Foundation. It brought together leaders in this emerging field to share ideas, exchange results, and plan future research.

This report summarizes the presentations of some of the speakers at the conference.

Rene Carmona: How do we design an effective cap-and-trade system?

The U.S. will almost certainly implement a cap-and-trade system to control carbon emissions soon. President Obama has expressed his commitment to such a scheme, even going so far as to count on $78.7 billion in revenue in 2012 from the sale of greenhouse-gas emission permits (which he promises to return to taxpayers through a tax cut). Japan, Canada, Australia and New Zealand are designing cap-and-trade systems of their own.

In a cap-and-trade system, regulators set a target level for emissions (the “cap”) and issue 

credit certificates which are sold or distributed for free to the installations participating in the program. In order to ensure that the emission target is complied with, a penalty is levied for each unit of pollutant emitted outside the limits of a given compliance period. Firms may either reduce  their own pollution or purchase emission credits in anticipation of potentially significant penalties. This transfer of allowances by trading is considered to be the core principle leading to the minimization of the costs caused by regulation; firms that can easily reduce emissions will do so, while those for which it is harder buy credits.

The cap can then be lowered over time, forcing producers to adopt increasingly clean technologies. 

A cap-and-trade scheme is only a market mechanism, not a panacea, and policy makers need to develop a comprehensive approach to tackle the challenges of climate change.

While many environmentalists hail the increasing political will toward an aggressive emission control policy, proponents of cap-and-trade systems still face tough resistance from influential pundits favoring a carbon tax. This heated debate is too often driven by political and populist arguments, anecdotally based on scientific methods or quantitative analysis.  Princeton financial mathematics professor Rene Carmona proposes to anchor this debate in equilibrium economics theory and base the comparison of the multitude of designs on rigorous mathematical analysis and realistic numerical simulations.

The European Union established the largest mandatory carbon dioxide cap-and-trade program in 2005. It ran into problems that illustrate how critical careful design is. 

Typical criticisms of the EU ETS first phase, whether in the popular press on in congressional hearings, include: 1) fragility of the markets as evidenced by the price collapse of carbon emission certificates in April 2005, 2) emissions targets were missed, 3) prices paid by the end consumers for electricity shot up, while energy companies reaped enormous windfall profits. All in all, not a pretty picture! However, these mistakes do not have to be repeated, and Carmona is quick to emphasize that new measures have been taken to avoid them, for example changes in the allocation procedure and significant reduction of the number and the form of the allocation. 

Regulators control several levers affecting the outcome of these climate change policies. Clearly, choosing the level of the cap and the penalty are important factors impacting the economic outcomes of the scheme. But the hot button is without the shadow of a doubt the way the emission permits are allocated: Should they be given away for free? Which installations should be endowed? Should these permits be auctioned? Grandfathered? Etc. And these questions barely form the tip of the iceberg. Powerful lobbyists point to excessive costs to the end consumers and to the loss of jobs due to production fleeing a taxing emission legislation. 

Carmona’s model provides a quantitative foundation to address these questions by predicting the prices of emissions permits and goods. Carmona assumes a classical competitive equilibrium model, where each company chooses the strategy that will bring in the highest earnings, independent of everyone else’s actions. Each firm’s earnings consist of the profit for each good they produce, plus anything they earn on the carbon market, less any penalties they have to pay. By predicting the strategy that is in the individual interest of each firm, Carmona can then find the aggregate effect of everyone’s actions on the carbon market as a whole.

Here’s an example of how his analysis works. To predict the cost of electricity, Carmona considers the strategy for each individual company. A company will begin by producing electricity using the technology that has the lowest overall cost, once the cost of permits is factored in. That might be, for example, nuclear, so each company with nuclear plants will fire them up. When all the nuclear plants are all producing at full capacity, power plants using the next most expensive technology, say hydropower, will be turned on. When that capacity is exhausted, the next most expensive technology will be used, and so on, until the demand is met. Suppose, with a cap-and-trade system in place, that the most expensive technology used is natural gas. Then the price to consumers, Carmona says, will be determined by the amount it costs companies to produce electricity using natural gas.

Based on a series of numerical experiments, Carmona’s work shows that properly designed cap-and-trade systems do work. First, it quantifies the impact of the cap and the penalty on prices. It also confirms that in a competitive environment, allocation schemes do not affect prices, only the distribution of the costs. But most importantly, it offers numerical tools to quantify the differences between climate change policies, for example carbon taxes and cap-and-trade schemes based on a wide variety of allocation schemes.

Obviously, a climate change policy comes at a cost, and this cost will be passed to the end-consumer if the regulation does not include provisions to return revenues from the taxes or the allowance auctions in the form of income tax reliefs or refunds to parties most affected by the price increases. While this “return of the proceeds of the policy” is not part of the model, the statistical distributions of the costs to the consumers and the producers can be tracked within the model. In fact, one can use this model to argue that a properly designed cap-and-trade system is a better solution than a carbon tax, the primary alternative. Indeed, because of the inelasticity of the demand for goods like electricity and the stochastic nature of demand for commodities, a carbon tax would need to be higher than economically necessary to reach the same emissions targets.  

One of the main criticisms of the EU ETS was the excessive windfall profits of electricity producers. Unfortunately, some of these profits are very difficult to avoid, and the proposed auctions of permits do not offer a real solution. It seems fair to force producers to pay for allowances having a market value, but it does not change the equilibrium prices which the consumers will have to paid eventually. While windfall profits cannot be eliminated completely, regardless of whether permits are sold or given away, some allocation schemes can help the regulator control them, at least in a statistical sense.

The thrust of the research results presented by Professor Carmona is the analysis of allocation schemes where emissions permits are distributed dynamically proportionally to production. These allocation procedures are reminiscent of some of the “output based” allocations proposed by some economists to minimize the leakage effect.

While this effect was only mentioned, the impact on windfall profits was analyzed in great detail. However, simply comparing how much money a company would have made with and without a cap-and-trade system isn’t appropriate, because the mix of energy sources will be inevitably different in the two situations. For an apples-to-apples comparison, one should compare profits to those made by producers without the cap-and-trade legislation, should they had used the same mix of fuels they used with cap-and-trade. With this definition, Carmona and his collaborators noticed that auctioning permits rather than giving them away had little impact on windfall profits. However schemes with proportional allocations offer a better control of these profits. In fact the latter can be lowered significantly when the scheme design involves properly crafted incentives.

On one hand, the versatility of these schemes makes them very attractive because of the extensive control they provide to the regulators. But on the other hand, their complexity appears as a serious shortcoming, and there is little hope that they will ever be adopted  by policy makers: regulations need to be articulated in simple terms in order to be embraced. This is a clear advantage of the carbon tax over some of the most sophisticated forms of cap-and-trade: even though they were regarded as “political suicide” by most US politicians not so long ago, they recently gained in appeal because of their transparency. The increased suspicion for some of the practices of the financial market did not help the cause of policies involving an intrinsic trading component. 

Carmona emphasizes, however, that all these results are preliminary. The mathematical theory of cap-and-trade is still in its infancy and he wishes more mathematicians could be involved. This new research avenue offers exciting challenges and opportunities to mathematicians interested in climate change and willing to bring their mathematical expertise to bear with important environmental economics problems in shaping new financial markets.

Suzanne Scotchmer: Will cap-and-trade spur innovation?

Any scheme that makes it expensive to emit carbon should, it seems, encourage the development of lower-emissions technologies. Producers can profit by emitting less carbon, and therefore have an incentive to license cleaner technologies. The licenses create a reward to innovation. But according to Suzanne Scotchmer, an economist at the University of California, Berkeley, this story is a bit too simplistic when the price of carbon emissions is set in a cap-and-trade system.

A cleaner technology will not lead to lower emissions under cap-and-trade, she points out, because emissions are set by the cap. Instead, it will lead to more electricity for the same carbon emissions.

Of course, that’s a good thing. But this increase in supply means that that electricity will get cheaper, which reduces the profit for the producer – hardly what the producers are looking for. Furthermore, the new technology will reduce the demand for emissions permits, making their price fall. This reduces producers’ willingness to pay for licenses on the cleaner technology. This creates a negative feedback, decreasing the reward for finding a lower-emissions technology.

“How important is this feedback effect? We don’t know,” she says. “But we need game-changing innovations, and game-changing innovations are much more likely to create it.”

Scotchmer is now looking for ways to quantify this effect and designing mechanisms to deal with it. One way of making the carbon market more able to provide continuing pressure toward innovation is to make the carbon-emissions market more unified. A single new technology is unlikely to lower the price of emissions permits if the market covers many industries in many states.

Scotchmer's research suggests that a carbon tax might be preferable to cap-and-trade. With a tax on carbon emissions, emissions are not fixed. Instead, the tax rate is fixed. Thus the new technology won’t create as much of an oversupply of electricity. The fixed tax rate may create a larger incentive for innovation, because it avoids the negative feedback that occurs when the emissions price falls under a cap-and-trade system.

However, Scotchmer points out that her analysis is far from complete and that she’s only looked at the simplest scenario, where the cap is fixed. In cap-and-trade systems, however, lawmakers can reduce the cap over time. This has the potential to restore the incentive to innovate. If a decreasing cap can keep up the pressure to innovate, the question then becomes figuring out the rate at which the cap should go down.

Scotchmer says she doesn’t yet know whether carbon taxes or cap-and-trade systems are the better way to go. But her research shows that the effect of cap-and-trade on innovation needs to be studied much more carefully.

Robert Pindyck: Should governments act now?
How much money should governments be spending to reduce carbon emissions?

Massive uncertainty makes that a very hard question to answer. What will the climate be like if we continue with business as usual? What economic impacts will the changes have? How much would it cost to significantly reduce future global warming? What technological improvements will come along that will make it cheaper to reduce emissions? No one has solid answers to any of those questions.

Nevertheless, governments have to decide how much they’re going to spend on climate change now. They can’t wait until the uncertainties have resolved themselves. Climate scientists say that the very existence of life on Earth hangs in the balance. But to act, governments need quantitative analyses showing investment in averting climate change will pay off. 

Most economic analyses to date, with the exception of Britain’s controversial Stern Review, have suggested that governments shouldn’t spend large amounts now to abate global warming. The advantages of waiting for improved technology and greater knowledge have outweighed the benefits of immediate action. Many climate scientists have responded to such analyses with incredulity.

Robert Pindyck, an economist at MIT’s Sloan School of Management, wanted to know if it was possible to do an economically justified, careful study that would justify spending a lot now to reduce climate change and its future impacts. He built a model that estimated how much a government would be willing to pay to reduce climate change based on the projected change of temperature and its economic impact. 

To tilt the field in favor of action, he used the direst predictions from the most recent assessment of the International Panel on Climate Change. He also assumed that the “discount rate” is zero. The discount rate is effectively the interest charged on loans, and assuming a zero discount rate means that governments would be equally willing to spend a dollar now as to spend a dollar a hundred years from now. That assumption is clearly unrealistic, but Pindyck chose it as a starting place.

Even so, he was unable to justify high rates of government spending. Instead, his analysis supports a policy of small expenditures while waiting for technology to improve and for the science to become more definitive.

Pindyck points out, however, that like other studies, he looked at the most probable outcomes based on current science. One of the great worries about climate change is that there are many terrible disasters that might occur but aren’t especially probable. The science about those unlikely events is particularly uncertain. For example, current thought is that very great increases in temperature (for example, above 10 degrees Fahrenheit) aren’t very likely, but just how likely are they? Or, in the unlikely event that the West Antarctic ice sheet were to collapse, sea levels would rise by 5 meters. How unlikely is it exactly? Such events could have extraordinarily high costs, and if there were solid enough information about them to include them in economic analyses, their outcomes might be different. Pindyck urges that more science be focused on trying to understand this.

Another difficulty is that economic analyses like these have little way of dealing with low-probability, truly terrible outcomes. If there’s even a small chance that life on Earth will end, then an economic analysis would indicate that governments spend 100 percent of GDP on climate change. This is an unhelpful recommendation from an economist, however, because it is obviously politically and practically unfeasible.

Pindyck’s study made other assumptions that some of the climate scientists in the room questioned. For example, he assumed that the costs of climate change are linear with temperature change, so that the cost of a six degree rise is double the cost of a three degree rise. He acknowledged that that’s probably not true – larger temperature rises are probably much worse than that. But with no solid information about just how costs will increase, a linear relationship seemed to Pindyck to be the simplest and best estimate. If, however, costs increased far faster than temperature, that could also change the recommendation to policymakers. 

Inez Fung, an eminent climate scientist at UC Berkeley, said, “This just shows that Pindyck can’t help us.” But Pindyck is an economist who is deeply concerned about climate change. The failure of his study to support strong action on climate change shows the need for more research to translate the urgency climate scientists feel from the analysis of their data into the quantitative language politicians can understand and act upon.

Prajit Dutta: How can a global carbons-emission treaty be effective without world-wide cops?
Climate change is the biggest tragedy of the commons the world has ever seen. Nearly everyone acknowledges that global greenhouse gas emissions need to go down. But if a single country decides to reduce its emissions alone, it’s not going to work. The reduced emissions won’t be enough to stave off global warming, and the country’s economy is likely to suffer to boot. The only solution is if everyone joins together.

The original tragedy of the commons – the overgrazing of public lands – can be solved with laws regulating cattle. At a global scale, though, there’s no cop to enforce the laws.

The only solution, says Prajit Dutta of Columbia University, is to devise a treaty so that it’s in everyone’s self-interest to abide by it. And game theory is just the tool to develop and analyze such a treaty.

Dutta has researched a proposal in which the treaty would be designed to explode if anyone violates it. Everyone would agree to a strategy of emissions cuts, and if any country fails to meet its obligations under the treaty, none of the countries would be bound by it anymore. The “business as usual” scenario is so bad, he says, that it can be used as a punishment to keep everyone in line. Dutta’s analysis shows that in theory, it is possible with this scheme to get large emission cuts. 

Dutta is continuing his research to look for punishments other than “business as usual” that would be more effective. His research indicates that there are, but he points out that for any treaty to have a chance of ratification, it is critical that it be simple enough that people can readily understand and implement it. So he’s not inclined to study any very complex scenarios. Indications are, however, that some reasonably simple and effective threats may exist.

David Zetland: How well do theories hold up to the real world?
Theories are all well and good, but real life doesn’t always behave. Since David Zetland, an economist at UC Berkeley, does most of his work in the muck and hubbub of the real world, he wanted to ground the discussion in reality by performing an experiment. The conference participants negotiated Kyoto II on the spot.

Zetland assigned the participants to four groups, A, B, C and D. The treaty was bilateral, to be negotiated between America (the A group) and China (the C group). The bureaucrats formed the B group, and they gathered information and administered agreements. The D group was “da rest of the world,” who were mere observers but could lobby freely.

China presented the first proposal: a global cap-and-trade system, with emissions permits allocated according to population. In addition, China wanted to receive permits for projects done in other parts of the world with clean technology it develops.

America responded with its own proposal, a global carbon tax. Ideally, the US said, revenues from the tax would go entirely to the US, but since it recognized that not everyone would see the manifest virtues of such an arrangement, dividing the revenues according to gross domestic product would be acceptable. In addition, a fraction of the global revenue should go into research and development (which would take place primarily in the United States). Countries who participate in the tax would receive discounts on the technology produced, while those who didn’t would be subject to trade sanctions. As a further stick, the US pointed out that it had hostages, in the form of China’s money (in treasury bonds) and people (its graduate students at American universities). 

The rest of the world said it was willing to negotiate. It wanted to get money to do nothing. They held a non-binding vote and supported the China proposal, six-to-two.

America came back with a counter-proposal: Cap-and-trade was acceptable, as long as the permits were allocated according to GDP. China objected that America’s history of carbon production needed to be taken into account. Then the two sides retreated to consider their strategies.

In the interim, the bureaucrats (whom Zetland himself led) decided on a change of rules. The bureaucrats and the rest of the world would vote on the proposals, and the members of the winning delegation would be rewarded with being first in line to get wine during the reception afterward.

China proposed cap-and-trade with permits allocated by both population and GDP: 80 percent by population, 20 percent by GDP. The bureaucrats jumped in and said they’d support any proposal in which they managed the funds (with appropriate fees, of course). America responded by accepting cap-and-trade, but having the proportions switched: 80 percent by GDP, 20 percent by population. Over 50 years, though, the proportions could gradually move to China’s proposal of 80 percent by population and 20 percent by GDP. Administration would be by the bureaucrats. In addition, the Americans offered a bribe to five of the eight countries constitutingthe rest of the world for the purposes of the experiment: annual international aid of 30 percent of their GDP. The bureaucrats calculated that this would cost the US 10 trillion dollars annually, or 2/3 of US GDP.

China said that the US proposal was fine, with one change: the transition in the allocation scheme of the permits should take place over 20 years rather than 50. The US counter-proposed 40 years, and insisted that China take the burden of half the cost of the bribe. The Chinese didn’t agree, so it went to a vote.

Bribery worked. The US won.

While the game was played with tongue in cheek, Zetland had a serious purpose, which turned out to be beautifully illustrated by the game’s unexpected conclusion. Human beings behave in unpredictable ways. To be useful guides, mathematical models have to allow for human uncertainty. 

Conclusion
The field of the mathematics of climate change is just beginning to emerge, and it is desperately needed. One area mathematics has great potential to make a contribution is in modeling the many economic questions climate change raises. So far, economists and mathematicians have been working in significant isolation, forging the quantitative tools needed. While they’ve been making important progress, more people need to get involved and researchers’ work needs to be better coordinated. Workshops like this one have the potential to increase the speed of development significantly by bringing key players together and bringing greater attention to mathematical climate change issues.

