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ABSTRACT
The IPCC Sixth Assessment Report on Climate Change Mitigation highlights the 
vast gap between climate change mitigation actions and climate stabilization 
goals. But its broad policy prescriptions are likely to leave policymakers pondering 
what specific actions to take. Informed by accumulating evidence on transforming 
aspects of energy systems like power generation from solar and wind resources 
and battery electric cars, this paper develops a more pointed energy reform 
strategy than that of the IPCC to deliver the necessary systemwide changes. It 
makes the case for two unorthodox policies. One is for governments to provide, 
in addition to R&D supports, market-creating supports for early deployment of 
low-carbon technologies in initial markets. The second is to sequence emissions 
pricing after innovation and market-creating supports and differentiate this 
pricing across key energy sectors rather than impose one economywide price. 
Compared with a single price, targeting higher emissions pricing on sectors that 
are costlier to decarbonize still promotes cost-effective emission cuts but limits 
adverse distributional impacts. The paper also considers nonprice barriers to 
change and ways to coordinate domestic reforms across countries. 
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INTRODUCTION

The Sixth Assessment Report on Climate Change Mitigation of the 
Intergovernmental Panel on Climate Change (IPCC) finds a brief and rapidly 
closing window of opportunity to stabilize the Earth’s climate and avoid the 
most dangerous impacts of climate change (IPCC 2022). The still rising trend in 
emissions of carbon dioxide (CO2) and other greenhouse gases must be reversed 
and brought down to zero on balance to stabilize the climate. Moreover, net zero 
emissions (NZE) must be achieved rapidly—by around mid-century—if the Paris 
Agreement goals for limiting cumulative emissions and maintaining a relatively 
safe climate are to be achieved. But acknowledging current and planned policies 
and the pace of technological advances in decarbonizing energy, agriculture, and 
other activities, the report reveals a vast gap between climate change mitigation 
actions and climate stabilization goals.

While the report sets out likely developments in the global economy, energy, 
land use, and emissions on the one hand and bleak projections for the Earth’s 
climate on the other, it also highlights important advances in limiting CO2 emissions. 
They include the sharply declining costs and increasing deployment of solar 
photovoltaics (PV) and wind turbines to produce low-carbon electricity from 
renewable resources and rechargeable batteries for cars to power them with 
electricity rather than fossil fuels. While such piecemeal changes fall far short of the 
systemwide energy transformations necessary to eliminate net CO2 emissions, they 
provide important opportunities to learn from experience in transforming aspects of 
energy systems. But the report’s broad policy prescriptions are short on specifics. 

Informed by accumulating evidence on transforming energy systems, this 
paper provides a more pointed energy reform strategy than that of the IPCC. It 
makes the case for two unorthodox policies. One is market-creating government 
supports for early deployment of low-carbon technologies in their initial markets, 
especially in countries with the skills, technical capabilities, and interests to 
scale them. This is in addition to well-established government research and 
development (R&D) supports to counter knowledge spillovers from innovation. 
The second is to sequence emissions pricing after innovation and market-creating 
supports and calibrate this price across the key energy sectors to projected long-
run costs of eliminating net emissions in each. These sectors include those that are 
relatively low cost to decarbonize in the long run—electric power, road transport, 
and buildings—and those that are likely to be high cost—aviation, shipping, and 
materials and fuel production (e.g., cement, chemicals, plastics, refining, and 
steel—so-called heavy industry). Targeting higher emissions pricing on sectors 
that are costlier to decarbonize promotes cost-effective emission cuts while 
limiting adverse distributional impacts compared to a single economywide price.

The paper also examines nonprice barriers to change and ways to coordinate 
domestic energy reforms across countries. It begins with a summary of the IPCC 
policy prescriptions to achieve an NZE energy system.1

1 See Davis et al. (2018) and Fries (2021, pp. 72–92) for descriptions of feasible NZE energy 
systems based on low-carbon technologies that have advanced to the stage of commercial dem-
onstration projects or further. In this paper the term “low-carbon technologies” refers to those 
consistent with an NZE energy system in the long run even if their current deployment entails 
some emissions. For example, use of battery electric vehicles (EVs) in the short run causes emis-
sions because electric power is not fully decarbonized, but less than those from an internal com-
bustion engine. But in the context of a comprehensive and credible energy reform strategy, a 
fleet of battery EVs powered by low-carbon electricity would be consistent with an NZE system.
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1. IPCC ASSESSMENT OF ENERGY POLICIES

Notwithstanding the still rising trend in global emissions, the IPCC assesses 
energy policy effectiveness in the countries and sectors where climate actions 
have been taken. It considers primarily the effect of policies on emissions 
relative to the likely counterfactual in their absence—their cost effectiveness 
attracts less emphasis.

The IPCC finds that many policy and regulatory instruments have been 
deployed successfully. Table 1 summarizes its findings on effectiveness in 
avoiding emissions from energy supply and use in buildings, transport, and 
industry. The assessment spans overall emission reductions along with impacts 
on energy efficiency and deployment of low-carbon technologies—the two key 
ways to cut emissions. The policy instruments in focus are emissions pricing, 
direct regulation of energy efficiency and emissions, and various types of 
government support to advance low-carbon technologies.

Table 1
IPCC attributions of energy policy effectiveness in avoiding emissions

Sector Policy effects on overall 
emissions

Policy effects on energy 
efficiency

Policy effects on low-
carbon technologies

Energy supply Emissions pricing, emissions 
standards, and technology 
support policies have led to 
declining emissions associated 
with the supply of energy

Emissions pricing and technology 
support policies have led to 
improvements in the efficiency of 
energy conversion

A variety of market-based 
instruments, especially 
technology support policies, 
have led to high diffusion 
rates and cost reductions for 
renewable energy technologies

Buildings Regulatory standards have led 
to reduced emissions from new 
buildings

Regulatory standards, financial 
support for building renovation, 
and market-based instruments 
have led to improvements in 
building and building system 
efficiencies

Technology support policies and 
regulatory standards have led to 
adoption of low-carbon heating 
systems and high-efficiency 
appliances

Transport Vehicle standards, land-use 
planning, and carbon pricing 
have avoided emissions in ground 
transportation

Vehicle standards, carbon 
pricing, and policy support 
for electrification have led 
to automobile efficiency 
improvements

Technology support policies 
and emissions standards have 
increased diffusion rates and 
reduced costs for electric 
vehicles

Industry Emissions pricing has led to 
efficiency improvements in 
industrial facilities

Note: Statements describe the effects of policies across those countries where policies are in place. All 
findings are of high confidence. Technology support policies include government supports for innovation 
systems, like tax credits for private investment and public investment in R&D, and market-creating 
policies for low-carbon technologies like feed-in tariffs for renewable power and subsidies for electric 
vehicles and charging points.

Source: IPCC (2022, p. 118), Technical Summary.
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Based on its assessment of policy effectiveness, the IPCC concludes that 
governments can take actions now to shift economic development pathways 
and accelerate climate mitigation and transitions across systems—energy, urban 
forms, rural land use, and finance.2 Many regulatory and economic instruments 
that have been deployed successfully could support deep emissions reductions 
and stimulate innovation if designed to promote fairness and applied at scale and 
more widely in scope.

The IPCC further observes that comprehensive policy reforms that enable 
innovation and build capacity are better able than individual policies to support a 
shift toward equitable low-emission futures. It also finds that climate governance 
is most effective when it integrates across policy domains, helps realize synergies 
and minimize trade-offs, and connects national and subnational policymaking 
levels. Of course, such broad domestic policy prescriptions are difficult to 
oppose, but policymakers may be forgiven if they are left pondering what 
specific actions to take.

In a similar vein, the IPCC states that international cooperation is a critical 
enabler for achieving ambitious climate change mitigation goals and that the UN 
Framework Convention on Climate Change, Kyoto Protocol, and Paris Agreement 
are supporting rising levels of national ambition, though gaps remain. It points 
out that partnerships, agreements, institutions, and initiatives are emerging at the 
subglobal and sectoral levels and engaging multiple actors, with mixed levels of 
effectiveness. These statements effectively say that the “glass” of international 
cooperation is “half full” rather than “half empty”—perhaps reflecting the IPCC 
vantage point. On international climate finance, the IPCC is more pointed. It finds 
that tracked financial flows fall short of levels needed to achieve mitigation goals 
across all sectors and regions, with the largest gaps in developing countries. If 
these IPCC observations were transposed to policy prescriptions, they would 
be that countries should cooperate more on climate mitigation and developed 
countries should provide more financing to developing ones for this purpose and 
for climate adaptation.

A striking aspect of the IPCC’s broad policy prescriptions is their treatment 
of emissions pricing. It is only one among several highlighted policy instruments, 
rather than the primary one together with government R&D supports for 
innovation, which in economics is the orthodox policy prescription for climate 
mitigation. This broad approach reflects a key observation about policy 
effectiveness: that the main effects of emissions pricing so far have been 
modest and limited to energy efficiency rather than development of low-carbon 
technologies (table 1). Governments have clearly struggled to implement the level 
and sectoral coverage of emissions pricing considered to adequately reflect the 
projected societal losses from climate change and the cost of deep emission cuts 

2 These are the policy prescriptions that the IPCC assesses as “effective with high confidence.” 
See IPCC (2022, pp. 57–63), Summary for Policy Makers.

A striking aspect 
of the IPCC’s 
broad policy 
prescriptions is 
their treatment 
of emissions 
pricing. It 
is only one 
among several 
highlighted 
policy 
instruments, 
rather than the 
primary one 
together with 
government 
R&D supports 
for innovation.



5 WP 22-13  |  AUGUST 2022

(OECD 2018).3 It is thus vital to understand why emissions pricing has not played 
a significant role in advancing low-carbon technologies and how it might do so.

2. HAPPENSTANCE AND PIECEMEAL CHANGE SO FAR

Evidence on transforming energy systems so far tells a story of happenstance 
and piecemeal change. The happenstances are three oil price shocks since the 
1970s. The first two were associated with oil supply disruptions associated with 
the fourth Arab-Israeli war (October 1973) and Iranian revolution (1978–79) and 
the third with energy demand growth arising from China’s period of exceptional 
economic development since the early 2000s. These oil price shocks spurred 
waves of investment in innovations for alternative vehicle drivetrains, energy 
efficiency and power generation technologies like solar PV, wind turbines, and—
until the accidents at Three Mile Island and Chernobyl—nuclear reactors. They 
also led to new oil and natural gas extraction technologies such as hydraulic 
fracturing of resource-bearing shales. Figure 1 shows the correlation between 
changes in the real oil price and low-carbon innovations as measured by their 
share of new internationally cited patents.4

The piecemeal changes are market-creating policies that supported early 
deployment of solar PV, wind turbines, and battery electric vehicles (EVs) in 
initial markets—the low-carbon technologies that had in effect been primed by 
the oil price shocks. These policies included feed-in tariffs for renewables in 
Europe and China, which fixed subsidized prices for their power, and renewable 
portfolio standards for power generation and associated tax credits in the United 
States. They achieved material scale around the turn of the last decade with 
some tacit policy coordination in the aftermath of the 2008 financial crisis and 
as the performance of these technologies improved.5 At the same time, major 
car-producing countries provided purchase subsidies for EVs, especially as 
their performance improved over the past decade, along with supports for early 
deployment of their charging infrastructure.

3 See also the World Bank Carbon Pricing Dashboard for an up-to-date assessment of emissions 
pricing. Countries with the highest level and widest sectoral coverage of emissions pricing 
tend to have significant shares of low-carbon power generation from incumbent hydro and 
nuclear technologies and high fuel taxes due to long-standing energy security concerns about 
oil import dependence (Fries 2021, pp. 144–45). This observation suggests that causality runs 
at least in part from greater availability of cost-effective, low-carbon technologies and energy 
security concerns around fossil fuels to more adequate emissions pricing.

4 For a survey of evidence on innovations induced by energy price shocks, see Fries (2021, 
pp. 100–03) and Grubb et al. (2021). Energy-efficiency innovation responses were mediated 
in part by policy and regulatory responses to energy price shocks (e.g., stricter efficiency 
standards for appliances, buildings, and cars) that addressed nonprice barriers to energy 
efficiency investments (Popp 2019). These empirical findings are consistent with the theory of 
directed technological progress, which predicts that innovations are directed toward specific 
technology fields by shifts in relative prices, market demands, and policies that increase their 
expected profitability (see, e.g., Acemoglu et al. 2012 and Aghion et al. 2016).

5 The alignment at that time between the need for macroeconomic policies to support 
aggregate demand and investment and increased investment in renewables strengthened 
these energy initiatives.
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Figure 1
Trend in share of lower-carbon technology patents in total patents 
worldwide (right axis) and oil prices (left axis), 1970–2018

Note: Patent data are for high-value patents defined as those filed in more than one jurisdiction. 
Clean technologies include decarbonization technologies related to buildings, including housing 
and appliances; capture, storage, sequestration, or disposal of greenhouse gas emissions; reduction 
of greenhouse gas emissions related to energy generation; decarbonization technologies related to 
transportation; and system integration technologies related to power network operation.

Source: Data are from the European Patent Office, PATSTAT Worldwide Patent Database, and BP 
Statistical Review of World Energy. Clean technology patent classification is based on EPO and UNEP 
(2014). Vivid Economics provided the data analysis.

The evidence also shows that most countries and businesses pioneering 
change are those that specialize in innovation and manufacturing of low-
carbon technologies. For example, five countries account for about 80 percent 
of internationally cited low-carbon patents since the 1970s, foremost among 
them Japan, the United States, and Germany (Fries 2021, pp. 205–07). These 
economies are highly specialized in innovation (WIPO 2021, pp. 20–36). Moreover, 
the initial countries that supported early deployment of solar PV and wind 
turbines when their electric power was very expensive tended to gain larger 
market shares in producing these technologies by the late 2010s (figure 2). The 
notable exception is the large early solar PV deployment share of the European 
Union and large eventual production share of China.
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Figure 2
Global renewables deployment (2010–18) and manufacturing shares  
(2017–19)

PV = photovoltaics

Note: In this period, Japan and Vietnam deployed relatively little onshore and offshore wind generation 
capacity and India little offshore wind capacity.

Sources: Data are from the International Renewable Energy Agency, Renewable Capacity Statistics, 
and Bloomberg New Energy Finance, Solar PV Module Providers, 2017–19, and Wind Turbine Providers, 
2017–19, retrieved from BNEF.

The early deployment of renewable technologies came at a very high real 
resource cost—projected to be about $2 trillion globally over 30 years from 2000 
(net present value in 2018 dollars) (Fries 2021, pp. 130–31).6 This cost is in present 
value the difference between the levelized cost of electric power projected to be 
produced from the renewables capacity and that of generating the power with 
natural gas, including the cost of balancing renewables generation with existing 
power demand profiles. The costs were largely borne by the countries that 
supported their early deployment, reflecting in part commercial capabilities and 
interest in change. 

6 See also Newbery (2018) on such a net present value calculation.
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So, in contrast to seeing climate mitigation as a pure global public good, 
observed changes are examples of the “polycentric interests” in and partial 
private benefits from climate action (Ostrom 2009, Hale 2018). Public benefits 
include a cleaner and safer environment as well as greater energy security 
because most countries can access renewable resources (see, e.g., IPCC 2011, 
chapters 2, 3, 5, and 7). Private benefits include potential new comparative 
advantages from low-carbon technologies and renewable resources. 

It is nonetheless important to acknowledge that some pioneering countries 
were also motivated by the imperative of halting climate change. One example is 
the “clubbing together” of 28 EU member states to support the early deployment 
of renewables through the 2009 EU Renewable Energy Directive, even though 
only Denmark, Germany, and Spain were major or prospective manufacturers of 
these technologies.7 Another example is early deployment supports for EVs not 
only by major car-producing countries but also by the Netherlands and Norway, 
which do not have significant car industries (Meckling and Nahm 2019). However, 
these patchworks of interest in pioneering change are not delivering the pace 
and scope of transformation required.

3. FROM PIECEMEAL TO SYSTEMWIDE CHANGE

How do societies get from happenstance and piecemeal approaches to the 
decisive and systemwide energy transformations necessary to reach the climate 
stabilization goal? The orthodox answer in economics is to implement two 
targeted government policies to fix two key market failures (Jaffe, Newell, and 
Stavins 2005). One is emissions pricing, so business and consumer choices 
internalize projected societal losses from climate change and market prices 
provide incentives to cut emissions. The second is government R&D supports 
to compensate for inevitable knowledge spillovers from innovations, including 
low-carbon ones. Such spillovers occur when firms exploit knowledge developed 
by others, for example by using knowledge formalized in patent applications 
or from reverse engineering of new products to advance their own innovations. 
These knowledge spillovers dull private incentives to invest in R&D and lead to 
underinvestment in innovation. As a result, governments subsidize R&D activities 
through both tax credits for private investments and direct public investments in 
them.8 These government supports are central to innovation systems—especially 
in countries that specialize in innovation.

The need for both emissions pricing and R&D supports to mitigate climate 
change is in principle uncontroversial. The past oil price shocks were effectively 
test runs of partial emissions pricing that spurred substitutions away from oil.9 
At the same time, the well-established and government-supported innovation 

7 See Newbery (2016) on the EU Renewables Directive as providing “a club good” and Pew 
Research Center (2019) on the strength of public attitudes in Europe about the risks of climate 
change.

8 While evidence on knowledge flows and spillovers from private R&D is limited, it points to 
significant positive externalities (e.g., Bloom, Schankerman, and Van Reenen 2013). In addition, 
estimated gaps between private and social returns to R&D investments tend to be positive but 
span a very wide range from nil to 100 percent (e.g., Hall, Mairesse, and Mohnen 2010).

9 They also squeezed real incomes and transferred substantial market rents to major oil resource 
holders.
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systems in Europe, the United States, and Japan responded with waves 
of energy-related innovations that advanced alternatives to oil—as well as 
new oil supplies.

Low-carbon innovations continued as Europe and the United States 
introduced market-creating policies to support their early deployment. 
Importantly, these innovations also extended over time to China and South 
Korea, which increasingly specialized in their manufacture. This experience 
suggests that the orthodox policy prescription would likely work as intended if 
adequately applied.

But an experience of the UK government, which attempted to implement 
an emissions price in its electricity sector in line with its decarbonization goals, 
highlights the challenges involved in establishing an adequate and credible 
emissions price trajectory. The UK carbon price floor for electricity was an 
ambitious—but unsustainable—attempt to drive early emission cuts with the 
expectation of a high carbon price. The price floor was introduced in 2013 
and stipulated to rise steadily from a low level to the projected economywide 
marginal cost of cutting emissions to meet the UK carbon budget in 2030 
(£70/tCO2 in 2011 UK pounds). It topped up the then languishing EU emissions 
allowance price. But the government paused its escalation after just three years 
as the increasing cost squeeze on households and electricity-intensive industries 
galvanized widespread opposition (Hirst 2018).

As the UK government altered course, it adopted long-term contracts with 
feed-in tariffs to support early investments in low-carbon generation.10 Moreover, 
it was not alone in relying more on early deployment subsidies than emissions 
pricing to advance low-carbon alternatives—these supports proliferated much 
more widely than emissions pricing in countries that took climate action 
(Meckling, Sterner, and Wagner 2017).

A subsidy to invest in a technology consistent with net zero emissions is 
a policy alternative to a tax on emissions. Such a subsidy avoids the adverse 
distributional impacts of emissions pricing, especially if funded by government 
revenues rather than energy surcharges. Over time, it makes adequate emissions 
pricing more feasible and credible both by enabling households and businesses 
to substitute away from fossil fuels to low-carbon alternatives and by fostering 
commercial interests in advancing these technologies (Meckling et al. 2015). 
While early deployment subsidies are also typically deemed less cost effective 
than emissions pricing, this perspective overlooks potential positive externalities 
from early investments in change.

There are thus three key policy issues to consider in promoting decisive and 
systemwide change through domestic energy reform strategies:

• Does the economic case for market-creating supports simply rest with an 
apparent inability of governments to impose adequate emissions pricing, 
or is there a further case for subsidizing early investments in low-carbon 
technologies in initial markets?

10 Designed to work in concert with the wholesale power market, UK feed-in tariffs were in the 
form of two-side contracts for difference based on the wholesale power price.
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• How can emissions pricing be credibly implemented given the highly 
regressive distributional impacts of a single economywide price at an 
adequate level?

• What key nonprice barriers to widespread diffusion of low-carbon 
technologies from consumer behavior and energy market institutions need 
to be overcome?

4. ADDRESSING POSITIVE COST SPILLOVERS FROM CHANGE 

Underpriced emissions aside, the case for market-creating policies arises from 
positive cost spillovers from early production and use of low-carbon alternatives. 
These externalities from investments in a new technology by its early producers 
and adopters lower costs to successive firms and customers, thereby helping to 
scale it (Stoneman and Diederen 1994).11

It is also important to recognize that established systems of interdependent 
technologies benefit from substantial scale economies and impose significant 
costs in switching to alternative technologies (Arthur 1989). Fossil fuel–based 
energy systems have such characteristics—as would low-carbon ones (Unruh 
2000, Seto et al. 2016). Like current systems, low-carbon alternatives would “lock 
in” their technologies with their scale and specific interdependences. The cost of 
switching to low-carbon technologies must thus fall with increasing deployment 
and the cost of not switching must rise. Subsidies for early investments in low-
carbon technologies, especially those with large market potential, counter these 
positive cost externalities.12

Such cost spillovers can arise in two ways. Consider first the value chain for 
making and deploying a new technology. Reciprocal scale economies among 
component suppliers, technology manufacturers, and firms that deploy the 
technology in investment projects are central to scaling new technologies. 
The accumulation of knowledge and skills by employees of pioneering firms 
also create positive cost spillovers through labor markets. Both are in addition 
to scale economies in firms that manufacture a new technology, like those 
associated with larger plant size.13 These considerations form an “infant industry” 
case for supporting investment in manufacturing new low-carbon technologies. 
Second, cost spillovers can arise from standardized, interdependent technologies 
and infrastructures that form energy systems, including networks that transmit 
and distribute electricity, natural gas, and oil products to end users. These 

11 A working definition of early deployment and commercialization of a new energy technology 
in its initial markets is the period from its commercial introduction to a 20 percent share in 
these markets (Gross et al. 2018).

12 See, e.g., Bramoulléa and Olson (2005), which models external scale economies as knowledge 
spillovers from learning by doing. While empirical estimates of such knowledge spillovers are 
positive but small (e.g., Kavlak, McNerney, and Trancik 2018), the modeling results generalize 
to other types of external economies such as network effects and positive cost externalities 
among firms and customers (e.g., Meunier and Ponssard 2020). Estimates of these externalities 
are significant (e.g., Li et al. 2017).

13 There are substantial internal scale economies in firms in mass manufacturing modular 
technologies like solar PV panels and inverters (Kavlak, McNerney, and Trancik 2018). Firms 
can in principle profitably realize such scale economies if capital markets function well, but 
their functioning depends in part on the credibility of energy reforms, which so far has been 
found wanting. The focus here, though, is on economies external to individual firms. These cost 
spillovers are in addition to knowledge spillovers from R&D investments and innovation.
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“network effects” create positive cost spillovers from investments by early users 
of new technologies. These effects can create a case for supporting investments 
by early adopters of low-carbon technologies.

The latter type of cost spillover is more easily illustrated. Consider cars 
and service stations and the indirect network effects among them.14 Cars with 
internal combustion engines and their refueling stations benefit from substantial 
external scale economies from standardized engines and fuels. Early movers that 
invest in alternatives—users of battery EVs and providers of charging services—
face high switching costs due to “range anxiety” in vehicle use and underused 
charging points. But these costs decline as more battery EVs take to the road 
and charging services become more widely available. Early movers thus help 
lower costs faced by those that follow as they contribute to the development and 
implementation of new standardized transport.

For example, the cross elasticities of investments in EV and public charging 
points have been estimated along with the usual income and price elasticities 
(Li et al. 2017).15 Using estimated demand equations for these novel investments, 
policy simulation analysis shows that the $7500 federal tax credit for EV 
purchases contributed to 40 percent of EV sales during their early deployment, 
with the feedback effect on charging points amplifying the direct impact on 
EV sales and explaining about 40 percent of the increase. This analysis also 
finds that the estimated price elasticity of EV demand is low compared to 
that for other types of cars, suggesting that early EV adopters are less price 
sensitive than buyers of conventional cars and value EVs for a range of product 
characteristics.16 Such consumer heterogeneity can also play a key role in early 
diffusion of a new technology, especially in sectors like cars with extensive 
product differentiation.

Similar issues arise with electricity and natural gas networks and the 
buildings connected to them. An example of a past direct network effect in 
a changing energy system is the UK transition in the 1960s from town gas (a 
synthetic gas made from coal) to natural gas following large resource discoveries 
in the North Sea. The government engaged in information campaigns to 

14 Indirect network effects are sometimes characterized as “chicken and egg” problems 
among complementary goods. While markets provide many complementary goods without 
government intervention, if indirect network effects entail real resource costs and are external 
to individual firms (e.g., search costs for charging points and driving range constraints incurred 
by early EV adopters), they can warrant government intervention as with direct network 
effects through physical infrastructures (Liebowitz and Margolis 1994). Market mechanisms can 
internalize some such externalities (e.g., through vertical integration) but only imperfectly.

15 Based on data for EV purchases and charging point deployments in 353 US metropolitan 
regions during 2011–13, the estimated elasticity of EV demand with respect to public charging 
points and of charging points to EVs is 0.8 and 0.6, respectively, and highly significant. In 
contrast, estimated demand equations for cars with internal combustion engines assume 
widespread availability of refueling stations.

16 The estimated price elasticity of EV demand was −1.3, which is at the low end of the range for 
estimated car demands of −3 to −7, with more expensive cars having smaller price elasticities 
(Berry, Levinshon, and Pakes 1995). Possible explanations of the low price elasticity of EV 
demand are that early adopters were relatively affluent and that they valued EVs for their 
environmental, performance, and other product-differentiating characteristics. Given this 
EV demand characteristic, a more cost-effective policy would have been to subsidize both 
EV purchases and public charging station deployments. At that time, most US investment 
supports for early deployment of charging points were aimed at households and workplaces; 
in contrast, public charging points along highway networks, which serve to reduce “range 
anxiety,” attracted relatively little government support.
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encourage households to install natural gas boilers and stoves, trained natural 
gas engineers on their safe installation and use, and directly coordinated some 
investment decisions to enable the switch in fuels and changes to infrastructure 
and building appliances (Pearson and Arapostathis 2017). The concerted actions 
lowered switching costs for households, businesses, and their energy suppliers 
and countered cost disadvantages of being an early mover. Such direct network 
effects would arise, for example, in transforming an energy system from natural 
gas to hydrogen.

Evidence of cost spillovers in manufacturing low-carbon technologies is only 
circumstantial and from case studies. In general, there is a high tendency for 
knowledge-intensive firms, innovation and related manufacturing activities, and 
knowledge workers to concentrate in geographical clusters—significantly more 
so than for other activities (Audretsch and Feldman 2004). This points to a role 
for physical proximity in cost spillovers, especially through skills accumulation 
and labor markets.

Case studies of manufacturing low-carbon technology also find significant 
clustering of innovators as well as manufacturers and suppliers (Hill and Engel-
Cox 2016). They include solar PV clusters in California and China’s Jiangsu 
province and wind turbine clusters in northern Germany and the Great Lakes 
region of the United States. These studies find enduring clusters of innovators, 
suppliers, and manufacturers of wind turbines, a relatively complex technology 
to manufacture.17 For solar PV, a less complex technology, early clusters of 
innovation and manufacturing were less enduring, like those in California, Japan, 
and Europe, as production shifted to China and its comparative advantage in 
manufacturing (Carvalho, Dechezleprêtre, and Glachant 2017).

Further indirect evidence of potential reciprocal external scale economies 
and skills accumulation in labor markets comes from evaluations of regional 
development and industrial policies. These studies use variation in program 
eligibility over time and threshold effects at points in time to identify policy 
impacts. They find that place-based investment subsidies to promote regional 
growth and sector-based supports to promote specific industries can 
significantly increase investments and sustain growth in targeted activities 
beyond the policy intervention period (Lane 2020). These findings are consistent 
with external scale economies in developing new activities that persist after 
the investment supports to eligible firms end. They also suggest that market 
responses to these cost spillovers, like clustering and contracting, only 
imperfectly internalize these positive cost externalities.

A well-targeted policy response to positive cost externalities from early 
investments in low-carbon technologies is to subsidize them. These subsidies can 
aim at deployment and use of low-carbon technologies—like subsidies for EVs, 
charging points, and hydrogen refueling—to address network effects. They can 
also aim at manufacturers of low-carbon technologies to support these infant 
industries, although evidence suggests that such industry-supporting policies 
are more effective when designed to work with market competition (Aghion 

17 On the complexity of technologies in general and of low-carbon technologies, see Hausmann 
et al. (2014) and Mealy and Teytelboym (2020), respectively. Country comparative advantages 
in manufacturing vary with product complexity, with developed countries tending to specialize 
in more complex products and developing countries less complex ones.
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et al. 2015). This consideration points to using market-creating supports for 
low-carbon technologies and product market competition to spur innovation 
and growth in the value chains that supply them, as with feed-in tariffs for 
electric power.

To the extent that policymakers aim not only at energy decarbonization but 
also at promotion of domestic low-carbon industries, home-country effects of 
domestic demand in spurring local production can help to scale them, especially 
where there is a suitable comparative advantage.18 Using market-creating 
supports and relying on home-country effects to encourage domestic production 
also promotes fair international trade in low-carbon technologies, further 
supporting innovation and technology diffusion.

Using competition to allocate market-creating supports further strengthens 
their cost effectiveness, as with the move to auction contracts with feed-
in tariffs for renewable power, which significantly cut these tariffs from their 
administratively set levels. This competition, where possible, reveals the 
minimum level of support necessary to deploy a given capacity of low-carbon 
technologies. Initially, governments had set administrative feed-in tariffs for 
renewable power using estimated operating, capital, and financing costs. 
However, information asymmetries between policymakers and investors and 
heterogeneity among investment projects inevitably constrain such estimations.

The allocation of market-creating supports should also aim for neutrality 
among low-carbon alternatives for a sector to promote market selection of 
technologies. This requires policies to target outcomes like consistency with 
an NZE system rather than specific technologies. For example, subsidies for 
light-duty EVs were for cars and vans with zero emissions—both battery and 
fuel-cell EVs. For light-duty vehicles, battery EVs quickly established their 
technological dominance, while heavy-duty trucks with fuel cells are increasingly 
coming to the market.

5. EMISSIONS PRICING AND THE PRICE OF FAIRNESS

To transform energy systems to low-carbon alternatives, it is necessary not 
only to foster such alternatives but also to target the climate externality with 
emissions pricing to create incentives to invest in them. The oil price shocks 
showed that this could work. But emissions pricing—a tax or allowance trading 
scheme—pushes up the prices of fuels and electric power needed for personal 
transport as well as heating, hot water, lighting, and appliances. Consumer 
spending on these emission-intensive essentials accounts for high shares of 
low-income budgets in many countries (see, e.g., Berry 2019, Goulder et al. 
2019, and Burke et al. 2020). Such impacts galvanized the 2018–19 gilets jaunes 
protests in France—sparked by fuel tax hikes—and rejection of higher emission 
taxes in a 2021 Swiss referendum. There are also distributional impacts in sectors 

18 Figure 2 points to potential home-country effects from support for early deployment of 
renewable power technologies, in particular wind turbines. On home-country effects of 
domestic demand for various products on their domestic production, see Jaworski and Smyth 
(2018), Costinot et al. (2019), and Lafond, Greenwald, and Farmer (2020).
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that produce emission-intensive energy, materials, and transport services (see, 
e.g., Goulder and Hafstead 2017, pp. 182–200). Coal mining employees and 
communities, for example, risk becoming “stranded.”19

The fairness of change must be managed if broad-based support for 
emissions pricing is to be sustained over time and become a credible long-
run investment incentive. In principle, one way to promote fairness is to use 
proceeds from emissions taxes to fund progressive income tax cuts or lump-
sum distributions (Klenert et al. 2018). Progressive income tax cuts could deliver 
both greater fairness and efficiency, but it is often difficult to convince voters 
that what a government is taking away with one hand is being given back by 
the other. A more transparent approach to recycling emissions tax proceeds to 
households is the US bipartisan “carbon dividends” proposal, which would return 
them as a lump sum.20 While appealing in principle, such long-standing policy 
proposals have yet to attract broad-based societal and political support.

Another approach to fairness uses the wide sectoral variation in projected 
costs of achieving net zero emissions. Some sectors are expected to be 
low cost in the long run—or “easy”—to decarbonize; these include much of 
electric power, road and rail transport, and energy services in many buildings. 
This reflects projected cost trends for solar PV, wind turbines, rechargeable 
batteries, and other modular technologies, which can be mass manufactured 
and widely deployed across countries and sectors (Huenteler et al. 2016, Fasihi 
and Breyer 2020, Way et al. 2021). While the costs of scaling and integrating 
these technologies into systems are very large, they are on track to become 
cost competitive with incumbent technologies in developed countries in the 
2030s (Fries 2021, pp. 124–33; Way et al. 2021). These technology trends also 
expand sustainable development pathways for developing countries (Fries 
2021, pp. 212–16).

The energy sectors projected to be high cost in the long run—or “hard”—to 
decarbonize are aviation, shipping, and heavy industries. The technological and 
cost difficulties in these sectors arise from the need for low-carbon fuels, like 
“green” hydrogen and sustainable aviation fuel, and management of residual 
CO2 emissions using approaches like CO2 capture, use, and storage (CCUS), 
reforestation, and direct air capture (DAC). These alternatives appear inherently 
more expensive than incumbent fossil fuels and their end-use technologies, 
even in the long run, and would need credible emissions pricing to sustain 
investments in them.21

It is thus feasible to differentiate emissions pricing among easy- and 
hard-to-decarbonize sectors without compromising NZE goals or policy cost 
effectiveness. For example, sectors now seen as easy are attracting increasingly 

19 On the persistence of regional hardships (hysteresis effects) from mine closures, see Spencer 
(2018).

20 See the Bipartisan Climate Roadmap.

21 There are several reasons for the high costs. One is the inherent costs in converting renewable 
resources into low-carbon fuels—these processes are very energy intensive, require much low-
carbon energy, and entail large energy conversion losses. A second is that the transforming 
industries require large-scale investment projects to decarbonize industrial plants. These 
largely bespoke projects are less likely to see significant cost reductions over time compared to 
many replicable, small-scale investments using standardized technologies. Finally, management 
of emissions from residual fossil fuel use and some industrial processes adds costs.
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tight timeframes for eliminating incumbent technologies such as internal 
combustion engines in cars and coal-fired power plants. Such regulatory 
commitments reinforce technology cost trends and are credible without 
corresponding commitments to higher emissions pricing. In these sectors, the 
long-run “shadow cost” of the binding NZE constraint is low. A combination 
of market-creating policies for low-carbon technologies—tapered as their cost 
competitiveness improves—and regulatory phaseouts of incumbent ones can 
deliver NZE cost effectively.22 This approach also avoids inefficient interim 
substitutions away from electric power, which an undifferentiated emissions price 
would promote (King, Tarbusch, and Teytelboym 2019).23

In hard-to-decarbonize sectors, high emissions pricing is necessary. Amid 
comprehensive energy reforms and systemwide change, an adequate emissions 
price in these sectors reflects the cost of a backstop technology—such as CCUS 
or DAC—that could ensure NZE. For example, the projected long-run cost of 
the DAC backstop is $200–$300 per metric ton of managed emissions (Fuss et 
al. 2018, Hepburn et al. 2019). With a 3 percent social discount rate and 2050 
NZE constraint, a current emissions price consistent with the constraint’s long-
run shadow cost would be $90–$130 per metric ton. The EU and UK emissions 
allowance trading schemes applied to large industrial plants are largely alone 
among developed countries in imposing an emissions price in this range.24 
Moreover, imposing this emissions price far in advance of a binding NZE 
constraint promotes the necessary capital reallocation and substitution effects 
across the economy well before the constraint binds (King, Tarbusch, and 
Teytelboym 2019).

Given evidence of predictable cost trends for low-carbon technologies, 
emissions pricing differentiated among easy- and hard-to-decarbonize sectors in 
line with long-run shadow costs of binding NZE constraints is feasible. It is also as 
cost effective as a single economywide price—because it focuses high emissions 
pricing on hard-to-decarbonize sectors—and fairer.25 Household demands for 
essential energy services—heating, hot water, and personal transport—are 
expected to be served in the long run with low-carbon electric power and 
electrification of road transport and heating in well-insulated buildings.

22 A regulatory phaseout of fossil fuel–based technologies as their cost to decarbonize decreases 
imposes a low shadow emissions price on this activity. This approach achieves inframarginal 
decarbonization without imposing an economywide emissions price at the level of the costliest 
emissions cuts. A suitably calibrated emissions price for the road transport sector could 
achieve the same policy goal.

23 Modeled NZE energy systems project substantial long-run electrification of road and rail 
transport, buildings, and light industry with relatively low-cost, low-carbon power (see, e.g., 
Davis et al. 2018).

24 The adequacy of the emissions price set by these schemes has only recently been achieved. 
The EU emissions allowance price had long languished at a low level until its reform in 2020.

25 Under the differentiated emissions pricing proposal, the government effectively acts as a 
monopsonist in requiring and incentivizing the procurement of decarbonization technologies 
and in price discriminating among their supply by cost. This approach transfers to customers 
the producer surplus that would otherwise accrue under a single emissions price, yielding the 
proposal’s distributional benefits. There is no underprocurement inefficiency, as would arise 
from a private monopsony, because of the government NZE commitment and policies that 
lead to the costliest emission cuts necessary to achieve the climate goal.
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Emissions pricing on aviation, shipping, and materials would weigh more 
heavily on discretionary expenditures, which have larger budget shares of 
higher-income households. The European Union implements aspects of this 
differentiated approach to emissions pricing, with an emissions allowance trading 
scheme (ETS) focused on large industrial plants and a second ETS proposed for 
buildings and road transport.26 But their design could be improved in terms of 
cost effectiveness and fairness.27

6. OVERCOMING NONPRICE BARRIERS TO CHANGE

Apart from correcting markets for positive and negative externalities (cost 
spillovers and emissions), further barriers to change arise from consumer behavior 
and energy market institutions. For example, gaps between actual and feasible 
energy efficiencies are wide for houses, household appliances, and cars, and narrow 
for heavy industry and transport (Cullen and Allwood 2010). While not all feasible 
efficiency gains are cost effective, evidence on potential inefficiencies focuses 
on household investment decisions and energy use. There is significant evidence 
that informational asymmetries, split incentives, and behavioral “anomalies” like 
bounded rationality and present bias contribute to underinvestment by households 
in energy efficiency (Gerarden, Newell, and Stavins 2017; Cattaneo 2019). Energy 
efficiency policies address these barriers to efficiency-enhancing investments 
and direct innovation to this somewhat neglected product characteristic. Similar 
considerations arise with material efficiency (Hertwich et al. 2019).

It is also necessary to adapt government-designed electricity markets, 
system planning, and network infrastructures to variable renewable generation 
and complementary technologies like system interconnections, energy storage, 
and demand management. Electricity market designs aim to balance control 
of market power of generators in tight markets with market prices that fairly 
reflect the scarcity value of power over time and across grid locations and 
remunerate fixed investments in the system.28 But high prices in tight markets can 
often attract arbitrary policy interventions to cap prices—a time-inconsistency 
problem that weakens the credibility of market designs. A high share of 
variable renewables in generation makes their design even more challenging 
because it increases the frequency of tight markets. It also creates congestion 
in transmitting power across networks as generation is increasingly sited where 
renewable resources are available.

Electricity market reforms, such as the introduction of capacity mechanisms 
that remunerate power in tight markets, can strengthen design credibility and 
long-run investment incentives compared to wholesale power markets alone 
(Léautier 2018, pp. 325–42). Capacity mechanisms provide fixed payments 

26 See EU ETS for a description of the existing scheme and reform proposals.

27 Given projected long-run decarbonization costs for electric power and heavy industry, 
combining both sectors in one scheme is likely to impose in the power sector a higher 
emissions price than necessary to ensure its decarbonization. It is also important to directly 
address the nonprice barriers to change in the power and building sectors along with any 
emissions pricing. Using emissions pricing to counter nonprice barriers would be both 
inefficient and regressive in its distributional impacts.

28 Such scarcity pricing would also need to remunerate upfront investments in advancing low-
carbon technologies in the absence of market-creating policies for them. On the relationship 
in the electricity sector between market design and investment in innovation, see Jamasb and 
Pollitt (2011, 2015).
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to installed capacity that is available to provide power, including demand 
management capacity, when markets are tight. They convert expected scarcity 
rents into a stream of fixed payments, strengthening the price signal especially 
for investments in new capacity.

In addition, use of locational marginal pricing across networks strengthens 
the price signals for efficient siting of new generation, storage, and demand 
management capacities. These locational prices reflect the costs of transmitting 
power from generation to use, including any network congestion, and guide 
investments in transmission (Hogan 1992). In many systems, wholesale prices are 
uniform within wide zones and network charges are like postage stamps—fixed 
regardless of the origin and destination of power.29

7. DOMESTIC ENERGY REFORM STRATEGIES

The basis for any effective long-run strategy is a clear goal, and domestic 
energy reform strategies build on the NZE goals.30 Such goals are necessarily 
economywide, but within them there can be tighter timetables for “easier” 
sectors like road transport, new and refurbished buildings, and electric 
power. NZE constraints—to the extent that they are made credible through 
implementing reforms—signal relative price changes akin to past oil price shocks.

Meeting NZE goals requires the phaseout or adaptation of incumbent 
technologies such as internal combustion engines, natural gas boilers, coal- and 
natural-gas thermal power plants, blast furnaces, and the reduction in fossil-fuel 
extraction as rapidly as low-carbon alternatives to replace them become available.

The unorthodox energy reform strategy focuses on accelerating the 
advance of low-carbon technologies. It goes beyond the orthodox policies 
of an economywide emissions price at the level of the costliest emission cuts 
and government R&D supports. That policy prescription has a logic, but it 
is incomplete in ways that matter (see, e.g., Stiglitz 2019; Stern, Stiglitz, and 
Taylor 2021). Fostering innovation, developing infant industries for low-carbon 
technologies, countering network effects in transforming energy systems, 
building fairness and credibility into policy design, and overcoming nonprice 
barriers to change are all necessary.

The unorthodox approach addresses all these policy requirements.

• Fiscal supports for innovation and for early deployment of low-carbon 
alternatives—sequenced with sector-differentiated emissions pricing 
calibrated to NZE constraints—are comprehensive in addressing market 
imperfections that hold back low-carbon alternatives.

• The approach is applicable to all energy supply and end-use sectors; those 
that are easy to decarbonize as well as those that are hard.31

29 Network operators, which have responsibility for operating the system and balancing supply 
and demand in real time across the network, must also adapt their procurement of balancing 
and ancillary services to low-carbon technologies. See, e.g., Pollitt and Anaya (2021).

30 Domestic energy reform strategies include voluntary cooperation among countries in 
implementing their emission reduction plans as provided for by Article 6 of the Paris 
Agreement and its rulebook.

31 Regulatory constraints like zero emission standards for new road vehicles, new and refurbished 
buildings, and power systems are an alternative to explicit emissions pricing. These constraints 
impose shadow emissions prices that in easy-to-decarbonize sectors are relatively low.

https://unfccc.int/process/the-paris-agreement/cooperative-implementation
https://unfccc.int/process/the-paris-agreement/cooperative-implementation
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• It both promotes their cost-effective decarbonization and eases adverse 
distributional impacts compared to a single economywide emissions price.

• It works consistently back in time from a future binding NZE constraint to 
build credibility of domestic energy reform strategies.32

• It overcomes key nonprice barriers to change.

• It accelerates investment in innovation and manufacturing of low-
carbon technologies.

This comprehensive and credible reform strategy would be effective in 
narrowing the vast gap between climate action and stabilization goals, much as 
its piecemeal version has accelerated solar PV, wind turbines, and battery EVs. 
But there is much scope for improvement. Market-creating supports should reach 
well beyond renewable power and light-duty EVs, and the recent EU Fit for 55 
and REPowerEU plans would be important steps in this direction. They would 
not only subsidize use of low-carbon fuels like hydrogen from electrolysis of 
water (using contracts for differences on the emissions price) but also support 
innovation in technologies that produce them and invest in infrastructure for their 
distribution. Similarly, the new and enhanced tax credits for hydrogen and CCUS 
in the US Inflation Reduction Act of 2022 are steps in this direction, but they 
would be more effective if they were part of a more comprehensive and credible 
energy reform strategy.

Improving designs of existing market-creating supports is also important. 
For example, current feed-in tariffs for renewable power distort the efficient 
dispatch of generation plants because they give renewable plants an incentive to 
operate even when wholesale power prices turn negative.33 This distortion makes 
system balancing more costly. Organizing “yardstick” competitions for feed-in 
tariffs based on expected operating hours per unit of generation capacity—rather 
than actual power supplied—would remove this distortion in new contracts and 
improve efficiency (Newbery 2022). Funding feed-in tariffs as necessary through 
government budgets rather than electricity bill surcharges would also improve 
fairness. Similarly, targeting purchase subsidies for light-duty EVs in the mass 
market and eliminating those on premium vehicles would improve both policy 
efficiency and fairness. Looking forward, the EU plan to phase out EV purchase 
subsidies by 2030 and internal combustion engines in new cars and vans by 
2035 reflects EV technology cost trends and current EU fuel taxes. The shadow 
emissions price of the 2035 constraint is likely low.

For adequate emissions pricing in “hard” sectors it would be necessary 
to address distributional impacts on producers and employees. For example, 
emissions pricing on the production of traded industrial materials in one country 
would likely give rise to competitiveness concerns if other countries did not 
move in concert. Border carbon adjustments on emission-intensive imports and 
exports can counter these concerns. However, their design must manage complex 

32 Market-based exits from market-creating supports would arise in three ways: cost declines in 
low-carbon technologies, product differentiation and premium pricing of these alternatives, 
and explicit emissions pricing.

33 Wholesale power prices turn negative to spur power demand for system balancing rather than 
cut inflexible power generation given the ramping costs of some thermal generation plants. 
While renewable generation plants are low cost to curtail, feed-in tariffs create an incentive to 
operate them even at negative prices.

https://www.consilium.europa.eu/en/policies/green-deal/fit-for-55-the-eu-plan-for-a-green-transition/
https://ec.europa.eu/info/strategy/priorities-2019-2024/european-green-deal/repowereu-affordable-secure-and-sustainable-energy-europe_en
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trade-offs among emission cuts, industrial competitiveness, and consistency with 
WTO rules (Evans et al. 2020). Another distributional issue arises from sectoral 
declines as NZE constraints increasingly bind. Where skills and capabilities 
are closely tied to a particular activity, employees and communities may 
struggle to adapt. Protracted regional declines following coal mine closures 
are examples of such enduring effects and should be countered with regional 
development supports.34

While the focus is on using market-based energy reforms to accelerate 
low-carbon technologies, it is also important to address nonprice barriers to 
their widespread diffusion. For example, efficiency standards should reflect 
expected shifts in relative prices arising from climate mitigation. This is 
especially important for building standards and practices for high thermal 
efficiency and low-carbon heating systems. It is also vital to set standards for 
material efficiency so that somewhat neglected product characteristics like 
repairability, life extensions, and recyclable components are better integrated 
into product designs.

But the most significant nonprice barriers to low-carbon energy systems 
are electricity market designs, system planning, and network regulations. 
Low-carbon electricity systems are central to transforming energy, and their 
supporting institutions and infrastructures must be adapted to renewable and 
complementary flexibility technologies. This includes capacity markets alongside 
competitive wholesale power markets and locational pricing of power across 
the grid to reflect transmission costs, including network congestion. Such well-
designed markets for electric power promote efficient planning of necessary 
system expansions. This is a priority for developed economies and rapid diffusion 
of these increasingly cost-effective technologies to developing countries. 
Supporting these vital structural changes should be an urgent priority for 
multilateral technical and financial assistance to developing countries.

8. INTERNATIONAL COORDINATION OF CLIMATE ACTION

The success of any domestic energy reform strategy depends on international 
coordination and formal cooperation on climate actions. Given country 
specializations in innovation and manufacturing of low-carbon technologies, the 
feasibility and cost effectiveness of any one country’s efforts to achieve NZE 
depends on the actions of others. Moreover, the benefits of a safer climate from 
transforming energy can be realized only if most businesses and households in 
most countries invest in change. That said, overlapping interests in environmental 
benefits, low-carbon technologies, renewable resources, and energy security as 
well as scale economies of some low-carbon alternatives create much scope to 
align climate actions across countries (Keohane and Victor 2016).

Tacit coordination of actions can arise from shared expectations across 
countries—among their governments, businesses, and households—of the costs 
and benefits of climate actions, which become self-reinforcing. Such focal points 
in transforming energy systems are increasingly seen in now easy-to-decarbonize 
sectors, where modular low-carbon technologies that can be mass produced and 
widely deployed are gaining investment shares in power generation and cars. 

34 See, e.g., the German Coal Phaseout policy.
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These changes were effectively kickstarted by happenstance and piecemeal 
policies. There is similar potential for trucks with alternative drivetrains and 
buildings with high thermal efficiency and low-carbon heating.

But because of the building industry’s fragmented structure and significant 
difficulty of retrofitting old existing structures, the diffusion of low-carbon 
technologies in this sector is more challenging than in global industries for power 
equipment, cars, and trucks. In addition, development of the “soft technologies” 
of skills, practices, and standards needs concerted government and business 
efforts to change and diffuse widely. Electricity market reforms are also 
necessary to achieve high-generation shares of variable renewables.

Other low-carbon technologies—for example, for heavy industry, aviation, and 
shipping—are less amenable to tacit coordination of climate actions. Different 
routes to international alignment of climate actions are necessary in these 
sectors, like emissions pricing with carbon border adjustments in countries that 
initiate technological disruptions in heavy industry. For international aviation 
and shipping, formal cooperation among countries is necessary because of the 
cross-border nature of their activities. That said, coalitions of governments and 
businesses in pioneering countries can kickstart low-carbon alternatives for these 
sectors and demonstrate potential new industry standards that lower the costs of 
a potential formal cooperation agreement.35

9. CONCLUSION

This paper provides well-documented examples of actions to decisively 
accelerate and widen the scope of transformations in energy systems to the 
main energy-producing and -using sectors. It builds on the experiences of 
transforming energy systems so far. Its unorthodox energy reform strategy is 
in line with the broad policy prescriptions of the IPCC, but both more pointed 
in the specific actions that accelerate change and feasible in its approach to 
international coordination.

Time is short in the timescales of systemwide change. Now is the time to take 
these comprehensive, credible, investable and achievable climate actions.

35 Formal international cooperation is more likely when a dominant country not only incurs a 
disproportionate share of the costs but also realizes a significant share of the benefits from 
cooperation (e.g., Keohane 1984, pp. 177–81). Formal cooperation on climate action must thus 
consider the absence of a dominant single power among major countries and pioneering 
actions that lower cooperation costs to make agreement more likely.
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