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Summary. — The typical proposition of economists to solve the greenhouse gas
problem (GHG) is that governments should put a price on these emissions. As
human behavior can be inﬂuenced by prices, high prices on GHG emissions would
imply lowering these emissions. One reaction would be to substitute the burning fossil fuels by non-fossil fuels such as wind, photovoltaics, geothermal and hydropower,
eventually nuclear. The second would be innovations towards satisfying human
needs by less energy. The third would be to avoid the GHG emissions by carbon
capture and storage technologies. However, putting a price on GHG emissions requires political actions. Politicians have basically two alternatives. One would be
to introduce a ﬁscal tax on GHG emissions, whereby the tax rate represents the
price of the emission. The other is to implement a cap-and-trade system for GHG
emissions, which requires that companies have to cover each emission unit by an
emission right issued by the government. When these emission rights are traded,
the market price of these rights represents the emission price. Common to both
systems are sanctions on companies that do not comply. Today both systems have
been implemented somewhere in the world to control GHG emissions so that their
comparable beneﬁts and disadvantages can be studied in reality.

1. – Introduction
The GHG eﬀect is the consequence of certain gases in the atmosphere, in particular
water vapor, carbon dioxide (CO2 ), methane (CH4 ), and nitrous oxide (N2 O). According to climatologists, these greenhouse gases allow short-wave solar light to pass the
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atmosphere while blocking the back-reﬂection of long-wave thermal radiation. Without
this eﬀect, the mean temperature of the globe would be −18 ◦ C rather than +16 ◦ C at
present. The actual debate on the GHG problem focuses on the concentration of CO2
in the atmosphere and on limiting its increase. Since the beginning of industrialization
around 1840, it increased from 280 ppmv (parts per million by volume) to more than
410 ppmv as of 2020. The GHG eﬀect of other emissions is expressed in CO2 equivalents:
The CO2 equivalent of methane (CH4 ) is 25 and of nitrous oxide (N2 O) 298 if a time
horizon of 100 years is assumed(1 ). It is important to note that CO2 is no poison in the
classic sense —it is even necessary for the growth of plants.
Annual global CO2 emissions stand at more than 35 billion tons (40 billion tons of CO2
equivalents from all GHG emissions). Since 2007 the GHG emissions have been slowly
falling in Europe and remain stable in North America, but they are growing rapidly in the
rest of the world, most notably in Asia in the wake of its strong economic growth. In the
year 2020, the global mean temperature is already 1.1 ◦ C above the pre-industrial level.
Without the abolishment of GHG emissions until the mid of this century, the mean global
temperature is expected to increase by more than 3 ◦ C in the 21st century which will probably cause dramatic consequences to the nature and to human civilizations: acidiﬁcation
of oceans, increased frequency of thunderstorms, changing distribution of precipitation,
desertiﬁcation, melting of glaciers, thawing of permafrost, a rising sea level, and changing
habitats for plants and animals. However, some of the world’s regions may also beneﬁt
from increased plant growth and reduced heating requirements due to higher temperatures. Since most of these regions are in the rich North while those negatively aﬀected
are in the poor South, the GHG problem raises major equity concerns (ref. [1], Chapt. 4).
From the viewpoint of economics, the reduction target should satisfy the condition
for Pareto Optimality(2 ): The present value of expected damages avoided thanks to the
last reduction project is equal to the present value of the expected cost of avoiding them.
This concept can be explained by ﬁg. 1 (ref. [2], Chapt. 7.1).
For simplicity the analysis is limited to a company operating a plant and a neighbor
in the plant’s vicinity. Let emissions from the plant cause a loss of value to the neighbor.
The situation can be characterized by the proﬁt function of the company Π = Π (Em)
and the damage function of the neighbor Cext = Cext (Em). Both are a function of emissions Em, which are assumed to vary in proportion with the production of the company.
Accordingly, nothing is produced at the emissions level Em = 0, but due to the ﬁxed
costs of the plant, the company is running a large loss (not explicitly shown in ﬁg. 1). The
proﬁt maximum is achieved at Em0 , leading to a proﬁt Π0 and a damage to the neighbor Cext,0 . If permitted to neglect the damages of the neighbor, the company chooses
production and hence emissions accordingly. But this situation does not maximize social
(1 ) For a time horizon of 20 years, the CO2 equivalent of methane is 84 and thus much higher.
(2 ) A situation is not Pareto optimal if it is possible to improve the situation of some economic
agents without aggravating the situation of at least one other. Otherwise, the situation is called
Pareto optimal. Note that Pareto optimality disregards distributional aspects that are often in
the focus of political debates.
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Fig. 1. – Optimal emission level.

welfare: If the plant were to decrease its production a bit, the loss in terms of proﬁt would
be less than the beneﬁt in terms of damage avoided, the social welfare would increase.
The social optimum is given at the emission level Em∗ . In this situation the slope of
the proﬁt function equals the slope of the damage function, or in the scientiﬁc language,
“marginal proﬁt equals marginal damage”. Since the marginal damage increases with
emissions, Em∗ < Em0 holds, indicating that the social welfare maximizing amount of
emissions is below the level that the company targets on its own. By the way, it does
not make sense from an economic point of view to suppress production and emissions
entirely, thus Em∗ > 0 (3 ).
For translating this concept to the global GHG problem, the international community would need to calculate the expected damage associated with the GHG emissions
of today and the expected costs of meeting a given reduced emission level. Unfortunately, due to the nature of the GHG problem both is virtually impossible. However,
in 2015, a binding global GHG standard has been reached in international negotiations
among governments and ﬁxed in the Paris Agreement [3]: In the 21st century the global
mean temperature increase should be limited to 2 ◦ C at most, compared to pre-industrial
level. Climatologists assume that this requires a sustainable CO2 concentration in the
atmosphere below 450 ppmv.
Once the maximum CO2 concentration has been deﬁned, appropriate emission trajectories {Emt , t = 1, 2, . . .} are the result of a dynamic optimization problem based on
(1)

Mt = Mt−1 −

1
(Mt−1 − Mpre ) + β · Emt .
τ

(3 ) We will see that this condition is disputed in case of the global GHG problem.
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The concentration Mt at time t evolves from the previous year’s concentration Mt−1 by
subtracting the decay of inventory added to its pre-industrial level Mpre and by adding a
share β of current emissions Emt , which reﬂects that some part of annual emissions will
not end up in the atmosphere but is sequestered by oceans and trees. In this equation,
the parameter τ reﬂects the average duration of CO2 in the atmosphere (τ = 120 years
according to the International Panel on Climate Change).
A large manifold of emission trajectories exist that would allow to limit the CO2
concentration in the atmosphere below the target value of 450 ppmv. Their common
property is that annual reductions in future years need to be larger the later they begin.
Once a target emission trajectory is decided politically, the role of economists is
to present solutions for implementing it in an economically most eﬃcient way. This
requires explicit or implicit price signals on CO2 and other GHG emissions. Basically,
two alternatives are proposed: One is the introduction of a ﬁscal tax on GHG emissions,
whereby the tax rate represents the explicit price of a GHG emission unit; it should
evolve over time according to the targeted emission trajectory and vary accordingly. The
other is the implementation of a mandatory cap-and-trade system for GHG emissions,
whereby the regulator sets the annually available number of emission rights according
to the targeted trajectory and distributes these emission allowances (mostly) through
auctions, whereby the auction price depends on the supply and demand of emission
rights and represents an implicit emission price.

2. – CO2 tax systems
To explain the economics of an emission tax system, we start with the assumption
that the annual CO2 abatement cost curve of the country is known (see ﬁg. 2). The
abatement costs depend on the actual emissions, the available technological and institutional options to reduce these emissions, and certain aspects of the human behavior
such as the propensity to waste energy. Due to the complexity of inﬂuencing factors, the
abatement cost curve cannot be known with suﬃcient precision. In addition, it varies
over time. Therefore, the above assumption is hypothetical, but it is used here to explain
the mechanism of a CO2 tax.
Without reduction eﬀorts, the annual abatement costs are zero. In ﬁg. 2 this is
highlighted as “starting point”. When the society implements an emission reduction
program, the economically optimal strategy is to start with measures that are relatively
cheap in terms of cost per emission unit avoided. Once the cheap reduction potentials
are exhausted, the reduction strategy should proceed to the next and more expensive
measures and so forth. As a result, the aggregated abatement cost curve has a convex
slope. It starts to the left from the starting point with cheap measures implying a
small slope of the abatement curve, and proceeds to more expensive measures implying
a steeper slope. It is important to note the implicit assumption in ﬁg. 2 which requires
decision makers faced with a CO2 tax not to tackle expensive reduction measures before
cheaper measures have been initialized.
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Fig. 2. – CO2 abatement cost and a CO2 tax system.

In ﬁg. 2 the CO2 tax rate is represented by a horizontal line. The economically eﬃcient
reaction would be to realize all reduction measures with unit reduction costs below the
deﬁned CO2 tax rate and to pay the CO2 tax for the remaining emissions. Under these
conditions, each CO2 tax rate is associated with implicit CO2 emissions which are below
the starting point emissions such leading to emission reductions. According to ﬁg. 2, the
emission reduction increases with the tax rate so that the government can control the
emission trajectory by deﬁning a time path for the CO2 tax rate if it knows the slope of
the aggregated abatement cost curve with suﬃcient precision.
The “beauty” of this approach is assumed to be the long-term stability and predictability of the CO2 tax rate, at least in principle. Thus, once a long-term emission
trajectory is ﬁxed, investors have calculable business incentives towards GHG abatement
eﬀorts. The tax system also creates a favorable environment for climate friendly innovations. But as explained above the knowledge about the abatement cost function is
insuﬃcient so that the CO2 tax rate may be too low compared to the target trajectory
of CO2 emissions (if the true abatement costs are underestimated) or too high (if the
true abatement costs are overestimated):
– Underestimation of the abatement costs is a typical consequence of investment decisions that are not eﬃcient as assumed by the abatement cost curve. The excessive
state aid in favor of relatively expensive clean electricity generation technologies
can be taken as an example. It resulted in a quite expensive and economically inefﬁcient GHG abatement measures. Other reasons such as the stickiness of producer
and consumer behavior should also be mentioned here.
– On the other hand, the CO2 tax rate may be too high compared to the target trajectory of CO2 emissions. The most important reason is an unexpected success of
clean innovations which reduces the future CO2 abatement costs. A corresponding
success may allow more ambitious GHG reduction targets. But the GHG problem
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is not the only challenge to societies. As governments should take these into consideration, an excess CO2 tax rate is not recommendable(4 ).
Concluding, it is quite likely that governments will adjust their CO2 tax rate from
time to time, so that a long-term stable and predictable CO2 tax system is unlikely. The
“beauty” of the emission tax approach is therefore relative.
Typically, a tax system has the function to ﬁnance government expenditures. But
a CO2 tax system may be faced with the problem that in the aftermath of the Paris
Agreement 2015 many countries follow a “net-zero” GHG target. It means that in the
second half of the current century the cumulated GHG emissions must be zero or fully
compensated by taking the equivalent amount of greenhouse gases out of the atmosphere,
for example by means of air cleaning, increased aﬀorestation, or the burning of biomass in
combination with carbon capture and storage. It is obvious that without CO2 emissions
the revenue from any CO2 tax is zero. If technologies with negative GHG emissions are
applied, an eﬀective CO2 tax system would require tax credits according to their net
eﬀect on the greenhouse gas inventory.
The implication is that in a “net zero” world the CO2 tax credits would equalize
the CO2 taxes so that in the long run the CO2 taxes will not generate revenues to the
governments. For this reason, it would be wise not to use CO2 tax revenues for general
government spending but rather for supporting GHG reduction projects ﬁnancially. Once
“net zero” is reached, these projects become obsolete and need no more public support.
Alternatively, governments could utilize CO2 tax revenues for equal per-capita transfers
to its citizens as is presently the case in Switzerland.
3. – CO2 cap-and-trade systems
While a CO2 tax system solves the economic concept of putting a direct price signal
on CO2 emissions, the cap-and-trade system generates an indirect price signal. It starts
by deﬁning an aggregate cap on annual CO2 emissions whereby this cap decreases over
time according to the target emission trajectory. Governments deﬁne and distribute the
emission rights according to the annual cap. One emission right gives the right to emit
one ton of CO2 , or the equivalent amount of the greenhouse gases nitrous oxide (N2O)
and perﬂuorocarbons (PFCs). The typical distribution channel is through auctions;
thus, companies have to pay for the emission rights. Some emission rights may also be
distributed for free, for example to the operators of CHP stations (Combined Heat and
Power) or to companies that otherwise may not be competitive on international markets.
Governments have also to determine which legal entities should be obliged to take part
in the cap-and-trade system. Typically, only large emitters are required to participate.
In the European emission trade system [5], electricity generation units (> 20 MW), and
(4 ) Here a discussion of carbon leakage would be necessary. Carbon leakage means that production processes with high CO2 emissions may be relocated to countries with lower or zero
CO2 tax rates. In this case a raising CO2 tax in one country would not reduce CO2 emissions
on the global level. See [4].
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Fig. 3. – Beneﬁt of emission trading.

companies from iron and steel, glass, paper, cement and chemical industry are obliged,
but not other industry sectors. In the ﬁrst quarter of each year, each obligated company
has to submit the appropriate number of emission rights (emission allowances) according
to the company’s CO2 emissions of the previous year. The companies have to conﬁrm
the annual emissions by a veriﬁed emission report, similar to an annual tax declaration
and then to deliver the appropriate number of emission rights to the government.
The introduction of a cap-and-trade system requires the imposition of sanctions on
obligated companies that fail to submit the required number of emission rights. In the
case of the EU-ETS the penalty stands presently at 100 Euro/ton CO2 [5] and has to
be paid by companies which delver an insuﬃcient number of emission rights at the end
of the trading period (presently 2013–2020 and then from 2021–2030). In addition, the
misbehaving company has to deliver the equivalent number of emission rights of the next
trading period. Thus, the maximum eﬀective CO2 penalty could largely exceed the 100
Euro/ton CO2 (5 ).
A central element of a cap-and-trade system is the tradability of CO2 emission rights
on emission markets. This allows the market to identify the cheapest technology mix
for a given cap or GHG reduction target. This is explained in ﬁg. 3 with two companies
causing individual emissions prior to the allocation of emission rights. Each company
is faced with a company speciﬁc abatement cost curve. The abatement cost curves are
convex, similar to ﬁg. 2. The abatement cost schedules usually diﬀer between companies.
In ﬁg. 3, company 2 faces more quickly increasing costs than does company 1.
Figure 3 assumes that the two companies have obtained emission rights Em1 and
Em2 , which forces them to individually reduce their emissions, starting of course with
(5 ) Within a trading period, a shortfall of emission rights can be compensated by emission
rights pertaining to the following year, whereas an excess of rights can be used not only within
the present trading period but also during the next trading period.

7

https://doi.org/10.1051/epjconf/202024600020

EPJ Web of Conferences 246, 00020 (2020)
Joint EPS-SIF International School on Energy 2019

the least costly measures. In the example shown in ﬁg. 3, company 2 incurs much higher
unit abatement cost for reaching its emission cap than company 1.
For company 2, it would make economic sense to buy extra emission rights from
company 1 which would prevent it from investing into expensive abatement projects.
Company 2 would be prepared to pay the unit cost avoided for the emission right. If
company 1 would sell the corresponding number of emission rights, it needs to reduce its
emissions beyond Em1 , but beneﬁts from the trade as its individual unit abatement costs
are below the price for the emission rights paid by company 2. Company 2 also beneﬁts as
the price for the emission rights is below the cost of abatement projects that it can avoid.
Thus, the diﬀerence in the abatement cost at the respective values Em1 and Em2
creates room for arbitrage trading which is proﬁtable for both companies. The arbitrage
implies that company 1 reduces emissions beyond Em1 , in return receiving revenue from
selling the corresponding emission rights to company 2. On the other hand, company 2
purchases emission rights as long as they are cheaper than its unit abatement cost. In the
optimum, arbitrage is eliminated through trade, resulting in equality of unit abatement
cost for both companies(6 ).
The ﬂexibility of the cap-and-trade system should in principle reduce the costs of
achieving ambitious emission targets compared to an equivalent emission tax system.
However, this aspect has not received much attention in the scientiﬁc discussion. On the
other hand, the shortcomings of a cap-and-trade system, the typically low and rather
volatile price of the emission rights, has received much attention among scientists and
politicians.
An example is the development of the EU-ETS price on the European spot market
shown in ﬁg. 4. At the beginning of the trading period 2008–2012 the EUA price reached
30 Euro/t CO2 . It then dropped sharply and went down to 5 Euro/t at the beginning
of the trading period 2013–2020. This caused a political reform of the EU-ETS through
which a market stability reserve was introduced which should stabilize the EU-ETS price.
In addition, some emission rights have been permanently taken out of the system which
caused the EU-ETS price to increase to > 25 Euro/t in January 2018. The price drop
in April 2020 was the consequence of the economic lockdown in many European states
during the Corona crisis.
As a result of volatile prices of emission rights, governments will not receive stable
revenues if they distribute the emission rights through auctions. As seen above, this
aspect is not basically diﬀerent to a CO2 tax system, but in the case of a cap-and-trade
system more urgent. Again, governments should use the revenues from auctioning CO2
emission rights for sponsoring GHG reduction projects or by equal per-capita transfers
to its citizens.
(6 ) Speculative trade may inﬂuence the markets for emission rights, depending on the expectations of market participants. If an increase in the price of certiﬁcates is expected, speculators
go along (i.e. purchase rights in excess of marginal abatement cost) and vice versa. If their
expectations turn out to be right, speculators make a proﬁt, otherwise they suﬀer a loss.
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Weekly EU-ETS Price [Euro/t]
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Fig. 4. – Weekly EU-ETS Price since 2008 (Data source: [6]).

4. – Comparison and analysis
The CO2 prices in countries who had implemented an emission tax systems are
typically higher and more stable than the implicit CO2 price of a cap-and-trade system. According to data from the World Bank [7], high carbon taxes are implemented
until 2018 in Finland (62 Euro/t), France (44.40 Euro/t), Norway (51 Euro/t), Sweden
(124 Euro/t), Switzerland (84 Euro/t)(7 ) and UK (20 Euro/t top of the EU-ETS price).
Such taxes should establish strong incentives towards private investments into GHG
abatement technologies. From a theoretical point of view, this is not to be expected under a cap-and-trade system with its volatile and rather low prices for CO2 emission rights
so that the EU-ETS could fail. But in reality the situation is quite diﬀerent. In 2018
the European Union has achieved a 23% GHG reduction compared to 1990 and thus will
surpass its emission target for 2020 (even without the recession caused by the Corona
pandemic [9]). As the EU-ETS is regarded as the cornerstone of the European policy
to combat climate change, covering 50% of the Union’s GHG emissions, the negative
judgement of the European cap-and-trade systems must be revised.
But what could be the reasons for the surprising success of supposedly inappropriate
cap-and-trade systems? According to the standard approach of economics, the impact
of the CO2 price should be symmetric, as suggested by ﬁg. 5. It shows the aggregate
emission reduction curve representing the technological and institutional options that are
available in a certain year. The CO2 tax rate would explicitly deﬁne the CO2 price and
(7 ) In spite of its rather high CO2 tax rate and the economic recession of 2020 caused by the
Corona crisis, Switzerland will not meet its GHG emission goal for 2020, which requires a 20%
reduction compared to 1990. In 2018 the GHG missions of the country dropped by only 13.6%
against 1990, see [8].
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Fig. 5. – CO2 abatement costs in a cap-and-trade system.

implicitly deﬁne the associated CO2 reductions, while the CO2 cap explicitly deﬁnes the
CO2 reductions and implicitly the CO2 price.
This symmetry is broken once the government or regulator do not know the shape of
the expected emission reduction curve with suﬃcient precision. Expectation errors have
diﬀerent implications: Under a CO2 tax system, the emission reduction targets may be
missed, while the tax revenues to the governments are stable. Under a CO2 cap-andtrade system, the emission reduction targets are reached while the implicit CO2 price
and thus the revenues to the government are instable. The assessment of this diﬀerence
depends on whether the evaluation is taking the standpoint of the ﬁnance minister or
the minister of environment.
There are more aspects when comparing the two systems. Above, it was discussed
that the selection of emission reduction projects would be more eﬃcient under a CO2
cap-and-trade system than under a CO2 tax system. Therefore, an implicit CO2 price
resulting from a cap-and-trade system would have a stronger eﬀect on reducing GHG
emissions than an equal CO2 tax rate.
The second, and to my view more important, aspect is the explicit penalty to noncomplying companies that is a necessary element in any cap-and-trade system. If companies do not present a suﬃcient number of emission rights at the end of each trading
period (2012–2020 and 2021–2030), the ﬁne is equal to the number of missing emission
rights times the penalty of 100 Euro. For companies that refuse to reduce emissions and
to purchase the necessary number of emission rights, the penalty is somehow equivalent
to a CO2 tax, with the exception, that non-complying companies have to purchase emission rights of the next trading period and to deliver them to the regulator. Thus, the
“true penalty” exceeds the 100 Euro/t by the market price of the emission right.
It seems that the price signal of a cap-and-trade system is not (only) deﬁned by the
volatile short-term market price of emission rights, but rather the “true penalty” as
deﬁned above. Regarding the length of trading periods, companies have suﬃcient time
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to plan their strategies and abatement measures, independent from the actual price of
the CO2 emission right, as their motivation is to avoid penalty payments of an eventually
high and unknown magnitude at the end of the trading period.
But why companies do not purchase emission rights during periods with low CO2
prices, in excess of their expected demand? From a mere economic point of view, this
would be optimal instead of investing into expensive CO2 abatement technologies. But
companies may expect national governments and the EU Commission to tighten their
GHG policy in the future so that a strategy based on short-term CO2 prices is not
the preferred strategy. This expectation is not unrealistic, regarding the many political
decisions of the European Union in recent years that modiﬁed the EU-ETS system in
the interest of higher and more stable prices for the emission rights (see [9])(8 ).
5. – Outlook
Regarding the two-degree celsius target of the Paris Agreement 2015, governments
have to put additional eﬀorts and instruments into force in order to reach the corresponding GHG emission goals. It is also quite likely that pricing of GHG emissions will
play a larger role in the future, even if this idea is not mentioned in the Paris Agreement
of 2015 [3]. The present paper should have made clear that it is not possible to control
both the emission price and the emission volume at the same time. Thus, governments
will have to choose between GHG tax systems and GHG or cap-and-trade systems. Both
systems have their beneﬁts and disadvantages and thus a complex choice has to be taken.
Also, hybrid solutions may apply: The energy intensive industries may be forced to
take part in a cap-and-trade system, while the GHG emissions from the transportation
and heating sectors are controlled by emission taxes.
In the ﬁrst instance, the basic beneﬁt of tax systems consists in a relative stable ﬂow
of income to the governments in the next years, while the basic beneﬁt of a cap-andtrade system is the likely achievement of the emission targets. But due to the lack of
central knowledge about the expected emission reduction options including their costs,
tax systems have to be adjusted from time to time in order to meet the emission targets.
On the other hand, cap-and-trade systems are also adjusted from time to time in order to
generate higher revenues to the government, even if their success on reducing the GHG
emission has been proven. Perhaps this is due to the inﬂuence of green lobby groups
that claim for high and stable ﬁnancial support from the government according to their
interests and require governments to acquire the corresponding revenues.

(8 ) As a consequence, the available number of European emission rights will not be fully independent of the price of the emission right, which would be the case in a strict cap-and-trade
system. In the future, EU-ETS may become a mix of a mere tax system and a mere cap-andtrade system.
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