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INNOVATION EFFECTS O F THE SWEDISH NOx CHARGE

1. Introduction

1 In 1992, Sweden introduced a charge on emissions of nitrogen oXidgsf{om large stationary
combustionplants. A strong incentive for emission reduction was attained by setting a high charge level
and combining it with mandatory continuous monitoring of emissions. High monitoring costs made it
economically feasible only to include large combustion plafts. avoid serious distortions in
competitiveness, the charge was made refundable to the collective of regulated plants based on plant output
as fraction of total useful energy produced by regulated plantdNDheharge has turned out to be a very
effective instrument for reducing N@missions per unit of energy produced from stationary combustion
plants in Sweden. Emission intensities have been cut by half, which can be considered a substantial
reduction for a pollutant like NQhat is usually technadly difficult to reduce.

2. This report links the introduction of the Swedish N€harge to technology adoption and
development of mitigation technology. The effects of out@aged refunding of emission charges on
incentives to innovate and spread technology are analyzed theoretically for both regulated plants and
external suppliers of mitigation technology. Empirically, evidence of innovations is sought by investigating
in detail the development of emission intensitie®r time, by analyzing changes in eeavings for
abatement technology for given levels of emission intensities, and by studying invention activity measured
as number of patented inventions for NDatement technology.

3. The structure of the report is as follows. Chagteescribes the construction and performance of

the Swedish NQcharge. Chapte3 discusses the possible links between the introduction of the NO
charge and effects on innovations and explorepretically how incentives to innovate and spread
innovations among regulated plants are affected by the refund mechanism of the charge.4Chapter
describes technologies and presents the adoption of different technologies by plants regulated by the
SwedishNO, charge. Chaptes uses different measurements as indicators to find empirical evidence of
innovations in NQ abatement technology following the introduction of the Swedish, Ki@arge.
Chaper 6 summarizes the findings.

2. The Swedish charge orNO, emissions from stationary combustion plants
2.1 An effective environmental regulation
4, The Swedish Parliament decided in 1990 to introduce a chargeSEK®@er kg NQ (emissions

of NO and NQ expressed as kg NDemited from all stationary combustion plants producing at least

50 MWh useful energy per year. The decision was part of a larger strategy to bring down ovgrall NO
emissions in the amtry by 30%between 1980 and 1995. Already in 1988, quantitative emisisnits

were introduced on an individual basis for stationary combustion plants. It soon became apparent that these
would not be effective enough to attain the desired reductions and thehdf@e was introduced as a
complementary instrument.

5. The NQ charge was given a unique design. Plants pay a fixed charge perlegrit@d and the
revenues are entirely (except for an administration fee of less than one percent withheld by the regulator)



refunded to the payinglants, but now in relation to their respective fraction of total useful energy
produced by regulated plants. The design promotes competition among plants for attaining the Igwest NO
emissions per amount of useful energy produced. A principal reasonefddwiiedish Environmental
Protection Agency (SEPA) to suggest a refundable charge was that continuous monitoring of NO
emissions was considered important due to the complex formation pftH¥aughout the combustion
process. High monitoring costs made @dible only to target large combustion plants. Refunding served
several purposes: it was a way to counteract the effects of distorted competitiveness between the large
regulated and the smaller unregulated plants, while simultaneously allowing for alekatdegh enough

to attain significant effects on emissions and avoiding strong political resistance among polluters.

6. The charge came into effect on JanubriL992 and initially about 2Qflants were regulatedh

the following three years, average emissions per unit eful®nergy produced fell by 40%mong
regulated plants. Its effectiveness coupled with falling monitoring costs, led to extensions of the charge
system, first in 1996 to about 2pants prodaing at least 40MWh useful energy per year, and then from
1997 onwards to about 4@0ants producing at least 2Wh useful energy per year. Currently, all
stationary combustion plants producing above the energy output limit and belonging to any ofattse se
power and heat production, chemical industry, waste incineration, metal manufacturing, pulp and paper,
food and wood industry, are subject to the,NBarge. Exempt from the charge due to concerns about
unfeasibly high costs are.g, cement and liméndustry, coke production, mining industry, refineries,
blastfurnaces, glass and isolation material industry, wood board production, and processing of biofuel.
Despite the extension of the regulation, total emissions from regulated plants have reaidyneahistant

at about 1%t NO, per year or about 40%f NO, emissions from stationary combustion sources in
Sweden. Simultaneously, energy output from regdlglants has increased by 7T#tween 1992 and

2007. Figurel shows how NQemissions from ragated plants have been decoupled fromréases in
energy production.

7. Figure2 shows the development of N@missions per unit of useful energy produced. (
emission intensity) for regulated plants. Overall ais intensity among regulated plants fell between
1992 and 2007 from 407 to 28§ NO, per GWh useful energy producegs., a reduction by 50%. Large
plants, producing at least BOWh useful energy per year, have managed to reduce average emission
intensties to 194kg NO, per GWh in 2007, which is less than the average ofkg3NO, per GWh
achieved by the smaller plants producing in the interval 25 te\& useful energy per year. This is
probably a result of large producers being able to exploit eci@soof scale, but also a consequence of the
nature of the available N@batement technology, which is characterized by indivisibility and high costs
for the most effective types of technology (see Sedigh

8. The NQ charge level of 4GEK per kg NQ has been kept constant in nominal terms since its
inception in 1992. This means in real terms a depreciation of the charge level by 28% between 1992 and
2007. Such a cut in the incentive effect of the charge may ¢t@wributed to the levelling off of the fall in
emission intensities thatn be observed in recent years.



Figure 1. Total NOx emissions and total output of useful energy

From all plants regulated by the NOx charge, 1992-2007
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Source: SEPA (2008).

Figure 2. NOx emissions in kg NOx per GWh useful energy
For plants regulated by the Swedish NOx charge, 1992-2007
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9. Based on a survey of 1pants regulated by the N@harge in 292 to 1996, HAglund (2000)
estimated the total cost of the charge per unii MQuced. For a full social cebenefit analysis the total

cost should be weighed against the benefits to society of reducipgriN€sions in terms @&.g, reduced
respiratoy diseases and reduced effects of acidification or euthrophication. During these first five years of
the charge system, the average total cost was estimated at 25E&X4&r kg NQreduced. If we assume

the benefits of reducing one kg N@G at least eggl to the charge level of £EK per kg NQ, then
benefits exceed or equal total costs and the net welfare of society has improved.

10. Splitting the total cost of the NCcharge into detailed cost components, Hodldimds that
abatement costs make up about 56ftotal costs, or 12 to 25EK per kg NQ reduced depending on the
assumed lifetime of fixed investments. Monitoring costs, including annual calibration of monitoring
equipment, were estimated at 1@ to P3000SEK per plant per year or about 2086 total costs
Administration costs were found low. About two percent of total costs were spent on additional
administration within plants and one percent on administration by the regulatory autheriSEPA.

NO, abatement often gives rise to increased emissions in other pollutants like carbon oxide (CO), nitrous
oxide (NO), and ammonia (N§). Although the damage values of these pollutants to society are difficult

to estimate, an attempt was made usingregtts by SEPA (1997) and emission charge levels of other
pollutants with similar environmental impacts. The cost for emission increases in these pollutants was
found at about Z& of total costs. Finally, the refund mechanism of the charge gives rise étfamanioss

due to distortions in resource allocation (see Se&ig)) which was estimated at about one SEK per kg
NO, reduced or three percent of total average costs. The cost components are summarized.in Table

Table 1. Relative contribution of different components to the total cost of the Swedish NOy charge

Cost component
NOy abatement 50%
Monitoring and compulsory calibration of monitoring equipment 20%
Plant administration 2%
Regulator administration 1%
Increased emissions of CO, VOC, N,O and NHs 23%
Distorted resource allocation due to refunding 3%
Total (25 to 40 SEK per kg NO, reduced) 100%

Source: Hoglund (2000).

11 Based on the same survey of Yldnts regulated by the charge in 1992 to 1996, Hbglund
Isaksson (2005) estimates abatement costs. By calculating cumulative aibatestefor each plant in the

years 1992 to 1996 and comparing the costs with the attained emission reductions, she finds that about a
third of emission reductions have taken place at a zero or very low cost. These measures represent different
types of timming activities, where the combustion process is optimized with respect to a number of
parameters. This is something the plants do continuously anyway and fheedu@tion, with its strict
requirement for continuous monitoring of emissions, just brangsther parameter into the optimization
formula. This procedure is often not perceived as an additional cost to the plants. The zero or very low cost
options appear to have been exhausted before plants move on to more expensive abatement investments.
The estimated marginal abatement cost functions are used for determining the compliance rate of the
regulated plants. A coshinimizing plant can be expected to reduce emissions until the marginal
abatement cost is approximately equal to the charge levebésdimn2.2). Predicted and actual emission
intensities in 1996 for the surveyed plaate shown in Tabl2.

2 This is somewhat higher than the annual cost of SEK per plant that SEPA estimates for monitoring
and calibration costs (SEPA, 2003).



Table 2. Predicted and actual emission intensity levels for regulated plants in 1992-96

Average charge leve Predicted emission Actual average
199296 intensity emission intensity

Sector Number of plants in 1990 SEK kg NO, perGWh kg NO, per GWh
Energy 55 36.3 300 289
Pulp and Paper 28 36.3 250 336
Chemical and Food 24 36.3 100 235
Source: Hoglund Isaksson (2005).
12, In 1996, plants belonging to the energy sector have reduced emission intdnysitiese than

their costminimizing level, while pulpand paper, as well as chemicaihd food sector plants, fall short of
reaching their cosbptimal level of abatement. The ovampliance of the energy sector plants may be
explained by the public owrghip of these plants, which adds compliance with environmental objectives
to the profitmaximizing objective, and that energy is the final product of the sector. In theapdlpaper

and chemical and food sector, the attention on energy production tndast effectiveness may be
subordinate to more pressing needs in other parts of production.

2.2 Refunding for environmental and political benefits

13 The unique design of the N@harge is in the economic literagureferred to as outpbised
refunding of emission payments (Sterner and Héglund 2000, Gersbach and Requate 2004, Fredriksson and
Sterner 2005, Sterner and Hogluisdksson 2006, and Bernard, Fischer and Fox 2007). Within a refund
system, plants competerfthe lowest emissions per unit of output produced within the regulated group of
plants. Plants emitting exactly the group average emissions per unit of output produced will pay the same
amount in emission charges as it receives back as refunds. Piotsjpe) worse than the group average

will make a net payment to the system and plants performing better than the average will receive a positive
net refund. In this way, it pays off for plants to strive to improve their environmental performance relative
other plants in the system. Crucial for the system to operate effectively is that there exists a single output
upon which the refunding can be based and that
output by regulated plants to form a conijpet situation. These two conditions were met in the case of the
Swedish NQ charge, where the refund basis was useful energy produced and the largest fraction of total
output ever produced by a single owner in one year has b&e(SEPA, 2008).

14. Sterner and Hoglund (2000) show that when a group of many smalkpenfimizing firms is
regulated by an outpiitased refunded emission charge, the -otatmizing abatement level of the
individual firm is when the mangal abatement cost equals the charge level. Each firm will minimize the
sum of abatement costs and emission payments less refunds.n\Wwigulated firms i€l,...,n), a
representative firmwill minimize total costC;:

C, :Cj(ej’Qj)+tej't;+*?q’ (1)

where g are emissions from firm, g; are fimjo s o u t pisithe, chasg@ per unit pollutant emitted.
Assuming an interior solution, the first order condition for a minimum of equéltjonith respect te and
constant output, is:
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15. With many small regul ated firms, each firmbs

. q; . . .
small, |.e.,__—' - 0, and the optimal abatement level is found when marginal abateooett
ag
i
approximately equals the charge level. Thus, in terms of effectiveness in emission reductions, a refunded
charge is equivalent to a conventioaalission tax without refunding.

16. The main drawback with refundj is that it preserves an already distorted resource allocation.
The refund resembles a subsidy from society to the producers where the unit subsidy is equal to the
marginal refund. Accordingly, the refund gives rise to a distorted resource allocationawibst
minimizing output level of the regulated firms exceeding the social optimal output level. Polluters do not
pay the full environmental cost of the pollution their production causes. This leads to a welfare loss to
society since too much productivesources are allocated to polluting production relative to cleaner
production. Hence, the polluter pays principle does not apply when emissigestae refunded to
polluters.

17. The main advantages of a refunddshrge compared to a conventional tax are environmental and
political. The losses in competitiveness of regulated plants relativemimss regulated plants become
considerably lower with a refunded charge. Polluters are likely to protest less agaimgtatiuction of
environmental charges when the charge revenues are refunded. With less resistance from polluters it
becomes politically easier to set environmental charges that are high enough to generate substantial
environmental improvements (Fredrikesand Sterner 2005). An indication of this is a comparison
between the Swedish and the French, Nkarges (Millock, Nauges, and Sterner 2004). A French charge

on NQ, emissions was introduced in 1990 as part of a combined package to reduce emissions of air
pollutants S@ NO, and VOC from large combustion plants. Revenues from the charge were earmarked to
subsidize investments in abatement technology in regulated plants and for research and development of
abatement technology. Due to concerns about distsrin competitiveness, the charge level was set very

low, corresponding to about one percent of the level of the Swedishchidge. There was also no
requirement for continuous monitoring of emissions. Both factors are mentioned by Millock, Nauges and
Sterner as important explanations to why the French &f@rge did not have any measured effect on NO
emissions.

18. The EU Directive on Large Combustion plants (EC, 2001) specifies emission limits for several
air pollutants and a requirement to continuously monitor concentrations,pti&€d and NQin flue gases.

All combustion plants with a thermal input of more than 100 MW are subject to continuous emission
monitoring from November 2002. For Sweden, the Directiag ho real implications on N@missions

since most plants affected are already regulated by the dR@ge. Plants affected by the Directive
produce about 4@ of total output regulated by the N@harge and emit about &0 of regulated
emissions. Thus, thenonitoring required as part of the N®@harge regulation is considerably more
extensive than the monitoringmulated by the EU Directive.
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3. Innovation effects of the Swedish NQcharge
3.1 Analyzing innovation effects of environmental policies

19. Kemp (1997) defines an innovation as an invention brought intollusevations inabatement
technology would henceccurwhen inventions that have the possibilityimprovethe environment are

applied by polluting firmsBy definition, an innovation in abatement technology is made up by a series of
events: a new technology is invented, it is produced and supplied on a technology market, and, finally,
adopted and spread among users, which leads to environmental imprtsvedmm can the introduction

of an environmental regulation spur the development of such a series of events and does the regulatory
design affect this development? Fig@reshows an example of how the N€harge can be linked to
innovations and addition@nprovements in NQabatement, including how innovations and adoption of
innovated NQtechnology are linked to other factors than merely the introduction of thelN@ge.

Figure 3. Linking the Swedish NOx charge to innovations, technology adoption and improvement in emission
intensities of regulated plants

NO, charge Adoptionof Innovations Adoptionand Additional
incl. existing internally in spread of reductions in
monitoring > technologies > targeted > internal > NO,
requirements increases plants innovations emissions per
demand for among energy output
NO, targeted from targeted
technologies plants plants
g i g
Quantitative | gi;ilt:’eted o 1 —
andacids > § » Innovations .
by external Adoptionand
suppliers of .| spreadof o
External NO, 'extelnal.
factors » technologies innovations
driving among
demand for targeted
NO, plants
technologies
20. Introduction of effective environmental regulations first leads to adoption of existing abatement

technologies. Such a push in demand for certain technologies increases incentives for innovagians in

or improved technologies. Innovations take place both within regulated plants and by external suppliers of
abatement technology. External suppliers ofN®atement technology develop and produce abatement
equipment, which is supplied on an internatib market. Incentives to innovate N@chnology are
therefore only partly driven by the introduction of the ,Nébarge in Sweden. For innovations within
regulated plants to have significant effect on aggregate emission intensities, adoption neeasl tw spre
other regulated firms. The incentives for a spread of innovations among regulated plants may be weaker in
the case of a refunded charge compared to a conventional emission tax of the same magnitude, which is
shown in the subsequent Secti@2 and3.3.

21 Models analyzing innovation effects of economic regulati@ng,(Downing and White, 1986

and Milliman and Prince, 1989) usually focus on how different regulatory designs affect firm incentives to
innovate ad diffusion of innovations among firms. A typical finding is that environmental regulations
based on economic incentives, like charges, taxes or tradable permits, promote greater incentives for

11



innovation than quantitative regulations. With economic imsémnis, firms minimize the net sum of the

direct cost of abatement, the emission charges paid, and the refunds and/or subsidies received. In such a
system, it continuously pays off to monitor the possibilities of reducing costs by adopting more efficient
abatement technology. Firm incentives to innovate or adopt innovations from external suppliers of
technology are always there as londhas bring net costavings.

22, With quantitative emission standards there i€ostsaving to be made from reducing emissions
further once the standard has been met and, hence, there are no further incentives for innovations. Kemp
(1997) points out that quantitative standards may even counteract incentives to innovate abatement
techrology. If regulators determine the standard levels by matching the effectiveness attained by the best
abatement technology currently adopted, adoption of innovations that, on the one hand, bring additional
costsavings will, on the other hand, push dowa émission intensity frontier of adopted technology. This
reveals to the regulator that the best available technology has improved. The next time the regulator
determines an emission standard level, it will push for compliance with even stricter standécts,
corresponds to the revealed best available technology. If the number of regulated firms is sufficiently
small, they may decide to refrain from adopting innovations. They thereby avoid revealing the
improvement in the best available technology to rémgulator, which will save firms future compliance

costs as emission standard levels remain unchanged. SEPA (2004) shows that the introduction of the
Swedish NQ charge in addition to existing quantitative standards, brought about emission intendities tha
were considerably below the standard levels for mostpl@ee Section 4.4).

23 More recent innovation models like Kemp (1997, 3hand Fischer, Parry and Pizer (2003)
analyze the effect of different types afomomic instruments like emission taxes, subsidies and various
forms of tradable permits on endogenous technological change in abatement. Fischer, Parry and Pizer
compare the incentives for innovation under an emission tax with free or auctioned tradatile when
innovations can be adopted by paying a royaitpy simply imitating the innovation. They conclude that
poll utersd incentives to innovate are weaker und
permits, because there is no enaaspayment effect for the innovating firm under free permits. Whether
innovation incentives are the highest under an emission tax or under auctioned permits is found to be
ambiguous and depending on the strength of the imitation effect. Among the madakseéd here, it is
noteworthy that only Milliman and Prince thoroughly analyze the case when innovation takes place in an
outside supplierife. a nonpolluter) of technology, although Fischer, Parry and Pizer discussdbés

briefly in their model.

24 In the following two sections, we analyzéhe effects of a refunded emission charge on
innovation and diffusion of innovations in comparison with a conventional emissidroftake same
magnitud@ First, the incetives of the regulated firms to innovate and spread innovations to other
regulated firms are analyzed under a refunded charge and compared to a conventional emission tax. We
then analyze how the incentives of external suppliers of abatement technolomovaté and spread
innovations among regulated firms are affected under the two regulatory regimes. The marginal
environmental cost of pollution is assumed constant to simplify the comparison. The analysis then avoids

This analysis was first published in Héglund (2000).

4 A ficonventional taxo refers here to a so called Pi
pollutant emitted without earmarking or refunding the revenues.

The assumption of equivalecharge and tax levels is useful for the purpose of comparing the two
regulatory regimes. The reader should, however, be reminded that a comparison between a refunded charge
and a conventional tax of the same magnitudes is somewhat hypothetical, sirjoe adventage with a
refunded charge is that refunding often makes it politically feasible to set a considerably higher charge
level than would have been possible with a tax (see Section 2.2).

12



the complication of having an optiméx rate that decreases with downward shifts in the marginal
abatement cost curve as innovation in abatement technaloggquis.

3.2 Innovation incentives for firms regulated by an outpbised refunded emission charge

25, Suppose there ame profit-maximizing firms { = 1 ,.)&egulated by an emission charge with
outputbased refundingi.e., just like the Swedish NQOcharge. As concluded in Secti@r?, without
allowing for the possibility of innovations, regulatddrfs will choose to invest in abatement until the
marginal abatement cost equals the charge level. Assume now that we allow for the possibility of
innovations in abatement technology and that an innovation takes place in one of the regulated firms
denotedirm j. After adoption, firmj supplies the innovation to all other regulated fiims 1 ,-1¢ at the

royalty price,P. Firmj has an exclusive right to the innovation and the right is protected through a patent.
Other firms are supposed not to be abléritate the innovation and are accordingly not able to acquire
any of its usefulness without paying the patent royalty. Firsntherefore a monopolist in the market for
innovation and is able to set a prafiaximizing royalty price. The demassitle of he innovation market
consists of many, small and roooperative regulated firms, where a single firm cannot affect the
adoption dedion of other firms in any way.

26. The same model and setting is used as when ayzed the case without possibilities for
innovations (Sectio@.2), except that we now introduce a variable abatement technépépr firm j, as
well as R&D costsy;), and revenues from royalty paymen®) from m nonrinnovating regulated firms
adoping the innovation. The royalty pricé{) will correspond to the reservation price of the last firm
adopting the innovatiori,e. the reservation price of firrm. Output is assumed wstant throughout the
analysis.

27. The innovated technology affects firm costs both directly and indirectly. Directly, by affecting
abatement costs, R&D costs or royalty revenues and, indirectly, by reducing tax costs as the optimal
emission level is reduced to meet a downward shifhénmarginal cost curve with respect to emissions.

To find an interior solution, the following properties are assumed for the relevant interval of the cost curve.
Both emission level and production cost are supposed to be decreasing at a constansioginateark;,

ie. pg/pk; <0, u’g/pk?2 0, pg /pk; <0, and pc /pk?2 0. Thus, the cossaving from
adopting an innovation increases at a decreasing or constawithateproved innovation level.

28. Suppose that the innovating firmhas enough information about the adopting firms to set a
profit-maximizing royalty price, which maximizes royalty revenug (

Rj(kj):”(kj )Pm(kj)i 3)

where UR; /pk; >0 and uZRj/pka ¢O0.
20. Firm j will choose an innovation level, which minimizes tbBowing total cost function:

C, =¢,(e,(k; ., .k, )+ D, (K, )- R (k; )+te;(k; )- tq—Qjélei(kj ). @

30. By settirg the first derivative of equation (4) with respect to changes in technilagpal to
zero, the following condition for a minimum is obtained:

13



dC c., auc 3 od e : .
i :“ i ai‘l ] +t%- q;%h.k “DJ - ﬁ tql ﬁ_o, (5)
dk; cHe ¢ Q22bk;  1k; 1K Q i=1pk;
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31 Alternatively, the latter condition can be shown by applying the envelope theorem. The change in
the total cost function when adjusting emissioglsig an optimal way, is equal to the change in the total
. . . . auc, 4 d; a0
costfunction when emissions are not adjusted. From this follows +tg- 688:0. Note that
e =C
cHe ¢ R

this does not imply that the indirect effect always has to be zero. It only implies tisaintioé the direct
and indirect effects is equal to the diretfect when emissions are unchanged. By rearranging the resulting
terms, the condition for an optimal level of innovation for fjri® obtained:

D) _ ke Wy Gipe
MK Kk Qs
I, J

(6)

whereQ = 4 q and pD; /pk; >0 and ?D; /ukf ¢ 0.
i=1

32 Equation(10) equates the marginal cost of innovation with the marginal benefit of innovation for

firm j, where the latter can be decomposed into three different terms. The first term is the dositétfec
expresses the magnitude of the marginal effect on productioreapst, terms of reduced abatement costs

or in terms of reduced tax costs as emissions are reduced, or in terms of effects on both. The second term is
the royalty revenue effect,hich reflects the marginal revenue from royalty sales to other regulated firms
adopting the innovated technology. The third and last term is the marginal effect on the refund from
reduced overall emissions when other regulated firms adopt the innovabienthdt the marginal refund

effect is not infinitely small even itqj/Q- 0, since also a very small output share is approximately

constant for changes in the technoldgy Instead, the marginal effect on the refund depends on the
marginalchange in the overall emission level, which cannaadseimed to be infinitely small.

33. If a conventional emission tax, set to the same level, had been used instegdwdiutd be
minimizing the total cost in e@tion(4) less the last refund term. The corresponding condition for an
optimal R&D level is accordingly:

Tax

el A W] (7)
ek g Mkj bk,
34. Comparing the condition for an optimal R&D level under a refunded cliaqyation6) with the

condition under a conventional emission tax (equatjprve find that the difference in marginal R&D cost
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(i.e. marginal spending on R&D) is caused by the refund term in equ@&borit is, however, less
straightforward to comparequilibrium levels of marginal spending on R&D between the two regimes,
since the marginal effects on costs and royalty revenues are likely to differ between innovation levels. A
comparison requires further restrictibng/ith approximately constant margireffects on production costs

and revenues from royalty sales, fifris willing to invest in R&D to dower marginal cost when using a
refunded emission charge than when using a corresponding conventional emission tax. The discrepancy is
approximately egal to the marginal effect on the emission refund.

35. The intuitive explanation is that with an emission charge with odtasied refunding, a regulated
firmés willingness to s harlantsis hampeved byithe mefundwsinceha ot h
spread of the innovation to other regulated firms will reduce fiine own r ef und. By

innovation to itself, the innovating firm is able to improve its relative position within the charge system,
therebyincreasing its net refund. With a conventional emission tax, there are nd tgaies made from
reducing a firmds emission intensity relative oth

36. A special case, which is of interest to mentlmecause it has relevance for N&batement, is

when the royalty price for an innovation is zero. This may for example occur when a regulated firm
through experience accumulates knowledge, which improves the environmental effectiveness of the firm
but is Do indistinct to protect through a patent. Compared with a tax, refunding restricts any spread of
knowledge among regulated firms and particularly knowledge about emission reducing innovations that
cannot be protected through a patemet,often the smaland simple, but sometimes effective, measures.
This may have been important in the case of the Swedistth#dge, where extensive emission reductions
were attained at a low or even zero cost through trimaatigities (see Sectioh.2).

3.3 Innovation incentives for an external firm supplying technology to firms regulated by an
output-based refunded emission charge

37. Firms outside the regulated group of firms may develop and supply new and improved abatement
techrologies to the regulated firms. Innovation incentives then depend on the general demand for
innovated technology. Is the demand for a given innovation the same under a refunded charge as under an
equivalent conventional emission tax? We show here thasthjgproximately the case when the demand

side of the innovation market consists of many, small anecnoperating regulated firms.

38. When calculating the profinaximizing price, the monopolist innovator will k& into
consideration the cost of innovation and the expected number of royalties sold. The price will correspond
to the reservation price of the last firm adopting the innovation. The reservation price will, in turn,

An assumption that appears plausible is mé«:j /|.1k]2 <0 and uz R; /uka >0 for low levels ofk; and

uzcj /uka >0 and quj /uka <0 for high levels ok. Costsavings from adopting innovations are then

assumed to increase at an increasing rate for low levels of innovaticet @ decreasing rate when higher
levels of innovation are reached. Under these assumptions it is difficult to speculate on the direction of the
difference in the level of(— ucj/pkj +uRj/ukj) between a refunded charge and a tax. Still, if the

difference in optimalk;-level between the regimes is not too extreme, a plausible assumption seems to be
that the main effect on differences in marginal spending on R&D comes from the refund term and not from
differences in the sum of the marginal esaving ad the marginal revenue.

If regulated firms compete on the same market for final output, sharing knowledge for free about how to
reduce emission tax payments, could potentially change relative production costs and the competitiveness
of the firm in the atput market. Since this indirect effect would be the same under a refunded charge as an
emission tax, it does not affect our findings and we do not enter it in our analysis.
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correspond to the additional profitethast adopting firm makes from adopting the innovated technology
(k=1) compared with not adopting k£0). The total cost function of the last adopting fimis:

o

m ~
Cit =citfelt g+ P+ttt InBg e 3608 @

Q GCi=1 i=m+1 =
39. With a refunded clirge, a new innovation adopted by some of the regulated firms affects the cost
of frmsnotadopting it by reducing the refund as the

effectiveness relative to the adopting firms. In its decision betweegptiadcand noradoption, the last
adopting firm therefore compares the cost of adoption with the cost afdaption:

qm é_m— 1 n
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40. The reservation price of the last adopting firm is accordingly:
é. ~
P, =CK0- Ci = I, +tB, G- g (10)
¢ Q=
41. Wi th al/l firms being small, the effect of t

refund can be taken to be very small. Hence, the reservation price of theolishgdirm for a given
innovation will be approximately the same as under an equivalent conventional emission tax, namely:

P™=C.Cc = +tle . (11)

42, Note that the resulting reservation price holds/avihen the regulated group of firms consists of
many firms that are small in relative size and not cooperating. In the special case when regulated firms
cooperate and act as one entity and bargain over the price in a situation where either all regusated fi
adopt the innovation or none, incentives to adopt are likely to be considerably weakened. If all firms adopt
and the innovation is equally effective (in terms of effects on emissions) for all firms, the change in net
refund is zero. Incentives to invei® improved technology are therefore the same as in the completely
unregulated case. The assumption of many-auwperating firms in the market for innovations is
accordingly crucial for the result that the reservation price (and demand) for a givemtiomos
approximately the same under a refunded emission chargel@samequivalent emission tax.

4, Technology adoption by plants regulated by the Swedish N@harge
4.1 NO, formation in the combustion process
43, There are many potential sources for N@rmation during the combustion process. Figlire

shows the main steps for the conversion of fuel to heat and/or electricity. Each step has the potential to
affect NQ formation.
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Figure 4. Scheme of the main steps in a combustion process
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Source: Sterner and Turnheim (2008).
44, Combustionuses fuel to produce heat. Heat extraction and conversion are the primary functions

of combustion units. It is during these steps that the energy is converted into a useful form: piped steam,
hot water, hot oil, and/or electricity. Heat requires fuel amaxdizing agent, generally air. Fuel and air

are fed, mixed and fired to create a flame, which is propagated throughout the combustion chamber, whose
shape, size, and materials can all affect, N@®mation and overall efficiency. A conflict may appear
between energy efficiency and N@rmation, as one way of increasing combustion efficiency is to raise
temperature and pressure, which considerably increases the formation.dfltl@zed bed combustors

partly overcome this limitation and allow simultansoefficiency gains and cleaner flue gases. The
relationship between combustion parameters angdfbi@ation is highly nonlinear and complex. There is

less potential for straightforward mitigation strategies compared with, for example, sulfur dioxide where
almost all sulfur comes from the fuel. The exhaust gases leave the combustion chamber and may go to post
combustion processes intended to reduce air pollutargs O, SQ, CO, PM). These pollutants can be
transformed, precipitated, and washed initiguor deposited as sludge, depending on their nature and
concentrations. Given the complexities of N@mation, it is crucial with direct, continuous monitoring at

the plant.

4.2 Technologies affected by the N©harge

45, With a refund system based on competition for the lowest &issions per energy output
produced and with its requirement to install equipment to monitoy éd@ssions on a continuous basis,
the Swedish NQcharge affects demand for severafatiént technologies. We divide these technologies
into five main groups: preombustion, combustion, pesbmbustion, energy efficiency, and monitoring
technology.
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Pre-combustion technologylimits NO; formation mechanisms by controlling the type of
combusion inputs: the fuel and the oxidizing agent. Avoiding the use of-higbgenrcontent

fuels can substantially reduce N€@rmation, whereas using oxygen instead of air inhibits the
formation of NQ from nitrogen in the airE.g, substituting coal foribor gas can effectively
reduce NQemissions. Fuel switches are common in modern energy systems but rather driven by
costsaving purposes than N©@ontrol.

Combustion technologgeeks to inhibit the formation of N@ the combustion stag&trategies
typically involve the optimal control of combustion parameters like temperature, air supply,
pressure, flame stability and homogeneity, and flue gas residence time. Measures include both
installations of physical equipment as well as trimming of the condmugtrocess without
physical installations and changes in organization and routines. Physical combustion technology
includes a wide variety of installations, which relyeg, lowering temperature, controlling air
supply, or enhancing the mixing of tHed gases. Tabl@ contains short descriptions of different
types of combustion technology adopted by plants regulated by the Swedishai@e.

Postcombustion technologyeduces NQin the flue gases once they have been formed, usually
through convelisn to less harmful or benign compounds. The two flue gas treatment
technologies in use today are selective catalytic reduction (SCR) and selecticatalgtic
reduction (SNCR). SCR uses ammonia gNét urea to reduce NGnto water and nitrogen @\

on catalytic beds at temperatures ranging from 150° to 600°C. This type of installation is rather
large and costly but achieves highly efficient emission reductions. Because of the indivisibility of
the SCR technology it is better suited for large plantg fEBehnology was first developed and

used in the 1970s in Japan and introduced to Europe in the 1980s. SNCR uses ammonia or urea
to reduce NQat a high temperature without cooling the gases or using a catalyst. SNCR is less
costly butalso less efficienthan SCR.

Energy efficiency improvementBlants in the NQcharge system compete for the lowest,NO
emissions per unit of energy produced. The charge is therefore likely to increase demand for
measures that improve energy efficiency without increasing, M@issions. Flue gas
condensation is a technology that has been adopted by many plants regulated bydhar O

It recovers the heat from the flue gases and improves energy efficiency without affecting
emissions (SEPA, 2003). For implementation of gnegfficiency measures, it is of course
difficult to determine the importance of the N@harge relative other reasons likest
effectiveness.

Monitoring technologyPlants regulated by the N©harge are required to comply with detailed
instructions on bw NQO, emissions should be monitored continuously. This includes annual
compulsory calibration of the monitoring instruments by an external party. Failure to meet the
high monitoring standards or temporary interruptions in the continuous monitoring aily usu
expensive to plants, as they then pay a fixed fee of at least one and half times the normal
emission amount under cgarable conditions.
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Table 3. Combustion technologies adopted by plants regulated by the Swedish NOy charge
1992-2007

Technology Description

Flue gas recirculation | A portion of relatively cool exhaust gases is recirculated back into the combustion process in
order to lower the flame temperature and reduce NOy formation.

ECOTUBE The furnace is equipped with retractable lances - ecotubes - with nozzles through which NOx

technology reducing agents are injected at high pressure and velocity directly into the combustion
chamber.

Injection technology Water or steam is injected into the flame, which reduces flame temperature.

Low-NOy burner Combustion, reduction and burnout are achieved in three stages. First, combustion occurs in a

fuel rich, oxygen deficient zone. A reducing atmosphere follows where hydrocarbons are
formed, which react with the already formed NOy. Finally, the combustion is completed in an
air staging process with controlled air supply.

Reburner After-treatment of combustion gases, where additional fuel is injected in a second combustion
chamber to enhance the burnout of the fuel.
Over-fire-air (OFA) Over-fire air (OFA) technology separates the combustion air into primary and secondary flows

to achieve higher completeness in the burnout (has many similarities to a Low-NOy burner).

Rotating over-fire-air | Enhanced circulation of the air in the combustion chamber improves the mixing of the flue

(ROFA) gases, which lowers temperature and improves the completeness in chemical reactions.

ROTAMIX Rotating over-fire air is mixed with reducing chemicals for even better performance. Apart from
technology reducing NOx further, this technology also result in lower emissions of NHz and N2O.

46. A striking feature associated with N@duction technology is the extent of the possibilities and

the consequent complex choice arising from the multiple options. Indeed, a wide array-refdNéng
technologies for stationary sources is avaédalaind as concluded by the U.S. Environmental Protection
Agency (1999), Aithere seems to be no control tec
boil er s, engines, or fuels. 0 That st atithasdetided poi nt
to invest in NQ-reducing technology and may explain the simultaneous existence of so many competing
designs. In real life, a plant operator has multiple optimization challenges. The main requirements plant
operators set for their systemscis on total system efficiency, fuel flexibility, and complying with
existing environmental regulations (Amand 2006; Adahl and Lilienberg 2006; Lundberg 2006stKitto

1999). The strive to control NGappears to be at crepsrposes with many other @gjives facing the

plant,e.g, obligations to satisfy annual and peak demand, reductions in other pollutants, enhancements in
thermal efficiency, and corens about their public image.

47. The fact that larger combiirsn plants in general are able to reach lower emission intensity levels
than smaller plants can be explained by the existence of capital indivisibilities in technological options and
the higher technological capacity of larger firms. Discussions with imaghsuppliers (Lundberg 2006;

Slotte and Hiltunen 2006) indicate that the prices of abatement technology and combustion systems do not
increase linearly with unit size, leading to a disadvantage for smaller units. Additionally, adoption of both
physicalmitigation equipment and mitigation strategies involving no physical installagapstrimming,

depend on access to information and financial ability to involve in innovation activities, which may well be
size dependent, particularly since some teabgiek are not even commercially available below certain

size thresholds.

4.3 Technology adoption by regulated plants

48, Data on technology adoption by plants regulated by the Swediglkehié@e was kindly provided

to us from SEPA (2008). In total, 62ffferent plants participated at least one year in the system during the
period 1992 to 2007. Tabfesummarizes the technology types adopted by the plastsoBglants report
application of some kind of NOabatementiechnology,i.e., leaving 3% of plants without reported
measures to control N@missions. Flue gas treatment (SCR or SNCR) had been installed pradfsl

(i.e, 2™06). SNCR is the dominating flue gas treatment technology with installations on almdbirdred
plants. SCR was adopted primarily by large plants producing in the interval 80 tM¥WiO@Qseful energy
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per year. Still, only 1% of the very large plants (producing on average at leasM®U0 per year) have
installed SCR.

49, Almost half of the plants report some kind of combustion measure. Trimming of the combustion
process has been reported for 98 plants, which may be an understated number since most regulated plants
that monitor NQ emissions continuolis are likely to engage in trimming activities. It may be that
trimming is not always reported as a Nabatement technology because it does not involve installation of
physical equipment. The combustion process has been altered through some kind @il texstailation

on 264plants (.e., 426). The most common combustion technologies installed are flue gas recirculation
(26%) and lowNO, burners (136). Other types of combustion technologies have each been adopted by a
few percentages of plants.%&f regulated plants havedtalled flue gas condensation.

Table 4. Application of NOx technologies on plants regulated by the Swedish NOx charge
Plants that were covered by this charge at least one year between 1992 and 2007

Fraction of all
Number of plants plants
Any type of NOy abatement applied 393% 63%
Flue gas treatment SCR 31 %
SNCR 157 25%
Trimming 98 16%
Other combustion measures than trimming 264 42%
Fluegas recirculation 163 26%
ECOTUBE technology 7 1%
. Injection technology 13 2%
%nguurs,:éon Low N_OX b_urner 83 13%
Over-fire-air 12 2%
Rotating over-fire air 16 3%
Reburner 1 0%
ROTAMIX technology 6 1%
Other combustion measure 17 3%
Flue gas condensation 177 28%
Total number of plants having participated in the NOy charge system
at least one year in 1992-2007 626 100%

Source: SEPA (2008).

#  Note that the total number of plants with technology applied does not match the sum of plants split by different technologies,
since a plant can apply more than one technology.

4.4 Linking technology adoption to the N{rharge

50. Can we relate the technology adoption among regulated plants to the introduction of,the NO
charge in 1992? SEPA started annual collections of information about adoption ,ohkd€@ment
technology on regulated plants in 1992. We do not have sgteimformation about technologies adopted
before this date. This makes it hard to determine the exact effect of the introduction of,ttiealife on
technology adoption. Tabk presents some results from the annual surveys of regulated plants, which
SEPA collected in 1992007. Only twelve plantsi.é., 7%) report having NQ abatement installed in
1992. Two plants have installed SCR, six SNCR, three flue gas recirculation, and th®jdwurners.

Six plants have flue gas condensation installed in 1882pnly in one case is it combined with a NO
abatement technology (flue gas recirculation).

51. Already one year after the introduction of the NBarge, the picture looks very different. In the
1993 survey, 6% of plants report having some kind of N@batement technology installed. Overall
adoption of NQ abatement measures increase fro @2 regulated plants in 1993 to%dn 1995. When
the output limit for inclusion in the NCcharge system is lowered in 198725 MWh useful energy per
year, 15(lants enter the system. This immediately lowers the fraction of plants withabidement
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adopted to 6%. Already in 2000 thédraction of abating plantss back again at about Z9of plants The

fast response in tenblogy adoption, both after the introduction of the charge and its two extensions,

indicates a strong incentive effect of the charge.

Table 5. Adoption of NOx mitigation technology and flue gas condensation
Plants regulated by the Swedish NOx charge, 1992-2007

Fraction of plants with NO, technology installed
Post-combustion Combustion
Output Total technology technology

limit for Number | fraction Other

inclusion of of plants combus- Flue gas

(MWh per | regulated | with NOy tion conden-
Year year) plants mitigation SCR SNCR Trimming | measures sation
1992 50 182 7% 1% 3% 0% 3% 3%
1993 50 190 62% 3% 21% 18% 30% 4%
1994 50 203 68% 5% 26% 21% 36% 4%
1995 50 210 2% 5% 30% 22% 40% 4%
1996 40 274 69% 5% 25% 22% 40% 19%
1997 25 371 60% 3% 22% 17% 39% 19%
1998 25 374 62% 3% 23% 19% 39% 21%
1999 25 375 65% 3% 24% 20% 43% 23%
2000 25 364 69% 4% 26% 21% 47% 26%
2001 25 393 67% 3% 25% 20% 47% 30%
2002 25 393 71% 4% 26% 20% 50% 33%
2003 25 414 70% 5% 26% 20% 48% 32%
2004 25 405 70% 4% 28% 19% 49% 34%
2005 25 411 69% 5% 30% 18% 47% 34%
2006 25 427 2% 6% 32% 19% 47% 34%
2007 25 415 71% 6% 33% 18% 46% 34%

52. In the survey of 11lants regulated in the first five years of the Swedish ditarge, Hoglund

Isaksson (2005) finds that the adoption of Nézhnologies was a combined effect of the charge and the
guantitativeemission standards that plants had been subject to since 1988. She finds thaN©Gf-162
reducing measures undertaken%Were saidnotto have been implemented without the introduction of
the NQ, charge, 2% were undertaken primarily to meet quantitatstandards, and 84 primarily for
other reason®.g, improved coséeffectiveness (unrelated to N@ductions) or compliance with emission
standards for other pollutants than N@redominantly S¢). Thus, the NQcharge appears to have been
the most imprtant, but not the only, factor for N@batement adoption during this first phase of thg NO
charge system.

53. Quantitative standard®r NO, emissions from stationary sources were introduced in 1988. The
standardlevels are determined by regional authorit@s an individual plant basis, however, with
nationwide recommendations from the Swedish EPA in mifitough the regional authority is the final
decision maker, plants also participate in the decision pr@sesshe resulting standard level should not

only take environmental aspects into account, but also consider potential effects on regional economic
development and job opportunities. A complete comparison of the effectiveness of quantitative standards
and he NQ charge in reducing emission intensities of regulated plants is not possible because the central
authority (SEPA) does not collect this information. The information is only collected by tlegi2hal
authorities. For an evaluation of the N€harge SEPA (2004) collected information on standards and
actual emission intensities for pants that were regulated by the Nébarge both in 1997 and 2001 and

that had quantitative standards expressed in mg p¢® MJ. The results are shown in FigbréWath

noticing are the similarities of the standard levels over different plants, indicating that levels have been
determined following the standardized national recommendations by SEPA rather than taking individual
plant circumstances into account. The attemission intensity levels were on averag&o4telow the
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limits specified by the quantitative standards for these plants. Also, actual emission intensities for plants
with very generous standards were in level with plants with considerably strictey. lirhits, the NQ

charge appears to have given rise to strong incentives to lower emission intensities well below the limits of
the quantitative standards for st@f the surveyed plants.

Figure 5. Qualitative standards and actual emission intensity for individual plants
73 plants regulated in 1997 and 2001, with standards specified in NOx per MJ.
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Source: SEPA (2004).

5. Empirical evidence of innovation effects of the Swedish N@&harge
5.1 Empirical measurements of innovation
54. Innovations in abatement technology describe a series of events, where areabstehnology

is developed or improved, then adopted by firms and, finally, reduce emissions. Such a series of events
cannot be measured empirically using a single measurement unit. Instead, we need to find measurements
that can be used as indicators floe occurrence of innovations. We identify three such measurements:
distances to a technological frontier, esavings in abatement for given emission intensity levels, and
invention activity levels measured as ragnof patented technologies.

55. Chung, Fare and Grosskopf (1997) and Pasurka (2001) provide frameworks for identifying best
practice frontiers that allow for assessment of the innovation impacts of an environmental regulation.
These methods require degallinformation not only on the environmental impact, but also on production
factors like capital, labor, and energy. This type of data is not available for plants regulated by the Swedish
NO, charge and we are therefore not able to apply this methodaldlgy Ihstead, we make a detailed
descriptive analysis of how emission intensities of regulated plants develop over time. Shifts in the
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adoption of abatement technology and in emission intensities associated with adoption, may indicate
technological develument. By analyzing plant characteristics, we may be able to explain some of the
shifts in technology adopticend emission intensities.

56. Costsavings in firm abatement costs are often used as indicative of thabpity that
innovations in mitigation technology hawecurred For profitmaximizing firms, any net cost saving
should be exploited, at least in the long run. If we can show empirically for plants regulated by,the NO
charge that abatement costs foregivemission intensity levels have fallen over time, this could be taken as
an indication of innovations in mitigation technology.

57. Finally, we will assess changes in invention activity before and after the intidot the NQ
charge by investigating the number of patented inventions related iabd@ment. Linking such activity
levels to adoption of innovations by plants regulated by the Swedishchidge is not straightforward.
First, far from all patentechventions are adopted as innovations and only some fraction of them will be
adopted by plants regulated by the Swedish dl@rge. Second, if we assume demand fog Alfatement
technology is the driving force for new inventions, the demand increase daused NQ charge may
constitute a small fraction of overall market demand. As, [dBatement technology is traded on an
international market, the Swedish N@harge may be one reason among many for engaging in
development of NQabatement technology.

5.2 Evidence from analyses of emission intensities
5.2.1 Development ofmission intensjtlevels over time

58. The analyzed sample consists of @@&bustion plants that were regulated by the Swedish NO
charge during ateast one year in 1992 to 2007. The plants are located opl&4t6sites with one to six
individual plants (boilers) on each site. There are @atht owners including both private and public
companies. If we define an observation as the occurrencelahtimp the regulated sample in a particular

year, then the sample comprises 54D%ervations. 6plants are identified as peak load plants during at

least one year in the analyzed period. This means that they are situated on a plant site with two or more
other plants, but produce less than ten percent of overall site output in a given year. Peak load plants are
only used sporadically to meet temporary peaks in energy demand and are therefore often not considered
for NO, mitigation installations. We exclaedobservations of plants in years when they meet our criteria for
peak load plants. Thus, the analyzed sample comprised&tid pand 5209 observations.

59. In Figure6, plants regulated by the Swedish NEharge ha® been ordered by increasing
emission intensities and plotted against the cumulative output of the plants. This gives us an illustration of
the emission intensity attainable for a given level of cumulative output in a particular year. As shown, for a
given level of cumulative output, emission intensities in later years are considerably lower than in 1992
when the charge was introducédg., in 1992 regulated plants were able to produc@®IGWh emitting

less than 558g NO, per GWh. Sixteen years laten 2007, regulated plants are able to produce the same
amount of energy emitting less than I&ING, per GWhi an improvement by &3. There are tlee main
explanations for this:

1 Cumulative output produced by regulated plants has increased%yovdr the peod. The
expansion in output has to a large extent taken place in plants that are relatively emission
efficient or, when increases have taken place in new plants, these are in general nzo& emis
efficient than old plants.

1 Regulated plants invest in N@itigation and are therefore able to produce more output with less
emission.
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1 Innovations in mitigation technology make it possible to reach even lower emission intensity
levels for the same output level.

60. All three explanations will have the effect that the slope of the curves in Bidlatens over
time.

Figure 6. Emission intensity levels for given levels of cumulative output
1992-95, 2001 and 2007
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Source: SEPA (2008).

61 In an attempt to separate out the effects on emission intensities from investments in NO
mitigation, we divided the plants into two groups. The first group includes plants that have reported not
(yet) to have undertaken any type of mitigation measure, while the second group includes plants that report
mitigation measures. We refer to the first grougigs-me t i gati on pl antso and th
mitigation plantso. Note that t -imigatienaplard to @ Ipe@sh t ca
mitigation plant over the analyzed period if it decides to undertakenhiigation measures.

62. Figures7 and 8 present plots of plant emission intensities for lardge® #WWh per year) and
small (2550 MWh per year) plants, respectively. The large plants have been regulated by,thkaxge
since 1992 and produceer 904 of overall regulated output. As such, they make up a relatively consistent
group of plants, whose abateme¢haviour can be studied over a considerable length of time.
Observations for prenitigation plants have been plotted in grey and-{pasgation plants in black. The
development of the weighted average emission intensity of thaiggation and posinitigation groups is
marked as gregnd black lines, respectively.

63. The plot of emission intensisefor the smaller plants does not show any particular development
pattern. The spread of observations stay rather unchanged over time and average emission intensities for
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pre- and post mitigation plants coincide for most years. The smaller plants hagtethy®imarily in
combustion technology and there is a bias towards worst performers in the abatement decision. Emission
intensities in the year preceding the first mitigation investment are for these plants on avésdoghy

than the average for thatée group of pramitigation plants. This may explain why the average emission
intensity for pre and post mitigation plants tend to coincide for the smaller plants.

Figure 7. Plot of emission intensities of large plants regulated by the Swedish NOy charge
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Source: SEPA (2008).
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Figure 8. Plot of emission intensities of small plants regulated by the Swedish NOx charge
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64. The plot of emission intensities for the large plants in Figusbows an increasing concentration

in emission intensities towards the end of the period. This is primarily an effect of plants investing in
mitigation technology (and switching from a grey to a black dot). The extreme emission intensities
observed are all pritigation plants and over time the extreme values disappear, presumably as the worst
performing plants have high incentives to invest in mitaatiAmong postnitigation plants (black dots)

the performance of the whole group improves over time, but the spread of emission intensity within the
group remains rather constant. Tablpresents descriptive statistics for the two samples of large plants.
The weighted average emission intensity of yposigation plants (illustrated as a black line in Figudje

falls rapidly, by 29 and 2@, in the first two years following the introduction of the N€harge.
Thereafter, the annual change in emission ingrevolves around an average level-8f2% per year.
Interesting enough, the pmitigation plants follow a similar development, with rapid decline of about
15% per year in 1993 and 1994 and then, with the exception of 1996, an average annual change in
emission intensity evolving aroun.%% per year. As these plants do not report adoption of physical
mitigation technology, the entire decline must come from performance improvements within the
boundaries of the existing physical technolo@uer the lastten years, the average paositigation
emission intensity has remained at abo@h&0d the average prmitigation emission intensity.

26






