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1. SUMMARY

The most recent estimate of world-wide NOx emissions from
all sources is 540M tons p.a. of NO equivalent, of which 110M
tons p.a. arises from pollution sources and the remainder from
natural processes. NO is formed by the combination of atmospheric
nitrogen and oxygen at the high temperature occurring in
combustion flames, and this is further oxidised to NO2 when the
exhaust gases are diluted on release into the open air. At the
point of emission, NOX consists of a mixture of NO and N02, a
typical ratio being 10 to 1 by volume. The conditions which
favour formation of NOX are high temperature and long residence
time of the burning gases in the high temperature zone.

Emission factors (weight of NOX formed per unit weight of
fuel consumed).vary considerably, not only with type of fuel and
type of combustion unit, but also between apparently identical
units burning the same fuel. Quoted emission factors can
therefore only be mean or typical valueg, and considerable variation
is to be expected, depending on the mode of operation. This is
particularly true of mobile sources, where engine load conditions
are constantly changing.

However, using the emission factors given in Section 3 of
the report, together with estimated fuel consumption in various
sectors for the community member countries, it is concluded that
the total NOX emission in 1970 within the Community amounted to
approximately SM tons. On the basis of the predicied fuel
growth pattern used in this report (Section 5) the total NO_
emissions are expected to rise to around 13M tons in 1985. Analysis
by sector of fuel use shows that in 1970 general industry
accounted for one third of the emissions, but by 1985 the largest
emitting sector is predicted to be transport (again one third
of the total). Emissions from transport sources would double
between 1970 and 1985, assuming no controls. Analysis by type
of fuel shows that in 1970 liquid fuels accounted for 60% of all
emissions and this would grow to around 80% by 1985. These are
mean values which arc subject to considerable uncertainty, and
of course vary if the emission factors énd quantities of fuels

consumed vary from the assumed figures. No account is taken




of the current oil crisis.
It must not be presumed that the importance of a particular

source, so far as damaging effects are concernéd, is related
only to the quantity of NOx emitted. It may'be that the manner
of emission (e.g. whether at high or low level) is also an
important factor, since it is this which often determines the
resulting ground level concentration of NOx' The dispersion and
consequential affects of NOx emissions are outside the scope of
this report, but it should be borne in mind that any priorities
for control policies ought to take into account the likely
damage (if any) caused by NOx levels from different sources.

The control technology for NOx emissions is in its infancy,
and much proving of techniques under real-life conditions remain
to be done. For stationary sources, although it is doubtful if
there are commercial plant operating with NOx control anywhere
at the present time, modification of combustion conditions or
furnace design appear to hold most promise, and a reduction in
NOx emissions of 50% scems feasible with current technology, as
applied to oil-or gas-fired plant. However coal-fired plant
present problems where control of fuel/air ratios is called for.
Greater reduction of NOx is theoretically possible using catalysts,
but a successful technique remains to be developed. For mobile
sources, exhaust gas recirculation is already practised on auto-
mobiles in the USA. This reduces NOX emissions by 50%. Again,
further reduction could be achieved by catalytic means but a
successful practical device has not yet been produced. However,
indirect injection diesels, Wankels, and stratified charge
engines all have lower NOx emission levels. The ultimate answer
to NO_ (and other) pollution from mobile sources may be to change
the propulsion unit entirely - say to an electric drive, but with
a penalty to overall fuel usage efficiency.

Reliable costs for the various methods of NOx control are
very difficult to obtain, and those quoted in Section 7 are based
in the main on design studies and limited experimentation.

Table 1 summarizes the current state of knowledge existing
on the topics covered later in the report.
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2. INTRODUCTION

The scope of this report is to consider a number of aspects
of the emission of nitrogen oxides (NOX) within the EEC from
sources of energy generation. Thus the succeeding sections deal
in turn with the following topics:

(a) The mechanism of formation of NOx during the combustion

of fuels;

(b) The emission factors for NOX production from various
fuels and types of combustion system;

(¢) The estimated quantities of NO_ emitted from different
classes of source, projected up to 1985 on the basis of
forecast fuel consumption for the EEC;

(d) The methods for the control of NOX emissions, both
currently available and anticipated;

(e) The cost of the various methods of NOX control.

Within recent years there has been a considerable increase
in the interest shown towards NOx emissions as a contribution to
general air pollution. This upsurge of interest derives mainly
from the part played by NOx in the formation of photochemical
smog, which has become especially notorious in the Los Angeles
district of the United States. However it is not only in the
formation of photochemical smog that NOX poses a potential
hazard. With the exception of the substantially inert nitrous
oxide, N2O, (which is not formed during the combustion process),
all oxides of nitrogen are acidic and toxic at concentrations of
several ppm. The principal oxide formed when fuels are burnt in
air is nitric oxide, NO; this further reacts with oxygen to give
nitrogen dioxide, N02. It is the sum of these two oxides which
is conventionally represented by the term NOx.

Because of the relatively recent attention which NOx
pollution has attracted, comprehensive data on air concentration
levelsare generally not available. In addition, the extent of
NOX formation depends critically on the precise conditions of
temperature, fuel/air contact time, and fuel/air ratios which
exist during combustion. All these can vary considerably, not only
from one fuecl to another, but also within a given fuel-burning

appliance, and estimates of emission factors (weight of NOx




emitted per unit weight of fuel burned) can show correspondingly
wide variations.

The presence of these factors necessarily results in
considerable uncertainty in any estimates which are made, either
of overall NOx emissions or typical ambient air levels in
industrial environments. Nevertheless, although much investigational
work remains to be done on all aspects of NOx pollution, there
is sufficient information available to enable a broad picture
of the emission situation to be built up, both current and
projected.

World-wide NOx emissions have been estimated by Robinson
and Robbins (1968), to be of the order of 270M tons p.a.
(expressed as equivalent NO). Of this, only 35M tons p.a. arise
from pollution sources, the remainder being generated as NO in
the bacteriological decomposition of organic matter in soil.

NOx is also produced in nitrogen fixation by lightning, but only
to a marginal extent (Junge, 1963).

Table 2 gives a breakdown of the world-wide NOx emissions
from pollution sources, as estimated by Robinson and Robbins,
together with the emissions from within the EEC, as estimated in
the present report.



Table 2
Comparison of Worldwide and EEC NOx Fmissions from man-made

sources(a) (expressed -as NO)

NO Emissions (M tons NO)
I'uel and Source X ) (o
Worldwide (1967) {EEC (1970)
Coal: Power Generation 8.0 1.4
Industry 9.0 0.9
Domestic/Commercial 0.7 0.2
Petroleum: Refinery Production 0.5 - ()
Gasoline 4.9 2.2
Kerosene 0.8 0.5
Fuel 0il 2.3 1.4
Residual Oil 6.0 0.6
Natural Gas: Power Generation 0.4 0.1
Industrial 0.7 0.2
Domestic/Commercial 0.3 0.1
Others: Incineration 0.3 - Egg
Wood Fuel 0.2 = (a)
Forest Fires 0.5 -
Total 34..6 7.6

Notes (a) Virtuclly entirely from combustion processes. NO
emissions from chemical plant can be ignored in
this context.

(b) Source: Robinson and Robbins (1968).

(c) Included in figure for fuel oil.

(d) Not included.

(¢) For the 9 EEC member countries, as calculated in
section 5.

Although the emission estimates in Table 2 refer to slightly
diffcrent years for the World and EEC, it is nevertheless
interesting to note that on the basis of the above figures,
Community countries account for around 20% of the world NOx
emissions. In both cases, around 5% of the total arises from
natural gas combustion, while the EEC emits proportionally more
NOX from liquid fuels than the world as a whole. It would be
unwise to place too much emphasis on the absolute values,
especially since in a supplemental report, Robinson and Robbins
(1971) revised their estimates upwards to 540M tons p.a. of

equivalent NO total world emissions including 110M tons p.a. from

pollution sources. They give no reason for this.
Finally, Table 3 compares the mean NOx emissions from EEC

sources in 1970 and in 1985, assuming no controls.




Table 3
Comparison of EEC(a) NOx emissions in 1970 and 1985

NOX emissions (M tons NO)
Fuel
1970 1985
Solid 2.5 1.7
Liquid 4.7 10.3
Gas 0.4 1.0
Total 7.6 13.0

Note (a) For the 9 LEEC member countries, as calculated
in section 3.

The total emissions are likely to have risen by 70%, although,
reflecting decreasing usage, emissions from solid fuels could well
fall by 30%. On the other hand emissions from both liquid and
gaseous fuels will probable have more than doubled by 1985, the
former by then accounting for three-quarters of all emissions.
These conclusions are based on the fuel usage assumptions given

in Section 5, and do not reflect the current oil crisis.




3. FORMATION OF NOx DURING COMBUSTION ‘

At least six stable oxides of nitrogen are known, together
with one unstable compound. They are:

Nitrous Oxide, NZO Nitrogen Dioxide, NO2

Nitric Oxide, NO Nitrogen Tetroxide, N204

Nitrogen Sesquioxide, N2O3 Nitrogen Pentoxide, N205

and the unstable  Nitrogen Trioxide, NOS’
The only oxides which are important as air pollutants are Nitric
Oxide and Nitrogen Dioxide, the basic mechanism of their formation
being the same for all forms of combustion, both for stationary
and mobile sources. At the high temperatures occurring during
the combustion of fuels in air, the nitrogen and oxygen present
react together to form NO almost exclusively. This is a colourless
odourless gas, slightly soluble in water, the physical properties
of which are not clearly understood. The formation of NO takes
place according to a number of different reactions between N2 and
02, which may be simply represented as:

— \
N2-+ 02<r-2h0

The final concentration of NO is dependent upon a number of factors:

(a) The concentrations of nitrogen and oxygen. The higher
the concentrations of 0,, (excess air conditions), the
more NO that is present at equilibrium;

(b) The tcmperature of combustion. Since the activation
energy of the reaction between N2 and 02 is high, the
higher the temperaturc, the higher the concentration of NO;

(¢) The residence time of the gases in the various zones of
combustion. Longer residence times at high temperatures

tend to produce higher NO concentrations. Furthermore
when rapid cooling, say in an exhaust system, follows
combustion, the reverse reaction (dissociation of NO)
takes place only slowly and NO persists at higher concen~
trations than if slow cooling were to be permitted.

Rapid quenching often occurs after combustion in flames, i
so that the level of NO in exhaust gases vented to the |
atmosphere is more likely to be governed by conditions at !
flame temperatures than by lower intermediate cooling or |

ambient temperatures;



(d) The pressure of the reacting system. At higher pressures
the maximum equilibrium concentration.of NO is raised.
Thus at 1 atm. the maximum equilibrium molar concentration
of NO is 5.2% (achieved at 3000°K), while at 0.01 atm.
the maximum concentration falls to 2.2% (Bagg 1971).
(This result appcars surprising from a thermodynamic
point of view);

(e) The nature of the surfaces with which the reacting gases

are in contact during combustion.

The full details of all the mechanisms involved in the
formation of NO in flames are not completely known. In some cases
much higher concentrations of NO are produced than would be
expected from considerations of theoretical kinetics, the most
likely reason being the formation of free radicals and atoms in
greater than equilibrium concentrations.

It is generally assumed that N02 is produced by the further
oxidation of NO with excess oxygen*, the simplest way of
representing this being:

2NO + O2 = 2NO2
Although NO2 exists in equilibrium with its dimeric form N204,
the fraction of the latter existing at atmospheric concentrations
of NO2 can be neglected. NO2 is a reddish-orange gas with a
characteristic pungent odour; it is corrosive and highly oxidising.
Physiologically it is both irritating and toxic at concentrations
of a few ppm.

Figure 1 shows the equilibrium composition of air at various
temperatures, from which it can be seen that NO2 is present only
as a very minor constituent at flame temperatures, (20000—35000K)
and immediately after combustion NO is by far the dominant oxide

of nitrogen présent in the gas steam. The pressure is 1 atm.

*There is some recently reported evidence (Msrryman E.L. and

Levy A. "NO formation in combustion: Anomalous early NO
formation".* Proc. 3rd Intl. Clean Air Congress, Ddsseldgr
October 1973, 0117) that NO, might be formed before the
appearance of NO in some fl8me sysiems. However even the authors
approach this observation with much scepticism.



Figure 1
Equilibrium composition of air at various temperatures

(Source: Bagg, 1971)

| i | i [ |
ol- ‘ -
10 N2 '—--~___,~‘\\
0,
1071 -
k3
g1072- NO N
2
[«]
=
1073} .
1074 -
NO»
10-5 ] 1 ] | ]
0 1000 2000 3000 4000 5000 6000 7000

Temperature, °K

However, after the exhaust gases emerge into the atmosphere,
oxidation of NO to NO2 takes place in the prescnce of excess
oxygen. The formation of NO2 is determined by:
(a) The concentrations of the reactants. According to the
equation:
2N0 + 02 = 2N02,
the rate of formation of NO2 is proportional to the
square of the NO concentration and directly to the O2
concentration, i.e.
=3 [No ]« [§o] 2. [o,]
(b) The rate constant of the fastest reaction process;
(c) The time during which the reactants are in contact.
The NO concentration in exhaust gases emerging into the
atmosphere may range from 200 to 3000 ppm, but because of the
low O2 concentration, the NO2 content is initially only of the
order of one tenth this figure. In fact a ratio of NO:NO2 of
about 10:1 by volume is typically regarded as an appropriate
overall figure for'»NOx emissions from combustion processcs
(Derwent and Stewart, 1973).
The initial rates of oxidation of NO to N02 in the open
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atmosphere have been calculated on a theoretical basis and are
given in Table 4.
Table 4

Rate of oxidation of NO to NO, in the atmosphere

2
(Source: Bagg, 1971)
Initial NO concentration Initial rate of oxidation to N02
(ppm) . (ppm/min.)
1 0.0003
10 0.03
100 3.0

Under certain conditions, for example those where photo-
chemical smog formation is prevalent, such as in Los Angecles,
much more rapid oxidation rates have been observed. Thus at an
initial NO concentration of 3 ppm (which is the highest atmospheric
concentration found in practice) theory would predict that only
6% would be oxidiscd within 1 hour. 1In Los Angeles however,
oxidation is almost complete within 3 to 4 hours due to the
cnhancing effect of hydrocarbon pollutants. Nevertheless, the
rate of dilution of exhaust gases after release into the atmosphere
will have a strong determining effect on the oxidation rate.
Slow dilution is conducive to rapid oxidation, whereas rapid
dilution (as in exhaust gases from a moving car or from a high
chimmey in a wind) implies slow oxidation.

NO2 is removed from the atmosphere principally by the
scavenging action of water vapour which converts the NO2 to a
nixture of nitric acid and NO:

31\’02 + 11120$2HNO3 + NO
The IINO3 vapour is rapidly removed by reaction with atmospheric
anmonia and absorption on hygroscopic particles, thus all the
]lNO3 eventually becomes nitrate salt acrosol. (Robinson and
Robbing, 1968). The residence time for NOx in the atmosphere is
the order of one to two weeks.
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4. EMISSION FACTORS

The previous section discussed the factors in the combustion
process which determine the formation of NOX, the principal ones
being flame temperature, degree of excess air and gas residence
time in the high temperature zone. Although under closely con-
trolled conditions theoretical predictions of NOX concentration
in exhaust gases may agree with actual results, experiencec has
shown that the NOx emission levels from real-life cowbustion
units cannot be predicted on a theoretical basis alone. Not
only do emissions vary considerably between different units
having similar operating conditions, but they can even differ
widely in apparently identical units. It is not surprising
thercefore that different investigators can report widely differing
emission factors (expressed, e.g. as weight of NOx emitted per
unit weight of fuel consumed). It is worthwhile quoting from
the findings of Mills et al. (1961) in support. This worker made ;
a study of the effect of operating variables on NOX emissions }
from steam~raising power plants in Los Angeles County, USA, in |
which some 130 tests including 554 individual samples were
considered. He said: "The rates of emission of NOx from units as
complex as these, with the possibility of a number of constantly i
fluctuating operating variables, may be assumed to be constantly
fluctuating also. In these circumstances, the rate of emission
of NOx at any given instant in any plant may be different from
the rate of emission at the next instant. Experience gained during
the carrying out of the project has shown these assumptions to be
true. A striking example of this variability is the fact that
samples taken as nearly at the same time as possible from two
probes in as close proximity to each other as possible show two
different values for NOx concentrations. It was found that
actual rates of NOX emissions from sister units may be different
for operating conditions which are the same for each unit within
the limits of ability to determine. This phenomenon has been
verified repeatedly". For these reasons, and also because of the
great variety of combustion units in use, there is no merit in
an over-detailed analysis of the reported measurcments of NOx
cmissions from individual units. Also, it is only very recently
that the more reliable chemi-luminescent mecthod of measuring



NO and NO2 concentrations has become available. Thus measurements
of ten years ago may he subject to large errors.

For the purposes of this report, .values for emission factors
have been categorised according to fuel (solid, liquid, or
gaseous) and fuel-consuming sector (electricity generation, domestic
and commercial heating, general industry and transpert). Table 5
gives these factors which have been derived from five representative,
and as far as possible independent, sources. The variation in the
estimates is clear; however since the figure given against each
reference is in every case a mean or "typical" value, the real
variation is much wider than implied by the quoted standard
deviations. The derivation of the factors from the actual figures
quoted by the reference sources is given in the Appendix.

Some general points relating to emission factors follow.

IF'uel category: For each of the three sectors of stationary
combustion sources, the highest emission factors arise from

solid fuel combustion, followed by liquid fucl, followed in turn
by gas.

Stationary Sources: The study by Mills et al (1961) covered gas-

and oil-fired equipment ranging from domestic heaters to large
steam boilers, which enabled a relationship between gross heatl
input and NOX emissions to be established. This is shown in
FFigure 2,which is to somec extent idealised. The hecat input
includes heat in the fuel plus heat in the pre-heated air.

The combustion pressure was around 1 atm. Again it must be
stresscd that these are average values, about which considerable
variation is found.

The heat release rate in a given furnace volume markedly
affects the flame temperature produced. If heat relecase rate
increases butl heat transfer does not keep pace, furnace
temperature increases and so does NOx formation. It is also
true that NOX emissions decreasce with decrease in furnace loading,
a direct result of heat release rate. Apart from this, it has
been observed that in oil fired units, NOx emissions vary with
the firing technique used. Thus, for a given heat reclease rate,
horizontal firing produces the most emissions followed by
tangental firing (US: DHEW, 1970a). This is taken further in

section 6 - sec I'igure 10.
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Figure 2

Relationship between heat input and NO emissions for
P

.gas—and oil-fired combustion equipment
(Source: Mills, et al, 1961)
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Mobile Sources: The most important source in this category is
the internal combustion (i/c) engine. A considerable amount of
investigatory work has been undertaken, which has established the

way in which NOX emissions vary with different operating conditions.
in the case of petrol engines, Figure 3 illustrates the way in
which NO_, CO and HC (hydrocarbon) emissions in the exhaust gases,

vary with air/fuel ratio. It shows clearly that maximum NOx
emissions occur when the engine is operating at the stoichimetric
air/fuel ratio (i.e. at maximum flame temperature), but rapidly
decreases bothfor richer and leaner mixtures. Different driving
conditions require different air/fuel ratios for optimum engine
performance. Thus when extra power is needed for acceleration,

a richer mixture is produced, while under crusing conditions a
leaner mixture can be used to give greater fuel economy.
Laboratory studies, quoted by Bagg (1971), have also shown how
NO_, emissions vary with ignition timing and manifold vacuum.

X
Figure 4 shows the effect of these factors. Other factors which



Figure 3

Relationship between air-fuel ratio and pollutant cemissions for

petrol-fuelliced i/c engines
(Source: US: DIEW, 1970a)
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Figure 4

Effcct of ignition timing and manifold vacuum on NOX,emissions

(petrol engines)
(Source: Bagg, 1971)
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increase the emissions are increase in compression ratio, increase
in coolant temperature, and build-up of deposit in the combustion
chamber, all of which tend 1o produce higher combustion temperatuies
or extend the time for which high temperatures persist. These
matters are discussed further, as they relate to emission control,
in section 6.

Table G, quoted by Derwent and Stewart (1973), for a 1300cc
engine, shows the considerable range over which NOX concentrations
in the exhaust gases can vary.

Table 6
EQX emicssions in exhaust from petrol engine under varying

driving conditions
(Source: Fussell, 1970)

1
Average NO(a) in

Driving Opcration exhaust (ppm)

Idling 30

Acceleration 6000
Cruising 2000
Deceleration 60

Note (a): The NOY consists almost entirely of NO upon emission

to the atmosphere.
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Because of these wide variations and the different driving
patterns applying in practice, it is very difficult to arrive at
a weighted emission factor which can be applied to the total
guantity of fuel consumed. Derwent and Stewart use a mean NOx
concentration of 1000 ppm, which leads to an emission factor of
16 Kg NO/tonne fuel consumed. Bagg (1971), reporting American
tests on non-US compact cars quoted a mean figure of 1200 ppm
NQX (G = 580 ppm). Considering the scope for variation, this is
a not unsatisfactory agreement between the two independent
sources of information.

In diesel engines, the fuel does not enter the cylinder mixed

with air, but is injected into the cylinder under high pressure.
Air—fuel ratios are higher than with petrol engines. Experiments
have shown that direct-injection engines behave very similarly
to petrol engines as far as NOX emissions are concerned. Emissions
from indirect-injection engines, on the other hand, are much
lower and much less sensitive to air-fuel ratio. Figure 3
illustrates these findings.

Figure 5

Relationship between air usage and NOx emissions in exhaust gases

from diesel engines

Source: Bag 1971
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As wilh petrol engines, the NOX emissions differ with the driving
operation. Table 7 quotes average figures for a normally-aspirated
diesel engine. Becausc of the difference in air—fuel‘ratio,
Tables 6 and 7 cannot be compared directly.

Table 7
ng emissions in exbhaust from normally-aspirated diesel engines

under varying load conditions
(Source: Fussell, 1970)

Average NO in

Load Condition exhaust (ppm)

Idling 120
No Load 110
Half Load 490
Full Loaad 920

However two points can be made. Firstly the NOx concentrations

in diesel exhaust gases are much lower,and secondly there is

much less variation between the emissions in the various operating
modes, than for petrol engines. Based on the above figures,
Derwent and Stewart derived a mean NOX concentration of 500 ppm,
equivalent to 11kg NO/tonne fuel consumed, which is rather

lower than petrol engine emissions. Bagg, on the other hand
states that "under typical driving conditions the average weight
emission from dicsel-powered vehicles will be equal to or

slightly greater than (US) gasoline powered vehicles" (Bagg, 1971).
It scems fair to conclude therefore that, for the purposes of

the present exercise, NOx emission factors for the two sources

can be taken as being of a similar order.

Gas turbines are the third main class of i/c engine used for

propulsion - in this case, aircraft. TFigure 6 shows how NOx
emission varies with air/fuel ratio for a Pratt and Whitney JT8
(rated at 14000 1bs thrust).
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Figure 6

Relationship between air-fuel ratio and NO  emissions for aircraft
jet engine (Pratt and Whitney JT8)
(Source: Bagg, 1971)
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of 1 is made to permit direct comparison with conventional road
vchicle propulsion units, and it is immediately apparent that
the emission factors for jet engines are much lower than for
petrol engines. Typical NOx emission factors for aircraft are
summarized in Table 8, quoted by Derwent and Stewart.
Table 8
Typical N():’c emissions from aircraft (Kg NO/tonne fuel)
(Source: NREC, 1968)

Operating Mode

Aircraft Type
Taxi Take-off, Landing, Climbing

Turboprop 3.7 3
Short-haul jets 2.0

.1
4.3
Long~haul jets 2.0 4.3
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S. EQX EMISSION ESTIMATES

Fuel consumption estimates broken down by sector of use up

to 1985 are available from Commission documents for the Community
of six, for oil (EEC, 1972a) for gas (EEC, 1972b), and for all
three fuel types (EEC, 1972c¢). There are also some partly dis-
aggregated data for coal consumption for the Community of 9
(Stief—Tauch, 1973). However the most complete set of statistics
currently available for the Community of 9 are to be found from
OECD sources (OECD, 1973), and the latter has been used as the
main -basis for calculating NOx emissions. Table 1 of OECD (1973)
gives sectoral energy requirements for the years 1970, 1980 and
1985 in terms of million tons of oil equivalent (M t.o.e.) on the
basis of 1M t.o.e. = 1075
that the current o0il supply crisis will certainly result in

K cal. It is worth stressing again,

profound changes in these fuel ecstimates.

These data are presented in Table 9, broken down by fuel and
by sector of use. The figures for 1975 have been interpolated.
Using the fuel quantities in Table 9, multiplied by the emission
factors in Table 5, NOx emissions can be calculated, and are
shown in Table 10. Emission factors were assumed constant over
the whole period, the mean values from Table 5 being used. No
controls were assumed. Figures 7 and 8 show the sames information
graphically, upper and lower (+2 o-) estimates as well as mean
values being given separately.

A number of conclusions can be drawn from the data, the
most important being:

(1) In 1970 the total NO_ emissions amounted to around 7.6M
tonnes, and this could rise to 13M tonnes by 1985, i.e. an
increase of 70%;

(2) Analysis by sector of fuel consumption shows the
following breakdowns for 1970 and 1985:



e 22 e

*G86L Pue 0861 ‘0L61 JOF ©IRP UO SIAIND 3TF 3S0q Jursn evlep psjerodadiur ()

-suorjeorrdde LJadoud-uou ur posn syony Lxewrad sepnyoxy (J)

*59880T AJdduryoa Jurpniour (9)

*(039 ‘saurw TeOD ”wwm&ozﬁwvhv sotTagsnpur Juronpouad-AJasud 9y} Jo sjudwdarnboa teuxsjur Jurpngour (p)
*sdrys JoJ saaxunqg Jurpnyour (9)

*sTony PITOS SOY)0 pue 9Xoo SOpnTOUT AI)Snpul 093§ pue uody (q)

*019 ‘sSuryejJIopun Tean3noraSe pue TRIJISNPUT TTRWS ‘[TTOJoWwWod ‘sproyasnoy sepnidul (L) SISION
cldl ] L6T 286 8CT 0611 | 6T L2 vt 066 081 G609 102 118 Sit Lvy referd Aﬂv4<90b
<93 - 6938 - (4% - cle - 891 - 291 I 123! - cel 4 onu&omwcmny
b5 estT 25 T 7 e e 26 < 1¢T S8 Laysnpur

0s S amummm Anvwm (633374 44 novmwm (q) 9 sS onomﬁ Anwﬁy €0 L9 (3) < (q) (»)
) . w)OSTW pue
Gge L6 812 Gt 8.3 cL 281 91 ove iMe 261 )8 ¥61 62 g1t (4 w:ﬁuﬁm: 31} 50MWoQ
uoT31eJI3uUdy)
61¢ A o8l 06 042 62 oct GG L322 ()9 <6 o0l €81 GT 1S eTr £1710TI108TY

Teror| seo prnbr pr7oS | Te30r | ses prnbry prrog| Tejor| sen| prnbry| prrOS | TRiOL| sen| pmbry prTOS dOLITS
TdNA
€881 Q361 vauhm« 0461 qYIX
(£4GT '@oZ0 :904nos)

("T85 M o GF) FUOTCATADS [10 JO SU03 UGTTTIW

G861 ~0261 :NOILJWNSNOD ADYIANE AGVWIYd TVIOLIIS AMVUMM
6 9Tiqel



. *senTeA uvaw °Y3y
SOWT3} 1°1 03 670 ST ‘(g461) UONEL-JOT1S Uo poaseq ‘uorjdwnsuod [any UT SSTIUTBILIOUN WOIJ SUTISTIJIR (t71)

“SUOTSSTWR TB}03} J0J SenTBA URdL Oyj} XCZ 1403 870 pue ‘sTejo3 adi3 tony pue
TeIX0308S J0F 9dnTeA uesw &Y} X §°] 03 29°0 ST ‘SJ0}0€J UOISSTWO ~ON UT $9TjUTR}I20UN wody Juistae (1)
—:iuesw 2yj3 jnoge (ogT) uorjerdaea ayjy (q)

*sSuoj} ooo»ovK noge ATUo 03 (QL61 UT pajunowe ‘uocpuo] ‘jaodiTv moayiedy e JJo Suiyey pue Sujpuaey
31Jel0JaTe WOIJ SUOTSSTWd “ON 3BY3 3I0d3J (£261) IJILMILS PUBR JUdMIBE -3J0dsuBI) PROJ WOLJ SISTIR STUL JO 3Soy (©) SIjON

oerforr| €0t | et | t-ir| 60| 2g | 0w | 06 (90| ¢°9 1z | 9z wol uv| ¢z Te30L
sy |- | ¢ - | ee | - | o¢ - | se{ - | 8¢ - | ee | - | s8]l - (ey?30dsueay
! o ot | e T e Loal o oo Lol o 1 oo lool ozl . o0
? g'g |0°1| 8°g et | gz |e0o| 9% 0z | 29 |90 c-¢ 1z | v'e | v°0| €2 | 52 | sooumog Areuorsers
, 8°¢ |gT0} L°T 9-0 £¢ {v'6| TT L0 ¢z leofl 21 .70 g°g | 20 v 670 Axgsupur
gzt |g-o| o1 - 1’1t |20l 80 | ¥o| 60 |10| 20 10| 80 |10] gsof zo Sutreo) o13S0Neq
SUud
g'e |gro| 173 't | e | eof 91 gzt | 92 |go| 11 ¢1 | 1tz jrol 90| ¥ £1151999513
Te3o0L [sen | pnbr1| prros | Tesor| sep| prnbry| PrTos | Tesor | svo [ pTubTl| PiTos| Tejor sep| prabri| prios
: H0LOES
5861 ‘ 0861 : 6L 061

{sToa3ucd ou Jurwnsse amvwoﬁﬂm>/%mmE ‘sauuo)} UOTTTIN)
GB8GT — 0261 :SNOISSIWA ON (6)03d
Ol s1qel




— 24—

Table 11
EQX "missions: Sector Breokdown for 1970 and 1985 (Mean)

Year 6 1970 1985
M Tons % M Tons %

Sector NOx NOX
Genoration 2.1 | 28| 5.5 |27
Domestic 0.8 10 1.2 9
Industry 2.5 33 3.8 29
Transport 2.2 29 4.5 33

Total 7.6 100 13.0 {100

Thus, although in 1970 industry is the largest sectoral contributor,
accounting for around one third the total, transport is the
fastest growing sector, doubling from 2.2M tonnes in 1970 to
4.5M tonnes in 1985, by which time it could replace industry
as the largest sector.

(3) Analysis by type of fuel consumed shows the following
breakdowns: Table 12

QQX Fmissions: Tuel Type Breakdown for 1970 and 1985 (M=an)

Year 1970 1985

M Tons| % M Tons{ 9%

Fuel NO__ NO

X X
Solid 2.5 33 1.7 13
Liquid 4.7 62 | 10.3 79
Gas 0.4 5} 1.0 8
Total 7.6 100 13.0 100

The most striking features are the growfh of emissions from
liquid fuels (almost half of which arises from mobile sources),
and the decline of emissions from solid fuels. -In absolute
terms, the emissions from liquid fuels more than doubles, from
4.7M tonnes in 1970 to 10.3M tonnes in 1985; while solid fuel
cmissions fall by a third from 2.5M tornnes in 1970 to 1.7H tonnes

in 1985. Imissions from gas-fired sources, whilst still a minor



-

contributor to the whdle, nevertheless increase by 150%, from
8.4M tonnes in 1970, to 1M tonnes in 19835.
- The figures from which the above conclusions are derived,
are subject to two sources of variation: variation in the actual
quantities of fuel consumed and variation in the values of the
NOx emission factors themselves. The total variation is illustrated
in Figures 7B, 7C, 8B and 8C.
Taking the emission factors first, those used are mecan values
and the possible variation about the means is indicated in Tablc 5
and in the Appendix. This can be quite large: a factor of two
from the lowest value to the highest value guoted in the five
references for a particular emission factor is not unusual.
Moreover, the value quoted by each rcference is itself a mean or
"typical' value. Bearing in mind these large uncertainties and
the very small number of independent referencces quoted a detailed
statistical presentation would not be justified, but the tlrue
values of the sectoral and fuel type cmissions probably lie
between 0.7 and 1.5 times the indicated figures, while the true
total emissions probably lie between 0.8 and 1.2 times the
indicated figures (2 ¢ limits), given that the fuel consumption
figures arc correct. The possible variations in fuel consumption
are less casy to define, for two reasons:
(a) The consumnptions in each sector and for each fucl type
are not indecpendent, but are related in a complex manner;
(b) The consumption of cach type of fuel is dependent
ultimately on the price structure and availability, and
also on the rate of growth of the economy of the
Community. The current crisis affecting oil supplies
will of course have a profound effect on any future
estimates.
Stief-Tauch (1973) gives the most likely range of solid fuel
consumption in 1983 as 210-250M t.e.c., i.e. 147-173 M t.o.e.
This represents a variation of approximatcly + 10% on the actual
figure of 158M t.o.c. quoted in Table 8, which is quite small
compared to the likely variation arising from uncertainties in
the NOX emission factors. llowever, much larger variations in

fuel consuuption might well be considered possible.
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Effcct of PEmission Controls: No statutory control of NOx

emissions are as yet planned either from stationary or mobile
sources, within Community mcmber countries. lowever, as is
pointed out in the succeeding section of the report, a reduction
in the emission factors from stationary sources of around 50%

is possible with current technology. With "advanced" technology,
a reduction of 75% in emission factors from stationary sources
and 50% from mobile sources is fecasible. However it scems doubtful
whether by 1985, the application of "advanced" control technology
could have cxtended sufficiently to achieve much impact on total
emissions. On the other hand, if controls are applied it could
well be that by 1980 some degree of reduction could .be achieved
through application of known methods. This is discussed further
in section 6 below.

Any logical control policy ought, of coursc, to take into
account the damage, if any, arising from the emissions from
various sowrces. This is likely to be related to manner of
emission (e.g. high or low level) as well as total quantity
emitted, since the former will influcnce the resulting ground
level concentrations. lowever these matters go beyond the scope
of this report.



6. CONTROL OF NO{ “MISSTONS

This sectioen is concerned with NOX control methods which
have been developed or proposed. In order to, place the topic in
its proper perspective it is important to realise that, so far
as is known, there arc no stationary combustion sources operating
at the present time with NOx emission control either in Western
turope or the USA. 1In the United Kingdom, however, the CEGB do
practise low excess air combustion in certain fossil-fuelled
clectricity gencrating plant in order to reduce formation of
sulphur trioxide (SOS)’ This procedure also incidentally reduces
NOX formation. The description of the control of NOX emissions
from stationary sources which follows, refers wholly to
experimental work which has been carried out in recent yecars.

In the case of mobile sources however, exhaust gas recirculation
is in operation on cars in the USA. Control of NOX emissions may
be achieved by one or more of the following three techniques:

(a) Modification of fuel combustion conditions;

(b) Modification of combustion chamber design

or (¢) Removal of NOx from the exhaust gases after formation.
Although these alternatives apply equally to stationary and
mobile sources, the actual techniques differ considerably between
classes of source; the latter will therefore be considered
separately.
Stationary Sources: (a) The Combustion process may be modified

in the follewing ways:

(i) Low excess air combustion

This is one of the most promising and universally
applicablc methods of NOx reduction. It may be very effective
where the fuel is gas or oil, but in coal-firing serious
imbalances in fuel/air distribution could result and problems of
unburned fuel or carbon monoxide emissions may limit its use in
this type of plant. Figure 9 indicates the relationship between
excess air and NOx emissions for oil-fired boilers which has
been reported from US experiments.
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Figure 9
Experimental Relationship hetween NO emissions and excess air
for oil-fired hoilers

(Source: US DHEW, 1970a)
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(ii) Two-stage combustion

This is a technique wherebythe air supply to the primary
combustion zone ig reduced to the theoretical (stoichimetric)
level, or just below, and a scecondary air feed is made just beyond
the flame front where combustion is completed. It bhas been
reported that in experiments with horizontally-fired units, twe-
stage combustion could reduce the NOx emissions by 50% compared
to a similar single-stage unit, and in tangentially-fired units
the corresponding reduction is 22% (Bagg, 1971). As with low
excess air combustion, coal-fired units would be difficult to
operate using this technique.

(iii) Flue gas rccirculation

This is a technique whereby part of the flue gases
(10-20%) are divertcd back to the furnace chamber. This has the
effect of decreasing the peak flame temperature by diluting the
primary flame zone with non-reactive gases. US data indicate
that NOX cmissions could be reduced by at least 50% by applying
this technique to a tangentially-fired gas burning boiler
(Bagwell et al, 1970). However, the practicality of this approach
to the whole range.of combustion units rcemain to be demonstrated.
Thus the recirculation of large quantities of gases in the
furnaces of electricity generating plant could pose handling
problems, in addition to increased capital and operating costs,

and efficiency losses.



(iv) VWater or steam injection

This produces a similsr condition to fluc gas recirculation,
i.e. the lowering of peak flame temperature. However although
laboratory studies have reportcd some success, the practical
drawbacks such as decrecased efficiency and increasecd corrosion
in the combustion chamber have not yet been fully assesscd.

(b) Turning to modification of combustion chamber design,

the principal aim here is to slow down the rate at which fuel and
air mix. Thus more heat is removed from the gas before combusticn
is complete, resulting in a lower peak flame temperature and
therefore less NOx formation. There are essentially two different
appreoaches which have becen proposed:

(i) Burner configuration

In general it appears that highly turbulent conditions
within the burner tend to favour. high NOX emissions whilc more
streamline gas flows produce less NOX. This explains why cyclone

burners emit higher NO_ concentrations than tangential burners.

Figurce 10 illustrates the different emission levels produced
by horizontal and tangential firing.

Figure 10

Effect of firing made on NO{ enissions
(Source: US DIEW 1970a)
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This shows that as much as 50-60% reduction in NOX levels could
be achieved by using tangential rather than horizontal firing.
(ii) Fluidized bed combustion

High hecat transfer rates are possible in fluidized

beds, which lead to lower peak temperatures and hence lower NOX
formations. The addition of limestone or similar material to
the combustion zone has been suggested, since it has the
potenitial of reducing SO2 emissions as well, by chemical combinatiion
of the sulphur contained in the fuel. (Bartok et al 1971).
However, practical equipment based on this principle is still in
process of development. "

(c) Finally, the removal of NOx from flue gases provides,

in theory, an alternative means of reducing NOx released into
the atmosphere. However, technology development is hampercd by
the very large volumes of gases to be treated and the low
concentraticns of NOx present, compared to other gaseous pollutants.
Four approaches have, to varying extents, been investigated.

(i) Catalytic decomposition

The principle here is that at the relatively low
temperatures found in exhaust gases, the equilibrium condition
of the reaction:

N2 + 022? 2N0,
favours the decomposition of NO into nitrogen and oxygen.
Unfortunately at these temperatures the deccomposition rate is
extremely slow, and no suitable catalyst has been discovered.

(ii) Catalvtic reduction

This involves the use of a reducing agent which will
convert the NO to nitrogen by chemically removing the combined
oxygen. The technique has been successfully applied to the
treatment of tail-gas from nitric acid plants, where addition of
carbon monoxide or methane is made before passing over a
platinum metal catalyst. Over 90% of NOx can be decomposed by
this method. Typical reactions are:

2NO + 2C0 = N, + 2C0

2 2

4NO + CH4 = 2N2 + 002 + 2H20
The reactions are exothermic, and the actual process conditions
uscd depend upon the value attributed to rccovered heat, the cost
of heat exchangers etc, and the availability and cost of reducing

gases.



However the applicability of this method to flue gases from
combustion sources is very doubtful, due to the high catalyst
costs, the emission of quantities of reductant gases (and even
ammonia) into the atmosphere (which could themsclves be regarded
as pollutants), and the poisoning effect on the catalyst of
sulphur-containing compounds present in the flue gas stream.

(iii) Adsorption/Absorption

NO is a reclatively inactive gas chemically, compared
to the more reactive dioxide, N02. If oxidation of NO to NOZ’
which takes place slowly on release to the atmosphere, could be
speeded up, the chemical removal of N02 might then be feasible.
There has therefore heen a scarch for suitable oxidising apgents,
and such adsorbents as silica gel, alumina, molecular sieves,
char, and ion-exchange resins have all been shown to have the
capacity of adsorbing NO, with associated oxidation to NOZ'
Other solid sorbents include manganese and alkaliscd ferric
oxides (Bartok et al, 1971). Technical problems include
poisoning and mechanical attrition of the sorbent in the gas
stream.

Rather less unpromising in theory is chemical adsorption
using liquid scrubbing solutions or suspensions. Thus alkaline
solutions such as calcium hydroxide or limestone suspensions in
water are capable of recmoving not only N02 but other acidic
gases such as SO2 and SO3 as well. Moreover, an cquimolecular
mixture of NO and NO

N203:

5 leads to the formation of the sesquioxide
NO + NO2 = 2\7203

which is more recactive than either of the simpler oxides.

Recycling of NO2 into the flue gas can facilitate this reaction.

Concentrated sulphuric acid will also absorb NO and N02
mixtures, as well as SOZ‘

Disadvantages of absorption by liquids include the low
efficiency (less than 50%), the cost of reagents, and the
problems of disposal of large volumes of liquid effluents, which
could crecate pollution problems of different kind. The idcal
solution would be to generate compounds which arce commercially
marketable, for example, as fertilisers. Anotherr disadvantage

is the cooling of the gas plume which leads to poor dispersion



and possible high local ground level concentrations of pollutant
gases. There is also the pogsibility of mist formation.

(iv) Yiaysical scparation

A successful physical separation process would make use
of one or more plysical property of NO (or NO2) which differs
significantly from the corresponding property of other constituents
in the fluc gas. A nunber of possibilities have been investigated,
including condensation tempcerature, magnetic susceptibility and

molecular size, but without much success, (Bartok et al, 1971).

In _gunmary, the most promising techniques for NOx control
in stationary combustion sowrces appear to consist in the modi-
fication of fuel combustion conditions or furnace design. A
cduction in NOX emissions of 50%, compared to unmodified plant
is probably achieveable, and maybe niorce, but with loss of efficicnecy.
The nccessary basic technology is available for oil and gas-
firced plant, but coal-fircd units cculd present grave problems where
fine control of fuel/air ratios is required. Flue gas trecatment
is in principle applicable to all classes of fucl combustion,
but the technology is much less well--developed. Nevertheless if
legislation were to require the removal of NOY to around 90%,
it scems that catalytic decoemposition or rodugtion methods must
be developed. Perhaps the answer would lie in a combination of
several different techniques. No stationary combustion sowrces
are known to be operating in Western Iurope or the USA at the
present time which practise NOX control.

Mobile Sources: The relationship between air/fuel ratio in i/c

engines and NOX emissions has already been discussed in Section 4
of the report, where it was seen that conditions which minimisc
cmission of carbon monoxide (CO) and hydrocarbons (IiC) produce
high NOx emissions, in an unmodified cngine. The bulk of the
development work on reduction of emissions from i/c engines has
been done in the USA, which was the first country to impose gas
emission standards from mobile sources. The current US limit
set for NOx emissions from automobiles is 3.1 gms/mile,
equivalent to about 14 Kg/NOX/t.o.e. for US-manufactured vehicles
and 28 Kg/NOx/t.oeee for Europcan cars. NOx emigssion limits in
future years were planned to become progressively more severe,

but because of the difficuliics foreseen in achieving the
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originally proposed levels there has rccently becn a relaxation

of the intended limits. Thus the original intenticn was to
achicve a level of 0.4 gm/mile ( = 1.8 Kg NOX/t.o.e. for US cars
and 3.6 Kg NOX/t.o.e. for European cars) by 1976, representing

a 90% reduction compared with 1971 level. At the time of

writing however, the 1976 models will be required to meet an
interim standard of 2.0 gm/mile. When (cr even vhether) the level
of 0.4 gms/mile will be rcimposed remains to be seen.

No legislation limiting NOx emissions from mobile sources
within Communiity countries is envisaged at the moment, but
reference to the Appendix shows that current uncontrolled emission
rates from West Luropean cars average about 16 Kg NOx/t.o.e. or
1.8 gm NOx/mile, which meets the US interim standard for 1976.

In describing potential methods of NOX emission control
in-i/c engines, it is convenient to discuss the various types
of cngine separately.

(a) Spark-ignition engine

The simplest way of reducing NOX emissions is to reduce
the compression ratio, which has the sccondary effeel of reducing

the engine octane requirements, with some loss of power and
incrcase in fuel conswaption.

sxhioust gas recirculation is currently practised on automobiles

in the USA. The fuel/air mixture is diluted with controlled
amounts of cxhaust gas before entering the combustion chamber.
This reduces peak combustion temperatures and so NOX formation
is lower. However considcrable power loss is incurred, also
some induction system componcuts can be corroded and plugged
by acid condensate and dirt in the rccycled exhaust, but the
omission of lead from pctrol would moderate these problems.
Exhaust gas recirculation is probably adequate to meet the
US interim 1976 standard of 2.0 gms/mile for US cars' (a
rceduction of 50% from the 1971 N0, emission level) but the
original limit of 0.4 gms/mile would certainly require a
radically different approach. Probably this lower level can
only be achieved in a conventional engine (if at all) by the
use of some form of catalytic conversion of the NOY, most likely

A

reduction to nitrogen. However, a satisfactory catalytic
converter has yet to be devceloped; the problems to be overcome
include damage by inadvertent overheating, mechanical erosion,

and poisoning from fuel additives such as lecad.
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It may be that a radical change in the design of spark-
ignition engine is required, to achieve significant reductions in
NOX cmission.

The Wankel engine, although having higher CO and HC than the

conventional engine, has lower NOx emigsions in the region of

0.6 to 0.7 gns/mile, (US: OST, 1972), but at the expense of
increased fuel consumption.

The Stratified charge engine utilises a rich area in the combustion

chamber which is easily ignited and raises the temperature of
the whole charge to a level where it burns more completely (thus
reducing residual hydrocarbons). By this means, overall lean
mixtures can be burned, giving low NOX emissions. In addition,
the fuel consumption is improved.

So far, consideration has been given to engine modifications
or catalytic converters. A third approach remains, that of

water injection into the intake manifold. his decreases the

peak combudion temperature by virtue of the latent heat absorbed
during the vaporisation of the water, but the disadvantages are
the formation of sludge lcading to a breakdown of lubrication,
and increased engine wear, together with increascd fuel
consumption.

(b) Diesel engine

Broadly speaking, NOx emissions (in terms of weight
of NOx emitted per unit weight of fuel) are of the same order
for both petrol and diesel engines, as discussed in Section 4.
However, indirecct injection with the maximum possible injecction
time of the fuel will reduce NOx'emissions (sce Figure 5) but
with the penalty of some increase in fuel consumption. The
discovery of an effective NOx reduction catalyst seems unlikely
at the present time, due to the higher oxygen contcent of the
exhaust stream, comparcd to that from petrol engines.

(¢) Gas turbine

Although this type of propulsion unit may find future
application in railway cngines and heavy goods road vehicles,
the main usc will probably continue to be in aircraft. Reduction
of NOx emissions can be achieved by rcduction of maximum
temperature in the primary zone of the combustor. Decreased
air/fuel ratio may reduce combustor chamber temperature and
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thereby reduce NOx cmissions. Apart from engine modifications,
reduction of emissions of all kinds can be reduced by restriction
of ground operation of the engines as much as possible. This
could mean the use of auxiliary vehicles to tow aircraft to the
take-off point, or alternatively the transport of passengers
to the aircraft to reduce idling time.

(d) Unconventional systems

Some of the alternatives to the conventional i/c
engines which could reduce NOx emissions include the Rankine
and Stirling heat engines. However the ultimate answer may lie
in the electric car, provided a power system of greater overall
energy usage efficiency can be developed.

In summary, although an enormous amount of effort in the

last few years (mainly in the USA) has gone into the development
of techniques for the reduction of NOx emissions from convention-
al spark ignition engines, the only practically successful result
so far has been achieved through exhaust gas recirculation.

This has enabled US cars to reduce NOX emissions by 50% from the
1971 levels (4 gms NOX/mile). Reduction by 90% of the 1971
levels probably can only be achieved in conventional engines by
the use of catalytic conversion, but no satisfactory solution

is yet in sight. FFurther NOx reduction can however be achicved
by the use of the indirect injection diesel, the Wankel, or a
stratified charge engine, but the final solution may lie in the
development of a practical electric drive if overall fuel economy
is sacrificed. (Sece US DHEW 1970b).
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7. ECONOMICS OFF NOX CONTROL

Since the application of control techniques to NOX emissions
in real-life situations is still extremely limited (except for
exhaust gas recirculation in automobile engines), all published
data on control costs are based on experimental work and design
studies, and must be treated with caution. Furthermore, there
are very fcw available data within Community member countries.
The figures presented below are almost all from US sources,
and should only be regarded as giving a broad indication of cost,
levels.

Stationary Sources: The most comprechensive presentation of the

costs of NOX emission control from stationary sources is made in
Bartok et al (1971), from which the following analysis is taken.
Table 13 summarizes the degree of reduction in NOx emissions
theoretically achievable in large boilers of sizes varying from
120 to 1000MW, by the use of various combustion control techniques
described in Section 6. In noting the figures in the table,
which indicate that reductions in NOX emissions of up to 90%
are possible, emphasis must be placed on the word "theoretical",
especially where coal-fired plants are concerned. As more
development work is carried out, the figures given below can be
cxpected to be drastically revised.
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Table 13

Theoretical % NOx Reduction by Combustion Modification to

Boilers of Various Sizes
(Source: Bartok et al, 1971)

Boiler radl  w ... LEA+ 2 LEA+ \Vater
size TEA fwo-stage two-stage FGR FGR injection
1000 Mw
Gas 33 50 90 33 &80 10
0oil 33 40 73 33 70 10
Coal 25 35 60 33 55 10
750 MW
Gag 33 50 85 33 80 10
0il 33 40 73 33 70 10
Coal 25 35 16) 33 55 10
500 My
Gas 33 50 70 33 70 10
0oil 33 40 65 33 GO 10
Coal 25 35 55 33 55 10
250 MW
Gas 33 45 60 30 (610] 10
0il 30 35 55 30 55 i0
Coal 25 30 50 30 5O 10
120 MW
Gas 33 40 53 30 53 10
0il 30 30 45 30 45 10
Coal 25 25 40 30 40 10

ILRA . Low excess air firing.

2FGR: FFlue gas recirculation for NOX conirol.

Table 14 gives the estimated additional annual costs
(capital amortised at 20% p.a., plus operating) of the
modifications listed in Table 13. For 2-stage combustion the
costs would range from zZero for large gas and oil-fircd units
to the full cosl of complete alteration or redesign for coal-
fired plant. Fluc gas recirculation costs assume a 15%
maximun reccirculation, and water injection is taken to incur a
1% loss in fuel efficiency. In those cases where installation
of control equipment would result in a net saving, couiiol costu

are listed as negative.
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The apparent economic attraction of the low excess air method
is clearly shown in the above figures.

I'inally, Table 15 illustrates the derived control costs
per ton of NOX abated for the various control methods applied
to a 1000 MW boiler operating at 70% load factor.
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For stntionarv gas engines, water injection into the intake

manifcid has promising potential for NOx-reduction, Table 16
shows the costs of such a system, based on water costs of
20¢/3000 US gells., an injection rate of 1.25 Ibg water/lb

fuel,and 75% NOX reduction.

Table 16
(Source: Bartok et al, 1971)
Theoretical NO  Control Costs for Stationary Gas Engines

Imgine hp 80 800 4200
Cost, §/year GO 800 930
Cost, $/ton NOX eliminate 420 9.30 1.20

J'or small domestic combustion sources, a rcduction of 60-70%
in NOX cnissions ig predicted by combining low cxcess air
firiné with flue gas rcécirculation. An anticipatled conversion
cost of £20 is quoted, though this seems a suspiciously low
figure.

It must be stressed again that the above costs are based
largely on design studies and limited experimentation. The
technology remaing to be proved on a large scale before the
above costs can be considered firm. In particular the technical
problems associated with modification of the combustion systems
of coal fired plant may prove insuperable.

The alternative approach of flue gas trecatment has also
been costed. Table 17 illusirates the theoretical costs for

a 1000m¥ coal-fired plant.
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Table 17
Theoretical Costs of Fluc gas treatment for 1000MW cosl-fired

plant
(Source: Bartok et al, 1971) (*)

Control costs

Investment
Control process $106 $/Ton coal §/Ton NOx Mils/Kvwi
Mg(OH)2 scrubbing 12.0 -0.06 -5 ~-0.02
Y. - v s o
62804 scrubbing
/ ~ £9 0
98% Scrubbex effic 17.3 0.17 14 0.06
iency
Q,/ rubbe a P
92% Scrubber effic- 4, o 0.65 118 0.23
iency
Limewater scrubbing® 8.5 0.50 45 0.18
NIl reduction and -
3 serubbing) 15.0 0.92 66 0.33
st reduction 11.7 0.98 77 0.34

a Single scrubber limewater control system with thermal
regeneration of sorbent.

b Based on catalyst cost of S100/CF; space velocity 6000-7000
SCIFH/CF.
Note (*) 7Tt is understood that a morec recent paper by Bartok
et al., presented at the International Congress on Chemical
IEngineering in the service of Man (Paris, September 1972) is
much more pessimistic regarding the pbtential of flue gas
treatment. Unfortunately the existence of this paper became
known too late for its findings to be reviewed in the present

report.
Mobile Sources: Information on the costs of NO, emission

control from mobile sources is very difficult to obtain,
partially due no doubt to technical uncertainties but also to
commercial sensitivity. The US Council on Environmental Quality
has however published (CEQ 1971) estimates of the cost of
meeting the original 1976 US standards (0.4 gms NO /mi]o);

these arc around $£350 per vehicle in capital costs plu an
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incrcase of $65 per year in operating and maintenance costs.
In contrast to this, US automobile manufacturers have claimed
(USaM, 1971) that the capital costs will be in the region of
$500 per vehicle.

Somcwhat lower costs are quoted in U.S. EPA (1972b),
an cxtract from which is given in Table 18.

Control Techniques and Estimated Investment Costs for Mobile
Source Emigsion Controls, 1967-1977
(Source: U.S. EPA 1972h)

Autos and Light Duty Additional Cost NOx limit

Trucks. Typical Changes per New Vehicle P
Model Year or Controls Added (g/mile)
1975~74 Exhaust gas recircula-

tion (e.g.r.) for NOX 48.00 21

control, speed
controlled spark timing.

1976-77 Low temperature NO
decomposition
catalyst unit (cost 85.00 0.4
above controls supplanted,
C.g. C.Z.T.).

197G--77 e.g.r. increased to
maximum for NOX control.
Modulation of recir-
culation. (Additional 14.00 0.4
cost above previous
simpler system).

The above costs are somewhat difficult to interpret and should
be regarded with suspicion, cspecially since no successful
NOY catalyst has been developed.
) In Western Lurope, NOx emission control costs have

been estimated in France (JFrybourg 1971) to be about 1% of the
price of a car to achicve a 30% reduction in the presently
uncontrolled levels of NOX emission.

Increases in fucl consumption are cstimated to have
risen by 3 to 12% in the US to meet the current limit of 3.1

gms NOx mile, over uncontrolled engines (U.S. NAS 1972) with




— 50 —

progressively higher fuel consumption penalties as the limits
are tightened.
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APPENDIX: NOX SMISSTION FACTORS

This Appendix lists the basic data on NOX emigsion factors

used to compile the figures in Table 4.
There are five reference sources:
1. Derwent and Stewart (1973).
2. OECD (1972).
3. US: EPA (1972a).
4. US: DUEW (1970a).
5. Bagg (1971).
Of these, reference 3: "Compilation of Air Pollutant Emission

Factors (Revised)" by the US Environmental Protection Agency, 1972,

probably covers the whiole air pollution field more comprehensively

than any other single document. However, the data refer to US

conditions and must be used with care where the European situation

is concerncd. This applies particularly to automobile emigsiocne.
The most up to date review of NOX emissions is to be found

in reference 1: "Air Pollution from the Oxides of Nitrogen in the

United Kingdom" by Derwent and Stewart (Atmospheric Environment,
7, 4, April 1973, pp 385-401).
Reference 3:  "Report of Joint Ad Hoc Group on Air Pollution from

Fuel Combustion in Stationary Sources" by OECD (PAC/70.7),

Paris, 1972, is a valuable compcndium of information on air
pollution from OECD member countrics.

Reference 4:  "Control Techniques for Nitrogen Oxide IDmissions
from Stationary Sources" by the US Department of Health,
Education and Welfare, 1970, is a well-known standard work on the
subject.

Reference 5: "The Formation and Control of Oxides of Nitrogen

in Air Pollution" by Bagg, which constitutes a paper in the book
"Air Pollution Control", Part 1, Ed. Strauss (Wiley-Interscicence
1971) gives much detailed discussion of NOX emission results not
conveniently collected elsewhere. The basic data {rom these
references is arranged below in the scctors of fuel use given in
Table 4.
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Electricity Generation

Ref 1 (Table 5, p.391)

NO __bpm_in exhaust
Fuel Range Mzan g/Kg fuel Kg/t.o.e.
Oil 180-900 400 7.6 7.6
Coal 100-1460 400 6.8 9.7%
*Assumes 1 tonne coal = 0.7 tonne oil
Ref 2 (Table 7, p.12)
NOX % by weight o.e. Kg/t.o.c.
Fuel Range Mean
Solid 0.6 - 1.4 1.1 11
Liquid 0.7 - 1.5 1.1 11
Gas 0.3 - 1.4 0.6 6
Ref 3 (Tables 1-2, 1-5, 1-6)
NO_ | Rg/unit gquantity of fuel Kg/t.o.e.l
Fuel Range Mean
Solid 9-28/tonne 12 17
Liquid 12.6/M° 12.6 13
Gas 6,250/10%° | 6,250 7

Ref 4 (Table 8-1)

NOx 1bs/unit quantity of fuel | kg/t.o.e.
Fuel
Solid 20/ton (US) 14
Liquid 104/1000 galls (US) 13
Gas 390,/10° 1> 7




Ref o
NO 1bs/unit quantity of fuel | kg/t.o.e.
Fuel Range M=zan
Solid 1.7-26/1000 1bs 8 11
Liquid 13-14/1000 1bs 13.5 13.5
Gas "half oil emissions" 6 6
Domestic and Commercial Heating
Ref 1 (Table 5)
NOX Keg/unit quantity of fuel Kg/t.o.e.
Fuel
Solid 1.4/tonne 2
Liquid 4/tonne
Gas 0.04g/MJ* 1.7
*42MJ per Kg oil
Ref 2 (Table 7, p.12)
NO_ % by weight o.e. in exhaust | Kg/t.o.e.
Fuel Range Mecan
Solid 0.6 - 1.2 P 0.68 6.8
Liquid 0.06 - 6 0.28 .8
Gas 0.09 - 1.43 0.30 3.0
Ref 3 (Tables 1-2, 1-5, 1-6)
NOX Kg/unit quantity of fucl Ke/t.o.e.
Fuel Range Mean
Solid 3/tonne 3 4.3
Liquid 1.5/M° 1.5 1.8
Gas 800-1600/10%M> 1200 1.3




Ref 4 (Table 8-1)

Ref
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NOX 1bs/unit quantity of fuel kg/t.o.e.

Fuel Range Mean

Solid 8/ton (US) 8 5.7

Liquid 12-72/1000galls (US)| 42 5

Gas 116/10%1¢3 116 )

NOX 1bs/unit quantity of fuel (mean) Kg/t.o.e.

Fuel
Solid 0.2/10%BTU 5.9
Liquid 8/1000 1bs 8
Gas 0.1/10%pTU 1.8

Industrial Ileating

Ref 1 (Table 5)

NOX Kg/unit quantity of fuel Kg/t.o.e.
Fuel
Solid 6/tonne .
Liquid 9.8/tonne .
Gas 0.061g/MJ 2.6

Ref 2 (Table 7)

NOx % by weight o.e. in exhaust Kg/t.o.e.
Fuel Range M:zan
Solid 0.6 - 1.4 1.1 11
Liquid 0.7 - 1.5 0.9 9
GaS 0-3 - 1.4.‘ 004: 4




Ref

—58 —

3 (Tables 1-2, 1-5, 1-6)

engines are much larger than for European cars.

2\\\\\\\ffx _Kg/unit quantity of fuel | Kg/t.o.e.
Fuel ~ Range Mean
Solid 7.5/tonne 7.5 11
Liquid 4.8-9.6/M 7.2 7.7
Gas 1920--3700/106N3 2810 { 3.1
Ref 4 (Table 8-1)
NOx 1bs/unit quantity of fucl Kg/t.o.c.
FFuel
Solid 20/ton (US) i4
Liquid 72/1000 galls (US) 8.6
Gas 214/10%1¢3 3.8
Ref 5
h NO_x Ibs/unit quantity of fuel (mean) Kg/t.o.e.
Fuel
Solid 0.8/10°B1U 11
Liquid 10/1000 1bs* 10
Gas 0.16/10% BTU 2.9
* Interpolated figure
Trangport

US data are not relevant here, since in general automobile

Also, NO
X

emissions from vehicles are controlled whereas there is no

comparable legislation in Western Furope.

1 and 5 apply.

Thus, only references
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Ref 1 (quoting Fussell, 1970) gives:-

ppm NO in exhaust Kg/t.o.e.
Engine
range mean
Petrol 306000 1000 16
Diesel 100--1000 500 11

Ref 5 (quoting results for non-US compact cars) gives:-

Engine ppm NO in exhaust Kg/t.o.c. f
Range Maan

Petrol 50~3400 1200 19

Diesel 30-850 450 11

In order 1o obtain an overall emission factor weighted relative
to the amounts of petrol and diesel fuel uscd, the data in the
Commission document SEC(72)3283 final: "Prospects of Primary
Energy Demand in the Community, 1975, 1980, 1985" werc used
(Appendix 4, pp.39 and 42). From this it is seen that the weight
ratio of petrol: diescl consumed rises from 2.0 in 1970 to 2.3

in 1985.








