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ABSTRACT

The aim of this dissertation is to investigate iemass combustion practice in
Europe, particularly those areas related to emmssend chimney height calculation
procedures. As the biomass industry keeps growingurope, especially for meeting
the Europe’s 2020 targets and carbon reduction 28%@ts, the necessity of having a
review of the most important environmental impatd investigating the best practices
for this impact reduction, increases. Therefores thesis also includes a revision of the
main European legislation related to emission Braihd chimneys, in order to perform
an analysis of the differences existing among a@sitin Europe. Moreover, the
chimney height calculation methodologies are ingeastd for five European countries
by calculating the chimney height for some speailjccreated case studies following
the different models, with the purpose of carrymg a comparison and to understand

the differences existing in chimney height caldolat

Although most of the countries have developed cemphir dispersion
modelling software, this is hard to access and dige,to the high prices in the market
and the complexity of the software. Therefore, tkiesis is based on simple

methodologies usually included in each countryiutations.

The results from this dissertation show that thewesignificant difference
among the countries both in emissions legislatimh@imney height calculation. In
addition, it has been concluded that all of thalalsée simple methodologies are not
updated and are directed to large-scale biomatslatgns. Therefore, it seems
necessary to develop a European agreement ofdhebs combustion requirements,
especially in terms of emission limits and a comramnple methodology for chimney
height calculation, primarily directed to small-nad scale biomass boilers that could

be utilised by independent users.
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1. INTRODUCTION

1.1. Background
According to the UK Bioenergy Strategy published April 2012 [Ref.14],
biomass combustion for electricity, transport aedttproduction is meant to play a big
role in meeting Europe’s 2020 renewable targets 208D carbon reduction targets.
However, there is a need of a wise control and ldpweent of these systems to assure
that they do not in reality release more carboth&oatmosphere or risk food supplies.
Bioenergy is a very useful renewable source thatpntrast with wind or solar sources,
can be controlled and used when it is required.ddeer, as confirmed by the Energy
Technologies Institute, excluding biomass combusfiom the energy plans could
increase the cost of decarbonising the actual gnsygtem by about £44 billion.
[Ref.14] Therefore, the development of biomass tglam Europe, and especially in the

UK, is meant to be one of the key solutions toghergy demand.

One of the growing applications for biomass boflgstems is district heating,
especially in countries such as Austria and Denm@ikilar district heating schemes
are meant to be developed in the UK, following shecess of these installations in the

north European countries.

Biomass contributes significantly to the global mgyesupply, especially in
heating applications. For some countries, in aollitio its positive effect in climate
change due to the reduction of £@missions, it gives energy security by diminishing

the dependency on other countries for fossil furafsortation.

However, there are some risks and uncertaintiesrdaty these systems,
especially those related to air quality, comprongdiood security and actually reducing
carbon emissions. Hence, there is a need of peirigrenwise control and development
of biomass plants in order to ensure their benefithin the boundaries of UK’s

sustainable-sourced biomass.

One on the major impacts of this technology isaimeyuality disturbance due to
the emissions. Therefore, since biomass plantdikely to be developed as Europe
drives towards a renewable energised union, itsgemtial at this point to perform a
review of the possible impacts of this developmamd the different methodologies to

reduce the emissions and the implications in huheaith.
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Really attached to this issue is the chimney hedjtihe biomass boiler, which
greatly influences the effects of the contaminaintsthe flue gases on the local
population and nearby countries.

Due to this fact, the first part of this thesisIviike a review of the emissions
derived from biomass boilers, the different abateimend reduction methodologies

applicable and the effects these contaminants rhigée® on human beings

Furthermore, and as the legislation applicabl&éédifferent European countries
influences the biomass practice, this thesis wilbve a review of the relevant
regulations for some European countries in the hssntechnology regarding the
calculation of the chimney height. It can be seleat tthimneys in some Northern
European countries usually have greater dimenglwars those in the UK. Therefore, a
comparison of the different methodologies for cheyrheight calculation will be
carried out, in order to improve the current UK rabds it has been recently proposed
by the UK environmental expertises. Hence, the akynheight of some UK located
case studies will be calculated following the diffiet existing models in some European
countries, obtaining different results that willoay us to perform a sensitivity analysis

and a proper comparison.

The biomass technology is wide and its performaranées depending on the
boiler type, the fuel used or the energy produddterefore, all the related aspects,
including regulations and emission limits, relytbe different characteristics defining a
specific system. Hence, for this project to be ifdas the biomass analysis will be
constrained to medium biomass boilers (from 50 IAA500 MW) fuelled by clean

wood.

1.2. Project outline

Aims & objectives

To investigate emissions, their impacts and modicieft abatement

technologies for wood fired biomass boilers.

*To identify the emissions regulations of the Ewap Union and to make a

review of the main national regulations for somedpean countries.
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*To analyse different methodologies for chimneygheicalculation for some

European states.

*To provide generalised recommendations for chimmeght calculation from

the previous analysis.

Scope

The biomass boilers investigated in this reportvaned pellets and wood chips
fuelled heating boilers. For simplification, thedy is directed to small-medium boilers
(from 50 to 500 kW) fired by clean wood.

Due to the inaccessibility to complex dispersiordelbng software, the analysis
of chimney height calculation methodologies hasnbeenstrained to mathematical
equations or graphical calculations usually inctude the national regulations of the
studied countries. Moreover, these simplified mdghare presumably more appropriate
for small and medium scale applications, where ildetamodelling would be too

expensive.

Methodology

For the completion of this thesis the following wdras been performed:

. General literature review of wood fired biomass ldrsi and their
application.
. Detailed investigation about biomass boiler emissjchealth impacts

and the most common abatement techniques.

. Intense research about chimney height calculatiethads for different
European countries. This investigation was speaciaithdered by the language, since
most of the used information had to be translatednfother languages (German,
Danish, Swedish, Finnish, Spanish, etc.)

. Investigation about specific wood fired biomasddysi of different sizes
to be able to create case studies.

. Investigation about pollution within the UK to béla to select two
locations for the creation of the case studies.
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. Development of the different European chimney heighlculation
methodologies in Excel documents in order to simphe calculations for the selected
case studies.

. Calculation of the chimney height for the creatadecstudies, sensitivity
analysis to identify the most influencing parameter chimney height determination

and the derived conclusions and recommendations.

1.3. Biomass boiler operation
The biomass combustion process consists of congecheterogeneous and
homogeneous chemical reactions carried out inréifitesteps that include drying, de-
volatilisation, gasification, char combustion andasghase oxidation. The
characteristics of the process are highly dependerthe boiler type, temperature, fuel
and other combustion conditions. [Ref.44]

Hence, the process, and therefore the limitatioth@femitted pollutants, can be
optimised by the control of these conditions. Théofving figure shows the main
reactions carried out in a two stage combustiombgs boiler. This staged combustion
is one of the possible improvements to reduce tailuemissions, as it is detailed in
Section 2.2.

}v‘l <1 kllﬂ =1
T >100°C ~ .
Drying Hz0, Na.
CO, Hg, CHy, C34
Biomass HCN, W .
[CHxDyNz) + (H20) 0z2-0

T > 800°C Gasificationof C
C+C02 == 2C0
C+Hz0 == CO+H2
C+05 O == CO

Char C

w Evaporation # heterogensous reactions => homogensous reactions

Figure 1: Main reactions during a two-stage biomass combustion process. SOURCE: [Ref.44]
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1.4. Biomass fuel types
The concept “biomass” includes a wide variety oélftypes with different
characteristics that influences the boiler opematio this Section, a summary of the

main types known as biomass is described:

. Forestry: Wood obtained from conventional forestrgrking, such as
thinning, felling and coppicing of sustainably mged forests, parklands and other
green spaces. These processes leave waste tinthematl pieces of wood that cannot
be used for cellulose, furniture or other purpodes,can be fed as fuel in a biomass
boiler system

. Agricultural crops, such as wheat, maize, suggesaed or oil palm and
other crop types mainly grown for their use in g@yegeneration (known as energy
crops), such as short rotation coppice (SRC) on€¥a silver grass (miscanthus grass).
These crops are cultivated on land that is undeitalo food crops.

. Biodegradable wastes and residues: This group desluesidues from
the wood processing that are unsuitable for othewdmvpurposes (also included in the
first group), agricultural residues (straw, huslks®wage sludge, animal manure, waste
wood from construction, and food waste.

. Algae: It includes microalgae and macroalgae, wliah be grown in
either fresh or saline water. This fuel is not getilable for industrial used but the
advances in investigation can make it a reliabies®for biomass energy.
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2. BIOMASS BOILER EMISSIONS
“The air quality impacts of burning biomass dep@mwhat fuel biomass is
replacing, how it is burned, the quality of thelfaad to an extent where it is burned.”
(UK Bioenergy Strategy, 2012 [Ref.14])

Generally, the substitution of coal fired plantstrwbiomass boilers has a
positive impact on air quality as they contributeréduce C@ emissions. However,
these installations can also increase other pollutmissions, what justifies the
relevance of understanding how these emissionsroaad how their impacts can be

reduced by the use of abatement methodologiesant gaimney design.

The typical pollutants related to biomass combustce: nitrogen oxides (NO
and NQ, represented as NOXx), sulphur dioxide f5@articulate matter (PM), carbon
monoxide (CO) and carbon dioxide (O

However, the combustion of biomass also leadsherdess frequent emissions,
depending on the fuel composition and in the coribugprocess. Therefore, due to the
wide range of possibilities in this field, this cepwill be only centred in wood fired

boilers.

As it is pointed out by the US EPA in the AP-42,0ab wood residue
combustion in boilers, there are 90 identified orgacompounds and 26 trace metals
emitted from this fuel type combustion. The WashongState Department of Ecology
lists the pollutants of concern from wood-fired Ibes. This table is included as Table
Al in the Appendix.

The pollutants result from biomass combustion pecean be grouped as
[Ref.44]:

* Unburnt pollutants: CO, PAHs (Polycyclic Aromatigditocarbons), b
HCN, NH;s, N2O, tar, soot and CxHy
* Complete combustion pollutants: NOx and CO

* Ash and contaminants: ash particles, 3@CI, and heavy metals

SO, is not greatly emitted in wood combustion, as iessentially a low sulphur
fuel. In fact, in many of the wood fired boilersteeports there is no S@mission
specification since it is not usually measured. TU& EPA estimates as a usual value

for SO, emissions 10.8 g/GJ which, compared to other tails, is not significant.
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This pollutant can be reduced in the flue gas by seeubbing mechanisms, but this

abatement technique is not used in wood fuelleterys due to the low emissions.

If the biomass fuel is obtained sustainably, biosnasmbustion helps reducing
the CQ emissions in comparison to fossil fuels burning,béofuels are part of the
natural process, creating a closed carbon cycldheéWwood, residues or energy crops
are converted into energy, they only produce absuhuch C@as they had previously
fixed during their growth.” (UK Bioenergy Strated?012 [Ref.14])

The next sections study in more detail the impidced, emission conditions,
health impacts and abatement methodologies of thet important pollutants related to

clean wood combustion: NOx, CO and PM.

2.1. Particulate matter

Description and health impacts

Particulate matter, also known as dust in sometcesnrefers to the mixture of
suspended particles and droplets composed by é&idé as nitrates and sulphates),
ammonium, water, elemental carbon, organic chesyicaletals and soil materials.
[Ref.43]

Biomass combustion, particularly in small-scaletafiations, can lead to high
particulate matter emissions of great variety, sash carbon particles and soot;
unburned wood dust; polyaromatic hydrocarbons (PAHinpounds; semi-volatile

organic compounds (e.g., tars and condensabled)asn(minerals, metals, dirt).

As combustion and cleaning equipment improves, plagticulate matter
emissions are reduced to small particles, with dians lower than 10 um (PM10). The
“Emissions from Wood-Fired Combustion Equipmengiod [Ref.6] points out that the
size of uncontrollable particles emitted during efficient wood combustion can be
grouped as: 90% of particles with less than 10 prdiameter, which can be inhaled;
and 75% of particles with a diameter lower than 2B, which can penetrate deeply
into the lungs.

The organic fraction of the particulate matter isryv influenced by the

combustion efficiency and poor combustion is relate high organic emissions and
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greater potential for toxic organic compounds. Example, the benzopyrene and the
fluorene can be avoided by high combustion tempesasufficient oxygen availability
in the flame enhanced by good mixing and suffidieidng residence time in the

combustion zone. [Ref.43]

The inorganic emissions, however, are influencedhleyformation mechanisms
and they can be increased with higher temperatgiese ashes can be converted to

gases.
The EPA divides the particulate matter in two graup

. Coarse particles (PM10), including all the parital matter with
diameters smaller than 10 um and bigger than 2.5lippractice, this name includes all
particles with diameter lower than 10 um, but tiAEhas proposed this new standard
to separate 2.5 um from 10 um particles. Theseuaspally mechanically generated
from agriculture, mining, construction and roadftcaand they sediment in the ground
due to the gravity within hours.

. Fine particles (PM2.5), for particles with diamstéower than 2.5 pm.
They are known as primary if they are directly eedtto the air and secondary if they
are the result of chemical reactions of gases aac®Ox, NOx, Ngland NMVOC (Non
Metallic Volatile Organic Compounds) in the atmosgh This particle type can remain
in the atmosphere for weeks and they are partigulamitted from combustion

processes, such as motor vehicles and coal and lwwathg.

The limit values for this pollutant are usually sfied as mass concentration.
However, apart from the concentration, there areynwher parameters that influence
the PM impact, such as the particle size (asak®ained above), particle shape and the

chemical composition.

Dust can be harmful to humans, especially in loxgpsures. It can cause higher
morbidity, affection of lungs and they can redube tife expectancy, particularly if
who inhales it already suffers from lung or heasedse. “Numerous time-series studies
have observed associations between particulatgodiition and various human health
endpoints, including: mortality, hospitalization r feespiratory and heart disease,
aggravation of asthma, incidence and duration spiratory symptoms, and lung
function.” (Nussbaumer, 2001 [Ref.40]). In additit;mthis, some studies reflect that
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exposure to high particulate matter concentratiomir can also cause cardiovascular

diseases.

Particle size can be a determinant factor in hosvghrticulate matter affects
health, since the distribution and sedimentation wf the lungs is highly influenced by
the size of the particle. While coarse particles asually filtered in the upper airways

(nose and throat), fine particle can settle inltings and even in the alveoli.

The differences in composition and health impadtthe particle size justifies
that that the World Health Organisation sets ddfedimit values for PM2.5 and PM10:

Table 1: WHO air quality guidelines and interim targets for PM10 and PM2.5 (annual mean
concentrations).

PM10  PM2.5 Basis for the selected level

(Hg/m’)  (ng/m’)
Interim target- 1 70 35

S

These levels are associated with about a 15% highe
long-term mortality risk relative to the AQG

In addition to other health benefits, these leleiger
Interim target- 2 50 25 the risk of premature mortality by 2-11% relatioethe
previous level

In addition to other health benefits, these levetkice

BT EEEEE £ = the mortality risk by 2-11% relative to the prevsdevel
These are the lowest levels at which total,
Air quality 20 10 cardiopulmonary and lung cancer mortality have been
guideline shown to increase with more than 95% confidence ir

response to long-term exposure to PM2.5

Abatement and reduction techniques

Due to the harmful impacts of the particulate nratiestallations are often
equipped with abatement technologies to reducePttieemissions. This section will
provide a summary of the most common techniqued fagethis purpose. To fulfil this
section the US EPA website, among others, has lsshfor information gathering.

. Combustion process Some aspects of this step can be designed to
reduce PM formation. For example, the optimisatdrthe ignition method and the
start-up of the process, as well as burning at namcapacity, help reducing dust
formation. In order to work always al full load etiplant can be implemented with heat
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storage which can store the heat when the heatrdemdow, avoiding the operation at
part-load, which is highly related to great PM esioss.

. PM removal techniques There are many technologies that can be used
to separate the particulate matter from the exhgastn a combustion plant. The most
typical are explained below:

[0 Cyclone systems

The basis of this technique is particle separatimaugh mechanical forces. In
this system, the exhaust gas acquires high roadtieelocities and the particles are
separated by inertial forces, grouping in the gesrpl walls due to their greater mass

while the gaseous content exits the system.

These collectors are applicable for dry particulet@tter (as wet dust can be
accumulated in the cyclone walls, obstructing thes dlow), when the required
separation efficiency is low-medium (50-90 %) olmgwre-collector system.

The cyclone efficiency can be defined as [Ref.52]:

Effzk-p-dZ-V
u-D

Being:

k = constant for a given cyclone geometry

p = particle density

d = particle diameter

<
I

inlet gas velocity

u = gas viscosity

O
I

Cyclone diameter

Gas velocity increases with lower diameters, hehisetechnique can be divided

Large diameter cyclone (30-180 cm diametddsed for separation of large
particles which enter the cyclone tangentially aotéte, settling in the hopper located
in the head of the cyclone body.

Small diameter multi-cyclone (7-30 cm diametél3ing the same mechanism, it
is directed to separate small-diameter particlesv(dto 5 um), as the diameter of the
cyclones is smaller, generating a faster spinning @educing the distance from the
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centre to the periphery. In fact, some especiadlyighed cyclone systems are able to
collect particles of 1 um. Since one cyclone does admit great gas flow rates, a

parallel multi cyclone system equipped with a ®ngbllector is common for exhaust

gas treatment. The following figure shows the agunfation of this removal system in a

small scale wood-fired boiler. (US EPA [Ref.59]).

Superheaters

Mote: Boiler
wall tubes are
niat shawn
for simplicity

Induced
Craft Fan

Bulkti-

Cyclone
Collector

" Air Preheater %
Sourze: Reproduced with permiszion of Schmidt Associates, Ine =

Figure 2: Multi-cyclone collector in a small wood fired boiler. SOURCE: US EPA [Ref.59]

O Wet scrubbers

In these systems the particulate matter is semghfeden the gas by wetting and
addition of droplets, increasing the mass of th#igdas which allows further separation
from the gas in cyclones. Regardless of the scrubbssel, a wet scrubbing system
needs more appliances for complete particle rem@valexample of a wet scrubbing
system is included in the Appendix for consultamsyFigure Al. There are different

types of wet scrubber vessels, some of which aserieed below:
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Venturi scrubberThe gas enters the system and it is wet
by scrubbing liquor sprayed in the top of the threaghere the
wet gas accelerates generating droplets that tn&p sblid
particles. After the tight section, these droplatgglomerate

enlarging the droplets diameter which makes theparsdle

Spray

et
Gas Inlat .
" Header

Liquid
Inlet

tulowezble Threat
Throat

Oampers

from the gas. Figure 3 shows a typical venturi lsbau: @

Ilist
Eliminatar

Downcamer

Liquid
Scnlaal

Figure 4: Plate scrubber.
SOURCE: US EPA [Ref.59].

Spray towers: Similarly to the other cases, in fyistem
the liquor is sprayed with the help of atomisedagpunits into
the gas generating liquor droplets that encapstiearticles.
It removes particles down to 2 um. The followinguiie gives a

view of this technique.

Gas (utlet

Figure 3: Venturi scrubber.
SOURCE: US EPA [Ref.59].

Plate scrubber: Working with the same mechanisnthis
system the gas atomises the entering water by ¢beleaation
caused by tiny holes in the horizontal plates. Qas-water
contact is counterflow, as the water is scrubbetthéntop and the
gas flows from the base. Figure 4 shows a platgber system:

Clean Gas

Figure 5: Spray tower
scrubber. SOURCE: US EPA
[Ref.59].

The efficiency of the particulate matter removdiee principally on the particle
size, the velocity of the dust and the velocity tbé sprayed water. Since these
parameters differ depending on the scrubber, theieefcy to separate fine particles is

highly dependent on the type and conditions of ghstem. The following graphic

shows this efficiency variation for fine particlgess than 5 pum of diameter):
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Figure 6: Particle size-Efficiency of wet scrubbers. SOURCE: US EPA [Ref.59].

Electrostatic precipitators:

The basis of this technique is to use electricdsro charge the particles that are
moved by the high-voltage electric field to the ctlede collectors, where they
accumulate. This system is applicable for wet and ghrticles and combines high
efficiency with low operational cost, since the gmare loss is kept to a minimum

reducing fan power.

The typical electrostatic precipitator consists eofseries of parallel charged
plates that act as particle collectors and sometrelde wires to which high voltage is
applied, generating an electric field between theesvand the plates. The gas flows
through the electrodes and charges the particlats afe afterwards collected in the
plates. Therefore, the gas circulates into a nurabéelds in series which improves the

efficiency.

Sers

L-—— Collection
Plates

Flue Qa= n

- Dizcharge
Electrodes

Figure 7: Electrostatic precipitator. SOURCE: US EPA [Ref.59].
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To remove the accumulated particles from the ctubse vibration is applied to
the plates when dry particles cleaning. In the cdsget particles, they are removed by

water washing.

The following figure shows the efficiency of thismoving system for different

particle sizes:

Collection efficiency, %

0.1 1.0 0.0 100.0 1000.0
Particle diameter, pm

Figure 8: Particle size-Efficiency of electrostatic precipitators. SOURCE: US EPA [Ref.59].

Fabric filters

This technology consists of a series of fabric sulye to 5-7 m long and 100-150
mm diameter hanging together forming a block tle#in the particles of the gas in its
way through the structure. The incoming particles fdtered even when the already

accumulated particles have formed a dust layeheriabric bags.

It is a very efficient technique for particle renabvand it can be improved with
the addition of electrostatic forces to favor tlegtigle attraction to the bags. However,
there is a great pressure lost during the proaedsmh fan power is required to make
the gas flow, which increases the operational dosaddition this procedure is limited

in its application with high temperatures and hutyids this can damage the fabric

When the selected time of operation is finished,dbmpartment is isolated and
the bags are cleaned by vibration, a pressure mulseblast of air, which cleans the
bags rapidly and lets the cleaning process contivhitst the particle cake is collected

in the hopper.
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Figure 9: Pulse jet fabric filter. SOURCE: US EPA [Ref.59].

The following table summarises the main advantagesdisadvantages of the

abatement technologies for PM.

Table 2: Advantages and disadvantages of PM removing technologies.

Advantages Disadvantages

Low capital and operational cost

Simple construction and low maintenan

Inefficient for small particles
Susceptible for plugging

Can work at dewpoint
Minimal explosion or fire hazard

Cyclone Applicable for high PM quantity Must operate above dew point
Suitable for high temperature Can suffer from abrasion
Low capital cost Liquid effluent produced
Wet Collects gases and particles Corrosion
Cools and cleans hot gases Stack gases wet and cold
scrubbers

High energy cost for fine particles

precipitator

Very high efficiency

Electrostatic Collects ultrafine particles

Low pressure losses- low operational cc

Not applicable when gas contains stic
material

High capital cost

Large space requirement

Fabric
filters

High efficiency for ultrafine particles

Produces dry dust
Low capital cost

High pressure drop
Not applicable with high temperatures

High maintenance costs

Adapted from US EPA and other sources
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The following figure shows the criteria for theesgtion of the optimal system

for abatement of particulate matter:
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Figure 10: Guidance for PM removal system selection. SOURCE: US EPA [Ref.59].

2.2. NOx
Description and health impacts

NOx emissions are one of the most concerning ingpaicbiomass combustion.
It refers primarily to the sum of nitric oxide (N@ind nitrogen dioxide (N£). They are
produced by the oxidation of nitrogen present i filrel and in the air; although in the
case of biomass combustion they are mainly caugdteonitrogen present in the fuel.

NOXx emissions are favoured by high temperatures.

One of the major impacts of this pollutant is thenfation of nitric acid vapour
and particles when reacting with ammonia, water @her compounds. The inhalation
of these particles can cause lung and heart diseasalogously to the effects described
for PM. And the nitric acid contributes to the faton of acid rain, which has severe

impacts on humans, animals and vegetation.

NOx can also react with volatile organic compoutmgroduce ozone, which
has negative effects in the health, causing respyraffections; and with other many

compounds forming toxic products.

In practice, for its quantification all the nitreompounds present are converted

to NO, and NOXx is expressed as Ndhe possible NOx formation mechanisms are:
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. Fuel NOx mechanisnithe following figure shows a simplified reaction
path of the fuel nitrogen. It can be seen thatrduthermal degradation of the biomass,
HCN and NH are produced, which are afterwards converted tcaN®ON by oxidation
processes. The main oxide emitted is NO which adiormed to N© in the

atmosphere primarily by reaction with ozone.

NO-recycle

Zeldovich-
mechanism

prompt-NO

Figure 11: Reaction path diagram for NOx formation and destruction in the gas phase.
SOURCE: [Ref.53]

. Thermal NOx mechanismt refers to the oxidation of the nitrogen
present in the air to produce NO at high tempeeat(usually above 1300 °C). This NO
formation increases with the temperature, the dOntent and the residence time.
However, this temperature ranges are not usuadghed in biomass combustion and in
these plants thermal NOx formation occurs primaaftgr the main combustion.

. The prompt NOx mechanismwvhich starts with the reaction of the
nitrogen contained in the air with CH, producing MGwvhich follows then the path
described in the first mechanism. This mechanisnmas significant in biomass
applications, especially if compared to fossil fgelnbustion. The following graphic

shows the NOx formation mechanisms versus the teatnpe [Ref.63]
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Figure 12: NOx formation mechanisms as a function of the temperature. SOURCE: [Ref.63]

Abatement and reduction techniques

The most typical technique for NOx reduction is dpgimisation of the
combustion conditions to reduce nitrogen oxidemfdron. The parameters that
specially affect NOx production during a combustpracess are the stoichiometric
ratio (fuel-air) and the temperature. However, tewperatures and low air flow can
lead to incomplete combustion. Therefore, in otdesontrol these parameters, stage

combustion is widely used as a method to reduce dl@issions.

Both the fuel and the air can be fed in stagestitrg different combustion
zones to achieve a complete combustion minimisitiggen oxides formation. Figure
13 shows an example of a three-stage combustiaegspalso called reburning

combustion, where both the fuel and the air am@dhiced in stages:

Flue gas

STAGE 1
SR>1

STAGE 2
SR<1

STAGE 3
SR>1

Figure 13: Three- stage combustion process.
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In this process the combustion is performed indlatages:

Primary combustion zonén the first stage, the majority of the fuel igacted
and burned with little air excess (StoichiometratiR >1), achieving high combustion

efficiency but generating some unburnt products.

Reburn zoneThe second stage reproduces a reduction atmasplitéronly
fuel introduction where the hydrocarbons react whi NO generated in the first step
and converts it to N Since volatile content in the wood is high, itfpems well as
secondary fuel (when burning coal, natural gasexas secondary fuel because coal

does not have the needed properties).

Burnout zoneFinally, overfire air is fed in the third step@tminate the unburnt

compounds generated in the previous stages

2.3. CO

Description and health impacts

Carbon monoxide is a colourless, odourless ancelesst gas produced by
incomplete combustion and that quickly oxidisesddoon dioxide in the atmosphere. It
can be toxic if inhaled for human beings and angnaald it can cause even death in high
concentrations, although it is naturally producedow quantity by the body. “Carbon
monoxide poisoning is the most common type of fatapoisoning in many countries.”
(Omaye, 2002, [Ref.45])

In low concentrations it can cause headache, @2sinfatigue, vomiting,
nausea, weakness and neurological diseases suliboagntation, seizures and visual

disturbance.

This pollutant is emitted as a result of an incogtglcombustion of the fuel. The
combustion of carbon follows two steps: the fise@auses the oxidation of the carbon
to CO and in the second step this compound is se@lio CQ, releasing in this last

process the majority of the energy contained irfuleé

To reduce CO emissions, furnaces are designed tumise incomplete

combustion. However, some aspects and burning cieaustics can lead to it in spite of
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a good design. An example of the latter would beralittle excess air which is a
desired condition to reduce NOx formation and tprove the efficiency of the process.
Also, low temperatures, that can be achieved ifrtlegsture content in the fuel is big,
and a poor contact between the fuel and the aiotrer situations that may lead to

greater CO emissions.

Abatement and reduction techniques

The control of CO emissions is usually based oaadurner design, where the
combustion is fulfilled completely, reducing therrfaation of unburnt compounds.
Favorable conditions for CO abatement are high &atpre and good air excess.
However, this does not comply with the needed N&duction, as NOx formation is
favoured in these conditions. Therefore, performenghree-stage combustion helps
reducing NOx (in the secondary stage) and unbuonipounds (in the primary and

third stage).
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3. BIOMASS BOILER EMISSIONS AND REGULATION

3.1. Reasoning

The scope of this review of the European regulasibout emissions is to make
a comparison among some countries in the EuropedaanUn their directives and
standards related to emissions and contaminart iahiles. This analysis will allow us
to have a better understanding of the differengestieg in biomass installations around

Europe, especially in the chimney heights.

In the next section of this thesis a review ofrii@dels and methods for chimney
height calculations in some European countries valicarried out, with the purpose of
running some sensitivity analysis and comparingnthehich will help improving the
actual D1 model widely used in the UK. However, thi#erences among the boiler
plants in these countries rely, not only on thecwaalion procedures, but also on the
emission limits required in the different direcsvand legislation.

Therefore, it is essential to analyse these enmdsidts in the studied countries,

in order to highlight the big differences betweeatues.

In addition to this analysis of the European retjoia on biomass boiler
emissions, and taking into consideration the relegaof the United States practice in
this area, this section includes a small reviewtlld US regulation on biomass

emissions, as an extra for comparison with the &guilation.

3.2. Emission limits and regulation in the EU

European Union

The European Community has developed the direcfi®89/30/EC (relating to
limit values for sulphur dioxide, nitrogen dioxidend oxides of nitrogen, particulate
matter and lead in ambient air) and 2008/50/ECamibient air quality and cleaner air
for Europe). These directives include the limitued of some contaminants in the
atmosphere in order to protect human health. Thekes for NOx, PM, CO and SO
are shown in the table below. In a first phaseisgin January 2005 the limit value for
PM in annual mean concentration was 40 (fghmt this value has been reduced to 20
ng/nt from 1% January 2010.
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Table 3: Pollutant limit values for the protection of human health established by the EN.

Averaging period

Pollutant
24 hours 1 year
SO, - 0.125 mg/m 0.025Y
NOXx - 0.2% 0.04 mg/m
PM - 0.05 mg/m 0.02 mg/m
CcO 10 mg/n? 5.7 mg/mY 1.14 mg/m?

Y For the calculation procedures the annual limites will be used for all the
calculation procedures, except for the Spanish madeich specifies that 24-hourly

values should be used.

For some of the pollutants, there is no specificatdf these values for both
averaging periods. Therefore, the US EPA multiglyifactors to convert 1-hour
concentration estimates to other averaging petadsbeen used. This table is included
in the Appendix as Table A2.

Currently the EU emission standards for biomasketsdo not include emission
limits for NOx and PM as PM2.5 and PM10. Therefdhere is a need of developing
more adequate standardised tools to assure aityquah biomass boiler perspective.

For this purpose, the European Committee of Stalsltion (CEN) has
recently introduced the EN 303-5 Standard, firstveloped by Austrian experts as
ONORM EN 303-5, for emissions from heating boilens to 300 kW. The limit
emission values (related to 10%)Gset in this standard for biofuelled boilers are

summarised in the table below.

For boilers greater than 300kW local regulations/ rha applied and therefore
these boilers will require a consultation with thecal Authority to agree emission

levels.
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Table 4: Emission limit values for heating boilers up to 300 kW.

Nominal CO (mg/m® 10% Oy) OGC (mg/m* 10% Oy) PM (mg/m* 10% O,)
JIfIEneeeE s, T &©===+H»NAAAGGrmmmhh
(kW) Class1 Class2 Class3 Class1l Class2 Class3 Class1 Class2 Class 3

<50 15000 5000 3000 1750 200 10C 200 180 150

50-150 | 12500 4500 2500 1250 150 80 200 180 150

150-300| 12500 2000 1200 1250 150 80 200 180 150

Class 1: Boiler efficiency 53-62%
Class 2: Boiler efficiency 63-72%
Class 3: Boiler efficiency 73-82 %

However, national requirements in several EU stdiiésr from this Standard in
terms of measurement protocols and permitted eomssi

UK

There is no directive in the UK that sets the emissimits for small-medium
scale wood-fired boilers (up to 300 kW). Solid fbeilers with a thermal input up to 20
MW are usually regulated by the appropriate loadharity under the Clean Air Act.
Larger boilers fall under the Integrated Polluti®nevention and Control and are
regulated by the Environment Agency (for boiler©O®) and the local authority (for
boilers 20-50 MW) or, in the case of Scotland, by Scottish Environment Protection
Agency for all boilers >20MW. [Ref.20]

The Clean Air Act was introduced in 1970 to contwlpollution arising due to
the widespread use of coal in those years. Thisideat includes the declaration of
Smoke Control Areas, where burning appliances niedae authorised, and emission
limits for exempted appliances (smaller than 44 kW¢luded in BS PD 6434, and
emission limits for grit and dust for burners gegahan 240 kW output. For appliances
within the range between these values, assessrhemissions is recommended to be
done by interpolation between both documents.
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Sweden

As it can be read in the Swedish Environmental detain Agency (SEPA)
Webpage, “In contrast to much other national legish, Emission Limit Values
(ELVs) are generally not specified in the Swedistvimnmental legislation.” In
Sweden, the emission limits are specified for eadividual installation and they are
based on the recommendations of Best Available Aigales (BAT). Therefore, there
are differences in the conditions of similar plaats the ELVs vary with the BAT
updates and the local environment where the plaimisialled.

These permits and the ELVs are continually updatieen changes in operation
occur and even when there is no change in the platSEPA or the regional

supervisory authority can review the permit cormahs.

More specifically for wood fired boilers, there asmethod developed by the
Swedish National Testing and Research Institutetdsting this type of boilers. The
method describes the conditions for the testingaritity of burned wood, moisture
content of the fuel, time of measurements, etc)wéier, in Sweden, boiler testing
procedures are usually performed following the EIS-8 guideline.

For small scale combustion systems up to 300 kWethee emission threshold
values for OGC (Organic Gaseous Carbon) (150 mg)Nma& not for other pollutants.
There are no ELVs specified for NOx for this tydeboilers as general emission limit
values, included in NFS 2010:2 [Ref.57] are dirddtelarge installations (>50MW). In
practice, the ELVs are set individually by legatharities and economic incentives are
used to reduce these emissions by paying or geftaid dependent on its annual
emissions level (if the plant generates more tharG¥Vh/year, then the national law
(1990:613) is applied).

Similarly, general requirements for particulate €sions are only valid for large
combustion plants (NFS 2010:2). For smaller powants (from 0.5 to 10 MW), the
EPA has developed the AR 87:2 which includes géngtédelines and also a
methodology for chimney height calculation (thatvéhébeen used for stack height
estimation in this report).

The SQ emissions are controlled by the National Ordinafi&98:946) which
specifies not only the ELVs but also limits in thel content for this pollutant. For

large combustion installations (with a thermal ingweater than 50 MW) the SO
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emissions are regulated by the EPA (NFS 2002:26prding to the EC directive
2001/80/EG9.

Germany

The DIN 4702 Standard is used for testing wooddfioeilers in Germany. It is
very similar to the EN 303-5 Standard. The follogvitables show the pollutant
emission limits for wood fired plants in Germangy different fuel types and boiler

sizes:

Table 5: Emission limit values for wood and strawdr small, medium and large

scale combustion in Germany.

Heat output Ref O2 (rrl:lg(/)r)r(ﬁ) SO, (mg/m®)  PM (mg/m?)

<50 kW 13% - - 150 4000
50-150 kW 13% - - 150 2000
150-500 kW 13% - - 150 1000
500 kW-1 MW 13% - - 150 500
1 MW-5 MW 11% 500 400 150 250
5 MW-50 MW 11% 500 400 50 250

Adapted from [Ref.31 & 47]

The TA Luft [Ref. 58] also includes some tablespecify emission values for
the protection of human health:

Table 6: Emission values for the protection of human health set by the TA Luft

Concentration Averaging period Permissible Annual
(mg/m®) Frequency of Exceeded
Values
NOX 40 1 year -
200 1 hour 18
50 1 year -
SO, 125 24 hours 3
350 1 hour 24
40 1 year -
PM
50 24 hours 35
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Source: TA Luft

In March 2010 the German Federal Environmental Agentroduces a new
ordinance for small combustion plants in Germamgatied primarily to domestic
heating furnaces. This Ordinances sets emissiahvatues for PM and CO for
different boiler sizes and fuel types. The follogitable shows these limit values for

clean wood [Ref. 24]:

Table 7: Emission limit values set in the Ordinance for small combustion plants
introduced in March 2010 in Germany.

Nominal output

Plaglts built from 4-500 kw 100 1000
22" March 2010 500 KW 100 o0
Plants built from

31 December 2014 >4 kW 20 400

As it can be seen, these values are slightly |dingem those presented in Table 5

which shows that limitation for biomass emissioa laecoming stricter.

Denmark

The Danish Guidelines for Air Emissions Regulatestablishes some emission
limits for combustion plants. For every pollutabtecommends limit values for mass
flows (g/h), emissions (mg/NH and C-values, which means “the total maximum
approved contribution from an installation to tfmncentration of a pollutant in the air
at ground level’. This last parameter must be regok everywhere outside the

installation, regardless the emission rate or ¢leation conditions.

The following table summarises these recommendednpeters for the

pollutants involved in clean wood fired boilers:
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Table 8: Recommended values for clean wood fired boilers in Denmark.

Mass flow e C-value
._ Emission limit (mg/Nm3) 3
limit (g/h) (mg/m°)
NOX 5000 400 0.125
SO2 5000 400 0.25
: : Existing
(kg/h) New installation installation
<0.5 300 300
Dry dust 0.5-5 50 75 0.08
>5 10 20-40

In addition, this document sets emission limits cdpmally for wood fired
systems:

Table 9: Emission limits for wood fired boilers in Denmark set in the Danish Guidelines for Air
Emission Regulation.

Emission limit (mg/Nm®) (dry flue gas 10% ref Q)

120 kW- 1 MW - 300 500

1 MW-50 MW 300 409 625

Y Dependent on the flue gas cleaning methodology.ekample, if condensing
equipment is used, the emission limit value camléereased to 100 mg/Ndry flue
gas at 10% @

Austria

Wood fuelled boilers are tested in Austria accaydio the European Standard
EN 303-5, which was firstly developed in this caynwith the name ONORM EN 303-
5. However, there are in Austria some regulatidmat differ from this European
Standard to improve efficiency and emissions cona® they are not included in any

European directive. These deviations are summainst table below:
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Table 10: Emission limits for biomass boilers up to 300 kW in Austria.

Emission limits (mg/MJ)

Manually fed 150 60 1100 80

Automatically fed | 500
750 (30% part output)

Spain

In Spain, there is not a national regulation ttes specific emission threshold
values for wood fired small and medium scale cormbngplants. Related to this, there
is a Royal Decree 430/2004 which establishes the negulations for emissions from
large combustion biomass fired plants (greater tB&nMW). The following table
summarises the limit values for NOx, $@nd PM for biomass combustion plants
>50MW:

Table 11: Emission limits for large scale combustion plants in Spain set by the RD 430/2004.

SO, NOXx PM
50-100 MW 200 400 50
100-300 MW 200 300 30
>300 MW 200 200 30

The technical guide for heating biomass boilerstalation in buildings
developed by the Ministry of Industry, tourism acsdmmerce specifies that the
products from the combustion of these installatiomaist comply with the
environmental requirements set by the nationalpreg or local authorities to limit the
emissions. It also recommends the UNE EN 303-5 datah for emission limits

specification.
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3.3. Emission limits and regulation in the US

The main difference between the EU and the US atigml on biomass
combustion is how the systems are regulated. WhigeEuropean standards specify
different emission limits for different feeding rhetls and heat outputs, the US
regulation regulates by boiler type, fuels and heatiput. Also, EU standards on
emission limits are more stringent than those @gqg the US biomass practice.
[Ref.26]

In the United States, there are not federal oegtgulations directed to small-
medium scale biomass installations, which leadslaxk of incentive for manufacturers
to apply the best technologies or reduce emissidoseover, European residential and
industrial, commercial and institutional (ICI) biass boilers usually have a better
emissions performance than US devices due to thhepEan design characteristics.
[Ref.26]

The federal New Source Performance Standards (N&RfB)ation applies to
indoor wood stoves and large industrial boilerstdoar wood fired boilers and low
mass furnaces can be labelled by the EPA’s volyrtelling program. Table A3,
included in the Appendix and extracted from Handl€. & Associates and
NESCAUM, 2009 [Ref.26], makes a summary of the fadend Northeast State
regulations for biomass boilers.
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4. CHIMNEY HEIGHT CALCULATION

4.1. Introduction

Every burning technology is associated with gaseemmssions with some
pollutant concentration, although the underlyinfgets are dependent on each scenario
(fuel type, boiler output, abatement methods, etc.)

For this reason, there is always a need of anteféedispersion of the exhaust
gas, which will dilute the contaminants before tihhegch ground level, with the purpose
of reducing their harmful effects in sensitive netogs in the surrounding environment.
The EU Waste Incineration Directive, Article 5 gest “Incineration and co-
incineration plants shall be designed, equippedt bod operated in such a way as to
prevent emissions into the air giving rise to digant ground-level air pollution, in
particular exhaust gases shall be discharged ion&atled fashion and in conformity
with relevant Community air quality standards byame of a stack the height of which
in calculated in such a way as to safeguard hunealtth and the environment”.
[Ref.17] Therefore, a good design of the stack that helpgeging this purpose is
essential when developing a fuel burning system.

However, there is not a common European methodolfagy air quality
modelling and chimney height calculation; hence,tiomal standards and
recommendations are used for this purpose. Themowadays a wide number of
calculation models that differ in every EU stateod¥laccurate are those air dispersion
models based on short time meteorological dataepted always in the shape of
complex computer programs. These models are uspathased by big companies or
used by consultancy companies in response to gpetdints, and, in general, they are

used for big furnaces with substantial air emission

However, emissions from smaller plants also nedaktoontrolled, especially in
the case of biomass boilers, due to their incrgagdevelopment. Therefore, this section
will look at different stack height calculation rhetlologies for wood fuelled medium

boilers in some European Countries.

Due to the inaccessibility to complex software, tadculation is based on
simple models included in the existing regulatiod atandards for each state.

In addition to the methodologies review, some cstslies will be analysed

using the different models, in order to be ablentke a proper comparison and have a
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better understanding of the similarities and déferes between methods. Moreover,
some sensitivity analysis will be carried out fack model, with the purpose of
identifying the most relevant aspects affecting ¢hemney height in every calculation

method.

For this purpose, all the methods have been degdlap an excel document, in
order to simplify the calculation for different eastudies and to determine the most
influencing parameters by means of the sensitatglysis.

This section also includes a subsection with thie tiSelection of the case

studies” where the reasoning for the case stueiestson is explained.

4.2. Selection of the case studies
For the case study selection some different baylpes, wood fuels and power
capacities have been analysed in order to havakaiofour scenarios in representation
of all the possibilities. As this project is bas@md medium boilers, the chimney height
calculation has been carried out for four heat wuy@alues: 50, 150, 300 and 540 kW,
which will allow us to analyse the behaviour of ttiéferent models with different
boiler size conditions. Taking all this into coresidtion, the four selected boilers are

explained in more detail below.

For the stack height calculation some specificrimi@tion about the boilers (flue
gas temperature, emission values, and flow ratengnother) was needed as input for
the models. Therefore, the case study selectionrestsicted to those boilers whose
complete test reports could be accessed.

However, in some of reports there were some paemateded as inputs in the
methods that were not specified. In these cases,\thlues have been assumed as they

do not represent any real case, and they are sely ior model comparison.

CHIPPED WOOD HEATING BOILER EVOTHERM HS 50

This is a 50 kW chipped wood fuelled boiler manuiaeed by Evotherm
Heiztechnik Vertriebs GmbH. The test report usedextract the needed data was
carried out in 2006 and the measurement equipmeahingethods used correspond to
ONORM EN 303-5:1999, ONORM EN 304:1992/A1:1998 &M 267:1999. [Ref. 5]
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The nominal heat output measurements were perfoafieda period of burner
operation of three hours at full load. The measear@siwere carried out over a period
of six hours; hence the emission values were aeeraryer this period, obtaining a
single value for CO, CQOGC, dust and NOx. The NOx is declared a$.NO

The fuel is air dry wood fine chips, according ttlORM M 7133:1998 with a
water content of 18.4 % and 19.0 %.

The table below shows the main test results at nahoiutput:

Table 12: Test results for the EVOTHERM HS 50 biomass boiler.

Heat output (kW) 48.6
Flue gas temperature (°C) 117.3
Recommended stack diameter 200
(mm)
CO; (%) 14.4
Recommended chimney height 9
(m)

mg/MJ?  mg/m3?
NOXx (as NO) 69 | 141
CO 7 15
Dust 14 28
Organic Carbon <1 1

1)Emission values in mg/MJ (relating to applied rgmg subject to legal
requirements in Austria.

2) Emission values in mg/m3 (relating to 10 % O213 mbar, dry flue gas),
according to ONORM EN 303-5:1999

The boiler has an average volume of % frhe figure below shows a sectional

view of the boiler:
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Figure 14: EVOTHERM HS 50 boiler. SOURCE: EVOTHERM HS 50 test report [Ref.5]

KWB TDS POWERFIRE 150

This is a KWB boiler fuelled with wood pellets thatspond to ONORM M
7135 and DIN 51731 with a rated power of 150 kW arfdel thermal output at rated
power of 164kW. The report does not include detallsut the test measurements and

methods. The main results from the boiler testtgd power are specified in the table

below: [Ref.33]

Table 13: Test results for the KWB TDS POWERFIRE 150 biomass boiler.

Heat output (kW) 164
Flue gas temperature (°C) 160
Recommended stack diameter

300
(mm)
Exhaust gas mass flow (Nrith) 300
Recommended chimney height

8-10
(m)

mg/MJ ¥ mgzl)m3

NOXx (as NO) 78 116
CcoO 14 20
Dust 12 18
Organic Carbon <2 <2

The boiler main components are described in thedigpelow:
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Figure 15:KWB TDS POWERFIRE 150 boiler. SOURCE: Boiler test report [Ref.33].

KWB TDS POWERFIRE 300

This is a heating boiler with a nominal heat outpu800 kW manufactured by
KWB Kraft und Warme aus Biomasse GmbH. The test basn performed in
accordance with “ONORM EN 303-5, of heating boiléos solid fuels, hand and
automatically stocked, nominal heat output up t6 B@/- Terminology, requirements,

testing and marking”.[Ref. 32]

The average £ CO, OGC and NOx contents are determined oveetrltiee test

period, which must be at least six hours.

The organic composition of the gas was determirsearganically bound carbon
(OGCQC) in dry flue gas.
The sum of nitrogen oxides (NOx), measured as din@ af nitrogen monoxide

(NO) and nitrogen dioxide (N is calculated and declared as nitrogen dioxdi@,f.

The volume of combustion gas was calculated by sedncombustion gas
calculation using the DIN 4702 taking into consatem the chemical elementary

analysis and the volume of the fuel used duringeke
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The velocity of the flue gas was calculated from Wolume of combustion gas,

on the basis of cross section of the duct, pressemgperature and moisture content of

the flue gas.

table below.

The main results for the boiler fuelled with wooellpts are summarised in the

Table 14: Test results for the KWB TDS POWERFIRE 300 biomass boiler.

Nominal heat output (kW) 286
Flue gas temperature (°C) 115
Flue gas velocity (m/s) 1.4
Dry flue gas mass flow
Recommended chimney height
13

(m)

mg/MJ " mg/m3?
NOx (as NO) 88 130
CO 14 21
Dust 4 5
Organic Carbon <2 <2

For a better understanding of the emissions pralileng the boiler operation,

the following graphics show the emission levels N®x (declared as N CO, CQ

and C, related to a dry flue gas, at nominal andmuim heat output.
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Figure 17: Concentration of air pollutants versus time at minimum heat output. SOURCE:
[Ref. 32]

Analysing these two figures it can be seen thesdifice in the CO emissions

between nominal and minimum heat output, being tlaikie higher in the second

graphic, as during lower heat output more partshloustion occurs, leading to greater
CO emissions.
The figure below represents a sectional view of KNeB Powerfire TDS 300

boiler:

Figure 18: KWB TDS POWERFIRE 300 boiler. SOURCE: Boiler test report [Ref. 32]
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PYROT 540

This boiler has been tested according to DIN EN-308y the TUV SUD
Industrie Service GmbH laboratory. It is a 540 kWilér manufactured by Kob &
Schafer KG. There is neither a detailed descriptbthe boiler in the report nor an
explanation of the measurement techniques. Howekiermethods used are those in
accordance to DIN EN 303-5. [Ref.61]

The table below summarizes the relevant boilerrmfdion needed for the

chimney height calculation:

Table 15: Test results for the PYROT 540 biomass boiler.

Nominal heat output (kW) 549.3

Flue gas temperature (°C) 162.7

Flue gas velocity (m/s) 4.4

Stack diameter (mm) 300

Dry flue gas mass flow

(mh) 1008

mg/MJ" mg/m3?

NOx (as NO) 71 140

CO 5 10

Dust 9 18

Organic Carbon 1 2
LOCATION

In this project two different boiler locations astudied: a rural area, with no
building influence in the surroundings, and an uarb@rea, where the boiler is
surrounded by buildings and hence they must bengaknto consideration in the

chimney height calculation procedure.

For the urban location selection, first of all, analysis of the background
concentration of the studied pollutants in differ&iK locations has been done. For this
purpose the maps available in the UK and ScottishQuality WebPages have been
analysed, in order to find some typical backgroualdies for NOx, S@ PM and CO in
urban locations to use in the calculation procesluihis analysis shows that the
background concentrations vary significantly betwsies, influenced by nearby roads,
industries...etc. Therefore, for the urban locatitee different values have been
selected for background concentrations in ordenrntderstand the influence of this in
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the chimney heights for the different models. Theskected values are shown in the

following table as annual hourly mean concentratiomg/nt:

Table 16: Selected background values for chimney height calculation

LOW VALUE MEDIUM HIGH VALUE ‘
VALUE
NOx (as NO) 0.015 mg/m 0.025 mg/m 0.035 mg/m
PM 0.010 mg/m 0.015 mg/m 0.025 mg/m
SO, 0.001 mg/m 0.003 mg/m 0.006 mg/m
cO 0.2 mg/m 0.4 mg/m 0.6 mg/n

It must be said that the NOx background concewinagixceeded in many cases
the limit value set in the directive 2008/50/ECO@.mg/n) reaching the maximum
annual mean value of 0.306 md/for the London Marylebone Road monitoring site in
2011.

The PM maximum annual mean concentration corregpoted the same
monitoring site, with a value of 0.038 g/m3. Ura@)10 the limit value for PM10 in the
atmosphere for the protection of human health wad éng/ni, but from the T of
January 2010, this value lowered to 0.02 nig/ffherefore, the measured PM10
concentration in some monitoring sites exceedsdlithis

For the calculation procedures values have beamt#iat not exceed the limit
set by the EC, as the chimney height is influenbgdthe allowed increase of the
pollutant concentration in the air, and if thisrease is 0, then it is not possible to

install any biomass boiler.

The figures below show the monitoring sites avaddab urban locations for the
Scottish and the UK Air Quality WebPages is showiow:
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Figure 19: Monitoring sites available in Scotland and the UK for urban locations.

To run the calculations a specific location hasb&defined, as most of the
methods require building heights and distance ® libiler. Therefore, as a typical
urban location, a residential area near a highadmoDundee has been selected. The

boiler site and the surrounding area are showharfFigure below:

Figure 20: Selected boiler location. SOURCE: Google Earth.

The boiler has decided to be located next to St'8dRC High School, based on
the fact that biomass boilers are nowadays beindied as an oil substitution for
schools heating. This school has an open greennasdato it, where there is space for

the boiler plan to be installed.
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To simplify the location description, and takingaraccount that this is not a
real case and it is only used for methods evaloaiimd comparison, some assumptions

have been made to define the building heights.

The High School has been considered to be 15-2@ym Apart from this, the
rest of the surrounding buildings are mostly residé¢ houses, whose height has been
taken as 6 m. Apart from this, the distances frbm luildings to the boiler and the
width of the buildings are also needed for the wWlakon procedures. These have been

measured using Google Earth, and the final valteswammarised in the table below:

Table 17: Building measures and distance to the boiler.

Building influence Width Width 2 Height

Boiler building 0 10 10 5
Residential houses (x30( Vary 15 8 6
High School Build 1 100 61 29 20
High School Build 2 196 50 23 10
High School Build 3 147 70 31 10
High School Build 4 153 28 28 5
High School Build 5 186 70 20 10

The parameter R defines the distance from the ibgjiteh the boiler.

The selection of the rural location relies on thailable information about
background concentration of pollutants in thoseagras this data is needed for the
calculation procedure. The UK Air Quality Webpages Ibeen used for this purpose.

The selected location is Harwell in South Walesjral monitoring site located
within the grounds of the Harwell Science Centrbe Thearest road is a minor road
located approximately 140 metres from the statidme surrounding area is generally
open with agricultural fields and the nearest traesat a distance of 200 - 300 metres

from the monitoring station. [Ref.62]

It is located at around 80 km from London whichtifiess the installation of the
monitoring site. However, it has no surroundingldings, what makes it valid for

building influence analysis.
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Figure 21: Selected urban location. SOURCE: Google Maps.

Table 18: Selected background values for the urban location.

Pollutant Annual hourly mean

SO, 0.0018 mg/m
NOx (as NO2) 0.012 mg/m

PM 0.012 mg/m

cO 0.2 mg/nd

As there is not CO background concentration vabretlie selected site (this
pollutant is only measured in 24 of the 134 momigrsites) the CO concentration has

been taken as 0.2 mg/m3 (London Kensington value)

For the calculation procedure, the following tabés been created and included
in all the excel documents used to develop thesidffit models. The user is therefore

able to select the case and the program runs tloelaton for every case study

automatically.
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Guideline concentrations 5 0,04 0,025 0,02 1,14 mg/m3

Figure 22: Screen shot from the Excel documents that reproduce the chimney height
calculation methods.

To study the building influence in the chimney hntigalculation, a similar table
has been developed, with small differences for yewveodel, relying on the needed
inputs for the calculation. These tables are inetlth the following section in each

method description.

SITE CONDITIONS

For the meteorological data specification, Glasguarmation has been used.
This city has been chosen to simplify the caseysspecification, as there is much

meteorological information about Glasgow of easyeas online. This data is needed

for the Spanish method and the values used are atisad in the table below:

Table 19: Glasgow meteorological parameters

GLASGOW

Average temperature 8.9
Minimum temperature (feb 2012) -7
Maximum temperature (may 2012) 27
Average temperature in the warmest months (jul) aug 19
Average temperature in the coldest months (jar), feb 1
Average relative humidity (jun, jul, aug, sept) 54.4%
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4.3. Methodologies and models
UK

D1 calculation model

Before the 90’s, the analysis related to flue hisigh combustion plants was
usually carried out following the steps describethie 1956 Memorandum on Chimney
Heights. However, this document is only directedctmtrol sulphur and nitrogen
dioxide, as these were the concerning pollutantsthef conventional combustion
technologies. However, these plants have sufferettla range of changes during the
past years, from the burning technology to the sfugded, and these changes have
affected the discharge composition. Therefore, Mleenorandum was adapted to this
new situation in 1993, and the Technical GuidanoéeND1 Guidelines on Discharge
Stack Heights for Pollution Emissions [Ref.19] wasated. This updated document
included a bigger number of pollutants and dischamgnditions, in order to be able to

reproduce the new combustion systems.

These guidelines have been used as the UK chimeigythcalculation method
for the selected case studies. The steps followedbtain the final value for the

chimney height are summarized below:

Calculation of the Pollution Index

This value is obtained for all the emitted pollutarwith the purpose of
identifying the most significant emissions. Onceythare identified, the minimum
chimney height will be based on these pollutantsienstood as the worst case scenario.
The Pl is calculated taking into consideration, oy the quantity of pollutant emitted,
but also the background concentration in the cas#ysarea, and the effects of this
contaminant in the human health, which is represkbty the limit value permitted to
protect human health in the directives and legmtat

The first step is, therefore, to determine the glim& concentrations. The D1
Technical Guidance Note sets out some commonly uakgks. However, for this and
all the methods, the limit values defined by thedpean legislation will be used, as it
has been understood to be a result of an agredraeméen the studied countries, and as
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the EU keeps growing in union and knowledge, thygslation is likely to be similar in

all the countries in the near future.

For the selected case studies, the only conceputigtants are NOx, PM and
CO, as S@emissions have been taken as null and other camaats such as metals
and organic compounds are not likely to be emiftech clean wood (they would only

be present if the wood was recycled).

The Pl is usually divided in groups of similarlyfedting pollutants (acid gases,
organic...) but in this specific case the emissidos’t correspond in the same group,
hence their PI can be calculated separately amdatiéed together to find the combined

value of PI, following the equation:

PIl; = b 3
e (m*/s)
Being:

D: Discharge rate of the pollutant in mg/s

G: The limit concentration value of the pollutamt ®ut in the guidelines in
mg/nt

B: The background concentration of the contamirthet case study area in
mg/nt

Then, the final Pl value i®I.,mpinea = Pyvox + Pco + Ppu-

The valid range for this parameter is: 50< Plcorabin10

Calculation of the uncorrected stack height
Ub: Uncorrected discharge stack height for buoyancy

For simplicity, in most cases, the heat releasegihe value for the buoyancy.
This is calculated by:
T
1=C%rp

=V
¢ 2.9

(MW)
Being:
V: Total volume flow rate of discharged flue (ir/s)

Ta: Ambient temperature in site (in K)
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Tf. Flue temperature (in K)

If Q<0.03 MW, Ub is not calculated and, accordirg the D1 Technical
Guidance Note, increasing the heat release sheutdsidered to reduce the density of

the exhaust gases.
If 0.03<Q<100 MW, Ub is calculated following:
Ub =10%-PI® (m)
If Q<1,a = —1.11 - 0.19l0g,0Q ; b =0.49 —0.005l0og4,0Q
If Q>1,a = —0.84 — 0.1exp (Q°31) : b = 0.46 + 0.0011exp (Q°32)

The valid range for Ub is 1m<Ub<200m

Um: Uncorrected discharge stack height for momentum
log;oUm = x + [(y - log1oPI) + z]°>, where 1<Um<200 and
x = —3.7 + (log;oM)°?°

y =5.9—0.624log,M

Z = 4.24 - 9.7l0g10M + 1.4’7(log10M)2 - 0.07(l0g10M)3
M= ;_; -V -v (m*/s?); Valid range: 1<M<2.1b

Being:
v: Flue gas discharge velocity (m/s)

The final value of U is the minimum of Ub and UrhlUb has been calculated

(hence, if @0.03 MW). If there is no calculation of Ub, then Um.

Calculation of final discharge stack height

To obtain this final value the buildings surrourglithe boiler plant are taken
into consideration, so that the pollutants haveffiect on them. In order to simplify this
procedure, the developed D1 model includes thestabbwn below, which has been
filled to meet the specifications of all the carelges.
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Building influence R Width Width 2 Height Height (considering distance) K T
Residential houses (x300) 135 15 8 6 6 6 15
High School Build 1 100 61 29 20 20 20 50
High School Build 2 196 50 23 10 0 0 0
High School Build 3 147 70 &) 10 10 10 25
High School Build 4 153 28 28 5 5 5 125
High School Build 5 186 70 20 10 0 0 0

Hmax Tmax
20 50

Figure 23: Required building information for the UK calculation for the case study: 540 kW
boiler, urban location, high background concentration.

It contains information of the surrounding buildengvhich are located not
further than 5 times the value of Um from the chémrK is the lowest from width and
height, andl' = H + 1.5 - K, being H the height of the building.

Then, the value of Hmax (the maximum height ofoalildings) and Tmax (the

maximum value of T of all buildings) is obtaineWigw Figure 23)
If U>Tmax, then C=Tmax

If U<Tmax, then:

C = Hmax + (1 - HmaX/Tmax) - [U + [(Tmax — U) - (1 — A7V/Hmax)]]
Being,
C: The calculated chimney height, in m.

U: As defined before, it is the minimum of Um ant When @0.03MW, and
Um if Q<0.03MW.

A: If Q<0.03MW (or in other words, if there is nalue of Ub), then A=1
If Ub>Um, then A=1
In other cases, A=Um/Ub
Therefore, A is alwayzl.
Spain
The Spanish methodology for determining chimneyghisi is defined in the
Ministerial Order of 18 October 1976 [Ref.48], about prevention and cdimacf the

industrial pollution of the atmosphere. As it isesfiied in this document: “[...] the

present disposition establishes [...] the instamdifor the chimney height calculation to
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achieve the most adequate dispersion of pollutats the purpose of not getting

beyond the required air quality conditions.

This procedure is included in the Appendix Il otrder and it is applicable in
general for combustion installations with a glopalver output lower than 100 MW,
and for chimneys that emit a maximum of 720 kg/lay gas or 100 kg/h of particulate

matter.

In addition to this, the formulae are applicablehé& fumes have a minimum

vertical convective impulse that validates thedwaiing equation:

2

1%
AT>188-ﬁ\/§

Being:

AT: The difference between the flue gas temperatutee chimney mouth and

the average temperature of the maximum of the wstrmeth in the chimney location.
V: Flue gas velocity, in m/s.
H: The calculated chimney height, in m.

S: The minimum interior section of the chimneynih

The chimney height calculation procedure is detidilelow by steps:
Determination of the parameter A

This parameter represents the climatologic conaktiof the place where the

installation is located and it is equal to:

A=70-1,
And:
AT + 26t 80
°TTTm Tk
Being:

AT: Maximum temperature difference in the place,clhineans, the difference

between the existing maximum and minimum tempegatur
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ot: Difference between the average temperature efwarmest month and the

average temperature of the coldest month.
Tm: Annual average temperature, in °C

h: Average relative humidity of the months Jundy, Jdugust and September, in
%

This formula is valid when Tm>10°C. If that is ribé case, then Tm=10 is used.

In the selected case studies the average temperatiower than 10 °C so Tm=10.

Determination of the maximum admissible pollutant oncentration Cy,

This parameter represents the value of pollutancewstration that cannot be
exceeded and is calculated by the difference betwee limit established to protect
human health and the already existing pollutantentration in the place, in mg/Nm

and 24-hourly measured.

As it is explained in Section 3.2, the 24-hour esluare obtained by the
multiplication of the annual mean values by thetdes established in the US EPA
(Appendix, Table A4).

This parameter is obtained for all the pollutanisived and the chimney height

is calculated for all of them. Then, the highedtigas selected.

Chimney height calculation

Finally, the chimney height is calculated following
= /A “Q-F s n
CM vU- AT

H: The calculated chimney height, in m.

Being:

A: As defined before, the parameter that represietslimatologic conditions.

Cwum: As defined before, maximum admissible pollutaminaentration, in
mg/NnT.
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Q: Maximum pollutant flow rate, in kg/h.

F: Coefficient related to the sedimentation velpaif the pollutants in the
atmosphere. For gaseous contaminants F=1 and inases of particulate matter and

other heavy impurities, F=2.

n: number of chimneys, located in a horizontalatiste lower than 2-H from the

studied chimney.
v: Flue gas flow rate, in ¥h.

AT: Difference between the flue gas temperaturdiéahimney mouth and the

average temperature of the maximum of the warmestimin the chimney location.

Sweden

In Sweden, there is not a specific regulation fimmney heights calculation and
air emissions, but some minimum requirements atabkshed as guidelines by the
Swedish Environmental Protection Agency (SEPA)geemly for small sized furnaces.
However, operators can also direct to consultagineering companies to calculate the

impact on air quality in the surroundings and chemheights.

These guidelines were created in 1970 and attfesg only included sulphur
dioxide emissions from oil. Years later these glinds were updated based on reports
that the Sweden’s Meteorological and Hydrologicaititute (SHMI) developed for the
SEPA.

These new guidelines included a chimney heightudation considering also the
emissions of nitrogen oxides. Some simplificatiomsre required in the calculation
procedure which limits it application, avoiding ise in complex situations, where

further particular study is recommended, such as:

* Plants located in particularly rough terrain

» Plants with significant emissions through multiptacks

* For Href higher than 60 m.

* Plants located in urban areas where the, und concentration is
close to being exceeded
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However, a highly simplified calculation method,sdebed in the General
Guidelines 87:2 [Ref.36], is usually accepted foraer combustion plants (0.5-10
MW), with the more complex guidelines used when ssmons differ from the

conditions specified in the simplified method.

These simplified guidelines were developed in 1B8The SEPA and there has
been no update since then. Therefore, the SEPAmsfon their webpage of some
recommendations that differ from the published gligks:

First of all, the guidelines recommend dust emiss&vels in urban areas to be
lower than 100 mg/Nfhand lower than 350 mg/Nhin rural areas. However, given the
current knowledge about particles and health edffetttey specify that the limit value
should be 100 mg/N¥rin rural areas, and even lower in urban areas.

The guidelines establish a reference height acaegrii the boiler power output.

Then, this height is implemented to consider surding building influence.

Table 20: Reference height for different boiler outputs

0,5-2,5 MW 10
2,5-5 MW 15
5-10 MW 20

The excel document developed to define the Sweadethod includes therefore
a table to describe the surrounding buildingst aan be seen below:

bl

Building influence R Width Width 2 Height Height (R<150m) hth hi
Residential houses (x300) 135 15 8 B 20 0
High School Build 1 100 61 29 20 10 0
High School Build 2 196 50 23 10 0 20 0
High School Build 3 147 70 31 10 5 0
High School Build 4 153 28 28 5 0 0
High School Build 5 186 70 20 10 0 0
| h 0
max height wit Href

Figure 24: Required building information for the Swedish calculation

The value R shows the distance of the buildingthéoboiler. For equal height,
the ones located closer to the boiler have graatkrence so only the first line of

residential houses has been included, althougle tier more similar buildings further
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away. The htb represents the height of the higbagting or terrain point within
distance 2-20Href, or 20-150 m, if the boiler istadMW.

ThenAHtb is calculated by:
AHtb = htb — 0.3Href

The parametehHbd is calculated to consider negative pressurditions in the
leeward side of the chimney. If the tallest buitdimvithin 2-Href is lower than

0.4 (Href#AHtb), thenAHbd=0. If not, the following graphic is used.

Hreg + gy AHllbd

Href * &Hey

Figure 25: Diagram to calculate AHbd

Being h the maximum building height within 2- Href.
Then, the final stack height is:

H = Href + AHtb + AHbd

Austria

The Austrian Standard ONORM M 9440 [Ref.49] inclsid®me diagrams to
estimate chimney heights for cold sources, witheghaust gas temperature below 50

°C, and hot sources, which correspond to all tise studies in this project.

The graphic for this last situation is shown below.
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Figure 26: Diagram for chimney height calculation included in the Austrian regulation

ONORM

Being:

Q: Pollutant flow rate, in kg/h (the maximum valeé all the involved

pollutants)

S: Allowed increase of pollutant concentration, caldted by making the

difference between the pollutant limit establisimdthe guidelines to protect human

health and the already existing pollutant conceiotman the place

V: Exhaust flue flow rate, in ¥h

T: Exhaust flue temperature, in °C

In order to explain how it is used, the calculationthe case study of the 540

kW boiler in the urban location with high backgrdupollutant concentration is shown

in the graphic. In this case the needed input parars are:

V= 1108 n¥/h
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Q/S=28.1 (kg/h)/(mg/f)

T=163°C

In this way, the value of V is spotted and matcheith the temperature
horizontally. In their point of union, a verticahé is drawn to match the value for Q/S.

Horizontally to the left, the value for the chimnlegight can be read, in this case: H= 16

m.
Surrounding building’s influence

To consider the surrounding buildings in the chignieight calculation, the
following graphic is recommended in the Standatds Bame graphic is included in the

German Standard TA Luft for the same purpose.

03 0L 05 0.6 J/H
Figure 27: Diagram to include building influence in the Austrian calculation method

This figure is used when the area occupied by thklihgs within a radius of
500 m from the chimney (if H<35m), and 15-H (if Fbs3) is greater than 5%.

Being:
J': The average height of the surrounding buildimgthe selected radius
H: Calculated chimney height

From the diagram, the value for J is obtained dnsl Yalue is added to the

calculated chimney height H, being the final height

HT:H+]
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Building influence R Width Width 2 Height Building Area
Boiler building 10 10 5 100
Residential houses (x300) b Vary 15 8 6 36000
High School Build 1 100 61 29 20 1769
High School Build 2 196 50 23 10 1150
High School Build 3 147 70 31 10 2170
High School Build 4 153 28 28 5 784
High School Build 5 186 70 20 10 1400
43273
Surrounding A (m2) a occupied by buildi % occ —> r I'fH
785298 43273 6 If % occ =5 10,2 1,13

Figure 28: Screen shot of the Excel document that reproduces the Austrian method in

x300 houses

1/1" (from diagram)
1

]
10,2

calculating the building influence. It corresponds to the 50 kW boiler, urban location case

Germany

study.

In Germany, as well as for the rest of the studietlcountries included in this

report, there is not a calculation software dedigioe small and medium sized biomass

systems. The TA Luft [Ref.58] contains the requiesits for large scale biomass plants

and it includes some graphics to estimate chimmegyhh.

This document specifies that: “Waste gases shalidmharged in such a manner

that an undisturbed dispersion is made possibledeyair stream. As a rule, a discharge

through stacks is required, the height of whichldba determined pursuant to 5.5.2 to

5.5.4, notwithstanding better cognition.”

These sections of the document specify that “Statial have a minimum

height of 10 m above ground level’ and they includle nomograms to estimate

chimney height:
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Figure 29: Diagram for calculating chimney height according to the German TA Luft.
Being:
R: Dry volume flow of the waste gas irtfm
H’ Chimney height taken from the nomogram
d: Inside diameter of the stack, in m.
T: Temperature of the waste gas at the stack moufig

Q Emission mass flow of the emitted air pollutamt¢g/h
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S: Stack height determination factor; as a rulsh&ll be defined by the values

specified in the Table A4, included in the Appendixhis thesis.

For the utilization of this diagram, firstly thelua of the stack diameter (d) is
spotted and matched by a horizontal line with the temperature (t); then, a vertical
line joins this point with R. From here, horizohyato the right, a line is drawn until it
matches the value of Q/S, and vertically down txréhe value of the height given by
the diagram.

In order to consider surrounding buildings influenthe same method as the one

included in the Austrian Standard is used. (Vieguiré 27).

Although the first nomogram in the TA Luft and tHiest graphic in the
ONORM M 9440 for chimney height estimation haveysimilar inputs, they differ
because the German method includes stack diamgtan anput for the calculation

instead of the flue gas temperature.

However, this nomogram is only applicable for lalgemass systems. Hence,
this graphic is not applicable for the boiler siztigdied in this report as the inputs are

out of the diagrams.

However, a software called P&K 3781 helps doingritehematical operations
involved and it has been used in this report torede the stack heights for the case
studies. Although the TA Luft, and therefore theKP@rogram, is directed to bigger
boilers, the program does work with the cases’ ispilihe results obtained with this
software are explained in the following sectiorttué thesis, where its applicability on

small-medium scale installation is discussed.

The image below is a screen shot of the progranose/ldemo version can be

downloaded from their website.
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File TAluft VDI3781 Options Help

wanw, patersen-kae,oom Getting Started Docurnentation Ereface Culpits Veision Review

ef - Kade
P&K 3781

Calcula(ﬁpﬁ"‘”“"“’*"’rl - @ty - B M g e . e e @E‘& part 2

Maximum stack height according to TA Luft
300kW

‘Parame_tgr:
Waste_gas g_uanti@ in standard state [m*h] 393

Temperature on the muzzle [°C] 115
Stack mmzzle diameter [m] 03
Development and vegetation height [m] 102
Calculations: L
Waste gas phume rise [m] 1.30924 1
Minimum height from nomogram (H) [m] |7.56025
Stack height (H) [m] 17.7603
Material list |
Name S-Value Emission Q/S | Height
0 0 [mgw] kgh] 0 | [m] |
Carbon monoxide 75 5 |0.0019650000262) 0
Floating dust 0.08 21 |0.0082530.103162[348515

Nitrogen dioxides, expressed as Nitrogen dioxide] 0.1 | 130 |0.05109 0.5109 |7.56025

‘wew peterzan-kage com Version Revien

Figure 30: Screen-shot of the P&K software.

The P&K software also includes some mathematicalcguture to consider
uneven terrain following the VDI Guideline 3781 Par However, this consideration
has not been included in the case studies for Hiogtion.

Other calculation methods

In all of these and other EU countries the usuat@dure for chimney height
calculation, especially for large scale combustitallations, is using modern models
based on a time series of short time meteorologiatd that model the air dispersion of

the pollutants for each specific case.

For example, in Denmark, the OML model [Ref.25]wglely used for this
purpose and it is the calculation method recommerethe National Environmental
Research Institute. Calculations using this model be performed by the applicants
themselves or by consultant professionals. Thisnswoé is available from the NERI
Webpage and can be purchased online.

For Germany, the AUSTAL 2000 is a PC-model used dor dispersion
modelling and chimney height calculation and simjlafor the UK and Sweden,

ADMS and Dispersion 2.1 are used, respectivelyf.fRe
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All these are modern and complex software thatiregxpertise and knowledge
and designers can buy consultancy help for thelisation. Therefore, due to their
complexity and for the economic implications, th&&-models have not been used in
this report, and the methods analysis and comparigve been based on simple

methods included in each country’s regulation amdejines.

4.4. Chimney height calculation- Results and Sensitivity
analysis

UK

This method calculates the chimney height for déife pollutant types, dividing
the pollutants in two groups: acidic and other aambants. For the selected case
studies, the chimney height relies essentially ia second group, as clean wood

combustion hardly has $©r other acidic emissions.

The chimney height is calculated from the globdlWRion Index, which in this
case reflects the maximum Index of all the polltganvolved that belong to the second
group. In all the studied cases this value is grefar NOx, followed by PM and it has
its lower value for CO emissions. Therefore, inth# cases, the chimney height relies

on the NOx emissions.

The chimney heights obtained with this method fbbrtlae case studies are

shown in the graphic below:

45

40

35
30 = UL LOW
25 = UL MED

20
UL HIGH

15

mRL

10

5

0

50 150 300 540

Figure 31: Chimney height calculation results for the created case studies following the UK
methodology.
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As it can be seen in the graphic, there is a sirsit@pe for all the boiler types,
with greater height values for the urban locatiathvnigher background pollution, and
with the lowest heights corresponding to the rigehtion.

For the chipped wood heating boiler Evotherm 50 kié, method gives heights
from 2.3 to 7.5 m, within the range of selectedkgacund values. For the KWB TDS
Powerfire 150 kW, the calculated heights are higfrem 5.8 to 17.2 m. For the two
last boiler types, of 300 and 540 kW, the obtaiokiinney height range is 9.1-35.6 m
and 10.9-39 m, respectively.

It can be noticed that for the urban location wiigher background pollution
with the 300 and 540 kW boilers, the chimney heiglcteases significantly. This is
explained because in these two cases the methaideos the surrounding buildings,

giving heights of 35.6 and 39 m respectively.

In this method, the influence of the emissionshim surrounding building is only
considered in a radius of 5-Um. For the selected studies, the nearest building from
the boiler is located at 100 m, and this valuedsganmithin a distance of 5-Um only for
these two cases, as Um has its highest values.ndraases with the Pollution Index,
and this Index is higher when the NOx emissionsgreater (Rlox= 7800 and 5034
m/s for the 540 and 300 kW boiler in the highestkigasund pollution conditions,
whilst is lower than 2600 ¥fs for the rest of the cases).

A very influencing parameter in this method is tekeased heat, represented as
Q (MW), which in turn relies on the discharge floate v (ni/s). If Q<0.03 MW, then
Um is selected as U value, but if Q>0.03 MW, thie@ minimum from Um and Ub is
chosen. In all the studied cases, Ub is lower thiam Therefore, when Q>0.03 MW, the

method gives lower chimney heights.

As an example, for the 540 kW boiler and the urbmration-high pollution
conditions the discharge flow rate (v) is 0.28snwhich gives a Q of 0.029 MW and a
chimney height of 39 m. However, for this same casith a flow rate of 0.3 s, it
gives a heat release of 0.031 MW, and a chimneghh&f 29.5 m, which results in a

decrease of 24%.

The flow rate has also a significant influence wigs0.03 MW as it influences

the momentum and this last parameter defines Uthelfflow rate increases, then the
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discharge velocity and the momentum increases,tladincorrected discharge stack

height for momentum (Um) decreases, giving lowdunes for the chimney height.

Therefore, this method relies significantly in tvyparameters: the pollutant
emissions, which define the Pollution Index, ane tischarge flow rate, which
influences the momentum and the heat release. dtewing figure represents a

simplified representation of the relationship beswéhese parameters.

Chimney

Selection of
Um or Ub Q(MW)
Considering
surrounding
buildings J\ Flow rate
Momentum /
Pollutant

Background
pollution

/ emissions
(
Pl \

Figure 32: Diagram showing the relationship of the parameters influencing chimney height
for the UK calculation procedure.

Spain

The Spanish model, defined in the Ministerial Oraet8" October 1976, is the
most different of all the studied methodologiescdhsiders the meteorological data of
the plant location and it does not include any hieigcrease to take into account the

effects of the pollutants on the surrounding bui.

The chimney height results obtained by this methoal shown in the figure
below:
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Figure 33: Chimney height calculation results for the created case studies following the
Spanish methodology.

It can be seen that it gives low values comparedther European Standards.
The explanation for this can be that it does notuitle surrounding buildings in the
calculation procedure. Same to other cases, theekigalues correspond to the 300 and
540 kW boiler in the urban location with the mosvere background pollution
conditions, with values of 8.1 and 8.3 m respedbive

For some of the cases, it is the particulate maiter not the NOx that defines
the chimney height. This does not happen in therathlculation procedures because in
all cases the NOx emission rate is greater thafPMemission. However, this method
takes into consideration the sedimentation progeuf the pollutants, which makes PM
a more affecting contaminant for some of the casdies. However, the chimney

heights calculated from the PM and the NOx are garylar in all of the scenarios.

The chimney heights values vary approximately f@bto 8 m. The lowest value
(1.72 m) corresponds to the smallest boiler in tinlean location with the lowest
background pollution. It may seem rare that thismi@as higher for the rural location,
but if the background pollution conditions are sad (Section 4.2), it can be noticed
that the background PM concentration is higherm rtural location (RL) than in the
urban with the lowest pollution (UL-LOW).

It is important to say that the condition for thpphlcation of this method:

2
AT > 188 - %\/? is complied in all the case studies. Howevethig was not the case,

changes in the stack diameter can vary the secartdop the equation, making the
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condition valid, so the chimney section can be wapd for the method to be

applicable.

The following diagram represents the most influegciparameters in the

chimney height calculation:

Pollutant
emissions Q

(kg/h)

Background

[ Allowed increase pollution
of pollutant

concentration CM
(mg/Nm3)

\

Pollution limits

Exhaust gas flow
rate (m3/h)

Chimney height

Flue gas
temperature

Meterorological
conditions

Sedimentation
characteristics of
the pollutant (F)

Figure 34: Diagram showing the relationship of the parameters influencing chimney height
for the Spanish calculation procedure.

Sweden

The Swedish calculation procedure for boilers senathan 10 MW makes no
difference between boiler sizes from 0.5 to 2.5 Mé¢ommending a chimney height of
10 m for this size range. Therefore, it can be katexd that, similar to Austria, Sweden
has no specific defined procedure for small-medomiters.

The model includes some calculation to consider dffect of the emitted
pollutants on the surrounding buildings that insemsa the recommended chimney

height. Hence, this method gives the same valualfothe boiler sizes in the urban
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location (independent from the background pollutiooncentration). It gives two
values: one for the specified urban location wtdohsiders surrounding buildings, and
one for the rural location, with no building influee:

Sweden
30

25

20

mUL
15

mRL
10

Figure 35: Chimney height calculation results for the created case studies following the
Swedish methodology.

The following diagram represents the parametersitifiaence chimney heights

according to the Swedish Standard:

Boiler size
Chimney Buildings'
height height
Surrounding
buildings
Distance to
chimney

Figure 36: Diagram showing the relationship of the parameters influencing chimney height
for the Swedish calculation procedure.

Austria
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The method described in the ONORM M 9440 Standarcdased on the
pollutant emissions rate, the allowed increasendfiant pollutant concentration and the
flue gas temperature. These parameters are thedagolts for the graphic that gives
the recommended chimney height. However, this geaighnot applicable for many of
the studied cases, as the pollutants flow rateaddw. The minimum value represented
in the diagram for Q/S (View Section 4.3: AustiigPR0 (kg/h)/(mg/m) and in most of
the cases this value is lower, so it can be comrdubat the method is not applicable for

low emission rates and it is basically directeditgger boilers.

Therefore, for the cases where the first graphicna applicable, the
recommended chimney heights included in the boitess reports have been used.
Then, this height is increased to include surroogdbuildings’ influence. These
recommended chimney heights are specified in ttatid®e4.2, where the boiler test

results are explained.

However, the method is applicable for two cases:300 kW and the 540 kW
boilers in the urban location with the highest laokind pollution conditions, as the
value for Q/S is close to or higher than 20 (kdfy/nt). For these cases, the NOx is

the most influencing pollutant and it is what deBrthe chimney height.

The results obtained from this model are illusttatethe figure below:

Austria
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10 ERL
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Figure 37: Chimney height calculation results for the created case studies following the
Austrian methodology.

It can be seen that for each boiler size the megfines the same results for the

urban locations, except for those cases where tagraim is applicable. This is
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explained because the influence of the surrouniinigiings is the same in all the urban
cases (as the boiler location does not vary) aadgébommended chimney height is the
same independent from the background pollution.

The purple columns represent the chimney heightermmenended in the test
reports for each boiler size, as there is not imgldnfluence, and therefore, no height
increase. The rest of the columns (except for tkergones in the 300 kW and the 540
KW boilers) are the result of the addition of theseommended heights plus the

increase due to buildings’ influence.

The highest columns represent the two case studiese the first diagram of
the method is applicable. It is higher for the 3 boiler because the flue gas flow
rate v (ni/h) in this case is a 61% lower than the flow ratethe 540 kW boiler,
generating a lower momentum which justifies tha thimney height needs to be

greater not to affect human health.

The highest height given by this method correspdhdsefore to the 300 kwW
boiler in the urban location with higher backgroyadlution, with a value of 32 m.

When both graphics described in the method araecgiyé, the most influencing

parameters are those included in the diagram below:
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Figure 38: Diagram showing the relationship of the parameters influencing chimney height
for the Austrian calculation procedure.

Germany

To calculate the chimney height for the selectesk tudies the software P&K
3781 has been used. This is a simple program basd¢tde TA Luft and it does not
include any input options to define background emiation or pollution limits.
Therefore, the case studies for this calculatiarc@dure are reduced to eight, two for
every boiler size: rural location (no surroundingiltings’ influence) and urban

location.

The following graphic shows the results obtainethihis software:
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Figure 39: Chimney height calculation results for the created case studies following the
German methodology.

It can be seen that, comparing to the results éddby the other methodologies,
these results have a very different appearancepiidgram gives the highest values for
the 50kW and the lowest values for the 540 kW.

This is explained due to the very low value of €xtaust gas flow rate for the
first scenario. This affects the momentum and tbhenp rise, and increases the chimney
height.

The flow rate has such a great relevance in thisvace because the pollutant
emissions are not significant in comparison, kn@aiat this software is directed to
large scale biomass boilers. Therefore, it giveghdri chimney heights for the cases
where the flow rate, and therefore the plume isk&wer.

In order to have a representation of the influerfciis parameter on the height
calculation, the flow rate has been changed forSdW@kW urban location scenario to
create the following figure:
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Flow rate VS Chimney height
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Figure 40: Relationship between the flow rate and the chimney height, according to the
results obtained following the German method.

This figure shows how the flow rate affects thenumey height, especially when
the value of the flow rate is very low, as the péurs rise is negligible and the height

needs to be greater to ensure a good dispersithe giollutants.

The flow rate had a similar effect in the Austrimethod, which gave a greater
value of the chimney height for the 300 kW boileart for the 540 kW boiler because

the flow rate was lower for the first scenario.d€WiFigure 37).

The most influencing parameters taken into conait®r in this software are

summarised in the diagram below:
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Figure 41: Diagram showing the relationship of the parameters influencing chimney height
for the German calculation procedure (P&K software)
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As a summary of the resulithe following graphic shows the chimney heic
calculated for all methodst is useful to represent the big differencesseng amonc
the studied methodologies, which justifies the neceendation of developing

common European simple methodology foiall-medium scale biomass boil:
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Figure 42: Chimney heights obtained by the different European methodologies.
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5. CONCLUSIONS

5.1. Summary
The aim of this project was to understand the dbffiees existing among the
European Countries for chimney height determinatiocsmall-medium scale biomass
boiler installations. First of all, a review anceidification of the main regulation related
to biomass emissions and chimney height has beeerdaut. This analysis has

clarified a number of issues:

At first, that although the European Committee @in8lardisation has published
the EN 303-5 Standard directed to heating boilpreou800 kW, the national
regulations in force in the countries reviewedhis thesis are still directed to large
scale combustion plants, and there is lack of aomndsnit specification for small-
medium scale installations. In some of this natioegulation, there are emission limit
values for this plant sizes but not for all theewgnt pollutants. There is usually no limit
specification for NOx, although this has been tlesthinfluencing pollutant for
chimney height calculation in the methodologiesisd in this project. In most of the
national regulation that include limitation for simraedium biomass systems, only PM
and in some cases OFC and CO are specified. Aticbge cases, the values for the
different countries vary significantly. Therefotbere is a need of a European
agreement in terms of biomass emission limits laies as it was intended with the
EN 303-5 Standard.

From this regulation review it can be noticed Garmany, with its last
Ordinance for small combustion plants, offers theststrict limit values for PM and
CoO.

Secondly, a number of case studies were createdler to perform a series of
calculations following the different European metbalmgies to identify the most
influencing parameters in chimney height deternamein each country and the main
differences among the procedures. Some conclusioibe taken from the results

obtained from these calculations:

First of all, that most of the procedures are primalirected to large scale
plants, similarly to what was concluded from thasson limits legislation review. For
example, the Austrian methodology could not beiaddbr the smaller cases and a

reference value for chimney height had to be setetd be able to apply the procedure
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to include building influence. The same occurrethwiie process developed in the
German TA Luft, which justifies that for the anabysf this country, a software
developed by P&K, based on the TA Luft equatiornas wsed. However, the results
obtained from this software show a rare patterngamed to the rest of the results,
giving higher chimney height for the smaller balefhis is explained in more detail in
the corresponding section but as a summary, tiisrpacan be the result of that this
software is mainly directed to larger boilers aneréfore cannot be applied for small

applications.

Similarly, the Swedish regulation includes a moreerded calculation
procedure for larger systems, but it is very sinfplesmall-scale boilers, hence it gives
the same chimney height for all the studied baiees.

The UK D1 calculation has an important constraamtifs use, as it is only
applicable when the flue gas has a velocity highan 10 m/s. This condition can be
achieved by reducing the chimney section butmotsusual for small systems that the
gas speed is that high.

From the calculations performed, the lowest valiogeschimney heights were
obtained with the Spanish methodology, giving agheirange of 1.7-8.3 m, mainly
because this method does not include surroundimdimg influence. The UK model
gives the biggest range of heights with the lowadtie being 2.3 m and the greatest 39
m. Form the German method big differences in tlsallte among the case studies are
also obtained, with values of chimney height frofa ® 30.5 m. The chimney heights
calculated by the Austrian methodology vary from932.2 m. Finally, the Swedish
model only gives two different values: 10 m for theal location and 27 m for the
urban location, with no differences in the reswtaong boiler sizes or background

concentrations.

From the sensitivity analysis performed, it cancoacluded that in all of the
studied methodologies (except for the Swedish motle chimney height depends on
the pollutant emissions and the allowed increagwbifitant concentration, which relies
on the background concentration and the emissimitsli Therefore, the emissions
regulation in force in each country can make adiifgrence in the final result. For the
calculations, the limits established in the EN 30&8ere used; hence the limits were the

same for every method. However, if national regoret were used, knowing that the
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differences in emissions regulation among the stlidiountries are significant, the

results would differ considerably.

Another highly influencing parameter in the cald¢wa procedure is the height,
and in some cases the distance to the boiler,eo$tirounding buildings, except for the

Spanish methodology which does not include surrmgnbluildings’ influence.

The flow rate also influences the results in mdshe methodologies, especially
in the German, which gives bigger values of chimheight for the smaller boilers

because the flow rate, and therefore the plumeigdewer.

As a main conclusion, there is a need to develepmethodologies for their use
in chimney height calculation for small-medium scapplications. There is a wide
number of complex software that model air dispersind therefore, they are able to
give an optimum understanding of each plant comwléti and a very reliable value for
chimney height. However, this software needs tpurehased and they usually need of
good program knowledge, hence they are usuallgi@ideto big companies that can
acquire the program or the help of a consultanoygr

For small applications, which in many cases refeidomestic use, this software
are practically unreachable, hence a developmeatsohpler methodology that can be

used by small-medium scale applicants could beadtdelp.

5.2. Recommendations

The main recommendations extracted from this pt@ee

A European agreement of the biomass combustionresgants, especially in
terms of emission limits. The development of a peemn legislation including emission
threshold values for all the pollutants involved didferent boiler sizes and a
standardised compilation of the most efficient abant technologies for the reduction

of these pollutants could be of great help.

The development of a common simple methodologgfimney height
calculation, primarily directed to small-medium lechiomass boilers that could be

utilised by independent users.

One of the main issues of this project was havougss to all the information,
due to the great language differences among thepean countries. Therefore, a full

translation of the most relevant documents is ssigge for the rest of the countries to
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be able to access other countries’ knowledge,maesgiheric and health impact is a

common concern and it should be an obligation Iabalvork together to respond to it.

5.3. Further Study

During the completion of this project, some arded tould be object of further
work were identified. First of all, an analysistb& existing air modelling software in
each country could be of help to understand b#ieedifferences in chimney height
calculation among the European countries. Howelier heeds of a great time of work
to be able to know the different programs, and afstess to the programs, which in all
cases have to be purchased, is needed. HowevEnmeg a similar study than the
one carried out in this project with these modélsgive a solid understanding of the
European practice in chimney heights determinaggpgecially if studying bigger boiler

sizes when these modelling programs are widely.used

It would be also interesting to study other boderes and fuels, which would
lead to different emission rates and pollutantgraer to have a good understanding of

all the biomass combustion technologies.

Also, a comparison of the methodologies analysetigproject with the
modelling software could be useful for the impletad¢ion of these simple methods and
could be of help in the development of a commorpgmmodel directed to small-

medium scale biomass systems.
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APPENDIX

Table Al: Concerning pollutants from wood combustion set by the US EPA. SOURCE: [Ref.6]

Surrogate

Substance .
Controls®

Acetaldehyde

Alpha-pinene

Beta-pinene

Carbon monoxide (CO)
Formaldehyde

Methanol

Naphthalene

Toluene

Total phenols

Turpentine

PAHs

2,3,7,8 Tetrachlorodibenzo-p-dioxin (TCDD)
2,3,7.8-Tetrachlorodibenzo-p-furan
Hydrogen sulphide

Nitrogen oxides (NO,)

Beryllium

Cadmium and compounds
Chromium (II) compounds, as Cr
Chromium (III) compounds, Cr
Chromium (metal)

Chromium (total)

Chromium, hexavalent metal and compounds
Cobalt as Co metal Dust and fume
Cobalt carbonyl as Co

Copper, Dusts and mists, as Cu
Copper, Fume

Iron

Lead arsenate, as Pb; (A,0y)

Lead chromate, as Cr

Lead compounds

Magnesium

Manganese

Molybdenum

Nickel and compounds
Particulate matter (PM)
Phosphorus

Selenium

Silver

Thallium

Zinc

Arsenic and inorganic arsenic compounds
Mercury

Hydrochloric acid

Sulphuric acid

Sulphur dioxide (S0,)
#Surrogate Controls Index

%%%ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ

Q
75

WMWEE'U*U”U"J”U”U’U’U"J”U”U”U*U”U”U”U*U*U*U”U*U*U*U*U*UZ

C- Carbon monoxide (good combustion practices & control)

P- Particulate matter (cyclones, filters, ESP, ...)

S- Sulphur dioxide (acid pases - scrubbers)

N- Nitrogen oxides (nitrogen in fuel and combustion modifications)

Ref. #32: Washington State
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Table A2: Multiplying factors to convert 1-hour concentration values to other averaging
periods. SOURCE: US EPA

Averaging Period EPA Multiplying Factor for POINT Sources®
3 hours 0.9
8 hours 0.7
24 hours 0.4
annual 0.08

* "Screening Procedures for Estimating the Air Quality Impact of Stationary Sources, Revised,”

EPA-454/R-92-019, page 4-16).

Table A3: Summary of the Federal and Northeast State regulations for biomass boilers in the
US. SOURCE: [Ref.26]

Device Type

Federal

Northeast States

Fireplace

+ Exempt from residential wood heater NSPS
+ EPA voluntary program under development

* No applicable state regulations

Indoor woodstove

+ Subject to residential wood heater NSPS

+ Standard set in 1988 (CAA requires review of
standard every 5 years)

+ EPA working on review

* No applicable state regulations

Peliet stoves

+ [ oophole in residential wood heater NSPS
exempts most units

+ No applicable state regulations

Coal and other
residential solid
Juel stoves

¢ No applicable federal regulations

s No applicable state regulations

Indoor wood
Jurnace/boiler

* No applicable federal regulations
+ May participate in EPA OWHH voluntary
program

= No applicable state regulations

Outdoor wood
boiler/firnace

+ EPA voluntary program

+ State emussion standards m MA.
ME NH. VT
s Pending action i RI. NJ, NY

Other residential
solid fuels — coal,
grass, corn

* No applicable federal regulations

* No applicable state regulations

Under 10 MMBtu

+ No applicable federal NSPS regulations

* Area source rule in 2010 will impact all
mstitutional. and industrial boilers for mercury
and carbon monoxide emissions

s Limited state regulations,
s See Figure 1 for size triggers
and emission linuts

10-30 MMBrtu * Umits burming liqud fuels must comply with * State regulations vary
federal boiler NSPS significantly
+ Units burning solid fuels. such as biomass, * See Figure 1 for size triggers
exempt from federal NSPS and emission limits
=30 MMBEtu * Boiler NSPS s New Source Review permutting

* May be subject to industnial boiler MACT
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Table A4: S-values specified by TA-Luft for their use in the chimney calculation procedure.
SOURCE: TA-Luft

Substance 5-Value
Suspended parficulate matter 0.08
Lead and its inorganic compounds, mdicated as 0.0025
Pb
Cadmium and its inorganic compounds, 0.00013
indicated as Cd
Mercury and its inorganic compounds, indicated 0.00013
as Hg
Chlonne 0.09
Inorganic  gaseous  chlomine  compounds, 0.1
mndicated as hydrogen chlorine
Fluoride and its inorganic gaseous compounds, 00018
indicated as hydrogen fluoride
Carbon monoxide 15
Sulplur oxides (sulphur dioxide and sulphur 0.14
trioxide), indicated as sulphur dioxide
Hyvdrogen sulphide 0.003
Nitrogen oxides, indicated as nitrogen dioxides 01
For substances pursuant to 5.2.2
* ClassI 0.005
+ ClassII 0.05
+  Class IOI 0.1
For substances pursuant to 5.2.5
+  Total Carbon 0.1
+ (ClassI 0.05
» ClassII 01
For substances pursuant fo 5.2.7
+ 52711ClassI 0.00005
+ 52711ClassT 0.0005
+ 5271.1ClassIII 0.005
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Figure 7. Example of a Particulate Wet Scrubbing System
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Figure Al: Example of a PM Wet Scrubbing system. SOURCE: US EPA
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