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Preface

This report describes the work | have done duriygnternship at FACT Foundation. When |
started, | was hoping to be able to produce not ardesign, but also a prototype of a flaring
system. Time limits prevented me from doing so,lhdpe that my work, as presented in this
report, is interesting and useful for FACT and adjbasis for further development of a small
flaring system.

My time at FACT Foundation was a pleasure to nemjbyed the friendly and open
atmosphere, the flexibility and the lunches. Thamel want to thank everyone | worked with:
all FACT employees, interns and student, for cosatons and discussions, whether or not
related to work. | also want to thank FACT Foundiatior giving me this internship
opportunity and especially Bart Frederiks for hipexvision, helpful suggestions and
cooperation. | wish FACT all the best with keepumthe good work.

Bart Slager

Wageningen, August 2012






Summary

FACT Foundation promotes the use of bioenergy fargy supply in developing countries,
because bioenergy can provide an affordable amablelenergy supply. In cooperation with
local partners and NGOs, FACT executes projectseiveral countries. In Mali, relatively

small anaerobic digester systems for productiobiofas are installed. Biogas production of
these systems is not always level with consumptesylting in biogas surpluses.

Current practice is to simply vent surplus biogalsich is not the best solution with regard to
environment and safety. Better is to combust thplgses with a flare, but flaring systems for
such small systems are not available. The godlisfstudy is to develop a flaring system for
these small and medium sized biogas installatiwhg;h does not only function autonomous
and reliable, but which is also low-cost.

In this study, the process of flaring and the akiives to flaring were studied. From
literature, methods were found with which a flargygtem could be designed and a graphical
design was made, taken into account the functignaéliability and costs.

An enclosed flare was developed, of which the ncamponents are a pressure monitor, a
mechanical, spring loaded gas valve, a gas injeatbrpassive air supply, a burner head and
an enclosure. Ignition is performed with electrospark ignition and the flame is monitored
with a temperature switch. Separate components t&sted, in order to relate theory to
practice and to test their functionality.

The proposed design is a first step towards impieatien of flaring systems by FACT
Foundation. Recommended next steps are to consimddiest a prototype and to evaluate
and improve its functioning.
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1. Introduction

Problem background

The Republic of Mali is a West-African country widbout 14.5 million inhabitants. The

country is land-locked and can be divided into ¢hreatural zones: the southern, most
populated and cultivated Sudanese, the centralj-adn Sahelian and the northern, arid
Saharan. See figure 1 for geographic images of.M&lé country has significant climatic,

infrastructural and economic constraints, with caibput 4% of the surface being arable land.
The rural population comprises the largest pathefpopulation and lives in villages which

are often remote and isolated. Agriculture andifighare the most important economic
activities. Main agricultural products are cottanillet, rice, corn, gardening vegetables,
groundnuts, cattle, sheep and goat (Rodriguez-8an2b09; Brew-Hammond and Crole-

Rees 2004; Wikipedia 2012b).
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Figure 1. A satellite image of the republic of Mali(left, (Wikipedia 2012b)) and a geographical
map (right, (GoogleMaps 2012))

Mali ranks 175 out of 187 on the Human Developmiedex of 2011, which means high
poverty and illiteracy levels (UNDP 2011). Also ass to modern energy sources is very
limited in most parts of the country, especiallyrimal areas. Often there is no connection to
the grid and fire wood is used as energy sourcedoking and lighting. Also car batteries are
used to supply electricity for a small number ofotical devices. The lack of access to
energy sources is a critical burden to Mali’'s depetent, with the rural women being
especially vulnerable, since traditional roles #ak of tools and resources makes them the
suppliers of labour for multiple activities withtle or no remuneration. Promotion of Multi-
Functional Platforms (MFPs) through the Multi-Fuaoal platform Program is one way to
address the needs of the Malian women. The coteeoMFP is a small and simple Lister
diesel engine of 8 to 12 horsepower, deliveringmaadal energy. The Lister engine can also
be (partially) fuelled with Jatropha oil or withdgias, and it can power a variety of end-use
equipment. This can be for post-harvest procesdmdg, also for pumping or electricity
generation. The MFPs can improve the lives of palarly rural women and from that
improve the lives in their communities, by reducthg burden of labour intensive tasks and
providing additional sources of income and localpkryment (Rodriguez-Sanchez 2009;
Verkuijl 2011a; Brew-Hammond and Crole-Rees 2004).



FACT-Foundation is a Dutch non-governmental orgatios (NGO) that promotes the use of
bioenergy for energy supply in rural communitiesl@veloping countries, because bioenergy
can provide an affordable and reliable energy suppk the same time it can reduce
dependence on fossil fuels, stimulate local engmegurship, increase farmers’ income and
improve quality of life. FACT executes projectsseveral countries, in cooperation with local
partners and with other NGOs (FACT-foundation 20X2he of these projects is “Biogas
from agro-residues: Decentralised energy producsierving rural communities in Mali”.
This project is accomplished in cooperation wite tompany Mali Biocarburant SA and the
Malian national agency for development of biofu&BIADEB) (Frederiks 2011). The aim of
the project is production of biogas through anaeraligestion, so that with this biogas,
consumption of costly diesel fuel for the MFPs @ft€iSs can be cut down.

Current and desired situation

A number of anaerobic digestion systems are alréautioning and more will be installed in
the future. Biogas is produced, but biogas producand consumption are not always in
equilibrium. This results in frequent biogas suggls. Currently these surpluses are simply
vented to the environment. Both with regard to tyaé&d environment, venting is not a good
solution. In the desired situation, the surplusgbsis minimised, but when occurring, it is
combusted through flaring. The flaring system stidag able to do this autonomous, safe and
reliable, with minimal installation and running tes

Research objective

The objective of this internship project for FACBuhdation is to design a biogas flaring
system which can be implemented on biogas ingtalab rural Mali, so that surplus biogas
can be disposed of in a proper way. The biogasnfasystem should suit the Malinese
environment and conditions and the characteristite anaerobic digestion systems.

Research questions
Following from the research objective, the reseasdased on a main research question and
seven sub-questions:

Is it possible to design a robust and low-cost flaring system for small and medium scale
biogasinstallationsin rural Mali?
1. What are the characteristics of the anaerobic tayesystems in Mali?
2. What is the function of a flaring system (for arad®c digestion systems)?
3. What (type of) flaring systems are used/availahl@ractice and what are they used
for?
What are the requirements for a flaring system untentioned conditions?
How could a flaring system be designed for memitboonditions?
How should the designed flaring system be constditt
How should the designed flaring system be testedamed?

No ok

Methods

The engineering design method of Van den Kroonenlf£998) was used as a guideline
during this study. Methods deriving from this desigmethod are for example the use of a
brief of requirements and the morphologic chart.

Information and working methods were obtained frdiwerse sources. Scientific literature
was studied, but a lot of useful and practical infation and ideas were also acquired from
more informal websites, from companies and prodifotmation.



In the design process, literature study was altechwith testing. In that way it was possible
to determine the characteristics of separate cormgsrand expand the design step by step.
For testing purpose, a test setup was built witickvla gas mixture, similar to biogas, could
be prepared and provided to the components ofléned system. With the test setup, also
gas pressure and flow could be measured and redulat

Graphical designs and sketches were constructddinmble SketchUp (formerly known as
Google SketchUp), a freeware 3D modelling program.

Demarcation of the work

When this project was started, the idea was thatstindy would consist of the design,
construction and testing of a flaring system. Aadalié time proved to be too limited to come
to the construction of a complete prototype. Thaneethe work was limited to the design of a
flaring system and testing of separate components.

Report structure

The report consists of eight chapters. After this introductory chapter, chapter 2 elaborates
more on the characteristics of the anaerobic digesistems as to be implemented in Mali.
Chapter 3 contains a literature study on flarind #iaring systems. The core of the work is
contained in chapters 4 and 5, where the fourtiptelhnadescribes the design process and the
fifth chapter shows the results of this process.chapter 6 the process and results are
discussed and the main research question is arwerehapter 7. Recommendations for
further research are given in chapter 8.

Declaration of used variables

The most important variables used in following deeq the used symbols and units are
displayed in table 1.

Table 1. Nomenclature of all parameters and varial#s

Quantity Symbol Unit
Daily gas flow rate Qaay m3day™?!
Hourly gas flow rate Q m3hour?!
Volumetric gas velocity E, m3s™1
Orifice discharge coefficient Cq -

Gas Volume /4 m3
Specific weight of gases Vipec m3kg~!
Number of moles of a gas n -

Molar mass of gases M kg mole™!
Volumetric share of a gas % v/v %
Surface area A m?

Gas (over)pressure p mbar
Specific gravity of gases S -

Air entrainment rate T m3m™3
Diameter of a circle d m

Gas velocity v ms~t
Temperature of the flare T °K
Ambient temperature T, °K
Gravitational acceleration g ms2
Vertical flame length L m

Net heat release of the burned gaseg, kW
Pressure P Pa



Subscripts
Concerning oxygen

02
Concerning methane CHy
Concerning biogas biogas
Concerning air air
Concerning the burner throat throat
Concerning the burner orifice orifice
Concerning the burner port port
Concerning the stack exit exit
Concerning natural gas NatGas




2. Literature study on flaring

In this chapter the concept of (bio)gas flaringeiglored. Firstly the reasons for flaring of
biogas and the process itself are described. Thenatternatives to flaring are studied.
Finally, the use of flares in practice and the wagy are constructed is described.

2.1 Why flaring?

Venting is a very simple method to get rid of theptuses of biogas. But there are two
reasons to use flaring instead of venting. Thé éine is safety.

Although biogas has a lower mass density thanvaimting of large amounts of biogas can
result in high concentrations of methane aroundatimeerobic digester. This can potentially
lead to dangerous situations, because when metimareentration comes within the range of
5-15% in air, there is risk for explosion or opere f(Nikiemaet al. 2007). Although the
volumes of biogas vented are relatively small aodnally the gas will quickly disperse, it is
better to reduce the risks to a minimum.

A second reason is the environment. The temperatuesarth is, among others, dependent on
the concentration of a group of gases in the athmrsp which absorb and emit thermal
infrared radiation. These gases are generally w@rgreenhouse gases (GHG). Since the
industrial revolution, human activities have strignigcreased the concentrations of GHG in
the atmosphere, which results in an intensifieceigieuse effect and a temperature rise on
earth. Reduction of GHG-emission is part of mosintoes policies (Vellinga 2011). The
global warming potential (GWP) is a relative measwof the effect of different GHGs
compared to carbon dioxide. Table 2 shows that ameths a much stronger GHG than
carbon dioxide (Forsteet al. 2007; Slager 2009). Current practice of venting surplus
biogas, resulting in emission of methane, resultsi25 times higher emission of €O
equivalents than when the biogas is combustedaced]| resulting in the emission of carbon
dioxide. The methane is from non-fossil origin ame could argue that the methane as such
is thus renewable. But when the agro-residues wooddhave been anaerobically digested but
aerobically composted, only carbon dioxide and mdhane would be produced. Best practice
for the environment is thus to oxidise the methanearbon dioxide.

Table 2: Global warming potential of three important greenhouse gases (Forster et al. 2007)

Gas Name Chemical term GWP [CQ-equiv.]

Carbon Dioxide Co 1
Methane CH 25
Nitrous Oxide NO 298

2.2 Whatis flaring?

Flaring is a method typically used in the oil proshg sector to get rid of unwanted gases.
Drilling for oil at oil deposits and wells most teés goes with occurrence of (unwanted)
natural gas. Sometimes this gas is re-injecteddi@r recovery, but more commonly it is
released to the environment. This is usually dondldring rather than by venting, because
venting can result in high methane concentratiommsirad the oil drilling site, which can
potentially lead to explosions or open fires (Btgsand Hand 2007). The Dutch emission
guidelines (NeR) indicate that flaring is used imuenber of sectors, namely:



The (petro-)chemical industry, the oil and gas stdy melting and cokes furnaces, flaring of
gas originating from landfills and flaring of suugks of biogas originating from anaerobic
digestion and water treatment systems. Safetyasptimary reason for flaring in all these

sectors, it is a relatively cheap and simple waytteat large amounts of gases occurring
accidental or incidental. Besides that flaring isoasuitable for gases with fluctuation in

composition and volatile organic solids contentéAtgchapNL 2008).

Chemical process of biogas flaring

From a chemical viewpoint, flaring of biogas is ibaly oxidation of methane in an open
flame. The basic reaction is depicted in equatiol€dmplete combustion of one mole of
methane requires two moles of oxygen. But whendsag combusted with plain air, both the
methane content of the biogas and the oxygen cobatenir determine how many volumes of
air are needed to combust one volume of biogasnéCab00). Following calculations are
done for a biogas containing 60% v/v methane andafo with 21% v/v oxygen. The
stoichiometric volume ratio of air and biogas canchlculated according to equation 2.

CHy,+2-0,->C0O,+2-H,0 mole Equation 1
Vair _ 021 Tspecor"To: " T, m3m=3 Equation 2
Vbiogas 1

0,60 Vspec ch, * e, " Mcn,
With V the volume inm?, .. the specific weight inm®*kg~", n the number of moles as
determined in Equation 1 ardd the molar mass ikg mole~! of either methane or oxygen.
Equation 3 displays the values used and the astoghiometric ratio. In this situation, 5.83
volumes of air are theoretically needed for congleambustion of 1 volume of biogas. An
increase of the methane percentage in the biogaigen a higher volume ratio.

0.2301 0—121 0.755-2-0.032 1583

0.0395 1 L ~1.00
ogo 1:48-1-0.016

Providing less air than required will result in ameplete combustion and thus release of
unburned methane and formation of unwanted prodiiascarbon monoxide. Providing
excess air can result in complete combustion asdalés that also cools the flame and results
in more turbulence and better mixing. So withintaier ranges it is possible to play with the
air intake to tune the burning behaviour. Usudlyge biogas flares, burning good quality
biogas, operate at an air to biogas ratio of 1®-vdlumes of air to 1 volume of biogas.
Which thus is more than double the stoichiometatior (Caine 2000). But according to
Fulford (1996), small burners and gas stoves indeedisually run with a small excess of air,
but are designed in such a way that the amountiofapy air added to the gas before the
flame is usually around 50% of the total air requmient.

Burning methane results in the production of hBate methane has a Lower Heating Value
(LHV) of 36 [MJ m°]. Biogas with 60% methane has a LHV of 21 [M3]|nThe flare should

be designed in such a way that the conversion dhane is maximised, in order to minimise
the release of unburned methane and products ommiplete oxidation. Table 3 gives an
overview of these undesirable products and theoreas their occurrence. For advanced
flares, two parameters form the performance smetiins, namely the temperature and the
residence time. The optimal temperature range 3-8@200°C, with a minimal residence
time of 0.3 seconds. Performance standards faedlar the Netherlands are a temperature of
900°C with a residence time of 0.3 seconds (C2009©).

m3m™3 Equation 3



Table 3: Undesirable products which could originatdrom flaring of biogas (Caine 2000)

Undesirable product Mechanism of formation

Carbon monoxide (CO) Complete oxidation require890¢C and a
residence time of >0.3 s throughout the flame

Partially oxidised hydrocarbons (HC) T>850°C throughout the flame to prevent formation

Dioxins and Furans of these species through unwanted molecular
Poly-aromatic hydrocarbons (PAH) rearrangements
NOx Formed at >1200°C by oxidation of.MIso

formed within the flame by the oxidation of
nitrogenous non-methane volatile organic
compounds

According to Caine (2000), when designing a flarés important to consider the following
interrelated factors, in order to reach the wai@ahing characteristics:

The air requirement of the flame:

The temperature of the flame is mainly dependenthenamount of air added to the biogas
and the heat loss to the environment. When theaBiagpntains more than 50% methane,
usually the air to biogas ratio is in the rangd®f15 nf of air to 1n7 of biogas, so that the air
functions both to oxidise the biogas, to cool tleme and to create more turbulence and
mixing. Mixing is crucial for uniform and complebairning of the methane.

The stack exit velocity:

The velocity with which the gases leave the flatestbe sufficiently high, in order to prevent
the flame front to travel backwards down the burfert not too high, because that could
result in extinguishment of the flame. The exitoa#ly can be calculated from the exhaust gas
flow rate and the surface area of the enclosuraioge The exhaust gas flow rate can be
calculated based on the inflow of fuel and gas,dfeimolar combustion reaction, and the
temperature of the gas at the exit.

The energy release by the flame:

The calorific value of the major fuel componentsl éime gas flow determine how much heat
is potentially released to the environment.

The residence time of the biogas in the flame:

The exit velocity of the gas in combination withetimeight of the flare at the working
temperature, which is determined empirically, azeded to be able to calculate the residence
time of the biogas in the flame.

2.3 Alternatives to flaring

The goal of the current project is to design arigusystem. But for FACT it is interesting to

investigate if there are alternatives to flaringh€& promising methods could show up, which
may for example be cheaper, or fit better withintaia systems and which can be
investigated more thoroughly in another project.

In their review paper on biofiltration, Nikienet al. (2007) mention a number of processes
through which biogas can be used or removed aral intlicate the characteristics of the
processes, including an estimation of the relatestsc The paper is focused on biogas
originating from landfills. Five methods are mento and described, namely combustion,
catalytic flow reversal reactor technology, tramsfation to methanol, flaring and biological

oxidation.



Combustion

When the biogas quantity and quality is high engugimbustion of the biogas is an option
and in that way the biogas can be turned into id#gt or generate hot water or steam.
Assuming an energy recovery efficiency from thedfdhof 50%, Nikiemaet al. (2007)
estimate that investment costs (installation aneraton) are 3.1 US$/ton G@quivalent of
CH,4 removed. This method is currently not universaltpnomic because of the low costs of
natural gas. In the biogas project in Mali, comlausts off course the primary goal of biogas
production. But it might be an option to use thepkis biogas within a small combustion
system.

Catalytic flow reversal reactor technology

This process is developed to eliminate methane wiketoncentration is in the range of 0.1-
1% vl/v in air. It is developed for treatment of treate in coal mine ventilation air. The

methane is oxidised in a packed bed reactor. Theignition temperature of the methane is
strongly reduced to around 350°C with help of algat. Product gases with a temperature
ranging from 600 to 800°C are produced and thi¢ baa be recovered and used for heating
or for production of electricity. An increased centration of methane in the air results in
higher percentages of energy recovered (Nikienah @007; Hristo and Gilles 2003).

Transformation to methanol

It is also possible to transform the methane in lil@gas into methanol. This process is
derived from the Lurgi-process for natural gas aodsists of three steps. Firstly synthesis
gas is produced, from which crude methanol is preduand in the last step, the methanol is
purified. The process needs a high temperaturecnina 840°C and a high pressure of 8 bar
(Nikiema et al. 2007; Kovac Kralj and Kralj 2009).

Flaring

Flaring of biogas is mostly done with minimal faogéls and without energy recuperation. The
objective is mainly to avoid the risk of explosioaused by the presence of £iH the air.
The method can be environmentally harmful, becadsmins and other dangerous
compounds can be generated. Investment costs an¢ A2 US$/ton C@equivalent of Chj
removed. Nikiemat al. state that minimum amounts of biogas is in thgeanf 10-15 rth™,
with a methane concentration of 20% v/v. This métisounder investigation in this study.

Biological oxidation

For old or small landfills, it is usually economliganot feasible to use any of above
mentioned valorisation techniques for biogas, auéw gas production rates. A biological
oxidation process, called biofiltration could besalution here. The process often occurs
naturally in landfills already, where methanotrapbacteria in the upper layers of the landfill
degrade 10-100% of the produced methane. A biofitlen be seen as a three-phase
bioreactor, with a solid, a liquid and a gaseoussph The filter bed represents the solid phase,
the biofilm the liquid phase and the biogas the phase. Contact between methane and
microorganisms takes place in the biofilm. Bothseld and open biofilters exist. The closed
system works with forced ventilation, which supsglieoth air and biogas to the biofilter.
Methane removal may reach values of above 90%. QOpetems work with passive
ventilation and are more commonly used for lansifiVlethane flows upwards through the
biofilter covering the landfill, while oxygen difa@és downwards. Lack of oxygen in lower
layers of the filter can lead to lower methane reahoA maximum methane elimination
capacity (EC) in the range of 325-400 g H?°d™* was achieved with a biofilter consisting of
compost of leaves. The inlet load (IL) was appratiely 500 g Chm?d™, thus the methane
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conversion ranges from 65 to 80% in this particebgperiment. Too low biogas flow rates in
combination with low filter bed porosity can leaddoor performance. Nikienet al. (2007)
present a table with data from a large number wdiets on biofilter. Table dlisplays some
interesting data from this table. There is largaaten in the material used as biofilter, and
the performance of the filters. The size of a ltiefishould be at a scale of at least 1ah
filter bed for achieving flow rates of GHn the range of 0.01 — 2.5°h'. And when passive
ventilation is applied, the height of the openefilinust be lower than 1 m to assure proper
diffusion of both methane and oxygen. Installatbmsts for open systems were between 0.25
and 0.40 US$/iiday of biogas treated. The Empty Bed RetentioneT{EBRT) for methane

in the biofilter lies in the range of a few minutes several hours, because of the low
biodegradability of methane.

Table 4: Characteristics of the results of a numbeiof studies on biofiltration (Nikiema et al.
2007)

Filter bed Operating Conditions Inlet lodtliminationConversion
[g m?d™] Capacity [%]
[g md]
Compost and soil Aerated at the top, mixture 202 80-90 40-45
Clay and landfill cover of 45% CH, and 45% CQ 40-50 20-25
Soil and sand viv 15-20 7-10
Soil 5-7 2-3

Multi-layers: Compost +  Aerated at the top, mixture 288 164-283 57-98
sand (top) and sand (0.9 m)50CH/50CQ viv

Agricultural soil Aerated at the top, mixture 214 171 80
50CHy/50CQ, viv
Compost Aerated at the bottom 590530-590  90-100
Compost of leaves Aerated at the top, pure ~500 325-400 65-80
Compost of municip. waste methane, 99% v/v 200-250 40-50
Compost of garden residues 200-250 40-50
Compost of wood chips <50 <10
Inorganic material Aerated at the bottom, ~1700 ~700 41
Compost 7000-7500 ppmv methane ~300 18
Soil Aerated at the top, pure 525 435 83
methane, optimal conditions
Compost Large-scale open biofilter 288- max.960 max.31
Compost+Peat+Wood fiber 3120 max.480 max.15

The bacteria which are able to biologically oxidiee methane are known as methanotrophs
and this group consists of a large number of spesipecies. The process of methane
decomposition has three steps. The first reactigm is the oxidation of methane to methanol,
with help of the enzyme methane monooxygenase (MMBDpsequently, the methanol is
transformed into formaldehyde. The bacteria canfosealdehyde either via a dissimilatory
pathway, in which it is converted to GQor via different assimilatory pathways, leading t
the synthesis of cell components necessary forgtbath of the methanotrophs. Optimal
growth temperatures of the methanotrophs strongfies for the different species and varies

9



between 0°C and 62°C. Maximum growth rates arehehin media with a pH range of 5 to
5.5. The methanotrophic species also differ inrtléi, needs. Some species reach optimum
growth rates at low methane concentrations oftless 1000 ppmv, while other species grow
best at methane concentrations higher than 1%amaxygen concentrations (<1%). But in
general, the methane conversion rate is mainlyuémited by oxygen concentrationy-O
concentrations lower than 3% result in strong desgeof the conversion rate. A biofilter will
not function optimally from start-up on. Initiallfhe conversion of methane will be weak, at
0-10% of the steady state conversion. This timeesded to activate and build a culture of
bacteria. When high concentrations of methane (A@0nv) are maintained in the biofilter,
this induction time step will take about 6 dayswéo concentrations result in a longer
induction time step. At concentrations of 1000 ppmbtook 19 days to obtain steady state
methane conversion. The biofilter is often inocedawith a culture of selected bacteria. It is
important that the biofilter also contains enouglrients to support bacterial growth. Copper,
nitrogen and phosphorus are mainly important. If yet present in the biofilter material,
these nutrients should be added.

Methane oxidation is an exothermic reaction, whiokoretically releases about 880 kJ per
mole CH,. In bio-oxidation, most of this energy is usedttoe anabolic reactions during ¢H
degradation. The rest is transferred to both tkeriing material and to the gases emitted from
the biofilter. A temperature gradient will existesvthe biofilter, which is mainly dependent
on the gas flow, the methane conversion and ttes fihaterial.

Nikiema et al. (2007) conclude that methane biofiltration is battsimple and a complex
process at the same time. The overall phenomentreaokaction seem to be well known, but
many aspects are still misunderstood and conti@githeories are proposed.

Analysis

Three new methods for methane removal are descabdidional to combustion and flaring,
namely catalytic flow reversal reactor technologgnsformation to methanol and biological
oxidation. As an alternative to flaring, biologicakidation seems most promising. Mainly
because this is a relatively simple and low costhoe Disadvantages are the sometimes
incomplete methane removal and the need for arath@inuous flow. And, as mentioned,
many aspects are still misunderstood. But a deepestigation of this method might be
worthwhile. The other two methods have a much higlgstem complexity and are also more
suitable as methods to process all biogas produced.

2.4 Flaring in practice

Often flares are roughly divided into two groupge@ flares and enclosed flares.

Open flares are very basic, simple systems, camgisf a burner from which the flame is
protected by a small windshield. The simplicitytbé system results in relatively low costs
but also in rather poor mixing, lack of protect@md insulation of the flame, which results in
high radiant heat losses and cool areas in theefldrhis in turn leads to uncontrolled and
incomplete burning and undesirable reaction pral(€aine 2000).

Enclosed flares can again be divided in severagygiffering mainly in the amount of added
equipment for measurement and control of burningpidal for enclosed flares is that the
burner is enclosed by a cylindrical enclosure o#faactory material. This enclosure protects
the flame from wind and isolates it, resulting imach more uniform flame and low emission
of undesirable reaction products. Added monitoramgl control equipment also makes it
possible to properly flare gases with different pagitions and flows (within certain ranges),
because for example the flow can be adapted acaptdimeasurements of flame temperature
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or composition of the exhaust gases. Table 5 cossptire features of open and enclosed
flares, from the perspective of use under Europeadlitions (Caine 2000).

Table 5. Comparison of the features of open and elosed flares used under European
conditions (Caine 2000)

Open Flares Enclosed Flares

Cannot meet performance or emission Meet performance and emission standards
standards

May be skid mounted and collapsed for ~ Permanent systems, 10-15 meter high
transport

Costs are 20-75% of equivalent enclosed Capable of operation over a wide range of
flares combustion conditions

Suitable for temporary or test uses only Can bihéurengineered to meet specific site

Caine (2000) sub-divides the enclosed flares fogds flaring in two sub-groups, based on
the method with which air is introduced to the lisg

Aeration through diffusion means that air is mixeith the biogas at the burner, resulting in
slow propagation of the flame and thus high enclesto achieve burn-out. This method can
be compared with a Bunsen burner with the air-pladed.

Pre-aeration of the biogas, mostly achieved thrauglnturi. This is done before the flame is
reached and the use of the venturi results in atecdolume of air proportional to the
volume of the biogas. This method can be compariéd avBunsen burner with the air-port
open in a fixed position.

In the information related to the Dutch regulation emissions to the air (NeR), flares are
divided in 4 variations according to how the gasiged and delivered to the flame.

The simplest version is a flare with passive affudion. This can be compared with above
mentioned ‘aeration through diffusion’, but for baipen and enclosed flares. It is mentioned
that these flares are used for gases with low mgatalues, because these need less air. A
second variation are high-pressure flares, in wiiehkinetic energy of the burned gases is
used to bring more air to the flame and create nargulence. In a third variation, air is
actively injected in the zone of the flame for $@me purpose. The last variation are flares
with steam injection. For mixing and turbulencepmses, steam with a pressure of around 7
bar is injected in the zone of the flame. This tgpdlare is widely used in the chemical and
petrochemical industry (AgentschapNL 2008).

Caine (2000) mentions a number of established srppbf flares for biogas production
systems. These are: Biogas (UK), Haase Energie nilecfGermany), Organics (UK),
Hofstetter (Switzerland) and John Zink (USA).

Flaring systems are used in numerous processekiam\gases are produced or occur as a by-
product. Main user of flaring systems is the pdiemical industry, but flares are also used to
treat gases arising from other chemical processésfim waste-treatment, landfills or
anaerobic digestion. Due to the nature of all th@seesses, the flares will most-times be
used in a (semi-)industrial environment, on a reddy large distance from residential areas.

Scale of the systems

Commercially available flaring systems are oftetemaled for large scale systems, like the
large anaerobic digestion systems used on WestpEBarofarms. Biogas production in these
systems is much higher compared to the system®imgited in Mali. Often suppliers offer a
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range of flaring systems with different capaciti€ee capacity is expressed as the gas flow
which can be treated by the system. *

Gas Treatment Services is a Dutch company, aatitied petrochemical and biogas industry.
The company provides (bio)gas utilisation, upgrgdamd flaring systems. For biogas they
produce three types of flares: An open flare, whgclhised as emergency flare only, with a
range of capacities from 100 to 1500 . An enclosed flare which can work permanently
and meets the Dutch NeR regulations. Capacitiegerdrom 100 to 1500 Nmh™. An
enclosed Eco flare, mainly used when the produdedals cannot be completely used.
Capacities range from 100 to 900 Rint. Smaller capacities can be built on request.

Himmel Gastechnik is specialised in the design @modiuction of components for biogas and
landfill gas stations, including gas flares. Thegduce three types of flares: Low-, middle-
and high-temperature flares. The respective capeaiiges of these flare types are: 20 — 2000
Bm*h?, 25 — 2000 Brin* and 25 — 1500 Bfh’. Bn?® indicates the gas flow rate in cubic
metres at operating pressure. Again the scaleeotdpacities is much higher than needed for
the biogas installation in Mali.

2.5 Components of flaring systems

The number of components of which a flaring systemsists, is dependent on the type of
flare, increasing with increased sophisticationer&fore it is interesting to define what are
the essential components to build a working fladen these are known, the non-essential
components can be defined and evaluated on theasery for our purpose. Finally the lay-
out and dimensions can be chosen in such a wayhénafit the requirements.

Following the flow of the gas from the source t@ thame, we encounter the following
essential components: Firstly the gas inlet pip&ube, then a pressure monitor and a valve.
In the gas-tube, close to the flame, a flame-asrastessential. A flame arrestor should be
capable of extinguishing a flame in case of flaskb&ubsequently, the gas reaches the
burner head, where actual flaring takes place. & raso an ignition system (whether or not
in combination with a pilot flame) is needed. Fipad flame detector is needed to assure
proper functioning of the ignition. To support #flese components, some construction is
needed(Gastechnik_Himmel_GmbH 2009; Caine 2000n&sgbapNL 2008).

Extra components can be added to improve the i#jatsafety and effectivity of oxidation

of the gas. Firstly, the construction supporting flare can be extended, the flare can be
elevated from the ground and the flame can be gdeand isolated, either by only a
windshield, or by an enclosure of certain heightjolv can also be isolated. In the gas supply
tube, before the flame arrestor, a gas boostebeaslaced to increase the gas pressure at the
burner to 30 — 150 mbar. The burner head can néatl with more burners, which can all
be fitted with their own (automatic) gas valves,tlsat they can be made active or inactive,
dependent on the gas flow. When a pilot burnenssailed, it should be fitted with its own
gas-tube, which then needs a flame arrestor aralva as well. The pilot burner can either
work on biogas, or can have its own Ipg or natges supply to assure a constant flow. As
mentioned before, the flare can be equipped wittnaeair or steam injection. It is also
possible to supply a support fuel to the flare sTdan be especially useful when the quality or
the energy content of the main fuel is low. Fina#lguipment for metering and measurements
can be added: gas meters to measure gas flowsdirown thermocouples for temperature
measurement placed at the stack gas exit, flashib@telction and equipment for analysis of
the exhaust gas (Gastechnik_Himmel _GmbH 2009; C2008; AgentschapNL 2008).
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3. The design process: materials and
methods

In the foregoing chapter, the principle and uséaves in practice is analysed. In this chapter
the design process is described in detail. Thegdg®iocess was started with investigating the
context in which the flaring system has to be dawetl, by studying the used anaerobic
digester systems, the process of biogas produetnththe occurrence of biogas surpluses.
Subsequently, the requirements to the flaring sysiere determined. After that, a shortlist
of required components is set up, deducted fromigue chapter. For these components,
specific requirements were formulated and a sefarcbuitable methods and components was
started. Two or three of the most promising aregqdain a morphologic chart and analysed
with regard to the requirements. The following pdescribes a more detailed study on the
separate components, starting from the core offldreng system. For many parts of the
burner, theoretical study is interspersed withirigstin that way, a feeling for the relation
between theory and practice was developed andfteet ®n the overall system could be
seen. This alternation can also be found backenwty this chapter is ordered. Finally, the
costs related to the proposed system are analysed.

3.1 Biogas projects and process

The project “Biogas from agro-residues: Decenteali:nergy production serving rural
communities in Mali” was started in June 2011 anglanned to end in September 2013. The
aim of the project is to produce energy from agsidues through implementation of
anaerobic digestion systems. Agro-residues areXample animal manure and residues from
Jatropha nut processing (Verkuijl, Proj.Plan). Ehagro-residues are fed to the anaerobic
digester, and the organic matter in it is partiywarted to biogas. Biogas is a mixture of
several other gases, with methane and carbon diokdting the largest share. The
composition of the substrate largely defines themasition of the biogas. Table 6 gives an
indication of the composition of biogas. The methaan be used as an energy source by
burning it, to obtain either heat or power (mechahand/or electrical) or both (Caine 2000).

Table 6: Typical ranges regarding the compositionfobiogas (Caine 2000)

Typical Bulk Biogas Components Trace Components (€2)

Methane 50 — 60%| Hydrogen

Carbon Dioxide 38 — 48%| Hydrogen Sulphide

Trace Components 2% | Non methane volatile organic carbons NMVOC
Water vapour saturated Halo Carbons

Besides biogas, also a digestate/effluent is prediuthis digestate contains all nutrients from
the feedstock and can be used as a fertiliserriowdyre or gardening.

In the project, as implemented by MBSA, ANADEB aR&CT, the goal is to couple
anaerobic digesters to five Oil Extraction Site€EQ) and five Multifunctional Platforms
(MFP) (Frederiks, 2011). Bag-type, plug-flow andmcodigesters are implemented, varying
in reactor volume and thus in biogas output. Bamptyligesters are cost effective and
relatively easy to install and manage (Verkuijl 201 Table 7 gives an indication of the
characteristics of the anaerobic digestion sys&srimplemented in the project.
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Table 7: Characteristics of anaerobic digestion sysms in the FACT-project (Verkuijl 2011a;
Frederiks 2011)

Anaerobic digestion systemsin Mali

Scale of Digester Number of Volume Expected Max. Gas used in:
digester coupled to: systems  AD [m? gas flux pressure in
[m®day’]  system[mbar]
Small MFP 5 25 5-10 (5) 20 Diesel engine
(dual-fuel)
Large OES 5 2x300 200-250 20-40 Gas
generator
Anaerobic digestion systemsin FACT-projects elsewhere
Country Volume Expected gas
AD[m? flux [m%day’]
Uganda 200 70
Mozambique 60 20

Figure 2 contains a picture of one of the anaerbbig digesters, which is already installed
and functioning.

Figure 2: A bag-type anaerobic digestion system, aplemented in Koulikoro, Mali
(Mali_Biocarburant 2012)

For the anaerobic digesters both incidental andlantal surpluses can occur. Production of
biogas is a more or less continuous process, white engine in which the biogas is
combusted is used only part of the time, which sult in incidental surplus. Failure or
maintenance of the engine or other parts of theesysan result in accidental surplus.

When no gas is used, the produced biogas is igisabred in the digester bag. The digester
bag allows for a certain maximum volume of biogabé¢ stored, dependent on the volume of
the bag, the amount of substrate in it and the maxi pressure tolerated. Currently, the
maximum pressure is set by using an over-presslisf system, consisting of a plastic bottle
filled with water, in which the gas-tube is submetgThe height of the water in relation to
the exit of the gas-tube determines the countesspire. Every 0.01 m of water results in a
counter pressure of 1 mbar. When the maximum pressueached, while biogas production
goes on, biogas is vented through the water anttezirtio the environment without further
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treatment. The anaerobic digestion system is sctisedaand depicted in figure 3. Also the
system boundaries for this study are indicatethénscheme.

. Hett 7
Photovoltaic cells Excess electricity (?)

-

Electricity L
Smallairpump
12v DC
Air L
Dung and co-products Anaerobic bag type Digestate
Water > digester
Biogas
—> Gas meter _l
Biogas S N
—> Pressure gauge _l > Excess Biogas
Biogas
Measurements tube > Biogas leakage (?)

Biogas
>  Manualgasvalvel

Biogas

—>| Manualgasvalvell |—

Biogas
: I—) o . . Mechanical
Diesel (Air inlet) Lister diesel echanical power

Electrical power

Figure 3: Process chart of the biogas production syem in Koulikoro, Mali (determined from
video produced by FACT)

3.2 Prediction of biogas surpluses

The bag-digester is made of fibre reinforced PV@Giclv makes it strong and slightly elastic.
Generally it is assumed that the substrate occigppsoximately two thirds of the volume of
the bag, so that one third of the volume can be asegas storage. So, for a 25digester, a
maximum of approximately 8.3 hof biogas can be stored. Pressure in the digestezpt
rather constant, even when little biogas is stobgdplacing weights on top of the bag. These
weights result in a pressure of about 10-15 mbaneWWthe digester is completely filled,
pressure starts to build up and simultaneously khg will slightly increase in volume,
because of its elasticity. The pressure will buifd until the it reaches a value equal to the
counter-pressure applied by the water (20 mbargnTventing of the biogas through the
water will start, while pressure in the system Ww#l constant at 20 mbar and the flow rate of
biogas through the water will be equal to the pobidu rate of biogas in the system.

It is uncertain what the frequency of occurrencgad venting will be exactly. This will be
very dependent on the volume of the system, thgdsigroductivity, the frequency and
amount of gas taken off by the MFP or the OES type of engine in which the gas is used
and the number of days per week the gas is usags 3ét-up and management of both the
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anaerobic digestion system and the MFP or OESdsiérmine the frequency of occurrence
of biogas surplus.

Modelling

To obtain insight in the occurrence of biogas suspbccurrence, a simple model was
developed, with which scenarios can be set up,drying aforementioned parameters. The
scenarios are listed in Excel and are read fromaidairable 8 shows the parameters which
can be varied and a number of the resulting saesan practice, there is not much certainty
about the exact values of the parameter biogasuptioth, biogas consumption, engine
working hours and days, due to recent start up lathé monitoring. Besides that, these
parameters can also vary strongly during the yBimgas production will probably increase
with increasing temperature in the hot season @utdedse in the cooler season. Availability
of substrates is also partly dependent on the sed$® working hours of the engine are also
dependent on the seasons, the MFP will for exatoglesed more intensive after harvest, for
treatment of agricultural products as rice de-hglli Besides set-up and management
variations of the system, also accidental surples@soccur, most likely this can occur due to
break-down of the engine.

Table 8: Scenarios for occurrence of surplus biogawith a number of varying parameters

Scenario 1 2 3 4 5 6 7 8
Volume anaerobic digester fin 25 25 25 25 600 600 600 600
Biogas production rate [fday] 5 10 5 5 200 250 200 200
Maximum pressure in the bag [mbar] 2020 20 20 20 20 20 20
Biogas consumption by engine {tn] 0.8 08 10 1.0 200

Working hours engine [h/day] 5 5 5 3 12 12 12

6
Number of days engine is used [day/week] 55 5 5 5 5 5 5

The developed model can be used to analyse tharsagion an hourly basis and a prediction
can be made about the amount of biogas ventedhantidment of venting. All parameters in

the model can be varied and simulations can beopeed for short or longer periods, from

one week to one year. The core routine of the maehksically a mass balance over the
biogas storage of the anaerobic digester, as gmsplen equation 4, which is recalculated for
every hour, based on the input.

Storage = Input — Output + Production — Consumption m3  Equation 4

Input is the input of biogas into the biogas storagemify/hr, which is always zero.
Production is the biogas produced in the digesterify/hr and Consumption the biogas
consumption inm3/hr by the biogas end users, like the MFP. And finallytput is the
amount of biogas vented in3/hr, starting when the biogas storage is full and mamxn
pressure is reached. Simulation is started withbibgas storage half full. It can occur that
consumption is so much larger than production tthatstorage is empty during certain hours.
In the model, consumption is then impossible.

The developed model can be helpful as a tool talmiiogas production and consumption of
future anaerobic digestion systems. Besides thalavelopment was very useful to acquire
insight in the functioning of the biogas systemsl am the moments and quantities of gas
surplus occurrence.
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3.3 Requirements to the design

An important step in the development of a well-fimming system is setting up the
requirements to that system . Often requiremehifighin five groups, namely performance,
reliability, safety, costs and exterior (Kroonerband Siers 1998). In Table 9 requirements
are listed for a flaring system connected to a aise digestion system of 25°nmFor every
requirement it is indicated whether this requiremenust be fulfiled completely
(fundamental), or fulfilled within certain rangesga(iable) or if this requirement does not have
to be fulfilled per se (wish). When it is relevaalso the values and units are indicated. In this
study, most attention will be paid to the requiraeingroups performance and reliability,
followed by costs and safety, with exterior beireated as the least important group.

For reason of lay-out, table 9, referred to in #estion and table 10, referred to in following
section, are displayed directly after each othetherfollowing pages.
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Table 9: Brief of requirements for a flaring systemto be implemented for anaerobic digestion systenith a volume of 25 nf in Mali

Index Group Requirement Type Value Unit
Min. Max. Desired
Safety
1 Emission of CH4 to environment is minimal Variable
2 Emission of CO and NQOs minimal Variable
3 The flare facilitates complete and clean combustion Variable
4 The flare cannot cause direct or indirect scaldihigystanders Fundamental
5 The flare cannot cause direct or indirect scaldihgnimals Fundamental
6 It must be clear when the flare is active Wish
7 No unwanted/uncontrolled fire can originate frora flare Fundamental
8 The flare is located in a safe place Fundamental
Performance
9 Biogas can be burned at varying biogas flow rates ariale 2 10 5 m/day
10 Biogas with a varying methane-content can be burned Variable 50 80 60 % viv
11 The flare functions autonomous Fundamental
12 Ignition of the flare is autonomous Fundamental
13 The flare should be used as little as possiblevdadavasting energy  Wish hr/wk
14 The heat energy originating from the flare is s&t Wish
15 Odour emission to the environment must be low Wish
Reliability
16 Ignition of the flare is reliable Fundamental 100 %
17 Malfunctioning of the system is detected and inidida Fundamental
18 Most parts are locally available Variable 90 %
19 The flare can stand all local weather conditions ndamental
20 The flare can function in all local weather conutiis Variable
21 The flare requires little maintenance Variable 0 1 0.5 hr/wk
22 Regular maintenance can be done by local staff &uedtal
Costs
23 Total costs of the flare are only a small parthef total AD system Variable 2 20 4 %
24 Total costs of the flaring system are low (total/AR500 €) Variable 50 500 100 €
25 Costs of installation of the flaring system are low Variable €
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26 Costs of maintenance of the flaring system are low Variable €lyr
27 Costs of most spare parts are low Variable €
Exterior
28 The dimensions of the flare match the dimensiorth®AD system  Wish
29 The flare is not too dominantly present Wish
30 The flame is not disturbingly visible Wish
Table 10: Brief of requirements for specific compoants of the flaring system
Index Component Requirement Type Value Unit
Min. Max.  Desired
Tubing &
Connections
1 The diameter of the tube should fit the gas flongea Variable m
2 The length of the tubing is minimised Variable m
3 Tube and connections should be and stay air tight Fundamental
Pressure monitor
4 Over-pressure is monitored accurately Variable 05 b5 1 mbar
5 The pressure monitor drives gas venting Fundamental
Gas valve
6 The valve can be opened and closed manually Wish
7 The valve can be opened based on a set valuedavédr-pressure  Variable 15 25 20 mbar
8 Once the valve is opened, it allows for constastftgaw Variable
Flame arrestor
9 No flashback can occur Fundamental
10 The flame arrestor should be durable and resigtanist etc. Fundamental
Burner head
11 The burner head can be used to burn varying gasrétes Variable
12 The burner head can be used to burn gas with \@@ogmposition  Variable
13 Air is passively delivered to the burner head Famedntal
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14

15
16
17

18
19
22
23
24

27
28
29
30
31

32

33

34
35
36
37
38

39
40

Ignition

Flame detector

Electronic circuit

Enclosure

Ignition functions autonomous

A gas with varying flow rate and composition candpgted
The ignition can function at 12VDC

Whenever gas is vented, it is ignited quickly

The parts of the ignition positioned nearby thenkashould be
temperature resistant (temperature shock res.hrrhigting T)
Ignition components should be resistant to oxiaatio
Ignition components should be resistant to shookisbmeakage
The ignition system is low cost

The design of the ignition system is simple

Energy use of the ignition system is as low asiptess

The flame detector rapidly detects a flame

The flame detector is connected to the ignition

The flame detector can function at 12 VDC

The flame detector can stand high temperatures

The flame detector only detects the flame, noirtheeased
temperature caused by solar radiation

The flame detector is not sensitive to fouling

The electronic circuit connects sensors and aatsiaia
functioning way
The electronic circuit contains as little complgxas possible

The electronic circuit functions with a car battesypower supply

Little energy is used by the electronic circuit
The electronic circuit is reliable
A signal is given when the circuit is malfunctiogin

The enclosure protects the flame against wind

The enclosure isolates the flame from the envirartfpeople
The enclosure protects the flame against rain
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Fundamental

Fundamental
Wish
Fundatal
Variable

Fundamental
Variable
Variable
Varabl
Variable

Variable
dauimental
Wish

ablari

Fundamental

Famental
Fundamental
Variable

Variable
\abie

Fundamental

Wish

Fueddéal
Fundamental
Fuedsal

°C

°C



41
42
43
44

45
46

47
48

Construction

Exhaust gases can exit the enclosure properly Fro@iizl

The material can stand high temperatures Variable
The height of the enclosure is limited Variable
The width of the enclosure is related to the charastics of the Variable
burning

The enclosure results in good combustion tempegatur Variable

The construction supports the flare under all (radyraircumstances Fundamental
The construction elevates the flare from the ground Variable

The construction separates the flare from humadsaamals for  Wish

safety

°C

3 3

°C
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3.4 Firstselection

The main goals in the design of the flaring syséemsimplicity and minimal costs. Therefore
it is possible to already partly indicate which qmments will be needed, which might be
needed and which are not needed. It is also pestibfjive a first indication of why certain
components are (not) needed and what further ceraidns will be required later on.

A good starting point is the Bunsenburner, depiatefigure 4, which can be seen as a very
basic flaring system and was indeed used in thidysto start research, designing and testing.

s <—— Air intake ring ———)5
2 <—— Gas valve + beak \

Figure 4: Bunsenburner (complete at left, disassentéd at right) as used for preliminary testing

A gas tube is needed to transport the biogas fleenmain tube to the flare. This gas tube
should be scaled according to the expected gassflmwd the length is determined by the
position of the flare itself. Keeping all tubessd®rt as possible is important to minimise the
pressure losses and the risk for defects, butldre ghould have a safe position. Pressure
monitoring in current anaerobic digestion systesngdrformed with help of a tube immersed
in water. The water height above the tube-exit ri@tges the maximum pressure build up in
the system. This method could still be used whea glas is not vented but flared.
Advantageous is that at the moment the water fonstiboth as pressure monitor and as
valve, and besides that it could also function dtame arrestor. Disadvantageous is that
when the gas flows through the water, all overgues is lost, while some over-pressure
might be necessary for the flare to function ontgyproperly. Besides that, it is difficult to
measure if and when gas is flowing through the wyateking it difficult to decide when to
ignite the flare. As mentioned, the water coulddlsction as a flame arrestor, but it might
be best to also have a flame arrestor close tflahee. A flame arrestor can consist of just a
metal wire mesh. The type of flame arrestor, itsatmn and dimensions should be decided
according to the system dimensions, the expectedl@ga and the flammability of the biogas.
A burner head is needed, of which the dimensioasaso dependent on the gas flow rates.
Besides that it is also important to consider tlag air reaches the burner head. No forced air
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supply will be implemented, so a passive air sughlguld be considered. The design of the
burner head can have a function in this. It shd@dlecided whether or not a pilot flame will
be implemented. The advantage of a pilot flamethat whenever gas passes through the
water, it probably can directly be burned. The dass not have to be detected in order to
ignite it. Disadvantage of a pilot flame is thatitvays uses gas. Estimates of gas use vary
strongly, but are at least around 40 litre per h&esides that, a separate gas tube, flame
arrestor, air supply and a small burner head wbaldeeded and a rather constant gas supply
should be guaranteed. A pilot flame cannot repigoéion either, because the pilot flame
itself needs ignition as well. Probably a flameed&dr is needed for proper functioning, either
to detect the pilot flame or the main flame. Flata¢ection is commonly done either with an
optical sensor (UV) or with a bi-metallic strip. §loptical sensor needs more maintenance,
because the photocell is rather sensitive to dodtsmot. Both sensors need an electrical
circuit and coupling to the ignition system. Theimiunctions of the construction are safety
and protection of the flame from the environmenensure proper flaring. At the same time
the flare must be well accessible for maintenanu# eéheck of functioning. Probably, an
enclosure is good practice for the circumstancedah, but the dimensions of the enclosure
are dependent on the gas flow, the wished quafitpoonbustion and requirements of the
users. A lot of heat is generated during flaring,tlse material of the enclosure should be
capable of standing and releasing this heat inopgrway. It might be interesting to utilise
the heat in a useful way. A gas booster will notrbplemented. There is over-pressure in the
system already and a booster will increase comlexid costs of the system. The same goes
for air or steam injection. This will not be needbdcause overpressure exists and air can be
sucked in in a passive way with help of a venturi.

In table 11, a first selection of components iseddRer essential component, two or three
options are depicted. Often more options were fobntithe options displayed came forward
as most promising after a first selection. Alsdfedent types and brands are available for
most options. In this phase, such a specific seleds not yet done. Some positive and
negative points are indicated and based on thesdgspoptions are chosen to be further
analysed. These options are underlined in the nadogic chart and will be worked out in
following section.

Table 11: Morphologic chart with 2 or 3 options andtheir (dis-)advantages displayed for the
most important components. Underlined options areurrent first choice and will be further
analysed.

Component

Tubing
1. Garden hose 2. Steel gas pipe

e

+ Flexible and simple +  Durahle

assembly + Maintenance free
+ Flexible placement - Low flexibility
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+ Low cost - Higher cost
- Higher risk of defects

Pressure monitor
1. Bottle with water column 2. Mechanical safety relief 3. Electronic pressure
valve sensor

5 up to 500 mbar
t ~ A
= - =

—

approx. T0.5mm
(277 inch)
l%
|

Lo, = -
- . rr‘
@ 52 mm -

205 Inch

+ Simpie construcuon + Adjustddie pressure + Pressure can be
+ Widely available + Durable monitored continuous
+ Quite accurate + Maintenance free + Accurate measurement
+ Low cost - Either low price buttoo - Need for electronic
- Higher risk of defects low flow rate or high circuit and controller
flow rate and high price -  Quite high price
Gas valve
1. Bottle with water column 2. Mechanical safety relief 3. Electronic gas valve
valve
9 up to 500 mbar

/I
|

+ Autonomiic funcuoning + Autonomic‘iuncuoning + Adjustable gas flow

approx. 705 mm
(2.77 inch)

+ Low cost + Simple implementation + Durable material
- Risk forirregular venting - No signal at gas flow - Needs electronic circuit
- No signal at gas flow - Thus increased complex-

ity and risk for failure

Flame arrestor

1. Bottle with water.column 2. Witt flame arastor 3. _Wire mesh
:460-2i
D |.
; |1|||'||| L ! (L :'|"|i"i|i||r.:|
] l ) 3 | 5
+ GasTtiow’is'irreversible  + Reliddie + Low cost
thus no flash back + Simple implementation + Simple but well-
possible - Relatively expensive functioning

- Intime, the flame might
damage the mesh
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Mesh diameter has to fit

the gas flow

Burner head
1. Bunsenburner

configuration

i «—— Gas valve + beak

+ Fulfils all required functions
- Needs to be adapted
Gas detection
1. Gas sensor 2. Switch contact
+ Reliable gas detection + Simple electronic circuit
- Relatively expensive + No energy use
- Continuous energy use + Widely available
- More complex electronic - More complex

circuit needed mechanical construction
- More difficult to obtain -  Lower reliability
Ignition
1. Hot wire/coail 2. Spatk.ignition 3. PRilat flame

+ Low energy use + Relaple’ignition method
Low cost solution - More complicated + Durable solution

+ + +

Uncomplicated electronics
Relatively high energy use
Lifetime of wire unsure

electronics
Ignition less reliable

Needs ignition itself
Constant gas use
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Flame detector
1. UV/IR flame scanner 2 Temneratira. sposnr

+ Rapid flame detection + Low cost soiuuon
+ Reliable flame detection + No fouling problems
- Sensitive to fouling - Needs tuning for right
- More difficult to obtain switching moment
- Too high temperatures
might damage sensor
- Environment might result
in false detection

Enclosure
1. Circular steel enclosure

B . il
Protects and isolates
Temperature resistant
Simple and low cost
Widely available
- May become dangerously hot

+ + + +

In table 9 a brief of requirements is set up f& tomplete flaring system. In order to have a
guideline in choosing the separate components arektable to check their performance,
specific requirements are set up and displayedtlet10.

3.5 Component design, dimensioning and testing

In this section, the separated components of #ref system are studied, starting from the
most prominent ones. For some components, firsearétical description is given, followed
by results obtained from testing and an analyslsotif.

Fulford (1996) extensively describes the theorpiofjas stove design. Figure 5 schematically
shows the basic elements of a stove or burner, lyaime injector orifice, the air inlet ports,
the throat and mixing tube and the burner port. basic elements can be seen as what in
table 10 is called the burner head, fulfilling maos$tthe basic requirements. Figure 5 also
shows the elements of the flame itself and the arays supplied to the flame. Primary air is
air mixed with the gas before the flame is reachddle secondary air is air sucked on by the
flame itself.
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4 —— Combustion zone
Outer mantle —=
—— Flame front

Secondary air ;\— Inner cone

Burner port

Gas/air I Mixing tube

mixture
| _ Throat
Primary air —-}fﬂf‘- Air inlet ports
Gas Injector

Figure 5. Schematic drawing of the elements of bumer and flame (Fulford 1996)

Gas flow through injector orifice

Biogas is introduced into the burner through the bgector or injector orifice. A simple
orifice is just a hole in a plate. In the burndristorifice has four important functions: As
mentioned, it introduces the biogas into the byrbat it also separates the burner from the
gas supply, so that it is impossible for a flamestder the gas supply tube. Factually, the
injector orifice thus functions as a flame arresBesides that, the orifice increases the biogas
flow speed, resulting in a pressure drop just dfterorifice, which again results in (primary)
air being sucked in and mixed with the biogas. Iynéhe orifice can also be used to control
the gas flow rate. Figure 6 shows an orifice irubet One can see that the air is forced
through a small hole, where the speed will stromgtyease. Maximum velocity is reached in
the vena contractor, some distance after the hoéee compression of the gas is at its
maximum. After that the gas speed will decreasénaydhen the orifice is placed at the end
of a pipe, the same effect will occur.

Orifice —/ ' Vena Contractor
Figure 6: Schematic image of an orifice in a tubeFulford 1996)

At a known pressure, the gas flow rate through rdice with a defined diameter is limited
and can be calculated with an empirical versioB@&oulli’'s theorem, displayed in equation
5 (Fulford 1996).

Q = 0.0467 - Cy * Agrifice \/g m3p1 Equation 5

With Q the gas flow ratgm3h~1], C, the discharge coefficient [-], which accounts floe
vena contractor and the friction losses over tfificer 4,,;f;c. the area of the orificnm?],
p the gas pressure before the oriffeebar] ands the specific gravity of the gas [-]. Both
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calculations and measurements are performed tondiet the flow rate over orifices with
different orifice diameters and varying pressuréi@the orifice. The goal is to be able to
choose the right orifice for the expected gas floMeasurements were in the first stage
performed with air, so the specific gravity of thas is 1. Five orifices were available for
testing. The first one is the Bunsenburner whictiegicted in figure 4, having an orifice of 1
mm diameter. Four others were prepared by drilliokgs in brass caps, normally used in the
central heating system. Caps with one hole of daidcZamm respectively, a cap with two holes
of 1 mm and a cap with five holes of 1 mm wereppred. The discharge coefficients of the
orifices is unknown, therefore calculations arefgrened for a range of coefficients, from
0.75 to 0.95. Measurements were closest to therdtieal calculations for &,; of 0.75,
therefore this value is used in further calculatidrgure 7 shows the calculated air flow rates
for the five different orifices at varying pressuned the related measurements for the orifices,
excluding the Bunsenburner. One can see that nezhswalues are quite close to the
calculated values. It is also interesting to mentioat the calculation for the caps with two
and five 1mm orifices is taken as a multiplicatmfithe calculation for the 1mm orifice with
2 and 5 respectively.

1 mm P
0FE 1.5 mm - e i
2 mm Tyl
2% 1 mm g
Uar 8% 1 mm RE et /

=
e

o
(]

Air flow through orifice [m3/h]

o
(8]

0.1k,

| |
a A 10 15 20 25
Air pressure at orifice [mbar]

Figure 7: Theoretical and measured (+) flow rateshirough orifices for air with Cd set to 0.75

The measurements were performed for air, but tifees are meant to be used for biogas.
The specific gravity for biogas is equal to 0.8B&rforming the calculations again using this
value and aC; of 0.75, results in a estimation of the biogasvfiothrough the different
orifices, as is shown in Figure 8. Two lines wedeled to the figure, indicating the biogas
flow at a biogas production rates of 5 and Tper day.
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Biogas pressure at orifice [mbar]

Figure 8: Theoretical biogas flow rate through orifces with Cd is 0.75 and lines indicating
biogas production of 5 and 10 rfiday

It can be seen that one orifice of 1 mm is too stoabe used for gas flows of both 5 or 16 m
per day at this low pressures. The caps with tbemrdim and the two times 1 mm orifices
could be used for gas flows of 5 per day when pressure is above 10 mbar. The cibs w
the 2.0 mm and the 5 times 1 mm orifices can be fmegas flows of 5 rhper day at very
low pressure already, and for flows of 18 per day when pressure is around or above 10
mbar.

Throat dimensioning for air entrainment

As mentioned before, one of the functions of th&ioaris to create an underpressure resulting
from increased gas velocity. This underpressureltes the entrainment of primary air via
the air inlet ports or throat. Fulford (1996) inalies that the amount of primary air added to
biogas is usually around 50% of the total stoicletm air requirement, although dependent
on the design of the burner. Testing showed thabagh flame temperature increased and
the flame became more compact, indeed adding adngbunt of primary air increases the
risk for blow off of the flame, therefore an entmaient ratio of 4 is chosen. This means that
four volumes of air are entrained per volume ofgbhm where the stoichiometric air
requirement is around 5.8. The amount of primaryeatrained can, within certain ranges of
pressure drop and tube dimensioning, be calculatedrding to equation 6 (Fulford 1996).
The wished entrainment ratio is known, therefore #guation is modified, so that the
diameter ratio can be calculated, as shown in exquat

A d
r=+/s- /A”‘”’“t —1|=+s- <# — 1> [] Equation 6
orifice orifice
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M=L+1=L+1=5;3 [-] Equation 7

dorifice \/E v0.86 1

With r the primary air entrainment ratig,the specific gravity of the gad, the surface area
and d the diameter of the throat and orifice. So withegi diameter of the orifice, the
diameter of the throat has to be taken 5.3 timeggetao obtain the right air entrainment. This
ratio was confirmed by calculations according te thethod of Jones (1989), which takes a
slightly different approach. There are several wayslesign the orifice/throat area of the
burner. The throat diameter mentioned before sugdhkat the air inlet has to have one hole
with certain diameter, but in the end, the airtidesa is decisive. So it is also possible to use
several air inlet holes which together have thewated surface area. The amount and size of
the air inlet holes is in a practical setup depenhdm the design of the rest of the flare
construction and the drill sizes available. A digasize and number has to be chosen in such
a way that the total air inlet area is close todhlkeulated area.

Dimensioning of the burner port

The burner port or flame port is where actual costiba takes place. Biogas has a relatively
low stoichiometric flame speed of 0.25 m/s, whickams that a biogas flame easily lifts from
the port or even goes out when the gas velocityutjin the flame port is too high (Fulford
1996). Therefore the size of the flame port musth@sen in such a way that the velocity of
the gas/air mixture is considerably lower than tvedue. The gas mixture velocity at the
burner port is dependent on the gas mixture flow aad the surface area of the burner port.
Equation 8 displays this relation explicitly. Treguation can be transformed to equation 9.
The diameter of the burner port can then be detexthfor a given flow rate and a wished
mixture velocity. A safe mixture velocity of 0.10/snis chosen in order to prevent lift off and
have some tolerance in real flow rate and entraamed

Q- (1+7r) 4

t = m-s1 Equation 8
por dport2 w3600
(1 + 4 :
Aport = ¢-¢ ") ) m Equation 9
Vport - 3600

With v,,,, the gas mixture velocity) the volume flow rate through the portre’ - A" and

d, the diameter of the burner port in meter. One khaotice that for this calculation, there
is no relation with the dimensioning of the biogagctor and air inlet ports. It is just a
relation between the gas volume flow and the afegaeoburner port. Tests were performed
for biogas flows of 2.4 and 5¥day, to find out if the given theoretical relatiahove indeed
resulted in a stable flame,. According to equaipthe diameter of the burner paf should
then be 4.2 and 6.1 cm respectively. Figure 9 shbegest setup, mixing tubes (and thus the
burner port) of 3.4 and 4.9 cm inner diameter warailable and used. This means that the
gas velocity at the burner port is higher thanr/4, namely 0.15 m/s. This is still lower than
the biogas flame speed, and indeed a stable flanld be obtained in both situations.
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Burner port —

Wire mesh
(Flame arrestor)

<+——— Mixing tube

Air inlet holes
Orifice injector
Figure 9: Drawing of the setup used for testing othe port dimensioning

Fulford (1996) indicates that the length of the imixtube is usually taken to be ten times the
diameter of the throat to allow for proper mixing fael and air. During testing, in both
situations, the length was taken to be 25 cm, whkedms to allow for proper mixing under
these flow rates. Air inlet holes were drilled whnitheoretically should provide an air
entrainment of 4. It is rather difficult to measwie entrainment, so for this element there is
some uncertainty in the relation between theory@adtice.

As can be seen in figure 9, the flame was separabed the mixing tube by a wire mesh,
which adequately functioned as a final flame aaest

Dimensioning of the flare enclosure

The components treated in foregoing parts togdfnestion as the burner head, where the
actual flaring takes place. It is important to paitthe biogas flame from influences of the
environment, to be able to create proper flaringditions, no matter the weather conditions
for example. Usually, an enclosure is basicallytautar construction surrounding the burner
head. Secondary air is sucked in through the botioeming, while exhaust gases are released
through the upper opening called the stack exitsmall flaring system also needs to be
protected against rain by a hood on top of theamuek. This hood should be designed in such
a way that the flame is protected adequately, lageg can escape with little hinder to the
environment.

The dimensioning of the stack exit is mainly depardon the exit gas volume flux and
velocity. The Texas Air Control Board (TACB) devpdrl a method to determine the
dimension of the stack exit (Ruggeri 2004), on \Wwhtbese calculations are based. The
method is based on two equations for calculatirey hboyancy flux of the burned gases
Equation 10 is dependent on four parameters, nastaljk temperaturel'([°K]), ambient
temperatureT(, [°K]), stack gas velocityy [m s~1]) and stack diameted([m]), with g the
gravitational acceleration of 9.§#n s~2]. Equation 11 calculates the buoyancy flux based on
the heat of the stack gases only, wjththe net heat release by the burned ghsds —1].

2 7 _
Fi=g-v -d_-T Ta m*s~3 Equation 10
4 T
F,=(3.7-107%)-¢q, m*s~3 Equation 11
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The two equations can be aligned and solved forsthek diameter, by using reasonable
values for the unknown parameters. For the exiptrature, according to Ruggeri (2004), a
reasonable value for a flare with good burning abtaristics is 1273K (1000 °C). For the
ambient temperature, under Malian conditions, aievadf 303°K (30 °C) is reasonable.
According to Ruggeri (2004), the stack gas exibesy should be taken sufficiently high in
order to prevent down wash of the gases, everaabnably high wind speeds. Down wash of
the gases will result in incomplete burning or ewerffocation of the flame. The gas exit
velocity is taken 1.5 times a reasonably high wapded of 50 km/h, resulting in a velocity of
75 km/h, which is approximately 20 m/s. The netthreéease of the burned gasesg, is a
function of the lower heating value of the biogh® mass density and the mass flow. Besides
that, the unit has to be converted from J/s tascak can be seen in equation 12. Equation 13
shows the units related to equation 12 and equd#oshows the values used for LHV and
mass density.

1

— 106 . A F . cal s~ 1 Equation 12
qn = LHV -10°-p - E, 21868 q
3
%‘”:%ML]%%%‘” Equation 13
20.4-10°-1.04 )
— . cal st Equation 14
n 41868 Fy a

Aligning equation 10 and equation 11, with the ¢ans variables filled out, results in
equation 15 and can be simplified to equation Iickvgives a direct relation between the
stack exit diameter and the biogas flow rate, Withbiogas flow rate in ffs.

9.81-20 1273-303 ., 3.7-107°-20.4-10°-1.04 F
4 1273 N 4.1868 v

d =.5.016"F, m Equation 16

At a biogas flow rate of 5 Hday, a stack exit diameter of 1.7 cm is calculafétds seems a
rather small number, especially when compared o dimensions of the burner head.
Therefore, the effect of the important parametershe diameter of the stack exit was tested.
Figure 10 shows that both the biogas flow rate #tredassumed stack exit velocity have a
large influence on the required diameter. A highmrgas flow rate requires a larger exit
diameter. Assuming a lower required exit velocitgans that a smaller exit diameter is
required.

Equation 15
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Figure 10: The stack exit diameter as influenced bthe biogas flow rate (left) and the stack exit
velocity (right)

Assuming 1273K for a small flare might be a too high estimatibecause of the relatively

low energy dissipation and high energy losses duedmall system. Figure 11 shows that the
effect of the exit gas temperature is rather sraallecrease of the diameter of 2 mm would be
required when the temperature is assumed to b&30@er. The ambient temperature has an
even smaller influence.
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Figure 11: The stack exit diameter as influenced byhe gas temperature (left) and the ambient
temperature (right)

The calculated diameters are smaller than expedteerefore it is useful to compare the
calculated diameter with existing flaring systeretailed drawings of three flare stacks of
Himmel Gastechnik also contain the dimensionindghef gas stack and the gas flow range.
The smallest of these systems is designed for lgas fof 20 -50 riyhr. In figure 12 the
dimensioning of the high temperature and the lowpterature flaring systems are compared
with the theoretical values. It is clear that instltase the theoretical values strongly
underestimate the diameters used in practice, wdrielon average about 40% larger.
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Figure 12: Comparison of theoretical values for thestack exit diameter and dimensions of flare
stacks of Himmel Gastechnik

The TACB method does not directly give satisfact@yults. This can have several reasons:
the used method is not useable for these low ammafrgas, or cannot be used for biogas, or
the used parameters do not apply for a small figsiystem. Therefore an approach is taken
based on first principles, as indicated by Cain@0(@@, so that the two methods can be
compared.

The flue gas originating from combustion in therflg has a much higher temperature than
the biogas and air before the flame. This resultexpansion of the gases. The combustion
equation is equimolar, so an adapted version oidis@ gas law can be used to determine the
volume increase and with that the velocity increak¢he gases. The gas law is shown in
equation 17 and by assuming that pressure befaraféer the flame is equal and the total air

entrainment is 10 (sum of primary and secondar), aguation 18 calculates the volume

increase resulting from temperature increase.

P -V P, V.
L1 _ constant = =2 Pa-m3K~!' Equation 17
T T,

100000-11 _ 100000 - 1, Sy, = 11 %1000 = 36.67 3 Equation 18

300 1000 300

With P the pressure i®a, V the gas volume im3 andT the temperature of the gas. The
subscripts 1 and 2 indicate the characteristicsthef gas before and after the flame
respectively. The added air and the 7@0temperature increase results in a volume increase
of 36.7 times the gas input. The real expansiorfficent of the gases is equal to 3.33
m3m™3, when comparing the flue gases with the sum ofidsoand entrained air36.67/

(14 10) ). With this expansion coefficient, the gas flolwrdugh the stack exit can be
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calculated at a biogas flow rate of 3/day and a total air entrainment of 10. And from th
gas flow rate and the area of the stack exit, e \glocity can be determined, as shown in
equation 19.

v '_Qday'(]--l'r)_ 4
ML 243600 ;-d,,;,>

m-s~! Equation 19

With v,,;; the gas velocity through the stack exitrin-s™1, Qaay the gas flow rate in
m3day~!, r the entrainment rate antl,,;, the effective diameter of the stack exit7in
Figure 13 shows the relation between the diamdtteostack exit and the flue gas velocity.
It can be seen that indeed a rather small dianetezeded to obtain gas velocities as high as
20 m/s and that current method gives comparablaltsesas the TACB method.

50 . ; 5

I Air entrainment is 10 m3/m3 l'; —— Air entrainment is 10 m3/m3

Air entrainment is 15 m3/m3 ! Air entrainment is 15 m3/m3

05+

Gas velocity at the stack exit [m/s]

i D 1 1 a

10 15 0 5 10 15
Effective stack exit diameter [cm] Effective stack exit diameter [cm]

Figure 13: The influence of the diameter of the stk exit and the air entrainment rate on the gas

velocity

For a biogas flow of 5 m3/day, the diameter of baener port was calculated to be 6 cm, in
order to obtain a gas velocity of 0.10 m/s. Comgadcethis velocity, the exhaust velocity of
20 m/s as proposed in the TACB method is very higjit. it is unknown what would be a
good exhaust velocity to maintain a good flame.ré&fwee it is proposed to determine this in
duration tests. In figure 14 a suggestion is ddree@pmbination of enclosure and hood which
makes it possible to vary the effective stack ar#a. This is a convenient solution, not only
because it is possible to adapt the stack exit, dnagtathe diameter of the enclosure can be
chosen suiting the diameter of the burner ports luseful to have an enclosure with a
diameter about 4 cm larger than the diameter obtireer port. In that way there is about 2
cm space for the additional equipment like thetigniand the cables.
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Variable outer diameter

Inner diameter = 9.9 cm

By changing height of the hood,
the area of the channel can be varied

Figure 14: The surface area of the enclosure can lsbosen by varying the distance between hood
and enclosure

The enclosure should be high enough to keep thesflaithin. From the dimensions provided
by Himmel Gastechnik for their enclosed flareslinaar relation can be deducted, but this
does not result in useful values, minimum heigldu¢ed is about 3.8 meter, which is much
too high. A regularly mentioned equation is thenféa height correlation equation by
Heskestad, which is presented in equation 20. ik equation, the flame vertical flame
length can be calculated for an open fire.

2 .
L =-1.02-D + 0.235(Q5) m Equation 20

With L the flame length im, D the diameter of the base of the flamerirandQ the energy
dissipation of the flame ikW. Assuming a lower heating value of 20.4 MJ/kg anchass
density of 1.04 kg/rhfor the biogas and taking the diameter of the buhead as the base of
the flame, the flame length is 19.4 and 24.8 cmafdriogas flow rate of 5 and 10%ffay
respectively. In the flare, the flame is enclosehdich might slightly increase the length of the
flame, but the flame lengths most probably will wighin 20 to 30 cm. The length of the
mixing tube is about 25 cm, resulting in a minimbeight of the enclosure of about 60 cm.

Pressure monitor and gas valve

A device is needed which triggers gas flaring & thoment that the gas pressure in the
digester bag reaches the maximum tolerated vakis.device should be simple but reliable.
Currently, venting is triggered by submerging tlemting tube in a bottle filled with water.
The water column supplies the wished counter presdthis is a very simple and effective
system, but for flaring it needs to be known whenting takes place and the gas needs to be
guided to the flare. Besides that, some gas pressureeded to be able to flare, while when
the gas flows through water all over pressure bdllost. An interesting alternative to this
system is a mechanical safety relief valve. Thisasically a spring loaded valve. The spring
keeps the valve closed as long as the gas presslower than the counter pressure of the
spring. This counter pressure is adjustable witigrtain ranges. These safety relief valves
could have been a great solution. Low cost valvesagailable, but their gas flow capacity in
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the required pressure range was not sufficientJendivalve with enough capacity at low
pressure, turned out to be far too expensive (\A&dtgTherefore it was decided to use a water
column as pressure monitor and to add functionatityhat the gas is lead to the flare and a
signal is given when gas flow occurs. Two optiorerevconsidered for this function. The
cheapest and simplest option is to imitate the otktsed in the safety relief valve, with a
spring loaded valve. The extra pressure providedth®y spring should be minimal in
comparison with the water column, but enough teelthe valve. When pressure builds up
above the water column, the spring is pushed wyingiway to the gas and at the same time
activating a microswitch. Activating the microswitcesults in an electronic signal which at
its turn activates the flare ignition. Figure 15ntans a drawing of the proposed
implementation of this option. Most difficult inithsetup is to tune the spring loaded valve in
such a way that it gives applies very little courgeessure to the gas, but at the same time
closes the valve properly and accurately actividtesnmicroswitch. As mentioned before, the
water column can also function as flame arrestatt Wwith the proposed setup, two
components closer to the flame already fulfil flisction.

Biogas in

Biogas out

Rubber closing
valve

:

Figure 15: Drawing of the pressure monitor and gasalve with details of valve and microswitch

The second option is a combination of the watenrool as pressure monitor and a gas sensor
indicating gas flow. The gas sensor is an eleatrdevice with a high sensitivity to methane,
propane and butane, which makes it ideal for mangoof both biogas and natural gas. In
clean air, the resistance of the sensing elemdmgls but when one of the gases is present,
the resistance decreases with increasing concemtréEigaro 2012). From this changing
resistance, a signal can be obtained, in ordetatd ignition. Best location for the gas sensor
would be in the mixing tube. Placing it closer @ twater column will probably result in a
non-reliable signal because gases will remain ptefg some time after the gas flow has
stopped, while gas present in the mixing tube télburned or replaced by air. In general,
this sensor can result in reliable gas flow detectirfhough there are two disadvantages. The
first is that the electronics circuit needed is emoomplex than for the microswitch. Secondly,
the gas sensor has a continuous energy use. insrdn heating element which provides
proper conditions for gas sensing and requiresemidgnt on the electronic circuit, between
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0.8 and 2 Watt of electricity. The basic schemeauiregl for the gas sensor is displayed in
figure 16 (Figaro 2012), whereuMs the voltage applied to the gas sensor heattVaithe
sensor voltage, which is maximum 24 V, but in tase 12 V. A voltage divider is created by
the resistance of the gas sensor and $® that the output voltage is dependent on the
resistance of the gas sensor. When no gas is pres@sor resistance is high, thug \& low,
increasing with decreasing sensor resistance. 9dfiesme is meant to actually measure gas
concentration. When the gas sensor has to be gsedwitch, the scheme needs extension.

B Ve o— o VAL —
_ 1_/1] D\ls '
3 /4
2 5
12V~ VH AL § | Voltage dependent on

resistance gas sensor

5V

GND o °c0 -
Figure 16: Basic scheme of the Figaro TGS-813 gamnsor (Figaro 2012)

Ignition of the flame

By either the microswitch or the gas sensor, aaignproduced when gas is vented. This gas
needs to be ignited as quickly as possible at tirads head. Two methods are promising,
namely ignition with a hot wire or coil and spaghkition.

In the first method, a wire is electronically hehte a temperature above the auto ignition
temperature of the biogas, which is about 8D0This can be done by applying a voltage over
a metal wire, which is partly in contact with thasgstream. Ideally the wire is resistant to
high temperatures of up to 1000, to some shear and shock and to corrosion. Besidd,
the resistance of the wire should be high, in otdeguickly increase its temperature, but the
electronic energy dissipated should be as low assiple, to minimize energy use.
Isabellenhitte is a producer of a range of resistavires, varying in material used, thickness
and resistivity (Isabellenhtte). The material atlgermines the maximum temperatures at
which the wires can be used. When the wire is ueenite biogas, the temperature for
ignition should be around 600 and the temperature of the flame can reach at@@C.
Wires made of the material Iso-chrom can be usetb @ptemperature of 1150, unlike the

other wire types, which mostly can be used up teaaimum temperature of 600. An Iso-
chrom 60 wire is available from www.conrad.nl. Islénhitte provides technical
information regarding their wires, with which cunts, resistance and dissipated power can be
calculated. Table 12 contains a selection of atphbvided by Isabellenhitte for a wire of the
material Isotan. It displays how much electricalrent should flow through a wire of certain
diameter in order to reach a certain temperatunease.

Table 12: The current needed to obtain a certain t@perature increase for Isotan wire of
different diameter (Isabellenhutte)

Temperature increase | 60 [°C] 100 [C] 300 [C] 600 [C]
Diameter [mm] | [A] I TA] I [A] I [A]

0.020 0.034 0.048 0.096 0.144
0.050 0.097 0.136 0.274 0.431
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0.100 0.216 0.302 0.610 0.966
0.250 0.629 0.880 1.79 3.08
0.500 1.44 2.01 4.13 7.39
1.000 3.37 4.72 9.78 18.1

These values are only valid for Isotan, but cadoeverted to the current for other materials,
like Isochrom 60, through equation 21 (Isabellet#)itwWhen the needed current is known,
the required resistance of the wire and throughithdength can be calculated, dependent on
the voltage applied, as shown in equation 21, égu&2 and equation 23respectively. When
a car battery is used, the applied voltage is 1Zhé lower the used voltage, the shorter the
wire can be. From the current through and the tasie of the wire, the amount of energy
dissipated can be calculated according to equadon

Iy = Usotan plz)tan A Equation 21
X
4 .
R=— Q Equation 22
l
R
? = m Equation 23
Rspec
P=i2-R W Equation 24

With i the current needddl] to reach a temperature incregsehe resistivity of the material
[Q-mm?m~1], which is 0.49 for Isotan and 1.20 on average Ismchrom (temperature
dependent)y the applied voltagek the resistancf}] andR,,,.. the specific resistance of the
wire [Q/m], ¢ its lengthim] andP the dissipated electric eneriy’]. Table 13 displays the
results of calculations regarding the needed ctirresistance, length and dissipated power
for heating wire of different diameter and materikthe voltage applied over the wire is also
varied. One can see that a larger diameter reqaitesger wire and dissipates more energy.
When the applied voltage is decreased, also tlggHenf the wire and through that the energy
requirement is reduced. From the table can be udedlthat, when only the material is taken
into account, Isochrom 60 is more effective asihgatoil compared to Isotan. But one can
also see that a rather large current of almost peagnis needed for an Isochom wire of 0.50
mm diameter. A convenient wire length will be betwé and 10 cm. With 2 volt, a length of
7 cm is calculated. Power dissipation is than axprately 10 Watt.

Table 13: Characteristics of and calculations on wes which can be used as heating coil

Material: Isotan

Diameter Rspec i (600C) |4 R £ P
[mm] [Q-m™]  [A] [V] [©] [cm] [W]
0.08 100 0.76 12 15.8 16 9.1
0.08 100 0.76 1 1.3 1.3 0.8
0.50 2.5 7.39 12 1.62 65 88.5
0.50 2.5 7.39 1 0.14 5 7.7
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Material: Isachrom 60

0.05 565 0.28 12 42.9 8 3.4
0.10 141 0.62 12 19.6 14 7.5
0.25 22.6 1.97 12 6.1 27 23.7
0.50 5.65 4.72 12 2.5 44 58.1
0.50 5.65 4.72 5 1.06 19 23.6
0.50 5.65 4.72 2 0.42 7 9.4
0.50 5.65 4.72 1 0.21 4 4.7

The second method is a better method, at leastregard to energy consumption. With an
electronic circuit, sparks are created, which aamté the biogas. In principle, the electronic
concept is rather simple and widely used in petrad gas engines. Figure 17 displays the
electronic principle of a car bobbin. A voltage Xt VDC is applied over a coil with a few
copper windings (b) and a capacitor, which is loaded in this way. fg\ene the switch (s) is
opened, the voltage collapses very rapidly and assalt of induction a high voltage is
generated over the secondary cod) (khich consists of a lot of windings. This voléaig so
high that a spark can jump the gap between twotp@Wikipedia 2012a).

12V->

Figure 17: Scheme of the electronic principle of aar bobbin (Wikipedia 2012b)

A miniature version of this car bobbin was foundan electronic lighter for household
purpose. This lighter contains a small electroniicudt, functioning on a 1.5 V battery and
delivering multiple sparks per second of about hatientimetre length. This implies that the
generated voltage is about 6000 V (Ridders 2012¢rdy use is in the range of 0.3 Watts, at
a spark frequency of approximately 20 Hz. Whendlleetrodes are well positioned in the gas
stream, most times the gas will be ignited withivefseconds of sparking, but the total
sparking time is dependent on how quick the tentpe¥asensor reaches its switching
temperature, and the frequency of gas occurrenoe.electronic circuit can be used directly
by reducing the car battery voltage to 1.5 Voltcdin also be replicated by obtaining the
separate electronic components. Finally, it mightriteresting to modify the circuit, to obtain
a slightly stronger spark (Ridders 2012). One emgjé is to mount the wires and spark ends
in such a way that sparks occur at the right plastead of jumping to another closer low
voltage spot, while the wires are not damaged byflaime. Figure 18 contains the electronic
scheme of the spark generator. In the oscillatad/larcuit, the 1.5 VDC is firstly converted
to alternating current and the voltage is increasedl00 V with the transformer. The
capacitor C1 is charged until diode D3 lets throagteverse current at a reverse voltage of
about 70V. At that moment, the capacitor is unloadwer the thyristor D4 and the
transformer T2, resulting in a voltage peak in skeondary coil of the transformer (Ridders
2012).
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Figure 18: Scheme of the 1.5 Volt spark generatingjrcuit (Ridders 2012)

Flame detection

As a result from ignition, combustion of the biogaidl be initiated. As soon and as long as
the gas is burning, ignition is not necessary amgmbBor reasons of durability and energy
consumption, it is best to switch of the ignitichsoon as possible. A device is needed which
can quickly recognise a flame. In advanced systaftsn an UV or IR scanner is used for
that, which is an electronic device detecting tlaliation resulting from the flame.
Disadvantage of such scanners is their sensittaitjouling of the lenses by particles and
sooth from the flame. Besides that, an electroystesn will be needed, comparable to that of
the gas sensor, resulting in increased complexityenergy use. Another option is to detect
the heat resulting from the flame with a tempemtsgnsing element. Numerous devices are
available, mostly meant to measure and display rgeaof temperatures. But also a
component was found which functions as a switchelithe temperature of the component
rises above a trigger value, the switch opens ahenwemperature drops again under that
value, the switch closes. These low cost switchesalled klixon or clixon and are available
for several switching temperatures, see figuredt@fpicture. Klixons were obtained with a
switching temperature of 70 and TQO(EOO 2012). The klixon should be mounted on the
mixing tube, close to the flame. Tuning is neededrider to obtain a short reaction time, but
the switch should not become too hot.

Figure 19: Klixon/clixon temperature switches

Electronic circuit
To connect and control the described sensors dndtacs, an electronic circuit is needed. In
the best case with regard to simplicity and eneugg, gas detection is done with the
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microswitch, ignition with spark ignition and flamdetection with a klixon temperature
switch. Power is delivered by a car battery, themefin extra resistance of 70 Ohm is needed
to apply 1.5 V over the ignition. In this case, #@lectronic circuit can be schematised as
shown in figure 20. The total energy dissipatiorihis case is in the range of 1.8 Watt. This
could be reduced by either using a 1.5V batterg BDIC/DC voltage converter in combination
with a resistance, which can convert the voltagenfrl2V to 1.5V with more efficiency
(Conrad 2012).
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Figure 20: Scheme of the electronic setup for theombination of microswitch, klixon and spark
ignition

Testing

As mentioned before, theoretical study was intesgzk with testing, in order to be able to
relate theory to the real world and to check thecfioning of components. For tests related to
gas flows, a setup was built with which a (bio)gasture could be prepared and provided to
the components of the flaring system. The setup egaspped with a gas pressure monitor
and a gas flow meter and different equipment winake to be supplied with gas, can be
coupled to it.

Biogas is a gas consisting of several gases, bitlymaethane and carbon dioxide. No actual
biogas was available for testing. Therefore a gastume resembling biogas had to be
composed by mixing natural gas and carbon dioxidethe Netherlands, natural gas is
available from the gas grid while a pressurisedrg CGO; cylinder was bought to supply the
carbon dioxide. To obtain a biogas with known meéhaontent, it is necessary to know the
composition of the natural gas. The gas from th&cbgrid is a mixture of gasses obtained
from different gas wells. The composition of thgssses varies per source, but is blended in
such a way that the gas reaching the end userfsalnost constant quality. This quality is
based on the gas obtained from the Slochteren iglts fvhich is the largest and most
important field of the Netherlands. After condermatand carbon dioxide removal, the gas
contains 86% v/v methane and 14% v/v nitrogen. Whils methane content, the heating
value is about 35 MJ/Nf(Anonymous 2012). In the test setup, biogas casimelated by
mixing natural gas with carbon dioxide. The rationatural gas and carbon dioxides to be
mixed to reach a certain biogas quality, can beutaled with equation 25.

VnatGas * CCH4 NatGas

C ] — Vnatcas = Veo, L Equation 25
CHuBiogas
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With V the gas volumgL] of either natural gas or carbon dioxide afg,, the methane

content[%v/v] of either the natural gas or the resulting biogiasable 14, the mixing ratios
of natural gas and pure carbon dioxide for obtgrigur biogas qualities are depicted.

Table 14: Mixing ratio of natural gas and pure carlon dioxide to obtain a biogas with a certain
methane content

CCH4Biogas VNatGas [m3] VCOZ [m3]
40 % 1 1.15
50 % 1 0.72
60 % 1 0.43
70 % 1 0.23

For testing and development of the electronics, tnmaportant equipment were a variac,
which is an adjustable transformer to supply powehe range of 1 to 240 Volt, a car battery
of 12 Volt, a multimeter, a temperature sensor, afaeadboard, which is a board on which
electronic circuits can be built and tested withsaltlering.
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4. Results

In this fourth chapter the results will be presdnféhe chapter consists of three sections. In
the first section, some results from the model bged to predict biogas surpluses are
presented. In the second section, the actual desigrbe presented and explained on the
basis of 3d-drawings. While in the third sectioa tosts of such a design are estimated.

4.1 Biogas surplus modelling

In chapter 3.2, the development of a model for iotemh of biogas surpluses was described.
In table 8, the combination of parameters for egggnarios were shown. The results of the
analysis of the first four will be discussed, thiere these four scenarios are displayed in table
15.

Table 15: Repetition of the first four model scenaps

Scenario 1 2 3 4
Volume anaerobic digester fin 25 25 25 25
Biogas production rate [fday] 5 10 5 5
Maximum pressure in the bag [mbar] 2020 20 20
Biogas consumption by engine {tn] 08 08 10 1.0
Working hours engine [h/day] 5 5 5 3
Number of days engine is used [day/week] 55 5 5

Some of the results of simulating the scenarios 4 for two weeks (336 hours), can be seen
in figure 21, figure 22 and table 16. Figure 21wball graphs generated by the model, which
are the hourly biogas production, the biogas comgiom by the dual fuel engine, the amount

of gas stored in the bag digester and the occugrefdiogas surpluses. The simulation is

started with the gas storage being half full. Cawe see after about 100 hours, regular venting
will start. Venting then takes place during the kered, when no biogas is consumed, and
also a few hours per day. Daily venting in thisigiton starts in the early morning, around 3

o’clock, and stops when consumption is startedragai
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Figure 21: Hourly biogas production, consumption, enount of biogas in storage and vented for
scenario 1
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Figure 22 shows the prediction of the amount ofgiased and vented in scenarios 2 and 3. It
Is interesting to compare these graphs. One caiths¢en scenario 2 venting occurs much
more often than in both scenario 1 and 3. For s@@r& venting only occurs during the

weekend. One can say that in this scenario theaeviry good balance between production

and consumption.
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Figure 22: Hourly prediction of the amount of bioga stored and vented for scenario 2 (left) and
scenario 3 (right)

For every simulation, also the absolute biogas gebdn, consumption and venting, and the
venting as percentage of production are calculated.

One could say that when biogas consumption anduptmoh are relatively well balanced,
venting may occur for a short time every day, hefiore consumption will start again, and in
periods when little consumption takes place fayrayer time. The gas flow rate is equal to the
production rate, although when maximum pressur@iss reached, the flow rate can be
expected to be a bit irregular. One can see th#tarsituation with lowest biogas venting,
15.6 nt biogas is vented, which is equal to about 400per year. Assuming a methane
content of 60% v/v and a methane mass density&# Kg/n?, about 165 kg of methane is
vented yearly.

Table 16: Further results of the analysis of scen@s 1 to 4. All values are for a period of two
weeks.

Scenario 1 2 3 4
Total amount of biogas producedm 65.6 135.6 65.6 65.6
Total amount of biogas consumed’]m 40.0 40.0 50.0 30.0
Total amount of biogas vented {m 256 95.6 15.6 15.6
Vented as percentage of production [%] 39.00.5 23.8 54.3
4.2 Design

Based on the equations mentioned in the previoapteh the dimensions of the components
of the flaring system can be determined. Table iEplays the dimensions of the orifice,
throat, burner port and enclosure, for two différeiogas flow rates, namely 5 and 16 per
day and two pressures before the orifice, nameind 15 mbar. In the table, two diameters
are displayed for the enclosure, indicated witha&ueand d e, Were the latter is the
enclosure calculated with the method of TACB. Timstfis the actual diameter of the
enclosure pipe, chosen to be approximately 4 cgefahan the diameter of the burner port.

46



Table 17: Possible dimensioning of the flare: diamer of orifice, throat, flame port and
enclosure, related to gas flow rate and pressure

P d)rifice dthroa‘ dpori denclosur de eff
[m®day] [mbar] [cm] [cm] [cm] [cm] [cm]
5 5 0.20 1.06 6.1 10 2.5
5 15 0.15 0.80 6.1 10 2.5
5 15 2x 0.10 0.75 6.1 10 2.5
10 5 3x 0.15 2.60 8.6 12.5 3.5
10 15 0.20 1.06 8.6 12.5 3.5

Based on design requirements, calculations anshgestomponents were chosen with which
a low-cost but robust flaring system could be hulld SketchUp a complete design was
drawn for a flare, designed to combust biogas flofusp to 5 M per day. This design will be
presented and explained by means of the drawing$. Mbard to all pipes, dimensioning is
according to DIN2448 and NEN2323. So when for examihe diameter of the enclosure
was calculated, no pipe with exactly that diametas available, but a pipe was chosen with a
diameter close to it.

As tubing for gas transport, garden hose with arerirdiameter of a %2 inch was chosen.
Garden hose is flexible in use and easy to coni@gt.gas transport over these relatively
short distances, the chosen diameter is large éntugrevent disturbing influence on gas
flow and pressure. Figure 23 displays the pressweitor and spring loaded gas valve plus
the tubing for gas transport and measurements.nfé@surement tube can also be used to
increase or decrease the water column.

Figure 23: Drawing of preséure monitoring, gas valg and'tbng

In the drawing, a water column of 15 cm is depictaresponding to a maximum system
pressure of 15 mbar. Tubes are connected with ¢msgectors, which need to be sealed to
guarantee gas tightness of the system. More defdite spring loaded gas valve are
displayed in figure 24. The spring and microswiagiply a pressure on a rubber sheet and in
this way close the valve. When gas pressure exdbedspplied counter pressure, the valve is
pushed open and gas can flow through the watetrendalve, via the tube connector and
tube to the flare. The rubber sheet seals the yatvéhat the spring can move freely up and
down, without need for a seal. As visible, the msovitch is fixed securely, so that a reliable
signal can be obtained. The microswitch has thoeact points, of which the top one is the
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ground. With the other two contact points, the slwitan either be used as normally closed or
as normally open. For current situation, ‘normalpen’ should be used. All contact points
should be protected from influences of the envirentby proper isolation with tape or

shrink wrap.

Figure 24: Spring loaded gas valve with microswitcland details of the spring loaded valve

The spring loaded valve is connected to the adlaat. As basis of the flare, a device
normally used for the filling and emptying of caaltheating systems is implemented, shown
in figure 25. Advantageous of this component agevalve, which makes it possible to stop
gas flow manually, and the closing cap, which @aeeable and in which the orifice can be
drilled. Around the end cap, a disc is placed, Imiclv the air inlet holes are drilled and which
at the same time functions as the bottom of thengikube. The diameter of the orifice is 2
mm and the three air holes are 6 mm each, whichldhesult in a primary air entrainment of
4 m’ per mi. In the drawing, the disc is made of steel, butpiactice it can be more
convenient to make it out of plastic, because shigplifies fitting the orifice cap in. The disc
is not influenced by the flame, so plastic is wadissible. Figure 25 also shows how the
orifice and the disc close the bottom opening efrthxing tube.

Figure 25: Manual gas valve, orifice and primary ai holes (left) and cap with injector orifice, air
holes and mixing tube (right)

The mixing tube is a steel tube with an outer di@mef 60.3 mm and an inner diameter of
54.5 mm, in which biogas and air become completeked to form a combustible gas
mixture. As shown in figure 26, the height of th&img tube is 20 cm. The top of the mixing
tube forms the burner head, where a wire mesh agsathe unburned gases in the mixing
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tube from the flame above it. The wire mesh is gadover the top of the mixing tube with a
small piece of pipe having a slightly larger indeameter than the outer diameter of the
mixing tube, namely 60.4 mm. Outer diameter is 68m. At a biogas flow rate of 5per
day, a stable flame of approximately 20 cm willgpesent at the burner head.

0.20 meter

Figure 26: Side and top view of the mixing tube anthurner head

In the proximity of the burner head, also ignitemd flame detection takes place. Ignition is
performed with a spark, generated with a high gataver two electrodes. The two
electrodes are clearly visible in figure 27. Theipee electrode should be properly isolated,
so that no sparks will jump to for example the mixtube at the wrong place. The klixon
temperature switch, switching at 70°C, is also medrtlose to the burner head. Cables are
led through a small diameter pipe, which is fixedhe mixing tube.

Ui

Figure 27: Fixation of ignition system, temperatureswitch and cables to mixing tube and burner
head
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The mixing tube is enclosed by a second steel fipeiameter is chosen in such a way that
space is left besides the mixing tube for the st@its. Also secondary air needs to be sucked
in through this space. The outer diameter of thetosare is chosen to be 101.6 mm, resulting
in an inner diameter of 93.8 mm, leaving approxetyal7 mm of space around the mixing
tube. The height of the enclosure is 75 cm. Fi@&eepicts the enclosure, with the enclosed
components visible in the cross section. A hooth witonical shape is place on top of the
enclosure. As mentioned in chapter 4, the hoodahites the effective exit area for the flue
gases. From this study it did not become completfielgr what this area needs to be in order
to be able to maintain a flame under all weatheddmns. Further tests need to sort this out.
In the current design, a fixed hood is placed @nafthe enclosure, resulting in an effective
diameter of approximately 7 cm.

0.75 meter

Figure 28: Side view and cross section of the flaenclosure and hood

The flare needs to be properly supported for safecarrect functioning. Three steel u-
profiles have to be anchored in the ground, besttjme is to anchor them in concrete. The
enclosure and mixing tube, as heaviest componargsnounted to the u-profiles with bolts,
as shown in figure 29.

50



"— 0.50 meter 4

Figure 29: Flare support construction

The construction lifts the flare 50 cm from thegnd, so that the other components can be
placed underneath, as can be seen in figure 38.dFawing shows the complete design of the
flaring system, including the pressure monitor Hrelbox for the electronic circuit. Total
height of the flare, from floor to the top of thedd, is approximately 131 cm.
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Figure 30: Overview and cross section of the compkeflaring system

4.2 Calculation of costs

Goal of this study is to design a flaring systemalis also low cost. In the design process
which led to the design as presented in the previgection, the component costs were
therefore taken into account and minimised. Tal@eydesents the costs of the components
needed to build the flaring system, including arshiescription and a reference. When no
reference is given, the price of the componentnewn from its purchase in local shops.
Three things need to be taken into account. Fjrtky prices mentioned are consumer prices
for the Netherlands, including VAT. For a compaflgwer prices could be applicable or
negotiable. Besides that, prices in other (develppicountries differ from these prices.
Secondly, although most components are commonlylail@ some components, like the
temperature switch, might be difficult to obtainin&ly, prices for new products are
mentioned, while some components can be made fread wr scrap materials, like for
example the steel piping.
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Table 18: Prices of the flaring system components

Component Reference Specific price Total price [€]
Tubing (Deltaline 2012) 1.96 €/m 7.84
Description Dependent on system setup, approximately 4 m adegahose is

needed to connect the digester to the flare, \eagtts valve. Hose of
the brand Tricoflex with ¥z inch inner diameter ssamed.
Tube connectors 3.69 € pp 7.38
Description Two plastic or brass tube connectors are neededrinect tubes to
the pressure monitor and gas valve. Brass conrsee more
expensive, but can be fixed more secure.

Plastic boxes 3.99 € pp 7.98
Description Two plastic boxes are needed, one transparenighditbox for the
pressure monitor and one smaller box for the eladats.
Plastic cap Estimation 0.20
Description The gas valve is made of a plastic cap with a diamef
approximately 6 cm, fixed on the plastic box.
Spring, threaded rod, nuts and rings 0.59
Description For the spring loaded valve, a threaded rod, angpd nuts and 4
rings of size M3 are used.
Rubber sheet Estimation 2.00
Description The rubber sheet is glued in the plastic cap. Aewwith a diameter

of maximum 10 cm is needed. This can be rubber allymsed for
inner tire repair.

Sealant 1.98 € per tube 1.98
Description To make several parts gas tight, a silicon sealamte used.

Shrink wrap (Conrad 2012) Set 3.59
Description Shrink wrap is used to isolate and protect alltetetc connections.

Microswitch (Conrad 2012) 2.28
Description A microswitch with a trigger pressure of 30 granused

Microswitch fixation Estimation 1.00
Description The microswitch needs to be fixed securely to thst box

U-profiles (IJzershop 2012) 23.88 € per 2 meter 26.87
Description Three vertically placed U-profiles keep the flareplace. Profiles

with dimensions 30x60x60x3 mm will be strong enaudach
profile is 0.75 m high.

Bolts, nuts and rings (IJzershop 2012) 5.19
Description Three bolts, 9 nuts and 9 rings of size M8 are eédd attach the
actual flare to its supporting construction.
Steel angle brackets (IJzershop 2012) 0.68 € pp 2.04
Description Three angle brackets are needed to couple the fmhe profiles.
Wiring 0.71€perlm 1.78
Description 2.5 m cable with 2x0.75 nfmwire can connect the sensors and
actuators.
Small pipe (IJzershop 2012) 7.10€per2m 1.78
Description A small pipe with a maximum diameter of 1.5 cm éeded to guide

the electronic wires from the electronics box te burner head. The
material is not too important. Mentioned priceas $teel. Length is
50 cm.

Klixon switch (EOO 2012) 3.89
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Description A Kklixon switch, switching at 7T is used for flame detection.
Spark ignition (Conrad 2012) 4.29
Description The spark ignition is obtained from an electronas dighter, which
costs 4.29 € at “Blokker”. The electronic circugincbe copied and its
separate components cost approximately 2.25 €.

Hot wire ignition (Conrad 2012) 3.59 € per 10m 0.36
Description Approximately 10 cm of Isachrom 60 wire can be ukedot wire
ignition. Hot wire ignition was tested, but notimded in the design.
Gas sensor (Conrad 2012) 14.37
Description The Figaro TGS 813 gas sensor detects combustisiesg The gas
sensor was considered, but not included in thegdesi
Brass manual valve + closing cap 8.68
Description For the manual valve and closing cap, a componamally used in

central heating systems can be used. It exists toba connector,
manual valve and closing cap.
Air inlet ring Estimation 0.50
Description A plastic or steel ring with a diameter of 60 mndaminimally 3mm
thick can be used as air inlet ring. Plastic is neasy to fix and drill.
A scrap piece of steel or plastic can be used

Steel pipe (mixing tube) (1Jzershop 2012) 24.13 € per2m 2.41
Description A steel tube with dimensions of 60.3x2.9x200mmsdedias mixing
tube.
Steel pipe (burner head) (lJzershop 2012) 24.13€per2m 0.60
Description Approx. 5 cm of tube with dimensions 63.4x2.9 mnused to form
the burner head and clamp the wire mesh over tkmgiube.
Steel pipe (enclosure) (IJzershop 2012) 51.12€per2m 19.17
Description The enclosure has a height of 75 cm with dimensi@is6x3.6 mm.
Wire mesh 1.99
Description A wire mesh with small holes is needed, but theewust be sturdy

in order to withstand the high temperatures. A winesh was
obtained from “Blokker” for a price of 1.99, norrhalused as a
flame divider for cooking purposes, which functidneell.
Hood (IJzershop 2012) 22.93 € per plate 2.29

Description The hood can be made from thin steel plate which loa cut and
hammered in the right shape. A thickness of 2 mith vé strong
enough, but still workable. A diameter of approxieta 15 cm is
necessary.

From table 18 can be calculated that the sum ofnth&erial costs is 116.32 €, when the
microswitch is used for gas detection and ignii@performed with spark ignition. The costs
for an anaerobic digestion system with comparabfecity are approximately 2500 €. Thus
the costs for the flaring system are about 5%haf.tlt is difficult to estimate at this stage
what will be the lifetime of all components. FACEsames a 15 year lifetime for an
anaerobic bag digester system (personal informgtibmis is also a reasonable assumption
for the flaring system. But especially the elecitocomponents, like the klixon switch and
the spark ignition system, the rubber of the gdgevand the wire mesh might be sensitive to
break down, due to the high temperatures or wetarfthese components probably need more
regular replacement. The other components, whichuat for most of the material costs, are
quite sturdy. Besides these material costs, alst@aliation and maintenance costs need to be
taken into account when assessing the costs okysiem. These costs are also difficult to
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estimate at this moment. Construction of a comptetem and durability tests should
provide more insight. Energy consumption is neglgiwhen no gas is vented and very small
during ignition, namely approximately 0.3 Watt. @ofor energy consumption are therefore
negligible as well.

For a flaring system with a larger capacity, mafedosts will increase. Within a certain

capacity range, a number of components need thdeged with increased capacity, namely
the steel pipes of mixing tube, burner head andosore, the hood, and possibly the
construction elements.
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5. Discussion

Designing the system was started with formulatibrequirements, both for the complete
system and the separate components, thereforealtt@ént of these requirements will firstly
be discussed. After that the other methods andtsesill be discussed in this chapter, in
order to be able to draw conclusions.

5.1 Fulfilment of requirements

In chapter 4, table 10, requirements were set uplf@ssential flare components. The design
fulfils requirements set with regard to tubing amhnections, the pressure monitor and the
burner head. But discussion is needed with regpdatfiiment of a number of other
requirements.

Functioning of the spring loaded gas valve

A low cost and (electronically) simple solution wa®sen to function as gas valve and gas
sensor. This component was not tested and doubtsmeavith respect to whether or not this
idea will indeed result in reliable functioning. tBBdhe spring and the microswitch apply
pressure on a rubber sheet, in order to closeead®long as pressure underneath is smaller
than the sum of the pressure of spring and swithbk.applied pressure should ideally be
enough to keep the hole closed when no gas isriipviaut small enough to open up at gas
pressures of between 1 and 3 mbar. The valve slatgddopen enough to activate the switch.
This requires accurate tuning of spring and micrte$w Rubber is a product sensitive to
temperature, dust and drying out. Therefore it migghdifficult to make a valve which works
maintenance free for a long period.

Endurance of flame arrestor

The wire mesh, which functions as a flame arresttbibecome rather hot when the flare is
functioning. Its temperature may rise to approxegha600°C. In time, this high temperatures
might result in damage and crumbling of the wiresméVhen the wire mesh is damaged too
much, it loses its functionality. Both the injectwifice and the pressure monitor will still
function as a flame arrestor, so there is no wsklashback, but probably no stable flame can
be established anymore. A wire mesh consistingiafwires will be damaged more quickly,
so a thicker wire mesh should be used. But theioeldetween thickness and durability
should be determined.

Temperature switch placement

In current design, flame detection is performedwitemperature switch, switching at 70°C.
The switch is best mounted on the mixing tube,ectosthe burner head, but the exact
position is not yet determined. In positioning Hewsor, there is a trade-off between quick
reaction to temperature change due to combustitwoghs and the tolerance of the sensor to
high temperatures. The switching temperature dfC#ight be not the best choice in this
trade-off.

Reliability of the electronics

The electronic system has an important role irflareng system. When the electronic system
fails, no combustion will take place and the biogd@ksimply be vented again. Currently
there is no automatic monitoring of the functionafghe electronic system. This reduced
reliability of the complete system.

Diameter enclosure

The diameter of the enclosure is currently takeinetalightly larger than the diameter of the
mixing tube, so that space is available for igmtamd temperature switch and so that
secondary air can be sucked in. The surface ardee difottom and the top of the enclosure
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influences the amount of secondary air providetthéoflame and the flue gas velocity, which
in turn influences the flame temperature and the flas exit velocity. Best is to have flame
temperature of around 900°C, and an exit velodijh lenough to keep the flame going in
difficult weather conditions. No solution was yetihd to solve this problem. Besides that it
was also difficult to find clear information abdbe effect of the length of the enclosure on
the quality of combustion.

Complete system requirements

Table 9 in chapter 4lisplays the requirements set up for the complatenf system. Focus

in this study has mainly been on the requiremeaotygs performance and costs.
Requirements in the group reliability are takemw iatcount in the design process, but it was
impossible to assess them properly, because notppetwas built and no durability tests
could be performed. This means that although s&patmponents were tested satisfactory, it
is unknown if the combination indeed results in@king system. Main concerns are for the
electronic sensors and actuators; reliable gasti@teand ignition.

Also not all requirements in the group safety aitélied. Mainly the safety for humans and
animals is not really taken into account. Althotlgé flame itself will stay within the
enclosure, components of the flaring system witldmee hot. The construction does not
prevent humans or animals to approach or touckykiem. It is also not indicated whether or
not the flare is functioning.

5.2 Flare design

This study was focused on development of a flaresrioall and medium scale anaerobic
digesters. A design was presented for a gas floSvrof per day. Separate components were
tested successfully for gas flows up to 1Dper day. Theoretically, a flare for larger gas
flows can be developed, using the same equatiahsn@thods. But it is uncertain for what
range of gas flows the equations are valid andesmlt in a working flaring system. At some
point, certain components will not be able to fulieir function properly anymore. The
current spark ignition for example, might delivetittle energy to start combustion at larger
gas flow rates. Even more limiting might be the galse, it could be more effective to use
the gas sensor at larger gas flow rates.

Construction and maintenance

When the flaring system is in use, regular inspactind maintenance will be needed. Besides
that, parts need to be replaced when they break dolerefore it is necessary that the
system and separate parts are accessible. Inttentdesign, this factor is not yet considered
enough. The way the mixing tube and the encloswen@unted to the supporting
construction can hinder inspection, maintenancesabdtitution of parts.

Costs

Material costs of the flaring system were determjriimsed on the new price of the separate
components at the Dutch price level. Although casider Malian conditions were not
determined, it is probably possible to built sudtaang system for a lower price. Mainly
because it is possible to utilize used materialeéotain components. Costs for maintenance
were not determined. The parts which will probaied regular replacement are listed as
being not too expensive, but might be less eagptain and therefore more expensive under
Malian conditions. Labour costs for maintenanceussienown, because it is unknown how
often maintenance will be needed and how much timsewill take. That is mainly dependent
on the reliability of the components.
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6. Conclusion

Based on the methods used and the results obtanedhswer can be given to the main
research question as proposed in chapter 1, behemgmarks made in previous chapter in
mind. The main research question was posed asviolp

Is it possible to design a robust and low-cost flang system for small and medium scale
biogas installations in rural Mali?

Methods were found with which a flaring systemdorall and medium scale biogas
installations can be designed. A complete designdvawn, dimensioned for a biogas flow
rate of 5 m per day. Main components were tested for gas flgw® 10 mi per day and
fulfilled their function as expected. The drawnigasvas not built and tested, so no
conclusion can be drawn with regard to the robisstioé the system, although most
components are expected to be able to stand Meadiaditions, expecting a lifetime equal to
that of the anaerobic digestion system.

Assuming Dutch prices, material costs for the drélauing system add up to 116.32 €, which
is equal to approximately 5% of the costs of areawiaic bag digester system. In practice, this
price could be decreased through building with usatkrials. The electronic sensors and
actuators, the wire mesh and the rubbers of theevadem most sensitive to breakdown and
might need regular replacement. Energy consumtidne system is very low, which will
result in low energy costs.
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7. Recommendations

This study forms a basis for implementation ofifigrsystems by FACT foundation. At the
same time, the discussion in chapter 6 revealetirti@tions of this study. In this chapter,
recommendations are done for further research@iotiic and improvement of the design.

Prototyping

The first step towards a introducible flaring systehould be the assembly of the separate
components into a flare prototype. This system khthen be tested and tuned for optimal
functioning. Also duration tests are needed, tavera whether the flaring system can
perform under more difficult conditions, like stgpwinds and rain. And also to determine if
the sensors and actuators can function reliabla fong period. Part of these duration tests
should be the determining of the best area of tdek®xit, by varying the height of the hood,
as depicted in figure 14, chapter 4, and a goaddlgemperature, which might require
decreasing the enclosure bottom area.

Safety

Safety for humans and animals is essential wheflaheg system is implemented. The
requirements set with regard to safety in chapt@rauld be considered and with the situation
in which the flare will be implemented in mind, tharing system should be extended with
components securing the safety of the environment.

Costs

Costs for a flare with a capacity of 5 per day were calculated with Dutch prices, addipg
to 116 €. In Mali and other countries were thedlaould be implemented, prices and
availability of components will differ. Both theipes and the availability should be studied.

Biological oxidation as alternative

In chapter 3, alternatives to flaring were studi@de of these methods, namely biological
oxidation, could be an interesting alternativeléoifg for the small and medium scale
anaerobic digester units. It is a low cost and s&mpethod, but although a lot of literature is
available, still many questions remain. Studyingidgical oxidation more deeply and testing
it in combination with small scale anaerobic digassystems

Effective use of produced heat

Flaring is a safe way to get rid of surplus biodag,at the same time it is a waste of valuable
energy. It might be interesting to find ways to maise of this energy. Combination with two
recent projects of FACT foundation might be possiln the first project, the possibilities for
implementation of a heating system in the anaerobicdigesters is studied. A second
project, which is still in an early state, is foedon generating electricity from heat through a
thermo-acoustic generator.
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