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Abstract

The thesis is a part of a Stora Enso’s project. The objective of the project is to build a pilot-
scale plant where lignin can be processed. The aim of processing lignin is to improve its
properties so that it can replace fossil-based materials in the future. The thesis focused on
the design of auxiliary systems. The main objectives of the thesis were to determine the
requirements for the nitrogen supply system, the exhaust gas treatment system, and the
cooling water system and to select suitable equipment based on these requirements.

The study was done by gathering material from heat treatment furnaces which are the
main equipment of the process. The technical data of the furnaces provided the main re-
quirements for the auxiliary systems. The material was analyzed and the requirements
from each furnace were compared with each another so that uniform requirements could
be made for the systems. Once the requirements were set, literature, studies, and the
knowledge of the auxiliary system suppliers were utilized to select the equipment for the
systems.

A generator with PSA-technology was chosen for the nitrogen supply system because it
was found to be the most cost-efficient solution that met the requirements. An oil-free
screw-compressor was selected as a compressor for the system. The system is equipped
with the necessary vessels and cleaning equipment. For the exhaust gas treatment system,
the solution included two separate combustion chambers. The main equipment manufac-
turers design and supply both combustion chambers. The cooling water system was de-
signed to have a closed loop. The closed loop requires a heat exchanger with 200kW cool-
ing power to keep the water temperature inside the loop stable. The scarcity and secrecy
of the data, as well as the lack of references, affected the sizing accuracy of the systems.
These are normal problems for a pilot-project. However, most of the results are reliable
and these results can be utilized in the process design.
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Tiivistelma

Opinndytetyd on osa Stora Enso Oy:n projektia, jonka tarkoituksena on rakentaa Sunilan tehdas-
alueelle pilotmittakaavan tehdas ligniinin jatkojalostusta varten. Jatkojalostuksen tarkoituksena
on parantaa ligniinin ominaisuuksia, niin etta se voisi korvata fossiilipohjaisia materiaaleja tule-
vaisuudessa. Opinnaytetyo keskittyi kdayttohyodykejarjestelmien suunnittelun ymparille. Tarkoi-
tuksena oli selvittdaa jaahdytysvesijarjestelman, typpijarjestelman ja savukaasujenkasittelyjarjes-
telman vaatimukset ja niiden perusteella mitoittaa jarjestelmat.

Ty0 toteutettiin kerdamalla aineistoa pdadlaitteina toimivista lampokasittelyuuneista. Nama lait-
teet maarittelevat tarkeimmat vaatimukset apujarjestelmille. Kerattya ainestoa analysoitiin ja
erilaitteiden vaatimuksia vertailtiin, jotta voitiin maaritella jarjestelmalle yhtendiset vaatimuk-
set. Vaatimusten maarittelyn jalkeen sopivan ratkaisun valinnassa hyédynnettiin kirjallisuutta,
tutkimustietoa ja apujdrjestelmatoimittajien tietotaitoa.

Typpijarjestelmaksi valittiin PSA-teknologialla toimiva generaattori, koska se oli kustannustehok-
kain jarjestelma, joka pystyi tayttamaan vaatimukset. Kompressoriksi jarjestelmaélle valittiin 6ljy-
tonruuvikompressori. Jarjestelma varustettiin tarvittavilla sdiliélla ja puhdistuslaitteilla. Savu-
kaasujen kasittelyjarjestelman osalta paadyttiin ratkaisuun, joka sisalsi kaksi erillista polttokam-
miota. Paalaitevalmistajat suunnittelevat ja toimittavat molemmat polttokammiot. Jadhdytysve-
sijarjestelmaksi suunniteltiin suljetuksi kierroksi. Suljettukierto vaatii lammaonvaihtimen, jaahdy-
tysteholtaan n.200kW, jotta nesteen lampdtila pysyy tasaisena.

Jarjestelmien mitoituksen tarkkuuteen vaikuttivat ldhtotietojen vahaisyys ja salassapitoasiat
seka referenssien puute. Ndama ovat tyypillisid ongelmia pilotprojekteille. Suurin osa saaduista
tuloksista on luotettavia ja niita voidaan hyddyntaa myohemmin prosessisuunnittelussa.
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1 Introduction

Climate chance has recently been one of the biggest topics of discussion. Companies
around the world are trying to invent with new ways to get rid of fossil fuels and fos-
sil-based materials. Energy storages play a major role in the transition from fossil
fuels to renewable sources. The global energy storage market is predicted to grow
from 59 billion dollars to 546 billion dollars by year 2035 (Global Energy Storage Mar-
ket 2019). According to a research by Lux the demand for energy storage, especially
for mobility applications, will grow rapidly in the future. Mobility applications include
fuel cell electric vehicles and battery electric vehicles. Overall, it is expected that sta-
tionary storages are based on lithium-ion batteries for the next decades. (Global En-
ergy Storage Market 2019.) The anode of lithium batteries are traditionally made of
graphite, which is a fossil material (Anode Materials. n.d.). Stora Enso, who is the as-
signor of the thesis, answers to this problem with a new processing technology of lig-
nin. Processed lignin could replace fossil-based material in rechargeable batteries in
the future. (Tillaeus 2020.) The thesis is part of a project to build a pilot-scale factory

where this technology will be utilized first time in the world.

Stora Enso is a global forest industry company. Stora Enso was listed as the world's
fifth largest company in the forest, paper, and packaging industries in 2015 (Global
Forest, Paper & Packaging Industry Survey 2016). Stora Enso has divided its opera-
tions into six divisions: Biomaterials, Forest, Packaging materials, Packaging solutions,
Paper, and Wood products. The six different divisions have a total of 26,000 employ-
ees. The biomaterials division is responsible for pulp production and the utilization of
biomass by-products. (Stora Enso in 2019.) The research department of the bio-
materials division has studied the further processing of lignin. They have found
promising results from research and decided to invest 10 million euros in pilot-scale
plant in 2019. Designing and construction works will last until of the end of the year

2020. The pilot-plan is scheduled to start running in early 2021. (Kykkdnen 2019.)

The pilot plant will be built in Sunila mill area. Sunila mill, located in Kotka on the

shores of the Baltic Sea, is part of Stora Enso’s biomaterial division and it produces



softwood pulp, lignin, tall oil, and turpentine. Sunila mill is founded in 1938 and it
produces 375 000 tons of pulp per a year. Comparing the producing capacities, Sunila
mill is one of the smallest pulp mills in Finland. On the other hand, Sunila mill is one
of the biggest lignin producers in the world and Stora Enso’s only pulp mill that pro-

duces lignin. The mill produces 50 000 tons of lignin per a year (Sunila mill. n.d.)

As mentioned, designing the pilot plant was underway. Most of the main compo-
nents had already been bought and the rest of the main components were to be
bought during spring 2020. The main components are heat-treatment furnaces
where lignin will be processed. (Tillaeus 2020). These heat-treatment furnaces need
different types of auxiliary systems. The furnaces consume nitrogen gas to create an
oxygen-free atmosphere and because lignin is heated in the furnaces, it must be
cooled afterwards, so cooling water system is needed. Heating of lignin generates ex-
haust gases, that need an exhaust gas treatment system which ensures gases are

controlled properly.

The thesis focused on these auxiliary systems. The main objective was to investigate
and calculate the capacity required and based on the capacities and other require-
ments select the main devices for the auxiliary systems. For the nitrogen system, the
object was determining the total demand of nitrogen gas and the other requirements
for the system. Secondary objective was designing how to ensure the supply of nitro-
gen during power outages. The supply of nitrogen is critical for the process and the
nitrogen flow must be continuous to ensure the safety of the process. The main
guestion for the cooling system was how much cooling power is needed as total.
Once cooling power was calculated the objective was to determinate other require-
ments for the cooling water system. The safety of the process also had to be consid-
ered in the design of the cooling system. Thus, the secondary question was how to
ensure the sufficient availability of cooling water in all situations. Calculating how
much each process step generates exhaust gas was the main objective for an exhaust
gas system. The equipment choices for the exhaust gas system were to be done

based on result of the calculations.



2 Research methods and material

The material used in the thesis was the information available on the furnaces. The
whole project was in the early stages, so a different amount of information was avail-
able for each furnace. Because some furnaces had just been bought, there was no
further information available and the technical information of the offers were the
only source that could be utilized as material. The first versions of the offers mainly
contained information about the furnace itself. They defined the most important in-
formation for the process, the key measurements of the equipment, and delivery
limits. There was little information for the auxiliary system designing. Nitrogen con-
sumption maximum and minimum values were given in the offers. But there was no
explanation for when the furnaces consume the most nitrogen. Only one manufac-
turer reported average consumption and instantaneous maximum consumption sep-
arately. The same issue was with cooling water consumptions. The offers clarified the
maximum and minimum consumptions but not the situation in which the oven con-
sumes the most. There was even less information about the exhaust gases in the of-
fers. Amount of the gas depends on the properties of the input material, the feed
rate and heating rates. Therefore, it is hard to provide exact values. Manufacturers
made several different versions of the offers. The offers were amended and updated

based on the issues noted during the negotiations.

Once Stora Enso accepted the offer, the manufacturers had a deadline to provide
more detailed documentation of the equipment. Most of the offers had been ac-
cepted when the thesis process began. But for the most equipment, the more de-
tailed documents were yet to be provided. The detailed documents included more
detailed drawings, connection data lists, and overall, more detailed information
about the equipment. These documents were very useful and gave much more infor-
mation that could be utilized. However, even these documents did not provide com-
plete information for the designing of the auxiliary systems. Some further infor-
mation was later requested by email. In spite of all this, some assumptions had to be
made and the analysis of the material had to be done carefully. The maximum con-

sumptions were used in the most cases if there was not further information. Because



the furnaces are pilot-scale equipment even the maximum consumptions are not so
high. Therefore, basing the design of auxiliary systems on the maximum values did
not affect so much. This also ensured that the auxiliary systems would not be a bot-
tleneck in the process. Because the offers or the technical documents did not provide
information on the amount of exhaust gas generated Stora Enso’s research depart-
ment made its own laboratory test. The results of the tests were utilized in the de-
sign of the exhaust system. Based on the analysis of the material, the intention was

to determine the requirements for the systems.

The theoretical part describes the properties of substances, what they are commonly
used for, what systems are commonly used, and how they work. The results of the
material analysis are compared with the theoretical knowledge and based on this the
decisions on the systems are suitable for this project were made. The knowledge of
the suppliers was also utilized in decision making because they have a deep
knowledge of their products and when the requirements for the equipment are
clearly stated, they can easily tell the suitability of the equipment for the project.
Once materials were analyzed Stora Enso, as the customer, had idea what kind of
equipment would be suitable. If, based on the information given to them, the sup-
plier offered us a solution that we did not expect, we negotiated why we would need
that kind of equipment. The supplier could know better what their equipment is ca-
pable of and what would be the workable solutions. Because deals had been made
with suppliers in the past and were known to be reliable, their suggestions were lis-

tened to and utilized in the design process.

The analysis of material includes both comparing different values and calculations
and collecting other kinds of information about the requirements and comparing
them with each other. Thus, both quantitative and qualitative methods were utilized
in the thesis. The project was progressing all the time and more information was
available during the project, but there was a deadline for completing the thesis, the
thesis is partly based on limited information and the results are displayed as they

were at the stage of completing the thesis work.



3 Lignin and thermal processing

Nowadays 98% of produced lignin is used for energy production, as most of the lignin
is produced as a by-product of the pulp industry. As an aromatic polymer, lignin has
high potential to be much more than just a renewable fuel. It is the complicated
structure, heterogeneity, and the industrial processing costs limit its use. There have
been several researches on lignin utilization over the last decade. (Faruk & Sain 2015,
52.) Lignin is found a suitable copolymer, polymer additive, and a filler material in
thermoplastics. Lignin is also added to concrete to improve its properties and used as
binding agent in animal food. (Wool & Sun 2011, 1038.) Recent studies have shown
that lignin could be modified to carbon fibers or carbon nanofibers and it could re-
place fossil-based materials in many applications. Carbon fibers can be made of dif-
ferent precursors, polyacrylonitrile (PAN) being currently the most popular option.
Polyacrylonitrile is heat treated at several process steps to produce carbon fibers.
Lignin-based carbon fibers can be produced with the same technology. (Faruk & Sain

2015, 488.)

3.1 Lignin

Lignin is one of the three major macromolecular components of wood. The other two
are hemicellulose and cellulose. All woody species contain lignin and its content
ranges from 15% to 40% depending on the species. Thus, lignin is a very abundant
natural polymer. Typically, softwoods have higher lignin content than hardwood. Lig-
nin was discovered in 1838 by the French scientist Payen. The name of lignin comes

from Latin word lignum, which means wood. (Faruk & Sain 2015, 33.)

Lignin provides mechanical support for a plant in the cell walls. The rigidity and stiff-
ness of plants comes from lignin. It also protects the woody tissue from microorgan-
isms and insects. Lignin has a complex chemical structure and its exact structure can-

not be terminated. It is descripted to be a complex three-dimensional polymer.



Lignin contains three different monolignols: coumaryl alcohol, coniferyl alcohol, and
sinapyl alcohol. There are various types of lignin and their structure depends on the

source of lignin and the processing method. (Faruk & Sain 2015, 35.)

The primary source of lignin is wood because of its high lignin content and lignin
from the wood is extracted during the pulping process. Other potential lignin sources
are sugarcane bagasse and agricultural residues. Sugarcane bagasse are residues of
sugar production and it is currently used as a low-grade fuel. Sugarcane production
generates over 54 million tons of bagasse annually, so it is a potential lignin source
even though its lignin content is 6-12% which is much lower than in wood. Agricul-
ture generates large amounts of residues which are also a potential source of lignin.
For example, rice straw has a lignin content around 15-28% and its annual production

is 525 million tons. (Faruk & Sain 2015, 44-51.)

As mentioned, lignin is unwanted in the paper making process and it is extracted
from wood fibers during the pulping process. Nowadays kraft pulping (a.k.a. sulfate
pulping) is the most used pulping method in the pulping industry. Lignin extracted
from the kraft pulp process is known as a kraft lignin. Kraft pulping is a chemical
method where wood is treated with sodium hydroxide and sodium sulfide to sepa-
rate cellulose from lignin. In a normal kraft-pulp process, lignin is mixed in the black
liguor which is burned in a recovery boiler to recover inorganic components. (Kuinka
sellua valmistetaan n.d. [How to make pulp]) Burning black liquor provides more en-

ergy than the total consumption of the mill is. (Faruk & Sain 2015, 488.)

Extracting lignin from black liquor has been raising recently because the technologies
have developed. The mills can raise their pulping capacity without meeting the re-
covery boiler limits by removing lignin from the black liquor. The easiest way to uti-
lize the produced lignin is to use it as a fuel for lime kilns. Traditionally natural gas
has been used as fuel in lime kilns. Changing the fuel to lignin-based will reduce the
CO; emissions of the mill. Sunila mill uses Valmet’s extracting technology called Lig-
noBoost. In LignoBoost, part of black liquor is taken from an evaporation plant and it
is precipitated with CO; and then dewatered, washed, and dewatered again. The pro-

duced lignin is dry powder. (LignoBoost process n.d.)
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3.2 Thermal treatment process

Producing carbon fibers from lignin can be considered one the most economically at-
tractive applications of lignin. Fibers that contain over 90% carbon are called carbon
fibers and fibers with over 99% carbon content are called graphite fibers. Carbon fi-
ber is a high-performance product and it is used in applications when the properties
of material are more important than the price. Carbon fiber products are expensive
because of the high price of polyacrylonitrile which is commonly used as a precursor
for carbon fibers. Polyacrylonitrile is fossil-based and therefore its availability is lim-
ited. Lignin has a natural carbon content of around 60% and it is less expensive than
polyacrylonitrile. Moreover, have shown that processing lignin fibers to carbon fibers
is faster than the traditional process. 50% of the price of carbon fiber comes from a
precursor and 50% from processing. Thus, lignin is an attractive option because it is
an inexpensive precursor, its availability is high, and it needs less processing. (Faruk

& Sain 2015, 490.)

Producing carbon fibers from purified lignin includes three major process steps: spin-
ning, thermal stabilization, and carbonization in this order. Lignin must be pure to
produce high quality carbon fibers and lignin that has less heterogeneity is also bet-
ter for processing. The idea in spinning is to control the tenacity, diameter, and mor-
phology of the precursor fibers. Spinning can be done by melt, dry, wet, electro, or
by solvent-assisted spinning. The nature of lignin determines a suitable spinning
technology. In dry and wet spinning, lignin is dissolved with a suitable solvent. In dry
spinning, the solvent evaporates while in wet spinning the solvent does not evapo-
rate and it needs to be chemical washed. In melt spinning lignin is heated rapidly to
100-200°C after which the melted lignin is passed through an air blower. (Faruk &
Sain 2015, 598.)

Thermostabilization is a heating process where the precursor is heat treated under

noncontrolled atmosphere. The objective is to form cross-links between the lignin



11

molecules. During the stabilization phase, reactions as oxidation, dehydrogenation,
elimination, and condensation occur. The mass lost in those reactions is converted to
gasses. Gasses contain both hydrocarbon components and water vapor.
Thermostabilization is done at around 250°C and the heating rate is low, typically
1°C/min. The temperatures and heating rate depend on the type of the lignin. (Faruk
& Sain 2015, 600.)

Once fibers have gone through thermostabilization, they go to the carbonization
phase. Carbonization is done in controlled atmosphere at high temperatures. The
temperature inside the furnaces can be from around 700°C up to 3000°C. Controlled
atmosphere is created via injecting nitrogen or argon into the process. The objective
is to eliminate non-carbon elements such as oxygen, hydrogen, and sulfur, to
increase the carbon-carbon bonds of the fibers and to improve the mechanical and
electrical properties of the fibers. It’s possibile that carbon fibers have the graphit
structure if the heat treatment conditions and precursors are correct. The process is
controlled by adjusting the heating rate. Changes in the heating rate affect the
morpohology and brittleness of the product. Graphitization process can be used as
an additional step if object is to produce graphite fibers. (Faruk & Sain 2015, 602). Fa-
ruk and Sai cite a study by the Chinese called “Lignin-based electrospun carbon nano-
fibrous webs as free-standing and binder-free electrodes for sodium ion batteries”.
The results of the study showed that lignin-based carbon electrode materials are
suitable high-performance and low-cost solution for sodium ion batteries. (Faruk &

Sain 2015, 531.)

3.3 Further processing of lignin from the circular economy perspective

Although further processing of the separated lignin is done to improve its selling
price, it is also a step towards the circular economy. The circular economy is a holistic
paradigm. The idea is to move from using products to using services. Recycling, the
bioeconomy and renewable energy sources are part of the circular economy think-
ing. The materials used are utilized as efficiently as possible in the circular economy.

The aim is also to minimize the amount of waste by inventing new reuse purposes.
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The main objective is to secure the future of the planet. Behind the circular economy
is the fact that the earth will not withstand current consumption habits. We would
need 1.6 globes to have sufficient resources for current consumption. (Mika ihmeen

kiertotalous? [What on earth is the circular economy] N.d.)

The Finnish Independence Celebration Fund (SITRA), which works to promote a fair
and sustainable future, presents solutions that promote the circular economy under
the name “The most interesting in the circular economy”. The list includes forest in-
dustry companies such as Spinnova, which manufactures textile fibers from pulp, Su-
lapa, which manufactures wood packaging materials to replace plastics, and Forchem
Oyij, which offers refined tall oil that can replace fossil raw materials in paints. From
this it can be concluded that further processing of lignin can be considered as a circu-
lar economy idea. (Kiertotalouden kiinnostavimmat [The most interesting in the cir-

cular economy]. N.d.)

As mentioned, lignin is obtained mainly as a by-product in the production of pulp. By
simply burning it as black liquor in a recovery boiler, it can already be considered part
of the circular economy. The mill thus receives renewable energy and the non-or-
ganic components can be recycled back to the pulping process. Separating lignin
from the pulp process and utilizing it, for example, in a lime kiln, is also in line with
circular economy thinking, because fossil fuels are being replaced by renewable lig-
nin. Further processing of lignin results in it being reused for a longer period of time
than for energy production alone. In this way, it can replace fossil materials and is an

even better option from a circular economy perspective.

4 Use and manufacture of nitrogen in industry

79 percent of the volume of air is nitrogen, making it an abundant element. As air,
pure nitrogen is a colorless, tasteless, and odorless gas at the atmospheric pressure
and ambient temperature. Nitrogen was discovered during investigations of air in the

late 18" century. Scientists discovered that a part of air does not support respiration
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or combustion. That part of air was later named as nitrogen. The first applications
that utilize nitrogen were invented in the early 20t century. (Haussinger, Leitgeb &

Schmiicker 2000, 1.)

4.1 Properties of nitrogen

The chemical symbol for nitrogen is N and its atomic number is 7. It belongs to group
15 of the periodic table. Nitrogen contains two stable isotypes: *N and °N. Nitrogen
forms molecular nitrogen known as dinitrogen (Nz). That strong trivalent bond be-
tween nitrogen atoms is responsible for its inertness. At room temperature lithium is
the only element that reacts with nitrogen. Also, solubility of nitrogen is very low. Its
boiling point is at -195,80°C and its melting point is at -209,86°C at ambient pressure.
So, nitrogen is extremely cold in liquid form. The critical point of nitrogen is Tc: -

146.95°C and Pc: 3,39908MPa. (Haussinger et. Al. 2000, 1.)

Because nitrogen is unreactive and noncombustible, it is relative safe to use. But
even though nitrogen gas is classified as non-toxic, it is an inert gas and replaces oxy-
gen in the air, which can cause even death by asphyxiation. Asphyxiation can happen
without any warning signs. If nitrogen is inhaled the first aid measure is removing the
victim to fresh air as quickly as possible. When nitrogen leakage is detected, the area
must be ventilated. Nitrogen itself is non-flammable but when stored in a pressur-
ized container heat from the outside will increase the pressure of the gas and can
cause the container to explode. Liquid nitrogen may cause a frostbite in direct con-

tact. (Typen kayttoturvallisuustiedote [safety data sheet of nitrogen] 2015.)

Nitrogen applications

Nitrogen is used in both gaseous and liquid forms in various applications. A third of
the produced nitrogen is used as liquid and the rest of it as gas. There are a few com-
mon applications represented in table 1. It can be seen that liquid nitrogen is used as
a refrigerant and gaseous nitrogen as an inert. Basically, gaseous nitrogen is used

when oxygen atmosphere could cause harm to a product or process and liquid
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nitrogen when fast or/and lot of cooling power is needed. For example, food industry
uses nitrogen gas to preserve the freshness of packaged or bulk foods and liquid ni-
trogen in flash freezing to prevent damage to the cell walls in the cooling process.
Gaseous nitrogen prevents any kind of contamination from happening and therefore
is used in the pharmaceutical industry, for example. (Haussinger et. 2000, 18-23; Ni-

trogen gas applications. n.d.).

Table 1. Common uses of the nitrogen (Haussinger et. 2000, 18-23; Nitrogen gas ap-
plications. n.d.)

Liquid nitrogen Gaseous nitrogen
Flash freezing of foods Producing ammonia
Keeping goods cold during transport Protective gas in metallurgy
Flash removal Inert-gas shielding
Shrink-Fitting Food storing
Cold polishing Tire inflation
Cryomedical applications Light pulp industry
Concrete cooling Electronics
Control chemical reactions pharmaceutical industry

However, the largest volume of nitrogen is used to product ammonia (Haussinger et.
2000, 18). Ammonia is a hydrogen-nitrogen compound (NHs), that is mostly used in
fertilizers. Ammonia is produced by the synthesis of hydrogen and nitrogen. The pro-
cess is carried out under high pressure with the aid of a catalyst. Ammonia produc-
tion is one of the most important industries in the world and the demand of ammo-
nia is steadily rising all the time because when the world’s population rises more fer-

tilizers are needed. (Pattabathula & Richardson 2016.)

4.2 Methods of manufacturing nitrogen gas

There are two major methods of manufacturing nitrogen: fractional distillation and
mechanical generation. Fractional distillation is also called the cryogenic method and

mechanical generation is called the non-cryogenic method because in the fractional
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distillation air needs to be cooled to a cryogenic temperature and mechanical gener-
ation operates at ambient temperature. The mechanical methods are organized into
subcategories: pressure swing adsorption technology and membrane technology, ac-
cording to their working principle. (How Is Nitrogen Produced for Industrial Applica-
tions? 2018.) Advantages and disadvantages that are listed for each technology are

from the manufacturers information so they must be viewed critically.

4.2.1 Pressure swing adsorption

The pressure swing adsorption (PSA) is a mechanical generation technology that gen-
erates nitrogen gas from compressed air. The technology is based on oxygen mole-
cules being smaller than nitrogen molecules. Compressed air enters a PSA-generator
where the oxygen molecules are captured with an absorbent material. Typically, a
substance called a carbon molecular sieve (CMS) is used. Nitrogen molecules pass
through the carbon molecular sieves and exit from the top of the vessel for use. The
process is illustrated in figure 1. The grey pieces in the figure represent carbon mo-
lecular sieves and the close-up picture shows that smaller oxygen molecules attach
to the pores of the carbon molecular sieve and the bigger nitrogen molecules bypass

them. (Generating Nitrogen with Pressure Swing Adsorption (PSA) Technology 2017.)

Gas Out = N2

AIRIN = N2 + 02

Figure 1. PSA process illustration (Dobreva 2018.)
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In the pressure swing generator, there must be two pressure vessels filled with car-
bon molecular sieves to produce nitrogen gas continuously. One vessel is in absorp-
tion phase and another in the regenerating phase. Regenerating is needed because
after a while the pores of the carbon molecular sieves are saturated with oxygen
molecules. When that happens, the air flow is switched to another vessel which was
regenerated. The regenerating is done with a low flow of nitrogen, which enters
through purge line from another vessel and by depressurizing the vessel. Oxygen
molecules detach from the carbon molecular sieves because of depressurizing and
exit through the exhaust pipe because flow of nitrogen. The name ‘pressure swing’
for the process comes from this. In a lower pressure the molecules that are captured
in a higher pressure are released. After that the vessel is ready to go the adsorption
phase again. The running interval of the phases is a few minutes and the switching
system is automatically controlled and the PSA-generator produces nitrogen continu-
ously without a need to operate. (Generating Nitrogen with Pressure Swing Adsorp-
tion (PSA) Technology 2017.) The schematic of a pressure swing adsorption genera-
tor is shown in figure 2. The main equipment and material flows are show in the fig-

ure.
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Pressure swing adsorption generator
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Figure 2. PSA-generator schematic

The generator sets the requirements for the compressed air. The temperature and
pressure of the intake air are determined by the generator and because dirt and
moisture could damage the carbon molecular sieves, the air must be filtered and
dried after compressing. There are several measurements for the generator to make
it a-fail-safe. (Generating Nitrogen with Pressure Swing Adsorption (PSA) Technology

2017.)

The advantages of a pressure swing adsorption are the purity of nitrogen, the relia-
bility of the system, producing flexibility, low operating costs and a long-life cycle.
The main advantage of the PSA-technology is the purity of nitrogen produced; A PSA-
generator can provide up to 99,9995% nitrogen. On the other hand, the generating
capacity is directly related to the purity. The generated flow is lower when required
high purity that means more expensive investment if high purity-high flow rate is

needed. The reliability of the system means that it does not need much maintenance
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and nitrogen is available all the time. Flexibility means that generators are adjusta-
ble. Purity and flow requirements can be changed any point. Even though the invest-
ment can be expensive, operating costs are low. When nitrogen is needed continu-
ously, an on-site generator is a cheaper solution than bottled nitrogen. PSA-
generators typically last at least a decade if the maintenance is properly taken care of

so they offer a longtime solution for nitrogen supply. (Dobreva 2018.)

4.2.2 Membrane technology

Membrane generators are another mechanical method to generate nitrogen from
compressed air. As the name implies the method is based on membrane technology.
The technology is simple and is based on the different molecules of the air having dif-
ferent permeation rates. Oxygen molecules have a faster permeation than nitrogen,
therefore oxygen molecules exit first through the membrane. The process is done in
membrane modules. The modules are filled with very small hollow membrane fibers.
Feed air is compressed and guided inside the fibers. The oxygen molecules pass
through the membrane fibers and nitrogen molecules exits from the other end of the
fibers. The purity of nitrogen depends from feed air pressure, temperature, and pro-
cessing. (Generating Nitrogen using Membrane Technology 2018.) The process is il-

lustrated in figure 3.
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Figure 3. Schematic of membrane generator

The advantages of a membrane generator are its simple working principle, its need
little or no maintenance, it is quietness compared to PSA-generators and its easy and
fast start up. Also, the flow and pressure of membrane generator are very stable. The
main disadvantage of a membrane generator is that it can generate nitrogen purity
of only approximately up to 99.9%. If the required purity is above that, membrane
generators are not an option. A high air factor is another disadvantage of membrane
generator. The air factor shows how much compressed air is needed to generate the
demanded amount of nitrogen. For example, if required nitrogen flow is 100 m3/h
and the air factor is 2,5, a compressor must compress 250m?3/h air to the generator.

(Generating Nitrogen using Membrane Technology 2018.)
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4.2.3 Fractional distillation

Fractional distillation (a.k.a. cryogenic distillation) of air is another method to gener-
ate nitrogen from an air. Distillation is separating method which utilizes the fact that
matters have different boiling point; the boiling point of oxygen is -183°C which
higher than the boiling point of nitrogen which is -196°C. For distillation of air, the air
must be in liquid form. Liquid form of the air can be achieved by cooling it below its
critical point. Boiling point of air depends on temperature and pressure, higher pres-
sures less cooling is required to condensate the air. Under ambient pressure air con-

denses at -192°C (or 81,5K). (Haussinger & et. 2000, 6-10.)

In the single column process, which is the simplest technology, a clean and dry air is
compressed and then precooled. After that it is dried and cleaned again to remove
water, carbon dioxides, and other impurities. Then the air enters to a main heat ex-
changer where it is cooled again. After the main heat exchanger air temperature is
close to its liquefaction temperature. The air, under operating pressure, enters to a
rectification column (a.k.a. distillation column) where distillation takes place. In the
column liquid oxygen exits from the bottom and part of gaseous nitrogen exits from
the top of column. That very cold nitrogen gas stream is utilized by passing it through
the main heat exchanger. There is a reboiler-condenser where the rest of the nitro-
gen vapor is condensed and then mainly used as reflux. Part of the condensed nitro-
gen can be withdrawn as a liquid nitrogen product. The liquid oxygen that exits from
the bottom of the column is vaporized in the reboiler-condenser. That vaporized oxy-
gen stream is then warmed by the feed air in the main exchanger and expanded in a
turbo-expander to provide even more cooling power for the main heat exchanger.
After passing through the heat exchanger a second time the oxygen waste stream is
almost at ambient pressure and temperature and it exits through an exhaust. The

process is shown in figure 4. (Agrawal & Herron 2000; Haussinger & et. 2000., 6-10.)
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Figure 4. Single column process schematic (Agrawal & Herron 2000)

Process efficiency can be raised with a two-column process (a.k.a. double-column
process). Basis are the same as in the single column process. Air goes through the
same treatment as for a single column process but as the name implies there are two
distillation columns instead of the one. The columns are categorized to the high-pres-
sure column where feed air enters first and the low-pressure column. Inside the col-
umns, the process is the same as in the single column process, but it is done two
times in different pressures. With the two-column process nitrogen product flow rate
is about 72 mol per 100 mol of the feed air when with the single column process flow
rate is about 40-50 mol per 100 mol of the feed air. (Agrawal & Herron 2000;
Haussinger et. 2000, 6-10).

Advantage for the cryogenic distillation process is that it can meet almost all product
requirements. Nitrogen generated with a distillation has oxygen content about 5ppm
and plant is scalable. It is the most cost-effective solution when required nitrogen
flow is very high, no matter what purity demand is. At lower flow rates a distillation

plant is cost-effective if purity demand is high. The cost-effectiveness of the
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technologies depends from the sources. Source from year 2000 says that if needed
purity is above 99,9% the fractional distillation system or delivered liquid nitrogen
bottles are the most cost-effective solutions. (Haussinger et. 2000, 5). But thanks to
development of the membrane and specially PSA- generators cost-effectiveness of
the systems has changed. Nowadays PSA-generators can provide almost as pure ni-
trogen as fractional distillation systems. Distillation method is still dominant in a
large-scale production. Bottled liquid nitrogen and high pressurized gaseous nitrogen
for delivery are produced in large-scale cryogenic plants that are producing nitrogen
as their primary product. Therefore 70 % of a total nitrogen production is done with
fractional distillation. Disadvantages of the distillation systems are high capital cost

and power costs. (lvanova & Lewis 2012)

5 Cooling water systems

5.1 Cooling water circuits

The function of the cooling system is to remove heat from the process medium. That
is done by transferring heat from the process medium to cooling medium. A coolant
can be discharged from the process once it is warmed in heat exchanger or it can be
cooled in another heat exchanger and reused. Cooling circuits are called once-
through cooling systems or recirculating cooling system depending if the coolant is

reused or not. (Chapter 23 - Cooling Water Systems-Heat Transfer n.d.)

5.1.1 Once-through water cooling systems

Once-through cooling (OTC) system is the simplest cooling method. It requires a wa-
ter source, a pump, and a heat exchanger. Water is pumped from a water source, for
example from sea, to a heat exchanger where it is discharged back to the sea, where
heat transfers from the water to the environment. Because water is not reused, de-
mand for it is high but on the other hand energy consumption is lower than in recir-

culating systems. Once-through systems have an environmental impact because



23

warmed water is discharged back to the water source and in case of leakage, chemi-
cals from the process medium may end up in the water source. There are two types
of once-through systems. In direct systems the process medium is cooled with water
from the source. In indirect systems there are primary and secondary circuits. Pri-
mary circuit uses water from the source as a coolant and it passes through heat ex-
changer where it cools the secondary circuit. Secondary circuit is a closed loop be-
tween process heat exchanger and cooling heat exchanger. With the secondary loop
there are no worries that the process medium could end up in the environment
through the cooling system. Once-trough cooling circuits are shown in figure 5.

(Chapter 30 — Once-through cooling n.d.)

Once-through circuits are used commonly in locations where a natural source of wa-
ter is available. The minimum achievable temperature of the process medium de-
pends on the ambient temperature of the water source but with the once-through
technology it is possible to get lower temperatures than with the recirculation tech-
nology. The temperature of the discharged water is kept as close as possible to the
ambient temperature to prevent energy losses and to minimize the environmental
impact. The general objective is to improve energy efficiency because all energy dis-

charged to the environment is wasted money. (BREF Cooling 2001.)

Direct once-through ‘ Indirect once-through system ‘
system

P &
Water rt::ests Heat
AL = exchanger
source exchanger

Figure 5. Once-through systems
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5.1.2 Recirculating water cooling systems

Recirculating (a.k.a. closed circuit or closed loop) cooling system’s basic difference to
a once-through system is that it reuses cooling water and does not need a large wa-
ter source. Reusing the water is often done by transferring heat from coolant water
to ambient air. In an open recirculating system, a coolant is cooled directly in cooling
tower, spray bond, or in an evaporative condenser, where heat evaporates to air and
water is guided back to the reservoir tank. Closed recirculating systems have a sec-
ondary and a primary loop. They are connected in a liquid-to-liquid heat exchanger
where the heat transferred from process to secondary loop is transferred again to
the primary circuit. There the heat is transferred to the atmosphere with evapora-
tion. Thus, there is very little mass loss of water and so no constant water treatment
is needed. In a wet closed circuit, primary loop’s cooling is done in another liquid-to-
liquid heat exchanger and transferred heat is used in other processes. Depending
from temperatures and size of the process there can be several cooling circuits.

(Chapter 32 - Closed Recirculating Cooling Systems n.d.)

5.2 Heat exchangers

Every cooling application requires at least one heat exchanger where most heat
transfer occurs. Heat exchangers are devices where heat energy is transferred from a
hot medium to a cold medium. In the heat exchanger, the process medium is cooled
without involving fluids to mix that differs them from mixing chambers. In heat ex-
changers, heat is transferred by conduction and convection. (Cengel & Ghajar 2015,

647.)

Heat exchangers can be classified various ways. One way to classify is to sort them
according to their process functions into condensers, heaters, coolers, chiller, and
phase-change exchangers. Another way classify is by flow path configuration: In par-
allel flow (a.k.a. concurrent flow) both fluids enter to exchanger at one end and flow

same direction and exit from another end. In countercurrent flow (a.k.a.
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counterflow) fluids enter from opposite ends and flow in opposite directions. In sin-
gle-pass crossflow fluids enter from different angles and flow crosses in heat ex-
changer. In multi-pass cross flow fluids enter from different angles and one fluid
crosses another fluid multiple times. Construction type is another way of classifica-
tion. Heat exchangers can be sorted to tubular, plate, plate-fin, tube-fin, and regen-

erative heat exchangers. (Zohuri 2017.)

This chapter introduces a few most common heat exchangers used in industrial cool-
ing applications. One of the most used types of heat exchanger is the shell-and-tube
heat exchanger. It is a tubular heat exchanger that contains a shell with lots of tubes
inside (one shell can contain hundreds of tubes). Tubes are connected to front- and
rear-end headers. One fluid enters to the front-end header and flows inside tubes to
the rear-end header where it exits through the outlet. Other fluid enters from a shell
inlet and it flows outside the tubes through the shell and exits from a shell outlet.
Fluids can flow concurrent or countercurrent. The shell is usually equipped with baf-
fles to improve heat transfer. The two most common shell-and-tube heat exchangers
are shown in figure 6. Shell-and-tube heat exchangers are subcategorized by the
number of shells and tube passes they involve. In the figure left one is called as one-
shell pass and one-tube pass and right one as one-shell pass and two-tube passes.
There are many different variants of shell-and-tube heat exchanger: they can have
one or two headers, different shapes of headers can be used, tubes can take several
U-turns inside the shell or tubes can take U-turn outside of the shell. The shell-and-

tube heat exchangers are suitable for many applications, they can be used as a liquid-
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to-liquid, a liquid-to-gas, or a gas-to-gas heat exchanger. (Cengel & Ghajar 2015,
650).

Shell-and-tube heat exchangers
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Figure 6. Shell-and-tube heat exchangers

The simplest heat exchanger used in cooling operations is a double pipe exchanger. It
is made of two pipes with different diameters. Pipe with smaller diameter goes inside
of another pipe. One fluid flows through a smaller pipe and the other fluid flows in

the space between the pipes. Fluids can flow in parallel or in countercurrent. Parallel

flow double-pipe heat exchanger is shown in figure 7. (Cengel & Ghajar 2015, 648).
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Figure 7. Double-pipe heat exchanger

Plate (a.k.a. plate and frame) heat exchanger is another typical option for cooling sys-
tems. Plate heat exchanger is a compact heat exchanger that is made of a series of
thin metal plates packed together. Plate package is compressed with frame plates
and tightening bolts. The frame plate has nozzles where fluids enter to the heat ex-
changer. Each plate has portholes that allows only one fluid to enter between plates.
Plates have gaskets that seal channels between each other. Heat transfers from hot
fluid to cold one through plates. Each cold stream flows between two hot fluids to
provide effective heat transfer. The more plates, the greater the heat transfer. Mate-
rial of the gasket depends on fluids properties. Typically, molded elastomers are
used. There are different corrugations used in plates to enhance heat transfer even
more. Liquid-to-liquid plate heat exchanger is shown in figure 8. (Carvalho, Mota &

Ravagnani 2015; Cengel & Ghajar 2015, 650-651.)
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Figure 8. Exploded View of a Plate Heat Exchanger (adapted from Carvalho et. 2015.)

Plate exchanger’s advantages are its compactness, great temperature control, heat
transfer efficiency and low manufacturing costs. Compactness of the plate heat ex-
changer comes from its great efficiency. Plate heat exchangers can occupy even ten
times less floor space than tubular heat exchanger for the same cooling power. Pro-
ducing costs are low because manufacturing does not involve much welding when
the plates are compressed together. The heat exchanger is also easy to maintain and
clean because plate packages can be opened when needed. Material of plates can be
selected based on fluid properties. Disadvantages are high pressure drop, tempera-
ture, pressure, and fluid limitations. High pressure drop occurs due to the small flow
space between the plates and corrugation of plates. Small flow space is also a reason
to avoid phase change in the plate heat exchanger. Temperature and pressure limita-
tions are due to the structure of the heat exchanger. Gaskets can break at high tem-
peratures or if fluid flowing inside is not compatible for the gasket. Because of these
limitations the plate heat exchanger is good at liquid-to-liquid applications where hot

and cold fluid streaks are about at the same pressure. (Carvalho et. 2015.)
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5.3 Heat transfer in heat exchangers

Heat transfer follows the laws of thermodynamics in heat exchangers. First heat
transfers to a separating wall by convection and through the wall by conduction.
Then it is transferred from the separating wall to the cold fluid by convection. The
easiest way to start analyzing a heat exchanger is calculate heat transfer rate from
fluid’s temperature difference. It can be done via formula (1): (Cengel & Ghajar 2015,

651-660)

Q =1 con(Thin — Thout) (1)

Where:

Q = Heat transfer rate [W]

k
m = Mass flow rate of the fluid [?g]

iy , J
Cpn = Specific heat of hot fluid [Kg : K]

Ty in = hot fluid inlet temperature [K]

Ty our = hot fluid outlet temperature [K]

All thermal resistances are combined in the analysis of heat exchangers. The walls
separating fluids are very thick and made of a highly conductive material to lower its

thermal resistance and it is usually negligible. Therefore, the overall heat transfer co-

efficient can be calculated with formula (2):

U=+ (2)

o

|~
+
:‘|H

=

i



30

Where:

w
m2-K

U = Overall heat transfer coef ficient [

w
m2-K

h; = convection coef ficient of fluid inside [

w
m2-K

h, = convection coef ficient of fluid outside [

Convection coefficients can be terminated if properties of fluids and heat transfer
surface are known. In the water-to-water heat exchangers the overall heat transfer
coefficient is from 850 W/m2-K up to 1700 W/m?2:K. In practice, the overall heat
transfer coefficient deteriorates over time because of fouling. Impurities accumulat-
ing on the heat transfer surfaces cause a heat resistance. Also, corrosion and other
chemical fouling can affect the overall heat transfer coefficient. Fouling factor should
be considered especially in applications where it is likely to occur. Thermal resistance
of water due to fouling is 0,0001 (m?-K)/W below 50°C and 0,0002 (m?-K)/W above
50°C. Thus, it is not a big deal in the water-cooling systems. Fouling affects more to
designing in heat exchangers where one of the fluids is for example fuel gas. (Cengel,

& Ghajar 2015, 651-655).

The overall heat transfer coefficient is needed to calculate heat transfer rate in heat

exchanger via Newton’s law of cooling formula (3):
Q = UA,AT,, (3)

Where:

Q = Heat transfer rate [W]

As = The heat transfer surface [m?]
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AT,, = An appropriate mean temperature between fluids [K]

Because temperature difference is various along the heat exchanger mean tempera-
ture difference is needed. Logarithmic mean temperature difference is commonly
used in the analysis of the heat exchangers. It represents an average temperature

difference between hot and cold fluids. It can be calculated with a formula (4):

AT, —AT,

Wy

T2

ATlm -

Where:

ATy, = Logarithmic mean temperature dif ference [K|

ATy = Tpin — T¢in inparallel flow and Ty i, — T oy in counter flow [K]

AT, = Ty out — Teour inparallel flow and Ty oyt — Tein in counter flow [K]

These calculations are used to analyze a simple parallel-flow or counter-flow heat ex-
changer. Correction factor F is needed to calculate heating rate for multipass shell-
and-tube heat exchangers. Logarithmic mean temperature difference is multiplied
with correction factor. Value of the correction factor depends on the design of the
heat exchanger and temperature of the fluids. Once you know the mass flows of flu-
ids and the inlet and outlet temperatures of at least one fluid you can calculate the
heat transfer surface for the heat exchanger. In that case, it is assumed that the heat
exchanger is well insulated and there are not heat losses. (Cengel & Ghajar 2015,

663- 670).

Heat transfer rate of the heat exchanger is the most important thing when selecting
heat exchanger. The heat exchanger must be able to transfer enough heat to reach
the desired temperatures. Other factors that affect selecting the heat exchanger are

the cost of the heat exchanger, size and weight, type, materials, and specified
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requirements. Usually the one with the lowest price tag is selected from the heat ex-
changers suitable for the process. The size of the heat exchanger influences the
price. The size of the heat exchanger should also be considered in cases where space
for it is limited. There are various types of heat exchanger available. The type and
properties of the fluids, size and weight limitations, and the possibility of phase
change limit the choice. The material of the heat exchanger must be suitable for flu-
ids and it must withstand the process conditions. A big temperature difference be-
tween fluids and corrosive fluids can cause problems if the wrong material is se-
lected. Different applications have different specific requirements that must be con-
sidered when selecting the heat exchanger. For example, leak-tightness, safety, and
reliability are important factors when using toxic fluids. Ease of maintenance and the
price of maintenance may also be influencing factors. Selecting a heat exchanger is a
complicated process and results obtained from heat transfer calculations do not give
a definite answer to what kind of heat exchanger is needed. Therefore, heat ex-
changers are often overdesigned. This in turn leads to higher costs. The bigger the
heat exchanger is the higher the price it has, and overdesigned heat exchanger will
lead to increased pumping costs due to the greater pressure drop in the heat ex-

changer. (Cengel & Ghajar 2015, 684).

6 Nitrogen gas supply system design

6.1 Use of nitrogen gas in the process

The carbonization process requires a controlled atmosphere which can be done by
inert gases or vacuum. Nitrogen was designed to be inert in this project. Nitrogen gas
replaces air in a furnace and creates an oxygen-free atmosphere inside. Some fur-
naces have vacuum pump technology that creates necessary vacuum first and then
nitrogen is injected into the furnace. Nitrogen ensures that no combustion reaction

can occur even when temperature is very high inside the furnace. Although the lignin
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does not burn in the furnace, part of the lignin is evaporated as gases. These gases
exit through an exhaust gas outlet from the furnace. The nitrogen gas exits through
the same outlet. Therefore, the supply of nitrogen gas must be continuous in order

to maintain an oxygen-free atmosphere inside the furnaces.

6.2 Requirements for the nitrogen gas supply system

The manufacturers of the furnaces define requirements for the auxiliary systems in
guotations. Nitrogen supply system must be able meet requirements for every fur-
nace. So, first you must gather all requirements from all quotations before you can
set exact requirements for the nitrogen gas supply system. The main requirements
for the nitrogen supply system are producing capacity requirement and purity re-
guirement. Other requirements are maximum and minimum inlet pressure for the
nitrogen gas. Every manufacturer has reported nitrogen gas consumption for each
furnace in technical data sheets. In some cases, manufacturers have also defined re-
guirements for the amount of emergency nitrogen in quotations. Emergency nitro-
gen gas is a nitrogen gas that must be available when the main source of nitrogen
fails. One of the furnaces works under controlled oxygen atmosphere and does not

need nitrogen gas continuously, but it also needs connection from nitrogen source.

Required purity of nitrogen is the second important thing that affects designing a ni-
trogen gas supply system. Nitrogen gas can be produced several ways, but purity re-
guirements limit the options. If the purity requirements are at ppm level (parts per
million), membrane generators cannot meet the requirements. The purity value indi-
cates how much there is oxygen in the nitrogen gas. For example, 100 ppm means
that 0.01% of the gas produced is oxygen and rest of it is pure nitrogen. The purity
value may also be expressed as the nitrogen content of the gas produced. For exam-
ple, the nitrogen gas having a purity of 99% has an oxygen content of 1% which is

equal to 10000 ppm.

Furnaces require different purity, but because a generator can generate one purity at

the time the highest purity requirement provides the basis for the design of the
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nitrogen gas supply system. Manufacturers have defined inlet pressure for nitrogen
gas. Typically, they are given scales where inlet pressure should be settled. In some
guotations there is given only maximum inlet pressure. The pressure requirement

must be considered when choosing a nitrogen generator.

6.3 Capacity analysis

At this point capacity analysis is based on initial data available from manufacturers
guotations. Each manufacturer has its own way of presenting the nitrogen consump-
tion of the furnace. Consumption can be shown as an approximate value or as a scale
value. There is also a pointed out instantaneous maximum value in some cases.
Based on this information it is difficult to know exactly the total consumption of ni-
trogen gas at each moment. In the quotations, it is not defined when furnace de-
mands the highest nitrogen flow. Another thing is that there is no final decision made
on that which of the furnaces will be running at the same time. Of course, this affects

the total instantaneous consumption.

So, it is clear that the only viable option at this point is to design the nitrogen gas

supply system with a production capacity that high that every furnace could run at
the same time. Theoretical maximum capacity can be clarified, and calculations are
done with maximum flow values represented in the quotations. Table 2 shows de-

mand for nitrogen gas flow for every furnace.
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Table 2. Maximum the nitrogen gas consumptions

Equipment Nitrogen consumption

Furnace 1 average. 25m3/h, instantaneous maximum
70m3/h

Furnace 2 max. 24m3/h

Furnace 3 max. 15m3/h

Furnace 4 No constant need for nitrogen gas, inert gas sup-
ply required

Furnace 5 No constant need for nitrogen gas, needs nitro-
gen only for purging and flushing

Furnace 1 manufacturer specified their average consumption and instantaneous
maximum consumption, other manufacturers just specified consumption scale.
Based on these values and assumptions, it was decided that the required production
capacity of the nitrogen generator would be about 40 m3/ h. It is clear that a genera-
tor with such production capacity will not be able to supply the required nitrogen
flow in all situations. The idea is that the nitrogen gas supply system is equipped with
buffer vessel after the nitrogen generator. Instantaneous consumptions of nitrogen

are not affecting generator sizing when the system is equipped with that vessel.

6.4 Choosing the nitrogen generator

Once the nitrogen supply system requirements have been specified it is possible to
search options for a nitrogen generator supplier. There are several suppliers with the

same kind of generator systems. A nitrogen supply system is a big investment that it
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is always done with consulting the supplier and negotiation about price, options, de-
livery terms and conditions. It is important to define your requirements for the gen-

erator as precisely as possible to suppliers, so they can do an exact quote for you.

A supplier was selected by tender. The supplier proposed a PSA-generator because it
is the most cost-effective solution that can meet our requirements. The supplier of-
fered generators that could produce nitrogen flow about 55m3/h as total. Its produc-
tion is slightly higher than the calculated consumption, but it is better to be over ca-
pacity rather than having the nitrogen system as a bottleneck. Their generators are
modular, that means there are several generators connected in parallel. Therefore,
they can offer solution for every demand. The generators are adjustable that mean
the operator can adjust purity and flow demand if needed. Overcapacity is accepta-
ble in this stage because there may still be equipment that uses nitrogen coming to
the plant that is not involved in calculations at this point of design. Thanks to the
modularity of the generator, even if the demand for nitrogen gas increases signifi-
cantly in the future, it is easy to increase capacity by adding more generators in par-
allel. Possibility of that just must be noticed when doing layout designing of the

plant.

6.5 Safety

Safety of process is very important factor when designing a nitrogen gas supply sys-
tem. Nitrogen gas exits through the exhaust gas outlet from the furnace so if the ni-
trogen gas supply system fails then there is no nitrogen gas flow into the furnace. If
air gets into the furnace instead of nitrogen, there occurs a combustion reaction. The
combustion reaction in the furnace can cause danger. To avoid that situation, it is de-
fined that nitrogen gas supply system must be redundant or fail-safe. The easiest way
doing that is acquire nitrogen gas cylinders. The nitrogen gas is pressurized to high
pressure and stored in these cylinders. If the nitrogen generator breaks down during

the process, the nitrogen source is automatically switched to nitrogen cylinders.
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Nitrogen from cylinders provides enough time to shut process down safely. When ni-
trogen is stored at high pressure, less cylinders are needed because nitrogen gas
obeys the laws of ideal gases. Once the required volume of the emergency nitrogen

is known capacities of the cylinders can be calculated by combined gas law formula

(5):

P1'V1 — PZ-VZ (5)

Where

P;=Pressure inside cylinder [bar]

V= Gas volume inside cylinder [m3]

T;=Temperature inside cylinder [K]

P,= Operating pressure [bar]

V,=Volume of the emergency nitrogen demand at operating pressure [m3]

T,= Operating temperature [K]

As the temperature is constant the formula can be reduced to the form:

Pl'V1=P2'V2

Gas volume inside cylinder is solved by dividing equation by the pressure inside cylin-
der, thus the final form is:
_ P, -V,
1 — P1
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Once furnace manufacturer’s emergency nitrogen demand is 120m3 at 1 bar pres-
sure and pressurized cylinders can handle pressure up to 300bar the volume of cylin-

der is:

3 120m3 - 1bar

= = 0.4m3
£ 300bar 0,4m

Typically, a capacity of the cylinder is 80 liters, thus there are needed a total of 5 cyl-
inders.

0,4m?3 3
0,08m3

Another safety thing of the nitrogen system is taking care of ventilation. Small nitro-
gen gas leakages are not dangerous for the surrounding area if ventilation is properly
designed. If the ventilation of the nitrogen gas supply system area or any area where
the nitrogen gas pipe passes is poorly designed, there is a potential for serious injury.
In case of massive nitrogen leakage, there must be a change to ventilate the area
without accessing the area. Leakages can be detected for example by pressure meas-
urements. Critical areas can also be equipped with multi-gas meters that detect if ox-
ygen levels in the air are falling. Automation has also a big role in the safety of nitro-
gen supply systems. There must be different kinds of interlocks that operate auto-

matically if example pressure of nitrogen gas drops or purity measurement alerts.

6.6 Other equipment in the nitrogen gas supply system

The nitrogen gas supply system includes components other than the nitrogen gener-
ator alone. The system needs compressor, vessels of different sizes, filters, and vari-

ous measuring instruments.
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6.6.1 Compressor

Normally the choice of compressor is based on the size of the generator and usually
generator supplier offers optimum sized compressor. However, there are other ma-
chines in the process that also need compressed air and the idea is that the compres-
sor could produce all compressed air that is needed. Therefore, it is important to
clarify also the whole compressed air consumption before doing a business with the
generator/compressor supplier. Requirements for the compressor designing are con-
sumption and pressure. The highest consumption and the highest-pressure demand
define the size of the compressor. In this project, there are special requirements for
the compressor. The whole process of the pilot plant is designed to be clean as possi-
ble to avoid contamination. The objective is to ensure that no unwanted particles en-
ter in the final product. That is why it was defined that the compressor must be oil
free. The compressor oil does not mix with compressing air during normal operation,
but it is possible if the compressor breaks down. Qil leakage would ruin the nitrogen
generator and filtering systems. Oil-free model ensures that no oil can enter the pro-
cess under any circumstances. Qil-free model is more expensive, but you do not want
to take risks in this type of project. On other hand, there will be a cooling water cir-
cuit, so the compressor can be a water-cooled model instead of an air-cooled model.
After discussions with the supplier, the selected compressor was a water-cooled oil-

free rotary screw compressor.

6.6.2 Filters and vessels

The generator suppliers often offer whole nitrogen gas supply system from the com-
pressor to the nitrogen gas buffer vessels. They know best what kind of cleaning and
drying components are needed for the generator. After selecting generator and com-
pressor units, they offered optimum sized cleaning and drying components.

The final tender included three different filters, an adsorption dryer, and active car-
bon filter which were sized based on the compressed air flow.

A buffer tank for nitrogen was required, so that the production capacity of the gener-

ator is not needed to be so high. The supplier sized capacity of the vessel based on
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given information. A buffer tank for the compressed air is needed to keep pressure
steady. If the compressed air consumption rapidly rises, for example in process
equipment start up the compressor cannot keep up and the pressure drops tempo-

rarily.

6.7 Summary of the nitrogen gas supply system

The Nitrogen gas supply system designed for the project is shown in the figure 9. The
system shown in figure 9 can meet all the key requirements that were set for it. In
addition to this there will be the emergency nitrogen system that was mentioned in
the safety chapter. It includes high pressurized nitrogen cylinders with fail safe

valves. Main system includes (numbers on the list referring numbers in figure):

A water-cooled oil-free rotary screw compressor, power of 160kW

A buffer vessel for the compressed air, volume of 5m?

Cleaning and drying system, which includes all filters needed

Nitrogen generators, nitrogen flow of appr. 50m3/h

Buffer vessel for the nitrogen gas, 3m?

Measurement instruments and valves are not shown in the figure but those are also
included in the system.
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Figure 9. The theoretical chart of a nitrogen gas supply system
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Once these main components of the nitrogen gas supply system have been properly
sized, there should be no surprises that affect the rest of the design process. Thus, it
is possible to start more accurate layout and process design. Process design includes

piping designing and automation designing for the system.

7 Exhaust gas treatment system design

An exhaust gas treatment system is needed to control gases that exit from the fur-
naces. Hydrocarbon gases generated during heat treatment and nitrogen gas in-
jected to control atmosphere exit through the furnace outlet. The easiest way to
treat those gases is to guide them to a combustion chamber where burnable gases
are burned with the help of auxiliary burner, and all gases are safely guided to the

outside through a chimney.

7.1 Overview of the exhaust gas treatment system

Every manufacturer has its own kind of exhaust gas treatment system, but the basics
of the systems are the same. Exhaust gases are guided from the furnace to the com-
bustion chamber where burnable gases are burnt with help of auxiliary fuel. From
the combustion chamber gases are guided to the chimney via exhaust fan. The main
components of the exhaust gas treatment system are a combustion chamber with
burners, a burner for auxiliary fuel, chimney, fans, and bypass systems for in-case of
failure. The auxiliary fuel is needed because the exhaust gas flow is not steady

enough to keep combustion reaction going on continuously.

7.2 Designing

When buying the furnaces, the manufacturers usually offer an optional gas treat-
ment system for the furnace. There will be several furnaces in this project, so it is not
wise to buy a separated exhaust gas treatment system for every furnace. The exhaust

gas flows from the furnaces are so low that all gases could be treated in one larger
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combustion chamber. Exhaust gas flows from each furnace must be known when de-
signing the combustion chamber. The gas flows from furnaces can be calculated
when knowing which process step is going on in the furnace. The furnaces are de-
signed for complete a single process step. The exception to this is the furnace num-
ber one, that is designed to be multifunctional and it can go all process steps at one
go, and the furnace number three that can complete two process steps. Therefore,

not all process steps, even in theory, can be running at the same time.

In laboratory tests, the mass yield of each process step was calculated by measuring
the weight of the material before and after the process step. The mass of the closed
system must remain constant over time according to the law of conservation of
mass, so the mass lost during the process is converted to gases. The exhaust gas flow

generated during the process step can be calculated with the formula:

(1 — mass yield) - m,; = m,

Where:

mass yield = average mass yield given from laboratory tests

m, = raw material mass flow [kg/h]

m,=Exhaust gas mass flow [kg/h]

Mass flows are shown in kg/h because manufacturers use those units in their design-
ing. Results of the calculations are shown in appendix 1. The required maximum ex-
haust flow is obtained when the maximum mass flow of raw material is used for cal-
culation. It can be seen that most of the mass loss happens at the process step two,
thus most of the gas is generated there. The appendix also includes a comparison of
the maximum flows between all possible running models. The running models that
are most likely to be used are in bold. There are four process steps in calculations,
however there will be a total of six furnaces that generate exhaust gases. The two

furnaces are not in the calculations because those mass yields are not known. But
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those furnaces are running less frequently and have low capacities thus those do not
generate much exhaust gases. Of course, these furnaces are also taken into account
in the design process. These exhaust streams do not greatly affect system design, but

they still require connections to the system.

In addition to burnable gases there will be non-burnable gases, mostly nitrogen gas,
that are also guided to the combustion chamber. Those gases must be calculated and
considered when setting requirements for the exhaust gas treatment system, be-
cause if nitrogen flow is higher than the design values it may affect the combustion

reaction.

7.3 Summary of the exhaust gas system

Once the exhaust gas flows were examined and calculated from every furnace, there
was decided to choose two separated systems. The multifunctional furnace number
1 is more complex than the others and it will have its own exhaust gas treatment sys-
tem. This ensures that the exhaust gas treatment system has sufficient capacity in all
situations. The system will be ordered from the furnace manufacturer so, because
they have designed the furnace, they have also accurate information about the gas

flows.

There will be another treatment system for the gases from the other furnaces. The
system is sized for maximum gas flows from every furnace. Even though all furnaces
will not be running at the same time it will not affect sizing much because the ex-
haust gas flows are so low. The flow chart of the whole exhaust gas treatment sys-
tem is represented in figure 10. There are two burners for exhaust gases in the com-
bustion chamber two. Furnaces two, three, and four are connected to one burner
and furnaces five and six are connected to another burner. Both combustion cham-
bers are equipped with natural gas burners. There is already a natural gas network in
the Sunila mill area. So, it is the best option to use natural gas as an auxiliary fuel.
When using the existing gas network, only the pipeline design needs to be done. An-

other fuel option for auxiliary burner would have been propane gas.



Exhaust gas treatment system flow chart

Exhaust gas flow

Combustion
chamber 1

44

|

Natural gas to the chamber

Furnace 2

Furnace 3
Exhaust gas flow

g') Burner 1

Exhaust to chimney

>

Combustion chamber 2

Furnace 4
Natural gas to the chamber

Furnace 5 Exhaust gas flow

Furnace 6

1N

Figure 10. Exhaust gas flow chart

8 Design of the cooling water system

f_:;"_:_} Burner 1

'\‘_C,.f} Burner 2

Exhaust to chimney

Furnaces operate at high temperatures, so the product needs to be cooled before

further processing. All furnaces have integrated water-cooling. Idea was to design a

cooling water system that can ensure cooling water to all equipment at every situa-

tion.
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8.1 Overview of the cooling water system

Indirect once-through cooling water circuit was the best choice for this plant. System
have a closed loop where fluid, in this case water, flows. The water circulating inside
the closed loop is cooled in a heat exchanger by the primary coolant which is also
water. The closed loop includes a feedwater tank, two pumps, pipelines to furnaces,
the water-to-water heat exchanger, and process and safe equipment. In figure 11
you can see a rough illustration of the system. The closed loop is designed so that
water is pumped through a single pipe from the feed water tank to a header. There
are pipelines for each furnace from the header. From furnaces pipelines are con-
nected to another header and from that header a single pipeline goes to the heat ex-
changer and after that back to the buffer tank. There are some measurements in the
figure but in the final version there will be many more. The actual process design be-
gins after the main equipment has been selected and the safety of the process has

been reviewed in a hazard and usability study.
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Figure 11. Cooling water circuit

8.2 Process safety

The cooling water supply is important for the process safety. If cooling water supply

fails it can cause mechanical damage to furnaces and danger for operators. There-

fore, the cooling water supply system must be redundant or otherwise fail-safe.

Pump of the cooling water circuit will be redundant to provide option for mainte-

nance. There will be several measurements for cooling water temperature and pres-

sure in order to notice possible faults.

In this project, it was decided to design the fail-safe system. The idea is there will be

a water tank located on the upper floor. During power failure or pump breakdown

water flows through the process without pumping due to the hydrostatic pressure.
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Warmed water is then led to drain through an outlet which is normally closed. There-
fore, the water loop is not closed anymore, and water supply lasts as long as there is
water in the tank. Sunila mill have back-up pumps that provide water supply to criti-
cal parts of the mill during power outages. There will be connection from those back-
up pumps to the tank. However, it takes some time to get those pumps running so

the capacity of the tank must be large enough to ensure continuous water supply.
8.3 Cooling power calculations

The total cooling capacity is calculated by first calculating the cooling power for each
furnace. Furnace manufacturers have given the technical data in which calculations
are based. Cooling water consumption is given in technical data for every furnace
and for some furnaces required cooling power is given by the manufacturer. For
other furnaces there is given maximum inlet and outlet temperatures of cooling wa-
ter. Cooling water pressure is also defined in technical data. Thus, theoretical maxi-
mum cooling power for each furnace can be calculated from the enthalpy difference

with the formula (6):
mi'hi+Qf:m0'ho (6)

Where:

k
m; = Mass flow cold water in [?g]

kJ
h; = Cold water enthalpy [@]
Qf = heat flow to water [kW]

: kg
m, = mass flow out [?]
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. i
h, = Exiting water enthalpy [kg]

There occurs no mass transfer because cooling is indirect, so mass flow in is equal to

mass flow out. Formula to calculate heat flow to water is:
Qf = m; - (hy — hy)

Furnace 2 for example:
k
h; = 0,33333 [?g]
h, = 230,27 [k]]
o — ) kg

h; = 84 294[k]]
i — ) kg

0y = 033333 [%2] - (23027~ 84.294) [
Qf =~ 49kW

All results are shown in appendix 2. Using given minimum inlet and maximum outlet
temperatures in calculations do not give realistic results. Outlet temperature de-
pends on the cooling water mass flow and when given maximum mass flow is used,
we can assume the actual outlet temperature is much lower than the given maxi-
mum temperature. The assumption is confirmed by the fact that the cooling systems
are very similar in every furnace and cooling power values given for the other fur-
naces are way lower than values calculated by temperature difference. Therefore,
there is another calculation which is based on assumption that the water tempera-
ture will raise 15°C in furnaces which have not been given the cooling power infor-

mation. Results of these calculations are shown in appendix 3. Those results neither
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does give an exact answer to the required cooling power but comparing the results

will help you choosing a heat exchanger.

Cooling water pipelines from furnaces are designed to connect header where water
exits through a single pipeline. Calculation of exiting water mass flow and tempera-

ture is done by formula (7)
Zmn'hn:me'he (7)

where:

k
m, = water mass flow from each furnace [?g]

k
h,, = enthalpy of each water mass flow [é]

k
m, = water mass flow exiting from header [Tg]

k
h. = enthalpy of water exiting from header [é]

In this case form is:
ml'h1+m2'h2+m3'h3+7’h4'h4+7’h5'h5=The'he (7)
Where

1, = 0,833 ["Tg
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1, = 0,333 ["Tg
k
s = 0,333 [—g]
S
Kk
i, = 0,750 [?g]
k
g = 1,389 [?g]
Thus
. kg
e = (0,833 + 0,333 + 0,333 + 0,75 + 1,389) [T]
k
T, = 3,638 [?g]

And

_(my - hy 41y hy + 1y hy + 1y - hy + 0 - hs)
e — me

h, = 169 06[k]]
e — ) kg

Water must be cooled in a primary heat exchanger back to starting the temperature
to keep closed cycle stable. Thus, cooling power needed from the primary heat ex-
changer can be calculated by formula:

me'he_szmb'hb

There occurs no mass transfer in the heat exchanger, so formula gets form:
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Qp =M * (he — hyp) (8)
Where:
Qp = Cooling power required [kW]

h, = Enthalpy of water exiting from heat exchanger

For example, situation 1 in the appendix 4:

k
1, = 2,25 [—g]
S
k]
h, = 182,871 [?]
k
h,, = 83,965 [—]]
S
Qy = 2.25"2|- (182,871 - 83,965) |2 | (8)
p ) S ) ) kg

Q, ~ 223 kW

All results are shown in appendix 4. At this point in time, there is no further infor-
mation about furnace 5 because negotiations about it are still ongoing. So, there are
calculations where it has not been considered but also calculations where it is in-
cluded with assumption it will work with the same principles as the other furnaces.
Basically, every possible running schema is calculated. It gives perspective how re-
quired cooling power changes between schemas. Results are shown in figure 12. It
can be seen that cooling power needed to keep closed cycle stable is between 42 kW
and over 300 kilowatts. As mentioned, calculation 1 results are higher and probably

not correct ones, but they give maximum theoretical required cooling power based



52

on manufacturers information. Calculation 2 is done with assumptions and choosing
a heat exchanger based on it is not recommended. In situation seven is just calcula-
tion one showed because assumptions made in calculation 2 does not affect at this

situation and it would give same answer.

Required cooling power
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Figure 12. Cooling power at different running schemas

8.4 Summary of the cooling water system

8.4.1 Feed water tank

Capacity of the tank is designed based on water consumption and how fast back-up
water is available. Water consumption depends on the running schedule. Different

water consumptions are shown in figure 13.
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Figure 13. Cooling water consumptions

Back-up water pumps start running within 15 minutes after power failure so the ca-
pacity of the tank should be at least 3,75m3 at maximum water consumption. As said
before, all furnaces will not be running at the same time so even smaller capacity
would be enough in many situations. Capacity of three cubic meters would last over
half hour in running situations one, four and five and over 15 minutes in other run-
ning situations. Larger capacity ensures continuous waters supply even if there are
problems starting up the back-up pumps. Final decision about the capacity of the
tank is done later because it depends how much there is space for the tank in the
building. But based on calculations capacity suggested is between two to four cubic

meters.

8.4.2 Heat exchanger

Requirements for the heat exchanger are enough cooling capacity and small foot-
print and liquid-to-liquid technology. Water in a closed secondary loop will be cooled
with a primary coolant which is cold water. The mill is near a big water source (Baltic
sea) so there always will be water available for cooling. Therefore liquid-to-liquid
heat exchanger is the most reasonable option. Liquid-to-liquid heat exchangers are
the most common type of heat exchanger and it does not limit options. Tubular and

plate heat exchangers are very common in industrial cooling applications. Based on
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calculations and discussions in the previous chapter the maximum heat transfer rate
needed is around 200kW. It is rather small in industrial size and many types of heat
exchangers are capable of it. The pilot-plant will be constructed in an old warehouse
building. Therefore, space inside the building is limited and all equipment must be
designed to fit inside. Another factor is the purity thing. The operating area is in-
tended to be kept as clean as possible that means footprint design must be done
carefully. Plate and frame heat exchangers offer smaller footprint than tubular heat
exchangers with same cooling power. That is the main reason to choose the plate
heat exchanger instead of tubular. Thus, based on information given this far the plate

heat exchanger size about 200kW is the way to go.

8.4.3 Other equipment

The main equipment beside the heat exchanger and the tank is a pump. The pump
provides needed pressure for the cooling units of furnaces. Mass flow of water is not
very high so various types of pumps are suitable. Centrifugal pumps are commonly
used in industrial because those are inexpensive, reliable and the working principle is
quite simple. The centrifugal pumps also provide stable water flow and a throttling
valve can be used to control the flow. Thus, the centrifugal pump is a good choice for
this cooling system. Final decision for the pump unit will be made in the future. There
will most likely to be two pumps to enhance usability, so the process does not need

to stop if the running pump breakdown.

Valves are needed to control water flows. Each pipeline needs its own valve to con-
trol mass flow and to prevent unnecessary water flow through the furnace when it is
not running. Fail-safe valves are needed for power failure situations. One which
opens the pipeline to drain where heated water is guided and one which opens the
pipeline from back-up pumps to tank. Cooling system will be equipped with enough
measurements that provide needed information. Temperature and pressure meas-
urements are major measurements. The number and locations of the measurements

will be decided later.
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9 Conclusions

In summary, the answers to the research questions were found. The requirements
for the nitrogen supply system were found and nitrogen consumption could be calcu-
lated quite well. The result was that a PSA-generator with the required safety devices
would be the best solution for this project. The most important factors in the choice
of technology were the required purity and total consumption. Negotiations on the

details and price of the system were initiated with suppliers.

The exhaust gas system was challenging but the capacities were determined. The fur-
nace manufacturers were selected as system suppliers and will make a more detailed
design of the exhaust system based on the information obtained from the thesis. The
thesis provided information to manufacturers on how much gas the combustion

chamber should be able to treat.

The cooling water system is the simplest of the systems and does not require special
components. Thus, it takes less time to construct the cooling water system and deliv-
ery times of the components are shorter compared to other systems. Thus, at this
point, its design was mainly based on the calculation of the cooling capacities and do-
ing rough design of the process. Safety factors was also taken under consideration.
As a result, the cooling powers calculated in two different ways and a description of

the system were obtained. The result of these can be utilized in the future.

Designing auxiliary systems for a pilot-plant projects is a bit different than it is in nor-
mal industrial situations. Two major differences are confidentiality and the unique-
ness of the project. The objective is to build a plant which is first of a kind. Therefore,
the information about the process is kept a secret. The suppliers only have the infor-
mation that is crucial for designing. That affects how accurate offers they can make.
Unigueness makes designing a little harder because there are no references to con-
sult. Furnace manufacturers have their own setups, but nobody has built a plant with
several furnaces from different manufacturers running as a unit. It is obviously more

efficient to build one auxiliary system for furnaces rather than every furnace having
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their own. Thus, gathering information and investigating requirements for every fur-
nace were key steps in this project. Another factor differentiating a pilot-plant de-
signing from normal industry designing is the life cycle of the plant. The objective of a
pilot-plant is to perform test runs and ensure that the technology is working as as-
sumed and the product is what is expected. Once that is done the technology will be
scaled up to an industrial level and the pilot-plant is abandoned. Thus, the life cycle
of a pilot-plant is shorter than it is in a normal industry investment project. It is a
good factor to keep in mind when designing and choosing equipment. Designing
must be done carefully and the right equipment have to be chosen, but you can, for
example, choose an inexpensive solution with a 10 years’ expected life cycle rather

than an expensive one with a longer life cycle.

On the other hand, auxiliary systems, in addition to exhaust gas systems, are basic
systems in the industry. The designed cooling water system is no different from a
normal industrial cooling system. It is a simple closed loop circuit and all components
are basics for industrial cooling system. The back-up-water system was designed to
be the simplest possible solution for this plant. Nitrogen is widely used in industrial
applications and generating it on site is normal in places where its consumption is
continuous and high. Therefore, designing the nitrogen system for this project was
almost the same as it is for any project. The only difference was that suppliers do not
get as much information as they usually get. Objective of the project organization
was set requirements for the system as exact as possible, so that the supplier needed
to know as little as possible about the process. Difficulties were related to the lack of
information about nitrogen consumptions and the requirements from the furnace
manufacturers. That was because the furnaces had just been bought and the speci-
fied technical information was to be given in the future. However, it is not possible to
do test runs without nitrogen supply. Thus, the nitrogen supply system had to be
available right from the beginning. Designing and building nitrogen supply systems
takes several months so it was important to get the requirements for the system
soon as possible. Therefore, some assumptions and over-sizing had to be done with
the system. Overall, the chosen system should be suitable for the process. Both the
literature and supplier recommend a described nitrogen supply system for this kind

of a process. Exhaust gas treatment system was a challenging part. Basically, the
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combustion chamber for the exhaust is quite simple and has no difference to other
combustion chambers. However, calculating the amount of gas coming to the cham-
ber was difficult. The amount of gas depends on the properties of the input product
and heating conditions, so manufacturers cannot give exact values for the amount.
Therefore, designing is based on laboratory scale tests. Exhaust gas system does not
affect the product properties and its objective is to burn and lead gases safely to the

atmosphere. Thus, there is no harm if the combustion chamber is a little oversized.

10 Discussion

The assignor, Stora Enso is a big world-wide company with a large research division.
The project behind this thesis had started much earlier. The objective of the thesis
was providing new information to the project and thus it is truly connected to the
project. Because the study is part of the real project, all of the used material is from
real suppliers. This material can be assumed to be accurate and it was utilized as the
main source of material for the study. This provides the basis for the reliability of the
study. In addition, information obtained from auxiliary system suppliers was utilized
in the search for the right solution. It has ensured that the information on technolo-
gies presented in the thesis are up-to-date and correct. The information from the
suppliers followed the information from literature sources. Therefore, it can be as-
sumed that the literary sources chosen for the thesis are reliable. The limited time
has an impact on the reliability of the study. There was no time to wait for more
specified information about some equipment and some assumptions had to be

made.

Those assumptions affected calculations especially in the designing process of the
cooling water system. Therefore, the input data was not precise, and the results
were only indicative. Because the project was a pilot plant, there was no references
to which the results could be compared. Thus, it was necessary to calculate the cool-
ing power in two different ways. The results of the calculations can be used to relia-

bly state that the practical cooling capacity requirement is somewhere between the
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minimum and maximum values. Even the theorical maximum values (results of the
calculation 1) are rather small in the industrial scale because the furnaces are pilot-
scale equipment thus energy losses will not be very high if the cooling water system

is designed based on these values.

Pilot-plants are unique and built to test the technology and equipment. If the results
from pilot-plant are promising the next phase is building an industrial scale plant.
Then it would be a good time to do further research. Scaling the plant to an industrial
scale affects the designing of the auxiliary systems. The systems now designed for
the pilot-plant may not be the best solutions for a bigger plant. For example, bigger
furnaces consume more nitrogen and fractional distillation could be better solution
for the bigger plant. The cooling water system would be under closer examination
because as the water consumption rises, more attention needs to be paid to energy

efficiency.
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Appendix 2. Calculation 1. Heat flow to cooling water
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Appendix 3. Calculation 2. Heat flow to cooling water
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