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The objective of this thesis was to develop a new energy balance tool that considers the use
of secondary heat better than previous energy balances. Secondary heat is heat that is
transferred to the side stream, such as cooling water or wastewater, in the process. Often
secondary heat is not utilized. The new energy balance includes secondary heat balance that
has typically been a part of water balance. By integrating secondary heat balance into energy
balance, the impact of secondary heat on steam consumption can be considered in energy
calculations.

The literature part of this thesis discusses pulping technology, energy consumption and
production in forest biorefineries, and secondary heat and its utilization. The new secondary
heat balance is developed and tested in a non-integrated pulp mill and an integrated forest
biorefinery in the experimental part. Secondary heat sources used in this study are warm
water, bleach effluent, and flue gas heat recovery. Secondary heat is utilized in hot water
production and heating of combustion air, boiler make-up water, and condensate by heat
exchangers and heat pumps.

The results revealed that the new energy balance tool is working and successfully includes
secondary heat’s impact. In the non-integrated pulp mill, the total steam consumption
decreased, allowing for increased power generation. The integrated forest biorefinery had a
possibility to reduce the combustion of purchased bark due to the significantly decreased
steam consumption. In both cases, using heat pumps increases mills’ own electricity
consumption so that the benefit from increased power generation remains slight.
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Tdmin diplomityon tavoitteena oli kehittdd energiatasetyokalu, joka huomioi
sekundddrilammon kdytdn paremmin, kuin aiemmat kéytossd olleet energiataseet.
Sekundédrilimpd on prosessissa sivuvirtaan, kuten jadhdytys- tai jiteveteen, siirtynyttd
lampodd, joka on wusein jdtetty hyodyntdmittd. Uusi  energiatase  sisdltda
sekundédrilimpotaseen, joka on tavallisesti ollut osa vesitasetta. Sisdllyttdmalld
sekundéddrilammot  energiataseeseen, sekundédrildmpdjen vaikutus hoyryn kayttoon
pystytddn huomioimaan taselaskuissa.

Kirjallisuusosio késittelee lyhyesti sellutekniikkaa, energian kulutusta ja tuotantoa
biotuotetehtailla, sekd sekunddirilimp6d ja sen hyOdyntimistd. Kokeellisessa osassa
kehitetddn uusi energiatase ja testataan sitd sellutehtaalle ja integroidulle tehtaalle. Ty0ssa
kaytetyt sekundddrilimmon ldhteet ovat ldmmin vesi, valkaisun jétevesi ja savukaasun
lammon talteenotto. Sekundddrilimpod hyodynnetdédn kuuman veden valmistuksessa ja
palamisilman, kattilan lisiveden ja lauhteen ldmmityksessd ldmmonvaihtimilla ja
lampopumpuilla.

Tyon tuloksena huomattiin, ettd wuusi energiatase toimii ottaen huomioon
sekundéérilampdjen vaikutuksen. Sellutehtaan tapauksessa kokonaishdyrynkulutus laski
mahdollistaen kasvatetun sdhkontuotannon. Biotuotetehtaalla mahdollisuutena oli vihentda
ostetun kuoren polttamista voimakattilassa merkittivisti vihentyneen hdyrynkulutuksen
johdosta. Molemmissa tapauksissa lampOpumppujen kéyttd lisdd tehtaan omaa
sahkonkulutusta niin, ettd saatu hyoty lisddntyneestd sdhkontuotannosta jad vahiiseksi.
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SYMBOLS AND ABBREVIATIONS

Roman characters

A

dm, H20

DS

pulp production
specific heat

flash factor

enthalpy

latent heat

number of stages in an evaporator
power

pressure

heat demand

rate of heat transfer
mass flow

evaporation capacity
dry solids mass fraction

temperature

Greek characters

efficiency

Dimensionless quantities

COP

Coefficient of Performance

[ADYd]

[kl/kg°C]

[k)/ke]

[kJ/kg]

[W]

[bar, Pa]
[GJ/ADt]
[W]
[ke/s]

[kgH20/s]

[°C, K]

[%0]



Subscripts

BL black liquor

c cold

cW cooling water

E excess

el electric

H high

h hot

1 inlet

L low

0 outlet

W water

Abbreviations

ADt Air dry tons of pulp

AHP Absorption Heat Pump

BAT the best available technique
BFB bubbling fluidized bed boiler
BREF the BAT reference document
CFB circular fluidized bed boiler
CHP Combined heat and power
CTMP Chemithermomechanical pulping
DM Drying machine

DS Dry solids



ECF

ESP

FG

FW

GHG

HP

HP

HVLC

IFPB

LP

LVHC

MEE

MP

NCG

NSSC

PB

PM

RB

TCF

TMP

Elemental Chlorine Free
Electrostatic precipitator

Flue gas

Feedwater

Greenhouse gas

Heat Pump

High pressure

High Volume Low Concentration
Integrated forest products biorefinery
Low pressure

Low Volume High Concentration
Multiple-effect evaporator

Medium pressure

Non-condensable gas

Neutral sulfite semichemical pulping
Power boiler

Paper machine

Recovery boiler

Total Chlorine Free

Thermomechanical pulping
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1 Introduction

The European Union has set ambitious goals for greenhouse gas (GHG) reduction and
energy efficiency. By 2030 the objective is to achieve at least 55% reduction in GHG
emissions, and by 2050, the objective is climate neutrality, in other words, net zero GHG
emissions. The target for energy efficiency is to improve it by at least 32,5% by 2030
(“compared to projections of the expected energy use in 2030”). (European Commission,
2022) To achieve goals, the pulp and paper industry has to consider substituting fossil fuels,
improving energy efficiency, and recovering excess heat in investment projects. This thesis
discusses the reduction of primary energy sources by utilization of secondary heat (or excess
heat). The primary target is the reduction and optimization of steam consumption in

production lines of pulp mills and integrated forest biorefineries.

Secondary heat is usually transferred to warm water or hot water, and therefore, it has been
a part of a pulp mill water balance, which includes all water streams inside a pulp mill.
Energy balances and water balances are typically treated as separate entities by different
specialists in AFRY projects. The aim of this thesis is to include secondary heat into the
energy balance to ease the consideration of secondary heat solutions in energy balance
calculations. As a result, AFRY will get a basis for developing a new version of the energy
balance tool for future projects in which secondary heat balance is to be optimized if the case

study in this thesis leads to a promising outcome.

A new energy balance model has been implemented in the experimental part of this thesis
by creating a case study. The case study is made for a stand-alone pulp mill and an integrated
forest biorefinery with paper production. The case study includes two different situations:
reference situation without optimizing secondary heat utilization and optimized situation.
All cases are comparable because they have the same technology and production in the fiber
line. The annual chemical pulp production is set to 500 000 ADt. The pulp mill product is
bleached dried pulp, while the integrated mill uses all pulp for paper production. Secondary
heat sources introduced in the new energy balance model are flue gas heat recovery, bleach
effluent cooling, and warm water, from which heat is transferred with heat exchangers and
industrial heat pumps. However, it is not crucial what secondary heat solutions are used in

the case studies of this thesis, but the methods of how secondary heat is included in the



13

energy balance and how it affects it. It is expected that the optimization of secondary heat
utilization results in a decrease in process steam consumption, offering a possibility to reduce
the consumption of purchased fuel or increase the generation of electricity or some other
business opportunity. Calculations and cases are described in detail in chapters 7 — 10 . The
experimental study is limited to the development of the new energy balance tool and testing
it in the case study. The biorefinery has been set up for the purpose of this study. Production
levels and utility consumptions are based on typical values from reference data of similar
processes. The results are not analyzed from the economic perspective, and the evaluation
of the best secondary heat solutions has been excluded from this thesis. However, these

aspects need to be considered when applying the new energy balance tool to a real project.
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2 Pulp and paper mills

A pulp mill is a type of biorefinery where biomass is converted into bioproducts, such as
pulp and other by-products (Alén, 2015). Pulp again can be further processed into final
products like paper or cardboard. This can be done in a separate facility or as an integrated
process combined with pulp production. An integrated mill combines pulp, paper, and
sawmill production lines to reduce costs compared to production in separate locations. Paper
quality also benefits from integrated production with higher strength of paper when pulp
does not need to be dried (Germgéard, et al., 2011, p. 723).

An integrated forest products biorefinery (IFPB) comprises a facility with other production
in addition to producing pulp, paper, or wood products. Extended production of conventional
pulp or paper mills includes bioenergy and different bioproducts, such as biofuels or bio-
based chemicals. Possibilities of extending production from pulp or paper products depend
on available materials that are side products from pulp and paper mills and materials outside
the site, such as agricultural or recycled biomass and waste. (Bajpai, 2013, p. 2; Bajpai, 2018,
pp- 603-604)

In the following, different pulping methods and process steps of dominating pulping method,

kraft pulping, as well as integrated paper production are shortly introduced.

2.1 Pulp mill

Commercially pulp is produced using chemical, semichemical, chemimechanical, or
mechanical methods. The primary purpose is to separate wood fibers from each other either
by dissolving the compound material or by mechanical forces. More comprehensive
information on different methods is provided in Table 1, where yields for different methods
are also listed. Based on Table 1, chemical pulping has the lowest yield, and its average yield
is actually 45 — 55% of wood. However, 70% of global pulp production comes from chemical
pulping, and 90% of chemical pulp is produced with the kraft pulping process. (Alén, 2011,
pp. 74-75)
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Table 1. Commercially used pulping methods (Alén, 2011, p. 75).

Method Yield [% of wood]
Chemical pulping 35-60
Kraft, polysulfide kraft, prehydrolysis kraft
Soda-anthraquinone (AQ)
Acid sulfite, bisulfite, alkali sulfite-AQ
Multistage sulfite

Semichemical pulping 65 -85
Neutral sulfite semichemical (NSSC)
Soda

Chemimechanical pulping 80-90

Chemithermomechanical (CTMP)
Chemigroundwood (CGWP)
Mechanical pulping 91-98
Thermomechanical (TMP)

Refiner mechanical (RMP)
Stone groundwood (SGWP)
Pressure groundwood (PGWP)

2.1.1  Pulping methods

When comparing chemical and mechanical pulping methods, in chemical pulping, chemicals
are used to separate wood fibers, while mechanical pulping uses physical forces. Chemicals
can remove lignin effectively, but they also degrade other wood components. Therefore,
yield is lower in chemical pulping than mechanical. (Bajpai, 2018, p. 295) Also, chemical
pulps are more flexible and have better strength (Brannvall, 2009, p. 4).

Mechanical pulping does not include chemicals but mechanical attrition to produce high pulp
yields. Therefore, mechanical pulping methods have high electricity consumption. Specific
energy consumption varies between methods but generally ranges from 1000 to 4300
kWh/ADt of pulp. Mechanical pulping does not remove lignin which causes low strength of
fibers and yellow color when the pulp is exposed to air and light. Typically, the mechanical

pulp is used for nonpermanent papers like newspapers. (Bajpai, 2018, p. 302)

Chemimechanical methods are a combination of chemical and mechanical pulping. The most
common chemimechanical pulping method is CTMP. This method includes the pretreatment

of wood with hot sulfite or cold soda. The pretreatment reduces the need for grinding
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compared to mechanical pulping and allows the use of hardwoods that would not result high
quality mechanical pulp. (Bajpai, 2018, p. 310) Other possible positions for chemical
treatment are refiner treatment in the first refining stage, interstage treatment between two
mechanical stages, reject treatment, and post-treatment. Post-treatment can be applied to all

mechanical pulping methods. (Lindholm, et al., 2009, pp. 249-250)

Like chemimechanical pulping, the semichemical method also combines chemical and
mechanical treatment. The most common method in this category is neutral sulfite
semichemical pulping (NSSC), and it is typically used to produce corrugating medium for
board manufacturing. There are two steps in the process. “The first step of the semichemical
process may be similar to any of the commercial chemical pulping methods, except that the
temperature, cooking time, or chemical charge is reduced.” (Bajpai, 2018, p. 310) During
the second step, the pulp is produced by applying moderate mechanical refining to wood

chips. (Gustafsson, et al., 2011, p. 248)

Chemical pulping uses alkaline or acidic chemicals without mechanical treatment to remove
lignin from wood chips and separate fibers. Alkaline kraft (or sulfate) cooking process is
today the most used pulping method, and it is suitable for any lignocellulosic material. The
reason for decreasing the use of sulfite pulping is that kraft pulp has better strength, and the
kraft process is less polluting. Also, sulfite pulping is not suitable for a wide range of wood
species. However, bleaching of sulfite pulp is easier than kraft pulp because unbleached
sulfite pulp typically has a higher brightness. (Gustafsson, et al., 2011, pp. 195-203) A
drawback of chemical pulping is that cooking chemicals are not selective towards lignin.
Approximately half of the wood material is dissolved during cooking resulting in low yields,

and not all lignin is removed. (Brannvall, 2009, pp. 3-4)

2.1.2  Chemical pulping process

Figure 1 presents a general kraft pulping process. The kraft process consists of wood
handling, fiber line, and chemical recovery cycle. In addition, Figure 1 includes wood
procurement following transportation of feedstock to the site for wood handling and

papermaking using pulp from fiber line.
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Figure 1. Kraft pulping process including wood procurement and papermaking (Alén, 2015,
p. 93).

Wood handling is a process where incoming wood to the mill is prepared for cooking in the
pulping process. Wood handling includes slashing, de-icing, barking, and washing before
chipping to remove stones, sand, and bark. Wood chips enter screening to remove fines and

pin chips, and accepted chips are fed to the digester.

In chemical pulping, wood chips and cooking chemicals are fed to a digester (Figure 1),
where wood fibers are released by removing lignin. The dry matter of wood is roughly

composed of 40 —45% celluloses, 20 — 35% hemicelluloses, and 20 — 30% lignin, depending
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on the wood species (Willfor, et al., 2011, p. 43). Most of the lignin and some of the fibers
dissolve into cooking chemicals forming black liquor that is later treated in the recovery
cycle. Two main digester technologies are used in chemical cooking: batch and continuous
cooking. After cooking, pulp goes through washing, oxygen delignification, bleaching (in
case of bleached pulp), and drying.

The main differences between sulfate and sulfite pulping are in cooking, chemical
preparation and recovery, and bleaching. As mentioned before, unbleached sulfite pulp is
brighter than kraft pulp and thus requires less bleaching. Cooking processes are quite similar,
except for some special features and cooking chemicals. Kraft process uses white liquor,
which contains sodium hydroxide (NaOH) and sodium sulfide (Nax>S), for delignifying. After
the cooking process, spent liquor (black liquor) is concentrated in evaporation and fed to a
recovery boiler where organic material in black liquor is burned for heat production, and
inorganics (sodium carbonate and sodium sulfide) are recovered as smelt for white liquor
production in recausticizing process. One of the main characteristics of kraft pulping is this
chemical circulation. Chemicals used in sulfite pulping are bisulfite as delignifying medium
and calcium, magnesium, sodium, or ammonium as a cation. Spent liquor of sulfite pulping
can be used to produce side products, like ethanol, proteins, yeast, vanillin, and
lignosulphonates, and burned in a recovery boiler. The used cation determines what can be
recovered, but chemical recovery is generally more challenging in the sulfite pulping process

than in the kraft process. (Mboowa, 2021; Gustafsson, et al., 2011, pp. 203-204, 226-228)

2.2 Paper mill

A paper mill is a manufacturing facility where paper or board is produced. There are many
different paper mills existing because of the large scale of paper and board grades and the
variety of available raw material options and quality. The primary raw material for paper
and board is pulp which may be supplied from a pulp mill in integrated production or bought
outside to a stand-alone paper mill. A basic schematic of a paper mill process is presented in
Figure 2. It includes stock preparation, water removal, sizing, coating, and finishing. During
the water removal stage, water is removed in three steps (web forming at wire section,

pressing, and drying) to decrease moisture content to 5 — 9% (Paltakari, 2020).
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Figure 2. Process of papermaking from stock preparation to finishing (Paltakari, 2020).
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3 Energy consumption

Energy is consumed as heat and power in different departments of forest biorefineries and
boilers themselves. Steam is used, for example, in heating water and materials, evaporation,
and drying of pulp and paper. Power is required in electric motors that run pumps, fans,
conveyors, compressors, and pulp drying and paper machines. Mechanical pulping also
consumes high amounts of electricity in grinders and refiners. The following example
presents energy consumption in a chemical pulping process. The main difference in energy
consumption between mechanical and chemical pulping is that mechanical pulping

consumes less heat and significantly more electricity. (Joint Research Centre, 2015)

3.1 Energy consumption in pulp mills

Figure 3 demonstrates heat and power demand in different departments in a modern pulp
mill with pulp production of 1615 ADt/d. This corresponds to the annual production of
around 573 000 ADt. There are three pressure levels: high-pressure steam (91 bar, 490 °C),
medium-pressure steam (12,5 bar, 205 °C) and low-pressure steam (4,1 bar, 145 °C). On the
right-hand side of Figure 3 are all the departments typically found in a chemical pulp mill.
Steam and water flows are marked as arrows and power consumptions are written above
departments. The biggest steam consumer is evaporation, which uses 7 kg/s of MP-steam
and 26,6 kg/s of LP-steam. Two other departments with high heat demand are cooking and
drying. LP-steam consumptions are respectively 3,3 kg/s and 21 kg/s. Cooking uses the most
MP-steam, 15,5 kg/s.
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Figure 3. Example of steam and power balance of pulp mill (Fogelholm & Suutela, 2008, p.
291).

In Table 2, steam and power demands in the example pulp mill (Figure 3) are converted to
heat and electricity per produced air dry tons of pulp. Heat demand is determined by steam

flow, enthalpy, and pulp production:
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(1)

where Q is heat demand [GJ/ADt], Ak is the utilized enthalpy difference [kJ/kg], gm is steam

mass flow [kg/s] and A4 is pulp production [ADt/d]. Enthalpy can be determined from steam

pressure and temperature. Electricity demand is determined by dividing the power by pulp

production.

Table 2. Steam and power demand per produced pulp (ADt) of an example pulp mill in

Figure 3.
Department MP steam demand | LP steam demand | Power demand
[kg/s] [GJ/ADt] | [kg/s] [GI/ADt] [kW]  [kWh/ADt]

Wood handling 0,7 0,10 3324 49
Cooking 15,5 2,34 3,3 0,48 2148 32
Washing 1407 21
Knot separation and screening 5490 82
02 delignification 3 0,45 0 0,00 3652 54
Bleaching 5,2 0,79 8577 127
Bleached stock cleaning 3212 48
Drying 21 3,08 6871 102
Evaporation 7 1,06 26,6 3,90 1733 26
Causticizing and lime kiln 0,1 0,02 0,3 0,04 2821 42
Tall oil separation 0,5 0,07 88 1
Recovery boiler 0,3 0,05 6,3 0,92 2898 43
Air compression and common 0 0,00 0,7 0,10 2118 31
Heat to saw mill 6 0,88 201,6 3
Water and effluent 3019 45

The heat demand of wood handling depends on climate conditions. For example, steam or

hot water is needed in the Nordic countries during winter because of frozen wood. Water

temperatures for de-icing are listed in Table 3. For example, de-icing water between 40 °C

and 55 °C is needed for birch with a temperature of -20 °C. The power demand of wood

handling is about 10 kWh/m? sob, and the annual average heat demand is 0,3-0,5 GJ/ADt

(Fogelholm & Suutela, 2008, p. 292). The unit m* sob means solid cubic meters over bark,

1.e. wood volume is measured including bark. Electricity is used to run conveyors, barking,

chipping, and screening.
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Table 3. Required hot water temperatures for de-icing based on wood temperatures.
(Willfor, et al., 2011, p. 165).

Wood Wood temperature [°C] | Water temperature [°C]
Hardwood, very thick bark -30 50 -60
Normal hardwood -35 50-60
Normal hardwood (Birch) -20 40 —55
Normal softwood -20 35-45

Cooking heat and power demands depend on the cooking method and used raw material.
These demands are listed in Table 4. For both continuous and batch methods, using softwood
as raw material requires averagely more heat and power per produced ADt of pulp than using

hardwood.

Table 4. Heat and power demands of batch and continuous cooking (Fogelholm & Suutela,
2008, p. 293).

Heat demand Power demand

Batch cooking [GJ/ADt] [kWh/ADt]

Softwood MP steam 1,6 -1,9 35-50
LP steam 0,3-0,5

Hardwood MP steam 1,4-1,6 30 -45
LP steam 0,3-04

Continuous cooking

Softwood MP steam 1,7-2,0 55-70
LP steam 0,2-04

Hardwood MP steam 1,5-1,7 40 - 50
LP steam 0,2-04

Heat is not used in washing and screening pulp. The power demand for washing is 20 — 30
kWh/ADt. Screening, including knot separation, requires 70 — 100 kWh/ADt for softwood
pulp and 20% less for hardwood pulp (55 — 80 kWh/ADt). (Fogelholm & Suutela, 2008, p.
293)

Energy is consumed in oxygen delignification to run pumps and to maintain process

temperature. The typical temperature in a single-stage process is 85 — 105 °C, and in a two-
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stage process, 80 — 85 °C and 90 — 105 °C in the first and second stages (Chirat, et al., 2011,
pp. 556-557). Fogelholm & Suutela (2008) say that heat demand in an O2 delignification is
0,4 — 0,5 GJ/ADt as LP steam. However, the example mill in Figure 3 uses heat within this

range but as MP steam.

Also, in bleaching, steam is used to control temperatures. “The LP steam consumption in
elemental chlorine-free (ECF) bleaching is about 0,4 — 0,6 GJ/ADt, and power consumption
80 — 120 kWh/ADt, depending on the system. The heat and power consumption of totally
chlorine free (TCF) bleaching is higher.” (Fogelholm & Suutela, 2008, p. 293) Again, the
example mill uses MP steam instead of LP steam, but heat and power demands are very close
to previous ranges. In Table 2, bleaching uses the most electricity. Pumps are located before

each stage to feed pulp and bleaching chemicals to the reactor (Germgérd, 2009, p. 244).

Drying pulp is one of the most heat demanding processes in a pulp mill. Heat demand
depends on pulp web dryness; higher dryness after wire and press sections requires less heat.
The heat demand of the drying machine is 2,0 — 2,7 GJ/ADt, and the power demand is 80 —
130 kWh/ADt. (Fogelholm & Suutela, 2008, pp. 294-295) Steam is used to heat drying air

in airborne dryer and cylinders in cylinder dryer.

Evaporation is a huge steam consumer in a pulp mill. Weak black liquor contains a
significant amount of water as the DS content is 14% — 18% (Parviainen, et al., 2008a, p.
38). This water needs to be evaporated before combustion in a recovery boiler to the increase
heating value of black liquor. Because steam generation is expensive and evaporation of
water from black liquor requires lots of heat, multiple-effect evaporators (MEE) have been
developed for efficient evaporation. MEE includes several effects (evaporation units), where
the first uses live steam and others vapor generated in the previous effect to evaporate water.
Steam consumption depends on the number of effects in evaporation plant and black liquor
properties (incoming temperature and DS contents). Heat and power demands for 5 — 7 effect
evaporation are listed in Table 5. As seen from the example mill heat consumptions (Table
2), some MP steam is used in addition to LP steam. MP steam with higher pressure is used
in the first effect when DS content in strong black liquor is over 80% (Fogelholm & Suutela,
2008, p. 295).
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Table 5. Heat and power demand per ton of evaporated water in 5 — 7 effect evaporator
(Fogelholm & Suutela, 2008, p. 295).

Number of effects | Heat demand [MJ/t water] | Power demand [KWh/t water]
5 530-570 2,1-3,0
6 450 -470 2,2-3,0
7 380 —420 2,3-3,0

Causticizing heat demand is 20 MJ/ADt of LP steam, and power demand is 8§ — 22 kWh/ADt
(Fogelholm & Suutela, 2008, p. 297). Causticizing is therefore a minor steam user. Lime
kiln MP steam demand is 20 — 50 MJ/ADt for oil burners (atomizing steam), and power
demand is 8 — 13 kWh/ADt (Bonhivers & Stuart, 2013, p. 770; Fogelholm & Suutela, 2008,
p- 297).

In the recovery boiler process, steam is used for pre-heating combustion air and liquor, soot-
blowing, and smelt shattering. Steam for soot-blowing is HP (high pressure) steam reduced
to 2 — 3 MPa or extraction steam from turbine. Soot-blowing steam accounts for 2,5 — 4% of
HP steam generation in recovery boiler and up to 10% in smaller and older boilers. In Figure
3, 3,2 kg/s of steam goes to soot-blowing after the first superheater. LP steam is used for
pre-heating primary and secondary air from 20 °C — 40 °C to 110 °C — 120 °C and further
heated to 150 °C with MP steam. An example of steam demands for air pre-heating is 630
MIJ/ADt of LP steam and 300 MJ/ADt of MP steam when combustion air is heated from 25
°C to 150 °C. Modern pulp mills do not require black liquor pre-heating. Electricity
consumed by feed-water pumps, fans, electrostatic precipitators (ESP), pumps, and agitator
1s 55 — 70 kWh/ADt. (Bonhivers & Stuart, 2013, pp. 769-770; Fogelholm & Suutela, 2008,
pp- 296-297)

The rest of the energy consumptions are not as heavy loading as the departments mentioned
above, except for heat used in external production facilities, for example the saw mill
presented in Figure 3. Water and effluent treatment do not use heat but power, 10 — 20
kWh/ADt for water pumping, 2 — 3 kWh/ADt for water chemical treatment, and 25 — 45
kWh/ADt for effluent treatment. Like a recovery boiler, the power boiler would use some
steam and power to run its own operation. Some electricity is used in air systems, HVLC
and LVHC gas systems, and lightning. Demands are correspondingly 10 — 15 kWh/ADt, 5
— 10 kWh/ADt, and 15 — 20 kWh/ADt. (Fogelholm & Suutela, 2008, pp. 299-300)
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Heat, electricity, and fuel consumptions for cylinder, condebelt, air impingement, and

infrared drying methods are listed in Table 6. However, energy consumptions are not directly

comparable because there are different energy qualities used. For example, cylinder drying

uses low-pressure steam (low quality) and infrared drying uses high quality energy like

electricity or natural gas. Also, electricity and heat consumptions vary between the

production of different paper grades (Table 7). (Ahtiala, et al., 2010, pp. 341-342, 357)

Table 6. Heat, electricity, and fuel consumptions in kJ/kguzo of different paper drying
methods (Ahtiala, et al., 2010, p. 341).

Energy use | Cylinder Condebelt Air impingement | Infrared Infrared
drying drying drying drying, el. | drying, gas
kJ/kgmo Temperature Temperature Temperature
100 -150°C | 120180 °C 175 -400 °C
Heat 2800 — 3500 2200 - 3000 2800 — 4000
Electricity 7100
Fuel 5000

Table 7. Energy consumption for different paper grades (Karlsson & Paltakari, 2010, p.

22).
Paper grade Steam, Electricity, | Steam,
kWh/t kWh/t % of total
Newsprint 1500 630 70
Wood-containing uncoated 1530 680 69
Wood-containing coated 1420 820 63
Woodfree uncoated 2000 670 75
Woodfree coated 2140 900 70
Tissue (gas excluded, typical gas consumption 800 — 1400 kWh/t) 1050 1050 50
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4 Energy production

Typically, in a modern pulp mill, a recovery boiler is the main, and often the only, steam
producer. In modern pulp mills, heat and power productions are higher than their own
demands (Fogelholm & Suutela, 2008, p. 290). Additional steam in the forest industry is
produced with a CHP (combined heat and power) plant combusting biomass and auxiliary
boilers. Pulp mills use them to supply steam for start-up and peak loads. Electricity is
typically generated with steam turbines attached to the recovery and power boiler. Integrated
forest biorefineries have higher heat and power demands. Therefore, increased production
in power and auxiliary boilers is used to support integrated processes, for example, paper or

board production.

4.1 Recovery boiler

Concentrated strong black liquor from the evaporation plant is fed to a recovery boiler
(Figure 4) for combustion. The recovery boiler process is very complex, but its idea is simply
that the organic material of black liquor burns releasing heat, resulting flue gases and leaving
behind molten inorganics, smelt. The recovery boiler furnace is constructed with tube walls,
within which feed water evaporates due to released heat. Produced steam then flows to
superheaters where it is superheated by hot flue gases. Smelt, on the other hand, stays on the
bottom of the furnace and exits along spouts into smelt dissolver. (Theliander, 2009) A
modern recovery boiler produces high pressure steam of at least 9,2 MPa and 490 °C

(Vakkilainen, 2017, p. 252).
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Figure 4. Combustion of black liquor in recovery boiler (Theliander, 2009, p. 314).

4.2 Power boiler and auxiliary boilers

The main function of power and auxiliary boilers is heat production for processes. Also,
power boilers may be used for district heating and electricity generation. Auxiliary boilers
using gas or oil to produce heat are typically used as a reserve boiler or to cover peak load.
For example, if black liquor feeding to recovery boiler is reduced due to maintenance in fiber
line, auxiliary boilers can be fired so that heat supply to crucial heat consumers is

uninterrupted.

The power boiler, or bark boiler, is another large steam boiler used in pulp and paper mills
burning bark, wood chips, or even sludge from effluent treatment. The boiler can also burn
oil, gas, and coal if available wood-based biofuels are not enough to meet steam demand.
Typical steam values from bark boilers are pressure of 7 to 10 MPa and temperature of 450
to 540 °C. Common boiler types are bubbling fluidized bed boiler (BFB) and circular
fluidized bed boiler (CFB). (Huhtinen & Hotta, 2008)
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4.3 Electricity generation in steam turbines

Electricity is generated in steam turbines. Types of turbines used are extraction back-
pressure or multiextraction condensing turbines. The latter one is typically found in a stand-
alone pulp mill. High pressure steam enters a turbine at a pressure of 6 to 10 MPa and a
temperature of 450 to 500 °C. Turbines have extractions for medium (1,1 — 1,3 MPa) and
low pressure (300 — 400 kPa) steams that are used in the mill processes. The remaining steam
is further expanded in a condensing tail or a separate condensing turbine. (Fogelholm &

Suutela, 2008, p. 305)

A back pressure steam turbine is a type of turbine with the primary purpose of supplying
process steam and electricity. Steam is exhausted from the final turbine stage at a pressure
level suitable for the process use. The turbine may also contain other extraction at different
pressures. Unlike a back pressure turbine, a condensing turbine is designed to maximize
electricity generation by expanding steam as far as possible. Exhaust steam from condensing
turbine is not used in the process but condensed in a condenser where heat is transferred to
cooling water. Extraction condensing turbine or back pressure turbine with condensing tail
combines functions of both turbine types. Part of the inlet steam is extracted to process use,
and the left is expanded to the condensing pressure, thus covering process steam demand,

and maximizing electricity generation. (Ohji & Haraguchi, 2017, pp. 23-27)
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5 Secondary heat

Secondary heat means heat extracted in a separate stream from the process after consumption
of primary heat (Parviainen, et al., 2008b, p. 324). Usually, secondary heat is transferred to
cooling water or wastewater. Secondary heat utilization in the forest industry is different in
every location and mill because it depends on so many different factors, such as temperatures
of secondary heat flows, hot and warm water consumptions, used technology, mill layout,
engineering decisions, and costs. The temperature of available warm water is challenging
because its low temperature is not usable in high temperature processes. Also, secondary
heat may be theoretically possible to be exploited at high degree, but too wide and complex

heat exchanger network may increase costs too much.

5.1 Secondary heat in the forest industry

Secondary heat is used to produce warm and hot water in heat exchangers, like condensers
and coolers. The temperature of warm water is 35 — 50 °C, and hot water is typically 60 —
80 °C. The main pulp mill’s secondary heat sources are cooking, evaporation, flue gas
scrubbers, and drying machines. Both continuous and batch cooking produce secondary heat
as hot water, for example, in primary and secondary condensers and black liquor coolers.
Evaporation produces secondary heat as secondary condensates and warm water from
surface condenser. Combustion processes produce hot flue gases in boilers and lime kiln. In
both cases, hot water can be produced in flue gas scrubbers located after electrostatic
precipitators (ESP). However, the lime kiln flue gas scrubber is used to supply hot water for
the causticizing process if needed. In a pulp dryer, exiting hot air is a secondary heat source
and is typically used inside the drying process to heat drying air, white water, and
conditioning air. (Parviainen, et al., 2008b, pp. 324-334) In mechanical pulping, especially
refiners of TMP and CTMP processes produce a lot of heat that can be used for steam
generation or water heating for energy savings and cost reduction (Joint Research Centre,

2015, pp. 534-536).



31

Secondary heat can be consumed mainly in processes where high temperatures are not
required, typically warm and hot water production. Secondary heat is consumed in pulp mill

for the following purposes (Tapanen, 2009, p. 27):
e Heating of process water and fluids
e Using of expansion steam instead of the primary steam
e Heating of raw materials
e Space heating
e Drying
e Heating of make-up water

e District heating

5.2 Possibilities of secondary heat

Possibilities to utilize secondary heat (or process surplus heat) in the process industry are,
for example, rearranging the heat exchanger network, introducing heat pumps, and drying
of raw material and fuel. The benefits of secondary heat utilization are decreased primary
energy consumption and total emissions, savings in energy costs and even profits from
energy sales, new business opportunities like drying of biofuels or district heating, and
reduced production costs of district heating. However, there are challenges in secondary heat
utilization. Changing existing processes might be very hard as they are typically complex.
Investment costs are high, and payback times might be too long. Also, companies may not
be aware of what kind and how much secondary heat they produce. (Motiva, 2019, pp. 28-
29)

When the technology to be used in a new investment project is evaluated, one should make
decisions according to the best available technique (BAT) and include the utilization of
secondary heat (or excess heat). The European Commission publishes the BAT reference

documents (BREFs) for different industry sectors. One of the specified sectors is the
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production of pulp, paper, and board. The BREFs contain information on the technology
used in specified industry and recommends BAT that should be applied in order to meet the
goals of emission reductions and energy efficiency. Generally, it is suggested that in pulp
and paper mills, energy should be recovered from wastes and residues from mill production
in case of high organic content and calorific value. The BAT also includes efficient
utilization of excess heat in biomass and sludge drying, boiler feedwater and process water
heating, and building heating. Selected techniques from the BREF maximizing energy
efficiency that are considered important in the secondary heat point of view (in this thesis)
in kraft pulping are listed below. Complete BAT conclusions for different pulping
technologies and paper production in integrated and non-integrated mills are available in the

BREF. (Joint Research Centre, 2015)

e High dry solid content of bark (efficient presses or drying)

e High efficiency steam boilers (low flue gas temperatures)

e Effective secondary heating systems

e High efficiency evaporation plant

e Recovery of heat from dissolving tanks

e Recovery and use of the low temperature streams from effluents and other waste heat

sources to heat buildings, boiler feedwater, and process water

e Appropriate use of secondary heat and secondary condensate

e Optimize integrated heat exchanger network

e Heat recovery from the flue gas from the recovery boiler between the ESP and the

fan

e Condensing turbine for power production from excess steam

e Preheating feedwater to a temperature close to the boiling temperature

e Preheating the combustion air and fuel charged to the boilers
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Secondary heat system designing typically begins with a water balance. The water balance
includes hot and warm water demand of mill departments and the production of warm and
hot water, for example, in evaporation or cooling processes. When the initial water balance
is complete, it can be optimized considering the utilization of excess heat. (Parviainen, et al.,
2008b, p. 340) Available secondary heat can be utilized in the previously described
processes, but it should be noted that the water balance does not include all available excess
heat. For example, heat recovery from flue gas is not included in the water balance, and it

has to be designed in the energy balance of a pulp mill or integrated forest biorefinery.

Other techniques that can be used for analyzing the secondary heat utilization in a process
integration are pinch technology, mathematical programming, and exergy analysis. The
pinch technology can be used in projects where reduction of energy consumption of process
or whole production facility is targeted by optimizing the heat exchanger network. All heat
sources and sinks are divided into two composite curves (hot and cold streams) plotted in a
temperature-enthalpy diagram or combined into a grand composite curve to show where
cooling and heating are needed and where heat can be recovered. However, making a pinch
analysis is very time-consuming as there are so many heat flows to be noted. Therefore, these
other techniques mentioned are not further discussed in this thesis, but there are references

providing information about them and how to use them.
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6 Technologies for secondary heat and energy efficiency

As the demand for energy efficiency in the forest industry is increasing, the feasibility of
new methods or technologies needs to be investigated. This chapter provides discussion of
some solutions that could be adapted to the forest industry and provide development of
energy efficiency. Not all possible technologies are covered, but two different technologies
that seem to gain the most attraction, industrial heat pumps and drying of biofuels, are

described.

The BREF discusses technologies that could be applied in the pulp and paper production to
reduce thermal and electrical energy consumption. Technologies that could be applied to
most production lines are heat recovery from vacuum blowers of a paper machine, thermo-
compressors, insulation of steam and condensate pipelines, drying of biofuel and sludge with
excess heat, energy efficient vacuum systems for dewatering, electric motors with high
efficiency, and energy-efficient inverters to control pumps, fans and compressors. (Joint

Research Centre, 2015, pp. 128-135)

6.1 Industrial heat pumps

Industrial heat pumps are devices that can use low temperature waste-heat as a heat source,
upgrade it with an external energy supply, and deliver heat at higher temperatures to
industrial process use. Common heat pumps used in industry are closed-cycle mechanical,
open-cycle mechanical vapor compression, open-cycle thermocompression, and closed-

cycle absorption heat pumps. (U.S. Department of Energy, 2003)

Closed-cycle mechanical heat pump (Figure 5) constructs of evaporator, compressor,
condenser, and expansion valve. Working fluid is a refrigerant that is evaporated with a low
temperature heat source, like wastewater. Working fluid pressure is then increased by
compression, and heat is transferred to the heat sink in the condenser at high temperature
and pressure. The pressure of the condensed working fluid is decreased in the expansion

valve, and the cycle starts again. Mechanical energy for the compressor can be supplied by
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an electric motor, a steam turbine, a gas turbine, or a combustion engine. (U.S. Department

of Energy, 2003)Figure 1

Heat sink

——

Compressor Condenser

Expansion
valve

\
/

Evaporator

Heat source

Figure 5. Schematic of a mechanically driven heat pump (U.S. Department of Energy, 2003)

The operation of a heat pump can be described as COPup (coefficient of performance)

(Reinholdt, et al., 2018):

COPyp = q?H (2)

where gu is the heat production of the heat pump (or heat transferred to the sink) [W] and P
is mechanical power [W]. In mechanical compression heat pumps, mechanical power is
basically the power of an electric motor, and COPwp links heat production and electricity

consumption. Mechanical power is also:
P=qu—aq. (3)
where g1 is heat transferred from the heat source [W].

In the forest industry, heat pumps can be used for several purposes. These include black

liquor concentration, process water heating, and drying. Also, heat pumps are applicable for
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space heating and water heating for steam production. (U.S. Department of Energy, 2003)
The following chapter introduces some studies made on heat pump utilization in pulp and

paper mills.

6.1.1  Studies of heat pumps in the pulp and paper industry

Kirillova T. (2018) studied the feasibility of industrial heat pumps for waste heat recovery,
including a case study of a paperboard factory. In Kirillova’s Thesis, heating consumers of
the factory were hall ventilation, special rooms ventilation, false ceiling, space heating, and
domestic hot water heating. The case factory was already equipped with a heat recovery
system that covered most of the considered heat demand, and therefore, a new heat pump
system could be feasible only for cooling purposes when excess heat is used outside the
factory. In this study, the utilization of heat pumps is examined in pulp and paper mill
processes in steam consumption reduction. Rather than investigating heating consumers of
Kirillova’s study, heat pumps could be used to produce hot water for pulp and paper mill

processes and preheating purposes in steam process.

Bakhtiari et al. (2010) examined absorption heat pumps (AHPs) for two different cases in
pulp and paper mills. In the first case, chilled water at 6 °C was produced from fresh water
(26 °C) in a double lifting AHP system, and heat from the source was used to produce hot
water in the bleaching plant and evaporation plant and to heat white water. In the second
case, the heat source was alkaline effluent flow (56,1 °C, 77 kg/s) from bleaching, and a
single stage AHP was used to produce hot water and concentrate black liquor at the
evaporation plant. Medium pressure steam was used in both cases as driving energy. Out of
these two studied cases, the second one had a shorter payback time (2,7 and 1,7 years), but
both achieved similar annual savings (0,92 and 0,97 M$/a) in electricity, steam, and cooling

water.

A pulp mill in Hallein, Austria, has applied an AHP to its process. The factory produces
pulp, electricity, and district heat. Energy for the mill is produced by the combustion of
wood, and the AHP is located in a flue gas system. The flue gas is cooled below dew point,

and condensation heat is used in the evaporator of AHP at under 50 °C. Steam is used as
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driving energy, and heat from the condenser is used for district heating. The heating capacity
of this absorption heat pump is 7,5 MW. This solution provides the factory around 15 GWh
annual savings in energy because of reduced fuel consumption. (IEA Heat Pump Centre,

2014, p. 6)

6.2 Drying of biofuels with secondary heat

Power boiler or CHP plant of pulp mills use biofuels to produce process steam and
electricity. In Finland, boiler types used are usually fluidized bed boilers that are capable of
combustion of moist fuels. However, fuel drying improves effective heating value; therefore,
a boiler can produce more steam with the same fuel supply or same amount of steam with
reduced fuel supply. In the case of new boilers, smaller boiler dimensions can be achieved

if biofuel drying is integrated. (Holmberg, 2007)

In the forest industry, solid biofuels combusted in a CHP plant include bark, forest residues,
construction wood, sawdust, wood waste, and used paper and board. The first four are the
most common biofuels used in the Finnish forest industry. Holmberg (2007) studied the
improvement of a CHP plant energy efficiency by biofuel drying with low-temperature
secondary heat instead of high-temperature flue gases. The heat transfer medium in a biofuel
dryer is air that is heated with secondary heat. Temperatures of secondary heat are typically
below 100 °C, and therefore steam can be used to heat drying air further if higher drying
temperatures are necessary. The study suggests that biofuel drying with secondary heat can

provide attractive energy efficiency and fuel savings results.

According to the BREF, drying of biofuels and sludge is profitable if there is secondary heat
available. The minimum temperature for drying is 4 — 60 °C. In chemical pulp mills, the
most profitable heat source is flue gas from the recovery boiler. Evaluation of secondary
heat in biofuel and sludge drying has to be made for every mill separately because they have
different secondary heat sources, and also, pulp mill layout may restrict secondary heat

utilization if the distances between heat sources and sinks are too long.
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7 Methods

The experimental part of this thesis focuses on developing a new energy balance for AFRY’s
use. The original AFRY energy balance tools are based on MS Excel spreadsheets. The main
limitation of previous versions of energy balance tools is that they have only been
considering the use of primary heat and power as well as the heat from returned condensate.
Secondary heat has only been evaluated in separate water balances. Therefore, the energy
balances have not been very suitable for projects where targets have been optimizing
secondary heat use and reducing the use of primary heat sources. Also, the impact of
secondary heat on power generation has not been taken into consideration. The target of this
study is to include secondary heat into the energy balance to demonstrate the direct impact
on steam consumption in a pulp mill or integrated forest biorefinery. It is expected that the
utilization of secondary heat decreases steam consumption and provides a possibility to

either reduce fuel consumption or increase electricity generation.

In addition to developing the new energy balance tool, a different way of presenting the
results is introduced. Earlier the heat flows have only been shown as total numbers in tables
to show, for example, a heat balance table that includes input heat flows and consumption.
By improving balance calculations and the result tables, Sankey diagrams can be tested for

visual presentation for heat flows.

In this study, the secondary heat balance has been integrated into the energy balance so that
secondary heat sources and users can be linked to the actual energy calculations. The new
energy balance is tested with a case study to see how balance results change after introducing
secondary heat solutions to the process. The following chapters provide information on

balances, cases, secondary heat optimization in the case study, and results of the case study.

7.1 Required balances

Balances are needed to determine productions and consumptions within processes. In this

study, used balances are Excel spreadsheets, some of which are used in AFRY’s real



39

projects, and some are developed for this study and future projects. The cases themselves
are not real operating mills but are based on real mill operating conditions. The balances

used in calculations are the main mill, energy, and water balance.

7.1.1 Main mill balance

The pulp mill main balance is used for defining pulp mill department production capacities.
The most important input value is designed annual pulp production as air dry tons per year
(ADt/a). Other input values to take into consideration are wood characteristics, operation
days (d/a), yield losses, and kappa number. Based on the inputs, the main mill balance
calculates productions for drying, bleaching, oxygen delignification, screening, washing,
and cooking, as well as chemical consumption and wood demand to meet the desired annual
production. The calculated department capacities of the main mill balance are used as input

values in the energy and water balances.

7.1.2  Energy balance

The energy balance calculates department specific heat and power consumptions, heat
generation in the recovery boiler and power boiler, and electricity output from the turbines.
Department productions from the main mill balance are used as input values. Also, properties
for steam and water must be set, for example, used steam pressure levels and temperatures.
When energy balance is made for different scenarios, energy and electricity production and

use can be compared.

Before doing the energy balance calculations, one must define balance boundaries and
accuracy. The balance calculations will most likely not match real mill operation, and too
detailed calculations would make the balance unnecessarily complicated. For example,
recovery boiler steam production could be solved with boiler balance, taking into account
heat in black liquor, combustion air, smelt, flue gases, and feedwater. Alternatively, steam
production can be solved by assuming black liquor heat value and calculating heat transfer

to feedwater and steam, leaving air, flue gases, and smelt outside of consideration. However,
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if the heat in flue gases is recovered, flue gas temperature and mass flow can be estimated

based on simplified assumptions.

7.1.3  Water balance

The water balance uses department productions and water related process values, like
evaporated water in an evaporation plant, which again are an outcome of the main mill
balance. Water balance determines input and output flows of cold, warm, and hot water for
different departments. A diagram of secondary heat can be drawn with the water balance
calculations, and it is typically included in the AFRY water balances. If the secondary heat
balance is integrated into the energy balance, changes in steam consumption are better
included in the energy balance resulting in more efficient energy calculations without
iterations between the water and energy balances. However, the use of the water balance
cannot be avoided because it is still required to estimate the mills’ water consumption and

wastewater output.

7.2 Tools

Typical tools used in projects are excel tools for balances listed above. Also, some other
tools may be used in simulating or calculating steam production, consumption, and
electricity generation. These kinds of tools are not used in this thesis work, but steam and
turbine processes are simplified to the point where calculations are feasible to execute in
spreadsheets. When calculating in spreadsheets, reading steam and water properties
(especially enthalpy) from tables or diagrams is not very practical, and therefore WinSteam
add-in is used in Excel. It includes functions that return values for steam and water
properties. For example, one can determine steam enthalpy with specific pressure and
temperature using just one function. Also, a new tool for AFRY in presenting balance results
is introduced and tested in this thesis. Sankey diagrams are visual presentations of flows that
can have multiple sources, end-users, internal circulation, etc. Sankey diagram typically

requires using only one unit so that the diagram is readable and users’ input and output flows
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match. The diagram has many utilizations, for example, in energy, mass, and currency flows.
Here it is intended to present the energy balance results of heat flows in the form of Sankey

diagram.

7.3 Establishing of cases for the study

This study examines secondary heat in two different cases: one is a stand-alone pulp mill,
and the other is an integrated forest biorefinery with a paper machine. There was no
possibility for co-operating with an existing mill in this study; therefore, both cases are set
up with simplifications and exploiting expertise in AFRY. The baseline for both cases is a
bleached softwood kraft pulping process. Only one fiber line is used with batch cooking. So
that the cases are comparable, the integrated forest biorefinery has the same equipment and
production of pulp as the non-integrated mill, but a drying machine is replaced with one
paper machine. An actual mill could have more than one fiber line producing different grades
of pulp as well as more than one paper machine or other production lines for board and
wood-products. Also, steam distribution and turbine process are simplified from real mills.

Only necessary steam extractions are included, but the configuration is described more later.
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8 Case descriptions

As mentioned previously, this study includes two cases, the stand-alone pulp mill and the
integrated forest biorefinery with paper production. Both cases are compared in two different
situations. First, so called base cases are constructed to be reference cases without specially
designed secondary heat systems. The other situation includes optimization of the secondary
heat system to see how it impacts the energy balance. This chapter provides information on
the studied pulp mill and integrate and what kind of secondary heat solutions are used as the

baseline for balance calculations.

All cases use the same design criteria for recovery boiler, power boiler, and turbines. Table
8 contains information on steam pressures and temperatures from boilers, fuels, boiler
efficiencies, turbine extraction steam pressures, condenser pressure and minimum flow, and
generator efficiencies. When secondary heat is used in calculations, condenser flow must be
checked to be at least 10 kg/s. Heat values of recovery boiler auxiliary fuels are not listed in

this table, but auxiliary fuel flow is estimated to be a total of 19,5 MJ/s.

8.1 Pulp mill

The pulp mill in this study produces 500 000 air dry tons of bleached kraft pulp per year (or
1 408 ADt/d when annual operating days are 355). The mill uses softwood as raw material,
and pulp is produced in the batch cooking process. The main mill balance calculates
department productions taking into account losses and other factors. More detailed results
of the main mill balance are presented in Appendix 1. Pulp production determines wood
requirement and thereby also flow of bark and rejects from wood, in other words, fuel flow
to power boiler. As strong black liquor to recovery boiler depends on cooking, the whole

steam generation is based on decided annual pulp production.

After recovery and power boilers, there are two different back pressure turbines from which
medium and low-pressure steam is delivered to consumers. The steam process diagram for

reference cases is presented in Appendix 2. Consumers are divided into four groups and
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pressure levels: two medium pressure consumers (28 bar and 12,5 bar) and two low pressure

consumers (4,8 bar and 1,2 bar). All biofuel produced inside pulp mill processes is utilized,

and therefore, any excess steam is driven to a condensing tail for electricity generation. Black

liquor is combusted in the recovery boiler, and bark and wood rejects in the power boiler.

Combustion of purchased biofuels is added if steam generation does not cover demand.

Table 8. Design criteria.

Recovery boiler

Steam pressure bar(a) 94

Steam temperature °C 498

Feed water temperature °C 146,5

Black liquor heat value GJADS 14,5

Black liquor dry solids content % 80

Auxiliary fuels soap, methanol,
CNCQG, turpentine

Blowdown (of feed water) % 1,5

Specific sootblowing t/tDS 0,2

Boiler efficiency % 76,3

Power boiler

Steam pressure bar(a) 94

Steam temperature °C 530

Feed water temperature (after preheating) °C 150

Fuels own bark, own wood
rejects, purchased bark

Bark heat value (wet) GJADS 18,5

Bark moisture % 55

Wood reject heat value (wet) GJADS 18,5

Wood reject moisture % 55

Purchased bark heat value (wet) GJADS 55,0

Purchased bark moisture % 45

Blowdown (of feed water) % 1,5

Boiler efficiency % &9

Turbogenerators

Number of turbines 2

Inlet steam pressure bar(a) 94

Medium pressure 2 bar(a) 28

Medium pressure 1 bar(a) 12,5

Low pressure bar(a) 4,8

Low pressure 1 bar(a) 1,2

TG1 condenser bar(a) 0,06

Condenser flow, min kg/s 10

Generator 1 efficiency % 96

Generator 2 efficiency % 90
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Steam demand for most of the department is determined by specific heat consumption and
department production from the main mill balance. Specific consumptions are based on
typical consumptions and knowledge of AFRY engineers. Some of the steam consumptions
must be calculated in the energy balance because those will be affected by secondary heat
utilization. Steam consumptions that require more attention are hot water production and

combustion air preheating.

8.2 Integrated forest biorefinery

The pulping process is the same in the integrate as in the stand-alone pulp mill case. The
only difference is that instead of a drying machine, all pulp is used in one paper machine.
There could be more than one paper machine producing different grades, but in this
simplified case, there is just one paper machine producing white sack paper. The main mill
balance in Appendix 1 is suitable for the integrated mill when pulp dryer replacing with

paper production is noticed.

Higher steam consumption in the paper machine, compared to pulp drying, requires the
combustion of purchased bark so that steam generation is sufficient. Also, the paper machine
has different hot water consumption than the pulp drying machine, and therefore, total hot

water demand and secondary heat balance are different in the integrated mill.

8.3 Optimization of secondary heat

The objective of this study is to utilize secondary heat to decrease steam demand and reduce
cooling tower load. Secondary heat is utilized in heat exchangers and heat pumps to transfer
heat to process water and boiler water. These solutions aim to decrease the steam
consumption in departments and inside the steam process of boilers and reduce cooling tower

load.

Secondary heat optimization in the pulp mill and integrate cases starts with constructing a

secondary heat balance as a part of the energy balance. First, hot water demand is
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determined, and then, hot and warm water production can be determined to find how much
steam is required for water heating. The reason why secondary heat balance needs to be
included in the energy balance is that it affects steam consumption and therefore also affects

electricity generation, make-up water demand, and fuel consumption.

Five different solutions are included in this study: bleach effluent cooling, make-up water
preheating for hot water production, boiler make-up water heating with a heat pump,

condensate heating with a heat pump, and combustion air preheating with flue gas.

8.3.1 Bleach effluent cooling

Bleach effluent cooling is made in two parts: the first part of the cooling process heats warm
water used for hot water production and the second part heats boiler make-up water. Bleach
effluent temperature is over 70 °C, and mass flow is over 300 kg/s. Therefore, bleach
effluents are a great heat source in hot water production, reducing low pressure steam

consumption in a heat exchanger.

The temperature of bleach effluent after the hot water production is still high enough to be
used in heating cold water, like make-up water. The temperature of bleach effluent after the
first part of cooling depends on whether or not make-up water for hot water production is
preheated. Boilers need make-up water to cover losses from the steam process. Losses taken
into consideration are blowdown, sootblowing, and not full condensate returns from
departments. Make-up water enters the steam process at cold temperature of a water source.
The steam process is presented in Appendix 1, but it is discussed more later. Make-up water
eventually enters a feedwater (FW) tank, and in this steam process, it is decided to enter
directly into the FW tank without mixing with any other stream of water or steam at an earlier
stage. The temperature of the FW tank is fixed and maintained with steam. For example, if
the temperature of the FW tank is 145 °C and the temperature of make-up water is around
20 °C, there is potential to reduce the temperature difference by utilizing secondary heat.
Bleach effluent cooling is continued as long as the make-up water temperature reaches a

level that is a few degrees less than the bleach effluent inlet temperature.
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8.3.2 Make-up water preheating for hot water production

Hot water is produced from warm water and make-up water. At the mill, warm water is
produced in cooling processes that use mechanically and chemically treated water.
Chemically treated cooling water is used in evaporation surface condenser, fiber line and
black liquor cooling. However, warm water mass flow from these departments is insufficient

for hot water production, and demand is covered with make-up water.

In the base case, make-up water at 20 °C is mixed with warm water in a hot water tank. To
reduce the load of bleach effluent cooling part 1 and cooling tower, make-up water is
preheated with mechanically treated warm water from cooling processes. This way, the
temperature of the warm water mixture exiting the hot water tank and entering bleach
effluent cooling part 1 is higher than in the base case. Cooled warm water from the preheater

is returned back to the cooling tower.

8.3.3 Boiler make-up water heating with heat pump

The boiler make-up water heating is continued (after bleach effluent cooling part 2) with a
heat pump. The position of the heat pump is shown in Appendix 3. The heat source for the
heat pump is mechanically treated warm water at around 45 °C from different cooling
processes, including evaporation surface condenser, NCG (non-condensable gas) condenser,
recovery boiler, green liquor cooling, and weak white liquor cooling. All warm water from
these coolers is eventually driven to the cooling tower. To reduce the cooling tower load,

some of that warm water is used in the heat pump process.

8.3.4 Condensate heating with heat pump

The idea of heating condensate in the steam process is the same as with the boiler make-up
water above, to reduce steam heating of FW tank. The heat source is also the same warm

water (~ 45 °C) from cooling as used in make-up water heating. Condensate heating is
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located between condensate and feedwater tanks (Appendix 3) to reduce the temperature

difference compared to FW tank temperature.

8.3.5 Combustion air heating with flue gas heat recovery

A flue gas cooler decreases flue gas temperature after an electrostatic precipitator (ESP) and
before entering a stack by transferring heat to a cooling fluid. Heated fluid is then used in a
combustion air preheater. Without utilizing the flue gas cooler, air preheating would take
place in a two staged heat exchanger. The first stage heats air from ambient temperature to
a certain level with low pressure steam. The temperature of LP steam limits the maximum
temperature of heated air. The second stage uses MP steam to heat combustion air further to

the final temperature before entering the boiler.

Flue gas cooling can be used to decrease steam consumption in air preheating. In Figure 6,
the flue gas cooler is located after the ESP, and heat from flue gas partially substitutes LP
steam consumption in the air preheater. First, combustion air at ambient temperature is
heated indirectly with flue gas as much as possible, then continued with LP steam. The last
stage and MP steam consumption remain unchanged.

Flue gas
cooler

—

Fl k
L\ ESP J\/, ue gas to stac

A

LP steam MP steam

A

Combustion air to Combustion air
air preheater to boiler

Figure 6. Flue gas cooler and combustion air preheating with flue gas.
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9 Case balances

The focus of case balances is kept on the energy balance, which includes steam consumption
and production, secondary heat balance, and turbine calculations. This chapter provides
information on the main calculations of energy balance, and the results are presented in the
next chapter. Calculations in the water and main mill balances are excluded from this

discussion.

9.1 Energy balance

Changes in the energy balance of optimized pulp (and paper) mill compared to the base case
relate to calculations of steam consumption in recovery boiler air preheater. The preheater
in the base case is a two-part steam-to-air heat exchanger. The other option has one additional
part in the preheater and one in a flue gas duct, water-to-air and flue gas-to-water heat
exchanger if water is used as a medium. When this option is used in the energy balance, LP
steam consumption is reduced, but MP steam consumption remains the same in the boiler

preheater.

All heat exchangers are calculated using the following equations (Bergman, et al., 2017, p.

659):
q = qun(ni — Pho) = qme(heo — hei) (4)

or
q = qmnCpn(Thi — Tho) = GmcCpc(Teo — Tei) (5)

where ¢ is the total rate of heat transfer between hot and cold fluids [kW], gm is mass flow
[kg/s], h is enthalpy [kl/kg], ¢p is specific heat [kJ/kg°C], and T is temperature [°C].
Subscripts h and c refer to hot and cold fluids. Subscripts i and o refer to inlet and outlet

flows. It is also assumed that all heat exchangers work as a counter current heat exchanger,
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and the temperature difference between hot inlet and cold outlet is not less than 5 °C. The

same assumption applies to the temperature difference between hot outlet and cold inlet.

In the case of air preheaters, equations 4 and 5 are applicable because steam and condensate
enthalpies can be determined with pressure and temperature, air and water temperatures can
be decided, and air and flue gas specific heats assumed. Flue gas and combustion air flows
are assumed to be 5,52 kgg/kgps and 4,3 kgaivkgps (Tran & Grace, 2019, p. 335).

Calculations solve unknown values of medium mass flow and steam flow.

9.2 Turbine calculations

Turbine calculations of the energy balance are basic power plant calculations for electricity
generation. Input values include main steam properties (temperature, pressure, and mass
flow), consumer steam flows and condensate return flows (temperature, pressure, and mass
flow), feedwater tank and make-up water temperature, and generator efficiencies. The most
important output values are mass flow of feedwater tank heating steam, make-up water mass

flow, and electricity generation.

All calculation points are based on the steam process diagram (Appendix 1). Steam
consumers directly determine steam-levels and turbine extractions because it is assumed that
there are no losses in pipes. When steam demand is deducted from generated steam in
boilers, all excess steam is driven through condensing tail to maximize electricity generation,
except feedwater tank heating steam. The feedwater temperature from the FW tank is 145
°C, and the condensate temperature from the condenser is around 36 °C. When steam flow
to the condensing tail and condensate flow from the condenser increases, steam flow to the
FW tank must also increase to maintain feedwater temperature. Those are calculated
iteratively using feedwater tank mass and energy balances. This is one concern or drawback
of this way of calculating the turbine process. The more complex the process is, there is
higher chance of error when constructing these calculations by hand. However, this is much
more efficient than actually calculating by hand because once it works, one can change input

values and easily get new results.

The feedwater tank (Figure 7) mass balance is:
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dm1 T 9m2 T dm3 t 9ma4 = qms (6)
and the feedwater tank energy balance is:
qm1h1 + qmzhe + Gumzhs + Gmahs = Gushs (7)

where qm is mass flow [kg/s], h is enthalpy [kJ/kg], and numbers 1 — 5 represent flows in

Figure 7.

2. Steam

1. Condensate from PB
feedwater preheating

3. Condensate from
condensate tank

4. Make-up water

FEEDWATER
TANK

5. Feedwater

Figure 7. Feedwater tank balance.

When the feedwater tank balance is solved, and all mass flows are known, the electric power

from steam turbines can be calculated by:
Pel = nngmAh (8)

where P is electric power [kW], #egm is the overall mechanical efficiency of turbine and
alternator, gm 1s steam mass flow [kg/s], and A% is enthalpy difference between inlet and
outlet steam flow [kJ/kg]. It is assumed that the overall efficiency for turbine 1 and generator
1 is 96%, and for turbine 2 and generator 2 90%. Because the mass flow of steam changes

after steam extraction, power must be calculated separately between every extraction point.
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Steam from both turbines is extracted to MP1 and LP headers. Excel cannot solve a steam
header mass balance if there are two unknown steam inputs. Therefore, MP1-steam
extraction from turbine 2 is manually fixed to 40 t/h (11,1 kg/s) and LP-steam from turbine
1 to 200 t/h (55,6 kg/s). Steam input that remains flexible to the header is solved from the

header mass balance according to the demand of MP1-steam and LP-steam.

9.3 Secondary heat balance

The secondary heat balance constructs of three main sections: hot water consumption, hot
water production and secondary heat use, and warm water production. Hot water
consumption in brown stock washing, bleaching, drying machine, and paper machine
determine how much hot water needs to be produced with steam or secondary heat sources.

For simplicity, it is decided that all those departments consume hot water at 70 °C.

9.3.1 Hot water production and secondary heat use

Hot water is produced in the hot water production -section, where LP steam is used to heat
warm water to 70 °C. Preheating with secondary heat is located before steam heating to
reduce steam consumption. Secondary heat sources for hot water production are bleach
effluent and mechanically treated warm water to preheat make-up water from 20 °C. This
section also includes other secondary heat solutions that are boiler make-up water preheating
with bleach effluent, boiler make-up water preheating with heat pump, and condensate
preheating with heat pump. For both heat pumps, COP is assumed to be 3,7, which is close
to the realistic value of these types of water-to-water heat pumps (Hashimoto, et al., 2014).
In heat pump calculations, make-up water and condensate inlet temperatures and mass flows
are based on bleach effluent cooling part 2 and turbine calculations, and outlet temperatures
are determined as input values. Consequently, heat flows to heat sinks can be calculated and

use COP to solve the consumption of electricity with equations 2 and 3.
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9.3.2 Warm water production

Warm water is produced in cooling processes that use mechanically or chemically treated
cooling water. For some departments cooling water mass flow is solved simply by
department cooling demand in MW or kWh/production and department production. This
way, cooling water mass flow is determined for NCG condenser, recovery boiler process,
green liquor cooler, weak white liquor cooler, part of evaporation surface condenser, and
fiber line cooling. Values for cooling power or specific cooling demand are based on
experience within AFRY professionals. However, the majority of cooling water demand in
evaporation surface condenser and black liquor cooling are solved differently. Warm water

mass flow from surface condenser is (Parviainen, et al., 2008b, p. 329):

Qm,HZOfi

Im,ew = Ty — T)ey )

where gmcw 18 warm water mass flow from surface condenser [kg/s] (or cooling water to
surface condenser), gmu20 1S evaporation capacity [kg/s], f'is a flash factor (1,1 — 1,5), i is
the latent heat of vapor from the last stage [kJ/kg], n is the number of stages, 71 is warm
water temperature out [°C], 72 is cooling water temperature in [°C], and ¢, 1s specific heat

[kJ/keg°C].

Black liquor cooling can be solved using equation 3, but it requires solving black liquor heat
capacity. Black liquor heat capacity can be calculated with equations 10 — 12 (Frederick &
Buchanan, 2019, p. 48):

Cp,BL = (1 - DS)Cp'W + DSCp,DS + Cp,E (10)

where cpaL is black liquor heat capacity [J/kg°C], DS is dry solids mass fraction, cp,w is heat
capacity of water [J/kg°C], cp,ps heat capacity of black liquor dry solids [J/kg°C], and cp g 1s
excess heat capacity [J/kg°C]. The equation for the heat capacity of black liquor dry solids

1S:
Cpps = 1684 + 4,47T (11)

where 7T is black liquor temperature [°C]. The equation for excess heat capacity is:
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cpE = (4930 — 30T)(1 — DS)DS>? (12)

When black liquor temperature and dry solids content are known, and water heat capacity is
estimated to be 4216 J/kg°C, black liquor heat capacity can be calculated. It should be
calculated with inlet and outlet temperatures and the average value used in the black liquor

cooling heat exchanger calculation.
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10 Results and discussion

The results of energy balances of pulp mills and integrated mills are shown in Table 9. In
the table, the balance results include steam production, steam distribution, heat from
secondary heat sources, electricity generation, and electricity consumption. Steam
production is calculated from energy in fuel and feedwater. The energy in fuel comes from
fuel specific heating value, and the energy in feedwater is determined with water enthalpy
just before boilers. Therefore, the energy in feedwater includes energy from make-up water,
enthalpy rise in feedwater pumps, and power boiler feedwater preheating. Losses in steam
production include boiler efficiencies and blowdown. Steam production in the recovery
boiler is equal in all cases because the use of pulp drying machine or paper machine and
secondary heat do not affect how much black liquor and auxiliary fuels (soap methanol,
CNCQG, and turpentine) are burned in the recovery boiler. Steam production in the power
boiler is adjusted with purchased bark in the integrated mills to cover steam demand and

make the mill self-sufficient.

In Table 9, the steam distribution section contains steam consumption of pulp mill, paper
mill, and boilers. Excess steam goes through condensing turbine to the condenser. Therefore,
when steam demand decreases in processes, condenser capacity increases. Reduced steam
demand is achieved by the utilization of secondary heat. Electricity generation and
consumption sections provide data on how much each turbine generates electricity and how
much electricity is used in the pulp mill, paper mill, common use, and to drive heat pumps.
If excess electricity is generated, it is exported to an external power grid giving the mill

additional income from power sales.

It should be mentioned that Table 9 does not show absolute heat consumption but total
energy in the steam that goes to the consumers. Actual heat consumption is the heat that
stays in the department product and the department losses, which are the difference between
the department’s total heat input and the heat in condensate which is returned from the
department. The actual heat consumptions are presented in Appendix 4 for pulp mills and
Appendix 5 for integrated mills. Some departments consume a certain amount of heat and
return 0% — 100% of steam mass flow as condensate to the condensate and feedwater tank.

More condensate is returned, less make-up water is required in steam production.
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Pulp mill with Integrate with

Pulp mill secondary heat  Integrate secondary heat
Steam production
Recovery boiler:
Black liquor MI/s 428 428 428 428
Auxiliary fuels MJ/s 20 20 20 20
Feedwater to RB MlJ/s 77 77 77 77
Steam Ml/s 412 412 412 412
Losses MlJ/s 112 112 112 112
Power boiler:
Own bark MJ/s 63 63 63 63
Own wood rejects MJ/s 23 23 23 23
Purchased bark MIJ/s 0 0 53 8
Feedwater to PB MIJ/s 17 17 27 19
Steam MJ/s 92 92 149 101
Losses MIJ/s 11 11 18 12
Total steam production Ml/s 504 504 561 513
Total boiler losses Ml/s 123 123 130 124
Steam distribution
Steam to pulp mill Ml/s 282 236 215 168
Steam to paper mill Ml/s 0 0 105 105
Steam to boilers Ml/s 108 72 112 72
Total process steam demand Ml/s 391 307 431 345
Steam to condenser MIJ/s 22 99 26 70
Turbine 1 power Ml/s 51 76 57 71
Turbine 2 power MIJ/s 41 22 47 27
Total turbine power MIJ/s 92 98 104 98
Secondary heat
FG heat recovery for air preheating MlJ/s 0 15 0 15
RB losses after FG heat recovery Ml/s 0 97 0 97
Bleach effluent cooler 1 MIJ/s 0 23 0 23
Bleach effluent cooler 2 Ml/s 0 5 0 5
Heat pump, make-up water:
Heat source, warm water MlJ/s 0 6 0 6
Heat to sink Ml/s 0 8 0 8
Heat pump, condensate:
Heat source, warm water MlJ/s 0 10 0 7
Heat to sink Ml/s 0 13 0 10
Heat pumps:
Total heat from sources Ml/s 0 16 0 13
Total heat to sinks Ml/s 0 21 0 18
Make-up water preheating, warm water | MJ/s 0 17 0 17
Electricity generation
Generator 1 MlJ/s 49 73 55 68
Generator 2 MlJ/s 37 20 43 24
Total electricity generation MJ/s 86 93 97 93
Generator losses MlJ/s 6 5 7 6
Electricity consumption
Pulp mill MJ/s 48,4 493 39 39
Paper mill MJ/s 0 0 42 42
Common Ml/s 7 7 8 7
Secondary heat (heat pumps) MJ/s 0 6 0 5
Total electricity consumption Ml/s 56 63 88 93
Excess electricity for sale Ml/s 30 30 9 0
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10.1  Results of pulp mills

The pulp mill energy balances are visualized in Figure 8 and Figure 9 as Sankey diagrams.
Diagrams present data from Table 9 so that the effects of secondary heat solutions are easier
to recognize. It shows how much secondary heat from flue gas, warm water, and bleach
effluent is used in the pulp mill and boiler processes. In both figures, input energy flows
(fuels and feedwater) to the boilers are identical because the production of bark, wood
rejects, black liquor, and auxiliary fuels remain unchanged. These flows would only change
if some of the followings are changed: pulp production in fiber line, black liquor

concentration in evaporation, black liquor heating value, or feed water temperature.

The reference pulp mill consumes 282 MJ/s of steam in pulp mill processes and 108 MJ/s in
boilers. In the pulp mill with optimized secondary heat utilization, pulp mill processes
consume 236 MJ/s of steam and boilers 72 MJ/s. The secondary heat solutions decrease total
steam consumption in the pulp mill and boiler processes by 21% (84 MJ/s), and this saved
steam is driven through condensing tail to the condenser. Thus, total electricity generation
increased by 7,8% (7 MW), while steam to condenser increased significantly by 359%. The
reason for this big difference is that heat flows are calculated with the steam mass flow and

enthalpy, and any changes in steam mass flow are multiplied by the high enthalpy of steam.

The recovery boiler losses are 112 MJ/s in the reference pulp mill. In the optimized pulp
mill, 15 MJ/s is recovered from flue gas to preheat combustion air, and the final losses from
the recovery boiler are 97 MJ/s. In addition to the flue gas heat recovery, boilers utilize
secondary heat of 21 MJ/s with the heat pumps and 5 MJ/s with the bleach effluent cooling.
In the pulp mill processes, steam consumption is substituted with 23 MJ/s from bleach

effluent cooling and 15 MJ/s from warm water.

Pulp mill electricity consumption includes every department in pulp production, from wood
handling to pulp drying, boilers’ fuel handling, feedwater pumps, condenser cooling water
pumps, etc. The pulp mill electricity consumption increases slightly from 48 MW to 49 W,
mainly because of increased cooling water pumping to the condenser. Common use includes
water treatment and distribution, wastewater treatment, air compressors, HVAC, workshops,
and lighting, and it is the same for both reference and optimized mill. Electricity for sales is

noticeable as the amount of excess electricity for sale is equal in both cases. The heat pumps
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actually consume almost as much energy as the electricity generation increased from
secondary heat solutions. The total electricity consumption of the pulp mill increased by
12%, or 7 MW which is the same amount as increased power generation. Therefore, it is
difficult to judge whether heat pumps benefit secondary heat utilization in pulp mills. More
accurate operation of heat pumps is achieved with detailed engineering calculations.
However, the structure of this used energy balance allows changing assumed COP values to
investigate their feasibility in transferring heat from low temperature secondary heat sources
to usable heat in processes. Reduced electricity consumption in heat pumps could be

achieved with higher COP values.

While the electricity generation increases, generator losses decrease slightly from 6 MW to
5 MW. Generator efficiencies were introduced in the design criteria (Table 8) and the
generator 1, which is connected to the turbine 1 and condensing tail, has a little better
efficiency than the generator 2. Reduced steam consumption also reduces the load of turbine

2, which is why the total generator losses decrease.

The secondary heat balances of the reference mill and optimized mill are shown in Appendix
6 and 7. Those diagrams show the results and structure of secondary heat balance. However,
the secondary heat balances only include warm water and bleach effluent as heat sources,
and the flue gas heat recovery is solved alongside other boiler calculations. The secondary
heat balance of the reference mill (Appendix 6) shows how hot water is produced without
secondary heat utilization. Hot water at 70 °C is produced from warm water at 40 °C in a
steam heat exchanger. Low pressure steam consumption is 18 kg/s when hot water demand
1s 350 kg/s. More than 50% of produced hot water is consumed in the bleach plant, and little
over 25% is consumed in washing. Warm water (144 kg/s, 68 °C) for hot water production
comes from evaporation surface condenser, fiber line cooling, and black liquor cooling that
use chemically treated cooling water. This flow, however, is not enough for the hot water
demand, and it is therefore mixed with make-up water (206 kg/s, 20 °C) in the hot water

tank.

Mechanically treated cooling water is used in other cooling processes that totally produce
869 kg/s of warm water at 46 °C. This warm water stream goes to the cooling tower and
back to the cooling water tank. In the reference pulp mill, the cooling tower evaporates 40

kg/s from the warm water, and 17 kg/s is extracted as effluent.
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The secondary heat balance in Appendix 7 is more complex as bleach effluent cooling,

make-up water preheating, and heat pumps have been added. Hot water consumption is the

same as in the reference case, but the steam heat exchanger uses only 1,5 kg/s LP-steam. The

steam consumption is reduced with bleach effluent cooling and make-up water preheating.

Mechanically treated warm water is used to heat make-up water from 20 °C to 40 °C. Make-

up water is then mixed in the hot water tank with chemically treated warm water resulting

in warm water flow at 52 °C. This warm water is then heated in bleach effluent cooling 1 to

68 °C before the steam heat exchanger. Thus, the final temperature of hot water is almost

reached only by secondary heat sources.
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Figure 9. Energy balance of the pulp mill with secondary heat optimization as Sankey
diagram.

Bleach effluent cooling is continued with boiler make-up water preheating. Make-up water
1s heated from 20 °C to 48 °C. Heating is continued in the heat pump, where the make-up
water temperature increases to 90 °C. The heat source is mechanically treated warm water
that is cooled from 46 °C to 25 °C. Electricity consumption in the make-up water heat pump

is 2,21 MW when COP is 3,7. Similarly, the condensate heat pump uses the same warm
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water as a heat source and 3,55 MW of electricity to heat 92 kg/s of condensate from 71 °C
to 105 °C. COP in the condensate heat pump is also 3,7. Other secondary heat solutions
highly affect both heat pump systems because the amount and temperature of condensate
depend on condensate returns and condenser flow, and also make-up water demand depends
on condensate returns. When steam consumption is substituted with secondary heat, the
departments’ condensate returns decrease, condensate flow from the condenser increases,
and make-up water demand decreases. As a result, condensate flow from the condensate tank
is colder and could absorb more heat because condensate from the condenser is around 36

°C, and department condensate returns are 90 — 130 °C.

The heat exchanger of make-up water preheating for hot water production and two heat
pumps transfer heat from warm water back to processes. Because of the transferred heat,
warm water flow to the cooling tower is now at 37 °C instead of 46 °C. Also, the amount of

evaporation is decreased to 26 kg/s.

10.2  Results of integrated mills

Similar Sankey diagrams have been drawn for the two integrated mills. The energy balance
of the reference integrated mill is presented in Figure 10, and correspondingly the integrated
mill with secondary heat optimization is presented in Figure 11. Both figures are based on
results in Table 9. Compared to the pulp mill energy balances, the biggest difference is that
the paper mill is added as heat and electricity consumer, increasing overall steam and
electricity consumption. While steam production in the recovery boiler is the same in all four
cases, steam production in the power boiler is increased with the combustion of purchased

bark. Combustion of own bark and wood rejects is the same in all four cases.

The reference integrated mill combusts 255 tDS/d of purchased bark in the power boiler.
This value is estimated so that the steam production for processes is sufficient and the steam
flow to the condenser is around 10 kg/s for the proper function of the condenser, as listed in
the design criteria in Table 8. When the amount of purchased bark is adjusted in the
optimized integrated mill, there are two targets: minimum flow to the condenser is 10 kg/s,

and electricity self-sufficiency. In the integrated mill with secondary heat optimization,
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combustion of purchased bark is reduced by 84% to 40 tDS/d. That mill is self-sufficient in
electricity without any excess electricity for sale, and condenser flow is around 27 kg/s (also
heat flow to the condenser is 2,7 times higher than in the reference case). Combustion of
purchased bark could be reduced even more, but then the mill would not be electricity self-

sufficient, and electricity should be bought from the market to cover the demand.
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Feedwater

r

27 Ml/s

Recovery boiler - Power boiler

Losses

Losses 18 MI/s

Turbines

Boilers

Process steam
distribution
42 MJ/s Paper mill

Paper mill Electricity Electricity
generation  distribution
104 MJfs 97 Ml/s |:| 39MT/s  Pulp mill
Pulp mill 7 MIfs 8 Ml/s

26 MJ/s  Losses Common

9 MJ/s Excess
electricity
for sale

Condenser

Figure 10. Energy balance of the integrate as Sankey diagram.
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Figure 11. Energy balance of the integrate with secondary heat optimization as Sankey

diagram.

In the reference integrated mill, 215 MJ/s of steam is consumed in the pulp mill, 105 MJ/s

in the paper mill, and 112 MJ/s in boilers. In the integrated mill with secondary heat

optimization, heat consumption is unchanged in the paper mill, decreases by 22% in the pulp

mill, and decreases by 36% in boilers. Secondary heat solutions used in this study allow total
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process steam demand to decrease in the integrated mill by 20% (86 MJ/s). Same time

electricity generation decreases by 5%, and heat flow to the condenser increases by 174%.

The diagrams of secondary heat balances of integrated mills are presented in Appendix 8
and 9. The secondary heat balances of the reference pulp mill and reference integrated mill
are almost identical. The only difference between them is that the first one has hot water
consumption in the drying machine, and the other has a paper machine. Hot water
consumptions of drying machine and paper machine are estimated to be 7 kg/s and 4,4 kg/s.
While bleach plant and washing consume significantly more hot water (246 kg/s and 97 kg/s)

than DM or PM, there are no major changes in secondary heat balance.

The reference integrated mill consumes 18 kg/s low pressure steam in the steam heat
exchanger to produce hot water at 70 °C from warm water at 46°C. LP-steam consumption
is reduced to 1,4 kg/s when water temperature entering the heat exchanger is raised to 68 °C

with bleach effluent cooling and make-up water preheating.

Heat pumps in the integrated mill have the same target temperatures as in the pulp mill
previously. The boiler make-up water heat pump consumes 2,14 MW of electricity, and the
condensate heat pump 2,71 MW. The condensate heat pump in the integrated mill requires
less electricity than in the pulp mill because condensate temperature after the condensate

tank is higher, 80 °C.

Warm water flow to the cooling tower in the reference integrated mill is 869 kg/s at 46 °C
with evaporation of 40 kg/s. In the integrated mill with secondary heat optimization, the
temperature of warm water is decreased to 38 °C, and as a result, evaporation is decreased

to 27 kg/s.

10.3  Discussion of results and energy balance

In both pulp mill and integrated mill, secondary heat utilization decreases steam
consumption and allows generating more electricity. However, the total steam consumption
in integrated mill is higher, and therefore it is required to combust purchased bark in the

power boiler to produce enough steam. When the secondary heat utilization is being
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optimized, one must decide whether the goal is to cut costs from purchased fuels or increase
electricity generation by combusting the same amount of fuel as before. Here target was to
reduce primary energy consumption, and the combustion of purchased bark was reduced by

84%. It could be possible to reduce it even more if purchasing electricity is an option.

The energy balance created for this study is capable of including secondary heat utilization
to calculate differences between situations where secondary heat is used and not used. In the
studied cases, secondary heat from bleach effluent cooling, warm water, and flue gas is used
in the pulp mill and boiler processes. Bleach effluent cooling provides the most heat and is
mainly used in pulp mill for hot water production. Other secondary heat solutions or sources
could be added to the energy balance. If there is a high temperature heat source, heat
exchangers could be added to transfer heat for process use. Lower temperature secondary
heat sources are more difficult to utilize because they require very low temperature sinks
that may not exist, or heat pumps for higher temperature sinks. Warm water at 46 °C that
was not utilized was 490 — 530 kg/s in studied cases that included secondary heat utilization.
There are not many references of using heat pumps in pulp mills, and hence it would be
difficult to dimension heat pumps. However, the energy balance can be used to estimate how

much heat pumps would use electricity with specific COP values.

Only creating the energy balance with secondary heat and using it in the case study was
included in this thesis. Assessing different secondary heat solutions in real pulp mills would
require cost evaluation. Also, energy balance development should be continued for more
accurate results. Different heat consumers were considered as units that consume a specific
amount of heat as steam and return a specific amount of it as condensate. How heat was
consumed was not considered, and including this information, condensate and water streams
could be divided into more detailed groups, and new opportunities to utilize secondary heat

could be found.

Even though the objective of involving secondary heat in the new model of energy balance
tool is achieved, there are some limitations worth mentioning. The created energy balance
tool is suitable for feasibility studies by its structure and used method, but it needs
development for implementing it in real projects. Areas that require development are cost
estimation, boiler balances, and electricity calculations. Details in these areas could lead to

better accuracy in results. However, too detailed calculations are challenging to execute and
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are unnecessary for feasibility studies. Also, one limitation of the energy balance made in
this thesis is the part that includes calculations for steam turbines and steam distribution.
Simplified schematics in appendices 2 and 3 are the bases of turbine calculations. Real
processes include much more components, such as steam reduction valves and heat
exchangers. Based on experience from making case studies in this thesis, it is suggested that
turbine calculations should be simplified as much as possible in steady-state situations if
Excel is used for iterative calculations. Steam and water properties must be calculated before
and after every component, and therefore there are hundreds of values to be determined,
making tracking of errors very challenging. Alternative for spreadsheets is a software
designed for power plant balances, but feasible interaction between an excel based energy

balance and software-based turbine calculations must be considered for iterative solving.

There are a few things that were not taken into account in this thesis, such as cost estimation
and reasonability of used secondary heat solutions. Calculations of investment costs,
profitability and payback times would support decisions on whether the obtained results will
be implemented in the following phases after a feasibility study. The profitability of
secondary heat or energy efficiency investment depends on fuel and electricity market prices.
Calculating investment profitability in this thesis would not provide realistic results because
the mills in the case study are not real operating mills, and the current situation in the energy
market is unstable. Estimating the reasonability of secondary heat solutions would require
considering distances between heat sources and sinks, how easy it is to modify existing heat
exchanger network, and what are the restrictions of the heat exchanger network. For
example, some heat consumers could require uninterrupted heat supply that has to be

covered with steam if secondary heat is unavailable temporarily.

The study was made using made-up pulp mill and integrated mill with simplifications. The
created energy balance tool does not fit straight into real mills, and it must be modified
separately for every individual case. Implementing the energy balance tool does not only
require knowledge of the tool itself but also information from the process, main mill balance,
and water balance. Therefore, the engineer making energy balance will most likely have to

co-operate with professionals in those areas.
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11 Conclusions

The main objectives of this thesis were to develop a new version of energy balance that
includes utilization of secondary heat and using the tool in the case study to evaluate its
usability in assessing the reduction of steam consumption. Previous versions of energy
balances have not included secondary heat and optimizing secondary heat use has been a
challenge in projects. The case study was made for a non-integrated pulp mill producing
bleached market pulp and an integrated forest biorefinery with paper production. Both had
the same production in the fiber line for comparable results. Secondary heat sources utilized
were bleach effluents, warm water, and flue gas from the recovery boiler. Secondary heat
was used in hot water production, boiler make-up water preheating, condensate heating, and
preheating of recovery boiler combustion air. Also, other technologies were discussed in this
paper, and according to the references, drying of biofuels with secondary heat looks

promising.

Due to the utilization of secondary heat in the case study, steam consumption was reduced.
When steam consumption is reduced, a forest biorefinery is allowed to increase electricity
generation or decrease fuel consumption. The pulp mill used only fuels that were produced
on site, and therefore electricity generation increased. On the other hand, the integrated
biorefinery had higher initial steam demand which was covered by combustion of purchased
bark in the power boiler. After including secondary heat utilization in the integrated process,
the combustion of purchased bark was reduced to the point where the IFPB was self-

sufficient in electricity without generating excess electricity for sale.

The key findings of this thesis are that secondary heat is possible to be included in energy
balance instead of water balance, depending on the secondary heat solutions, fuel
consumption can be decreased, or electricity generation increased, and the methods used in
the case study are applicable for feasibility studies in different forest biorefineries. However,
all forest biorefineries and their possibilities to utilize secondary heat are different, and thus

energy balance must be modified accordingly.

The importance of this thesis for AFRY is found in the outcome, a base for the new energy

balance tool. For other readers, this thesis provides discussion of secondary heat utilization
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in the forest industry and demonstrates it in the case study. Based on the results of the case
study, this energy balance and its methods are suitable for future projects, especially in
feasibility studies, with more development. For now, the energy balance has limitations and
simplifications that have to be taken into consideration when applying it to other forest
biorefinery. Future development work consists of attaching more functions and different
secondary heat solutions and making the structure of the energy balance tool universally
suitable for every project. Also, economic calculations need to be included to evaluate

energy investment profitability.
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Appendix 1. Main mill balance.
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Appendix 2. Steam process diagram.

HP HEADER

MP2 HEADER

Rl

ONDENSATE
'HEADER

LP1 HEADER

FEEDWATER
TANK




Appendix 3. Steam process diagram with boiler make-up water and condensate preheating.
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Appendix 4. Energy balance results of pulp mill and pulp mill with optimized secondary

heat utilization.

Pulp Pulp mill with

Specific Heat Balance Unit mill secondary heat
Heat consumption

Pulp mill process GJ/ADt 15,8 15,8
Paper mill process GJ/ADt 0,0 0,0
Common GJ/ADt 0,0 0,0
Turbine power generation GJ/ADt 5,7 6,0
Condenser GJ/ADt 1,2 5,7
Boiler processes GJ/ADt 3,3 3,5
Total GJ/ADt 26 31

Heat generation

Recovery boiler GJ/ADt 20,9 20,9
Power boiler GJ/ADt 4,7 4,7
FW pumps and demin. water GJ/ADt 0,4 0,4
Bleach effluent GJ/ADt 0 1,8
Flue gas heat recovery GJ/ADt 0 0,9
Warm water GJ/ADt 0 2,4
Total GJ/ADt 26 31

Pulp  Pulp mill with

Heat Balance Unit mill secondary heat
Heat consumption

Pulp mill process MIJ/s 257,5 256,9
Paper mill process MIJ/s 0,0 0,0
Common MlJ/s 0,0 0,0
Turbine power generation MIJ/s 92,3 98,2
Condenser MlJ/s 20,3 93,2
Boiler process MlJ/s 53,6 57,4
Total MJ/s 424 506

Heat generation

Recovery boiler MlJ/s 341,3 341,3
Power boiler MlJ/s 76,5 76,5
FW pumps and demin. water Ml/s 5,9 5,7
Bleach effluent MlJ/s 0,0 28,7
Flue gas heat recovery MJ/s 0,0 14,9
Warm water MlJ/s 0,0 38,5

Total MJ/s 424 506




Pulp

Pulp mill with

Steam Balance Unit mill secondary heat
Steam consumption
Pulp mill process kg/s 101,9 84,9
Paper mill process kg/s 0,0 0,0
Boilers kg/s 17,7 12,7
Common kg/s 0,0 0,0
Feedwater tank heating kg/s 20,6 12,3
PB FW preheating kg/s 0,2 0,2
Sum kg/s 140,4 110,2
MP?2 28 bar(a) steam kg/s 5,9 5,9
MP1 12,5 bar(a) steam kg/s 23,9 23,9
LP 4,8 bar(a) steam kg/s 110,6 80,4
LP1 1,2 bar(a) steam kg/s 0,0 0,0
Sum kg/s 140,4 110,2
Condenser kg/s 8,4 38,6
Total kg/s 148,8 148,8
Steam generation
Recovery boiler kg/s 122,0 122,0
Power boiler kg/s 26,7 26,7
Total kg/s 148,8 148,8
Mill condensate return kg/s 73,6 53,5
Demin. Water demand kg/s 48,2 46,4
Pulp Pulp mill with
Turbine Steam Balance Unit mill secondary heat
TG1 steam
MP2 28 bar(a) steam kg/s 5,9 5,9
MP1 12,5 bar(a) steam kg/s 12,8 12,8
LP 4,8 bar(a) steam kg/s 55,6 55,6
LP1 1,2 bar(a) steam kg/s 0,0 0,0
Condenser kg/s 8,4 38,6
Total inlet kg/s 82,6 112,8
TG2 steam
MP2 28 bar(a) steam kg/s - 0,0
MP1 12,5 bar(a) steam kg/s 11,1 11,1
LP 4,8 bar(a) steam kg/s 55,0 24,8
LP1 1,2 bar(a) steam kg/s - 0,0
Total inlet kg/s 66,1 36,0




Pulp

Pulp mill with

Power Balance Unit mill secondary heat
Power consumption

Pulp mill MW 484 49,3
Paper mill process MW 0,0 0,0
Common MW 7,4 7.5
Heat pumps MW 0 5,8
Total MW 55.8 62,5
Power generation

Turbine 1 MW 49,2 73,1
Turbine 2 MW 37,0 19,8
Total MW 86,2 92,9
Excess power MW 30,3 30,4




Appendix 5. Energy balance results of integrated mill and integrated mill with optimized

secondary heat utilization.

Integrate with

Specific Heat Balance Unit Integrate secondary heat
Heat consumption

Pulp mill process GJ/ADt 12,1 12,0
Paper mill process GJ/ADt 4,7 4,7
Common GJ/ADt 1,0 1,0
Turbine power generation GJ/ADt 6,4 6,0
Condenser GJ/ADt 1,5 4,1
Boiler processes GJ/ADt 3,3 3,5
Total GJ/ADt 29 31
Heat generation

Recovery boiler GJ/ADt 20,9 20,9
Power boiler GJ/ADt 7,6 5,1
FW pumps and demin. water GJ/ADt 0,4 0,3
Bleach effluent GJ/ADt 0 1,7
Flue gas heat recovery GJ/ADt 0 0,9
Warm water GJ/ADt 0 2,1
Total GJ/ADt 29 31

Integrate with

Heat Balance Unit Integrate secondary heat
Heat consumption

Pulp mill process Ml/s 196,6 196,1
Paper mill process MIJ/s 75,8 75,8
Common MlJ/s 15,5 15,5
Turbine power generation MIJ/s 104,5 98,1
Condenser MlJ/s 24,1 66,1
Boiler process MlJ/s 54,5 57,5
Total MJ/s 471 509
Heat generation

Recovery boiler MlJ/s 341,3 3413
Power boiler MlJ/s 123,7 83,9
FW pumps and demin. water Ml/s 6,0 5,6
Bleach effluent MlJ/s 0,0 28,4
Flue gas heat recovery MJ/s 0,0 14,9
Warm water MJ/s 0,0 349
Total MJ/s 471 509




Integrate with

Steam Balance Unit Integrate secondary heat
Steam consumption
Pulp mill process kg/s 77,3 60,5
Paper mill process kg/s 31,5 31,5
Boilers kg/s 17,7 12,7
Common kg/s 6,5 6,5
Feedwater tank heating kg/s 21,8 12,5
PB FW preheating kg/s 0,3 0,2
Sum kg/s 155,2 124,0
MP?2 28 bar(a) steam kg/s 5,9 5,9
MP1 12,5 bar(a) steam kg/s 249 24,9
LP 4,8 bar(a) steam kg/s 119,5 88,3
LP1 1,2 bar(a) steam kg/s 4,9 4,9
Sum kg/s 155,2 124,0
Condenser kg/s 10,0 27,4
Total kg/s 165,2 1514
Steam generation
Recovery boiler kg/s 122,0 122,0
Power boiler kg/s 432 29,3
Total kg/s 165,2 1514
Mill condensate return kg/s 88,8 68,8
Demin. Water demand kg/s 46,8 44,8
Integrate with
Turbine Steam Balance Unit Integrate secondary heat
TG1 steam
MP2 28 bar(a) steam kg/s 5,9 5,9
MP1 12,5 bar(a) steam kg/s 13,7 13,7
LP 4,8 bar(a) steam kg/s 55,6 55,6
LP1 1,2 bar(a) steam kg/s 4,9 4,9
Condenser kg/s 10,0 27.4
Total inlet kg/s 90,1 107,5
TG2 steam
MP2 28 bar(a) steam kg/s - 0,0
MP1 12,5 bar(a) steam kg/s 11,1 11,1
LP 4,8 bar(a) steam kg/s 64,0 32,7
LP1 1,2 bar(a) steam kg/s - 0,0
Total inlet kg/s 75,1 43,8




Integrate with

Power Balance Unit Integrate secondary heat
Power consumption

Pulp mill MW 39,2 38,6
Paper mill process MW 41,7 41,7
Common MW 7.5 7.5
Heat pumps MW 0 4,8
Total MW 88,3 92,6
Power generation

Turbine 1 MW 54,9 68,2
Turbine 2 MW 42.5 243
Total MW 97,4 92,6
Excess power MW 9,1 0,0




Appendix 6. Secondary heat balance of the reference pulp mill.

SECONDARY HEAT BALANCE
Reference pulp mill

Mechanically treated water
58 ke/s
20 °C

Evaporation
40 kg/s

Cooling water tank

869 kg 812 kg/s
C 20

[Cooling Tower

Effluent
17 ks

869 keg/s
46 °C

869 kg/s

‘WARM WATER PRODUCTION / COOLING

46 °C

HOT WATER PRODUCTION / SECONDARY HEAT USE

HOT WATER CONSUMPTIOM

675 kg/s [Evaporation surface condenser 675 kg/s
20 °C 45 °C
71 MW
63 kg/s NCG condenser + CNC 63 kofs
20 °C 41 °C
55 MW
108 ke/s Recovery boiler 108 kg/s
20 °C 47 °C
122 MW
13 kg/s GL cooler 13 kg's
20 °C 75 °C
30 MW

11 kg/s 'WWL cooler

20 °C
25 MW
Chemically treated water
64 ke/s  [Evaporation surface condenser 64 ks
20 °C 38 °C
4.8 MW

'Warm water tank 144 kg/s
Chemically treated water 28 °C
80 kg/s
20 °C
35 kgls SB - Fiberline cooling 35 kofs
28 °C 48 °C
29 MW
109 kg/s _,|BL cooling 109 kg
2 °C 75 °C
21,6 MW

Sewer Sec cond B
Secondary Condensates ke 87 ke/s
172 kg/s
LP-steam Sec cond A
17 ke/s [Steam heat exchanger 18 kg/s 85 ks [BS Washing
90 °C 156 °C
350 ke/s 439 MW 350 ke/s 97 kess
40 °C 70 °C 70 °C
Sec cond A
144 ke/s _[Hot water tank 350 ks 0 ke/s  [Bleach Plant
68 °C 40 °C
206 kg/s 246 ke/s
20 °C 70 °C
Drying Machine
7 kefs
70 °C
Paper Machine
0 kefs
70 °C




Appendix 7. Secondary heat balance of the pulp mill with optimized secondary heat

utilization.

SECONDARY HEAT BALANCE
Pulp mill with secondary heat aptimization

Mechanically treated water
44 ke's
20 °C

Cooling water tank

Evaporation
26 ke's

Cooling Tower

869 kg's 826 kg's
20 °C 20 °C
493 ky/s )
46 °C
WARM WATER PRODUCTION / COOLING HOT WATER PRODUCTION / SECONDARY HEAT HOT WATER CO
Sewer Sec cond B
675 kg/s | Evaporation surface condenser 675 ks v C 0 ke/s 87 ke/s  |Recausticizing
20 °C 45 °C
71 MW 172 kgls
LP-steam Sec cond A
63 kg's __[NCG condenser + ONCG 63 ke's 1 kg/s _[Steam heat exchanger 1.5 ke's 85 ke's _[BS Washing
20 °C 41 °¢ 90 °C 156 °C
55 MW 350 kg 3,5 MW 350 kg's 97 ka/s
68 °C 70 °C 0 “C
Sec cond A
108 ky's [Recavery boiler 108 kg's 330 kg's __[Bleach eMuent cooling 1 0 ky's  [Blcach Plant
20 °C 47 °C 52 °C
122 MW 233 MW 246 kg's
70 °C
13 kg/s | GL cooler 13 ke's 144 kp/s __|Hot water tank for hot water prod 350 ke's Drying Machine
20 °C 75 °C 68 °C 52 °C
30 MW 206 ke/s | 7 kgls
40 °C 0 °C
11 kgs  [WWL cooler L1 kg's 206 kg/s  |Make up-water preheating for ho| 206 ks Paper Machine
20 °C 75 °C 40 °C 20 °C
25 MW 198 ks 17,2 MW 198 kg/s . 0 kg's
46 °C 25 °C 0 °C
Chemically treated water 46 ky's _[Bleach efMuent cooling 2 46 kgs
64 ke/s _[Evaporation surface condenser 64 kg's 20 °C 48 °C
20 °C 38 °C 54 MW
48 MW
46 ks [Heat pump, make-up
(Warm) water tank 144 kg/s a8 °C Qsource 5,96 MW COP
Chemically ireaied water 28 °C 69 ks |Pel 1 MW 3
80 kg/s 46 °C [ sink 8,17 MW
20 °C
92 kg/s [Heat pump, condensate 92 kgis |
35 ks |SB- Fiberline cooling 35 kgls 71 °C Qsource  9.58 MW COP 105 °C
28 °C 48 °C 10 ks [Pel 3,55 MW 37] 110 ks N
29 MW 46°C  |Qsink 1313 MW 25 °C
109 ks [BL cooling 109 kg's J
28 °C 75 °C

21,6 MW




Appendix 8. Secondary heat balance of the reference integrated mill.

SECONDARY HEAT B!

ALANCE

Reference integrated mill

Mechanically treated water

58 ke's
20 °C

869 kg/
20 °C

[Cooling water tank

812

kels

Evaporation
40 kefs

Cooling Tower

20

°C

‘WARM WATER PRODUCTION / COOLING

869 ke's

869 kg/s
46 °C

46 °C

HOT WATER PRODUCTION / SECONDARY HEAT USE

HOT WATER CONSUMPTION

Sewer Sec cond B
675 ke/s E: ion surface condenser 675 kg/s Secondary Condensates 87 ko/s i
20 °C 45 °C
71 MW
LP-steam Sec cond A
63 ke/s  [NCG condenser + ONCG 6 kes 16 ke/s _[Steam heat exchanger 18 kels 85 kels
20 °C 41 °C 90 °C 156 °C
5,5 MW 347 kels 434 MW 347 kols 97 kes
40 °C 70 °C 70 °C
Sec cond A
Recovery boiler 108 ko/s 144 ko/s Hot water tank 0 ko/s Bleach Plant
47 °C 68 °C
12.2 MW 203 kg/s 246 kgls
20 °C 70 °C
13 ke/s  [GL cooler 13 kels Drying Machine
20 °C 75 °C
3,0 MW 0 kgls
70 °C
11 kefs [WWL cooler 11 kg/s Paper Machine
20 °C 75 °C
2.5 MW 4.4 kels
70 °C
Chemically treated water
64 ke/s Evaporation surface condenser 64 kgls
20 °C 38 °C
48 MW
[Warm water tank 144 ko/s
Chemically treated water 2 °C
80 ke/s
20 °C
35 kg/s 35 kels
28 °C 48 °C

2,9 MW

BL cooling

21.6 MW

75

109 kg/s

°C




Appendix 9. Secondary heat balance of the integrated mill with optimized secondary heat

utilization.

SECONDARY HEAT BALANCE
Integrated mill with secondary heat optimization

Mechanically treated water

45 kels
20 °C

Evaporation
27 keis

' Cooling Tower Effluent
[Cooling water tank 17 kefs
869 kefs 825 kefs 869 ke/s
20 °C 20 °C 38 °C
524 kg's 346 ks
46 °C 25 °C
WARM WATER PRODUCTION / COOLING HOT WATER PRODUCTION / SECONDARY HEAT USE
Sewer Sec cond B
675 kets [E ion surface condenser | 675 kg/s [Secondary Condensates ke/ 87 ks i
20 °C 45 °C
71 MW 172
LP-stcam Sec cond A
63 ks [NCG condenser + CNCG 63 ke/s 1 kg/s [Steam heat exchanger L4 ke/s 85 kg/s ,[BS Washing
20 °C 41 °c 90 °C 156 °C
55 MW 347 kefs 33 MW 347 keJs 97 kels
68 °C 70 °C 70 °C
Sec cond A
108 kefs _ [Recovery hoiler 108 kels 347 ke/s__, [Bleach eMuent cooling 1 0 ke/s _ [Bleach Plant
20 °C 47 °C 52 °C
122 MW 232 MW 246 kefs
70 °C
13 ke's [GL cooler 13 kels | 144 kg/s  [Hot water tank for hot water pr]__347 ke/s Drying Machine
20 °C 75 °C 68 °C 52 °C
30 MW 203 kefs 0 kels
40 °C 70 °C
11 ke's , [WWL cooler 1 kefs | Make up-water preheating for h], 203 ke/s Paper Machine
20 °C 75 °C 20 °C
25 MW 17,0 MW 195 ke/s 44 kgls
25 °C 70 °C
Chemically treated water 45 kg/s _[Bleach efMuent cooling 2 45 kys |
64 kefs__[Evaporation surface condenser 64 ke/s 20 °C 48 °C
20 °C 38 °C 53 MW
48 MW
45 ks [Heat pump, make-up 45 ke/s
[Warm water tank 144 kels 48 °C [Qsoure 576 MW COP 90 °C
Chemically treated water 2 °C _fpa 213 MW 37| 66 kels
80 ke/s 46 °C |Qsink __ 7.89 MW 25 °C
20 °C
96 kg/s _[leat pump. condensate
35 kefs_ [SB - Fiberline cooling 35 kels Qsourer 732 MW COP
28 °C 43 °C Lfpa 271 MW 37|
29 MW 46 °C |Qsink 10,03 MW
109 ke/s , [BL cooling 109 kels
28 °C 75 °C

21,6 MW

HOT WATER CONSUMPTION




