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ABSTRACT 

A significant part of the operational costs at pulp and paper mills come from energy costs of 

heating. One of the most energy consuming processes is the drying of paper in a paper 

machine. About 20 – 30 MW steam is used for this purpose in a typical paper machine, but 

with heat recovery up to 60 % of the used heat may be recovered. Hence heat recovery has 

a significant impact on the overall energy efficiency. 

The whole pulp and paper mill complex was investigated in this study. Case studies included 

not only heat recovery from paper machine drying sections, but also energy efficiency at 

pulp mills and power plants. 

Increasing the exhaust air humidity from the paper machine drying section was shown to 

have the greatest effect on the efficiency of heat recovery. By better utilisation of the excess 

secondary heat available at pulp mill the energy efficiency could be improved. Fouling was 

shown to have a great impact on the energy economy at power plants. 

The study showed savings potential up to 23.2 GWh/a at the paper mill, 79.3 GWh/a at the 

pulp mill and 10 GWh/a at the power plant with improvements to heat recovery and 

reduction of fouling. Hence it was concluded that all pulp and paper mills would benefit 

from having their energy efficiency reviewed. 

 

Key words: Energy efficiency, heat recovery, pulp and paper  
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REFERAT 

En betydande del av driftskostnaderna på pappersbruk kommer från energiförbrukningen 

vid uppvärmning av vatten och luftströmmar. En av de mest energikrävande processerna är 

torkning av papper i pappersmaskiner. Omkring 20 – 30 MW ånga används i en typisk 

pappersmaskin för detta ändamål, men omkring 60 % kan tas till vara genom 

värmeåtervinning. Därför har också värmeåtervinningen en betydande inverkan på 

energieffektiviteten.  

I denna studie undersöks energieffektiviteten på hela bruket. Fallstudierna inkluderar 

värmeåtervinning från pappersmaskiner samt undersökning av energieffektiviteten på 

cellulosafabriker och kraftverk. 

Fukthalten på frånluften från pappersmaskinens torkparti visades ha den största effekten på 

effektiviteten av värmeåtervinningen. Bättre utnyttjande av den sekundärenergi som finns 

tillgänglig på cellulosafabriker kan öka energieffektiviteten rejält. Nedsmutsning av 

värmeöverföringsytorna visades ha en betydande påverkan på energiekonomin för 

kraftverk.  

Studien uppvisade att sparpotential på upp till 23.2 GWh/a på pappersfabriken, 79.3 GWh/a 

på cellulosafabriken och 10 GWh/a på kraftverket genom förbättring av värmeåtervinningen 

och minskad nedsmutsning. På basen av dessa resultat kunde alla pappersbruk dra fördel av 

att ha deras energieffektivitet granskad. 

 

Sökord: Energieffektivitet, värmeåtervinning, papper och cellulosa 
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1 INTRODUCTION 

In the pulp and paper industry energy costs are a significant part of the overall operational 

costs, which will be reflected on the price of the end products. To decrease energy costs 

different forms of heat recovery are applied to energy dense flows, such as exhaust air from 

paper machines, where excess energy may be transferred into secondary energy such as 

warm water which may be utilized for low or partial heating of incoming flows. This way the 

use of primary energy may be reduced or avoided. 

Due to a number of improvements and reconstruction of equipment, as well as other 

process changes during the life-span of pulp and paper mills, the heat recovery systems may 

be operating far from their original design and opportunity for improvement might exist. 

Pulp and paper integrates generally have several subsections as well, such as paper and pulp 

mills, power plants, debarking, waterworks etc. that operate more or less independently. 

This may lead to, that improvement in one section will cause suboptimal conditions in 

another and as such poor overall energy efficiency. 

One of the most energy consuming processes in papermaking is the drying of the paper web 

by leading hot steam to the dryer cylinders. Almost all of the energy used is then removed 

with the exhaust air from the paper machine drying section. In a typical paper machine, the 

exhaust air contains about 20-30 MW energy of which up to 60 % may be expected to be 

recovered in heat recovery, while the rest is exhausted outside. The efficiency of heat 

recovery from paper machine drying sections is thus of great importance, since it will have a 

significant impact the economy of the process.  

A study by Kilponen (Kilponen, 2002) showed savings potential of up to 15 % or a total of 

110 GWh/a in process heat to the three paper machines at the UPM-Kymmene Oyj Kaipola 

mills. Among the most significant improvements were changes to the drying section hood 

ventilation, structural changes to heat recovery and utilisation of alternative sources of 

secondary energy. A follow up study in 2009 (Sivill, Leena, Ahtila, 2009) revealed that almost 

all of the improvements suggested in 2002 had been successfully implemented and the 

actual fuel use had in fact decreased by 12 %. An earlier study by Kilponen et al.  

(Kilponen et al., 2000) focusing on integrated pulp and paper mill energy efficiency also 
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showed a 7.6 % potential decrease in energy consumption by improved utilisation of 

secondary heat at the Stora Enso Fine Papers Oy Oulu mills. A similar research by Auvinen 

(Auvinen, 2004) at the Stora Enso Publication Papers Oy Summa mill, estimated a  

350 000 GJ/a or 19 % reduction in fuel by improvements to the paper machine drying 

section heat recovery and investing in a flue gas scrubber and ultrasonic soot-blowers for 

the power plant. Oldmark (Oldmark, 2015) on the other hand studied how to make the 

machine hall ventilation more effective by improving heat recovery from the board machine 

at Stora Enso Skoghall mill. The study showed that the use of primary steam for the machine 

hall ventilation could be reduced by 72 % by using a set point for the temperature in the 

circulation water that varies with the outside temperature.  

Several other studies e.g. studies by Hazi, Hazi & Grigore (Hazi, Hazi & Grigore, 2009), Solja 

(Solja, 2007), Sivill, Ahtila & Taimisto (Sivill, L., Ahtila & Taimisto, 2005) and Bengtsson, 

Nordman & Berntsson (Bengtsson, Nordman & Berntsson, 2002) as well as the studies 

earlier mentioned, all shows that significant potential for improvement of energy efficiency 

in the paper industry exist and is possible through a number of different approaches and 

very well motivates further examination of heat recovery and energy efficiency of other 

pulp and paper mills as well. 
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2 THEORY 

2.1 Heat transfer 

The first and second laws of thermodynamics states that heat energy can’t be destroyed and 

will always be transferred in the direction of decreasing temperature. This means that the 

energy of the cold medium will increase equally to the decrease in energy of the hot 

medium and the temperature difference between the mediums will act as the driving force 

and determine the rate of heat transfer. There are several types of heat transfer and the 

essentials are covered in the following chapters. 

 

2.1.1 Conduction 

Conduction is heat transfer through a medium and depends not only on the temperature 

difference between the hot and cold mediums, but also on the thermal conductivity and 

thickness of the medium. For example, heat transfer through a wall depends on the 

temperatures on respective side of the wall, as well as the thickness and the material of the 

wall. The heat transfer rate due to conduction, �̇�𝑐𝑜𝑛𝑑, is defined as 

 
�̇�𝑐𝑜𝑛𝑑 = 𝑘𝐴

∆𝑇

∆𝑥
 (1) 

where 𝑘 is the thermal conductivity of the medium, 𝐴 is the surface area perpendicular to 

the direction of heat transfer, ∆𝑇 is the temperature difference and ∆𝑥 is the thickness of 

the medium. (Çengel, Turner & Cimbala, 2008) 

 

2.1.2 Convection 

Convection is heat transfer between a solid surface and a fluid that is in motion. Essentially 

this makes convection equal to conduction with fluid motion. If the fluid motion is caused by 

density differences in the fluid due to heat transfer, the phenomenon is referred to as 

natural convection, but if the fluid motion is induced by force (e.g. pump or fan) it is 

referred to as forced convection.  
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The heat transfer rate due to convection, �̇�𝑐𝑜𝑛𝑣, is defined as 

 �̇�𝑐𝑜𝑛𝑣 = ℎ𝐴∆𝑇 (2) 

where ℎ is the heat transfer coefficient, 𝐴 is the surface area and ∆𝑇 is the temperature 

difference between the surface and the surrounding medium.  

 

2.1.3 Radiation 

Radiation is heat emitted from a matter and occurs in all bodies of temperatures above 

absolute zero. The rate of heat emitted by radiation, �̇�𝑒𝑚𝑖𝑡, from a surface, 𝐴, is defined as 

 �̇�𝑒𝑚𝑖𝑡 = 𝜀𝜎𝐴𝑇𝑠
4 (3) 

where 𝜀 is the emissivity of the surface, 𝜎 is the Stefan-Boltzmann constant and 𝑇𝑠 is the 

surface temperature. The heat transfer rate by radiation, �̇�𝑟𝑎𝑑, between a surface and the 

surrounding medium is defined as 

 �̇�𝑟𝑎𝑑 = 𝜀𝜎𝐴(𝑇𝑠
4 − 𝑇𝑠𝑢𝑟𝑟

4 ) (4) 

where 𝑇𝑠𝑢𝑟𝑟 is the temperature of the surrounding medium, if assuming the surrounding 

medium completely encloses and is much larger than the emitting surface. 

In reality heat transfer by radiation is seldom as simple as described above. However, 

compared to forced convection, heat transfer by radiation is usually negligible. In high 

temperature applications such as power plant boilers, heat transfer by radiation may on the 

other hand be the dominant phenomenon. (Çengel, Turner & Cimbala, 2008) 

 

2.1.4 Overall heat transfer coefficient 

The overall heat transfer coefficient 𝑈 is the combination of conduction and convection 

heat transfer of the hot and cold side as expressed below. 

 
𝑈 =

1

1
ℎ1

+
∆𝑥
𝑘
+

1
ℎ2

 (5) 
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The inverse of the overall heat transfer coefficient is thus the combined heat resistance 

from the hot side to the cold side. The heat transfer rate may then be related to the overall 

heat transfer coefficient as 

 �̇� = 𝑈𝐴∆𝑇𝑙𝑚 (6) 

where 𝐴 is the heat transfer area and ∆𝑇𝑙𝑚 is the logarithmic mean temperature, which may 

be calculated from the inlet and outlet temperatures. 

 
∆𝑇𝑙𝑚 =

∆𝑇1 − ∆𝑇2

ln(
∆𝑇1
∆𝑇2

)
 (7) 

In the equation above ∆𝑇1 is the temperature difference in one end and ∆𝑇2 is the 

temperature difference in the other end of the heat exchanger. For example, in a counter 

flow heat exchanger this would mean that ∆𝑇1 is the difference between the hot side inlet 

temperature and the cold side outlet temperature and ∆𝑇2 would then be the difference 

between the hot side outlet temperature and the cold side inlet temperature. The 

logarithmic mean temperature difference is an exact representation of the average 

temperature in the heat exchanger.  (Holman, 2010) 

 

2.1.5 Heat transfer with condensation 

If the surface temperature 𝑇𝑠 of a heat exchanger is lower than the dew point of a vapor, 

condensate will form on the surface, either in the form of droplets or a film. The vapor will 

release energy and transfer heat to the surface during condensation, but the condensate on 

the surface will also act as a resistance to heat transfer between the vapor and the surface. 

This means that there will be simultaneous heat and mass transfer and these effects need to 

be taken into consideration when calculating the heat transfer. (Holman, 2010) 

 �̇� = ℎ𝐴(𝑇 − 𝑇𝑠) + �̇�𝑐𝐴𝑙(𝑇𝑠) (8) 

In Equation (8), �̇�𝑐 is the mass flux of condensation, 𝑇 is the temperature of the gas, 𝑇𝑠 is 

the surface temperature and 𝑙(𝑇𝑠) is the latent heat of condensation at the surface 

temperature.  
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The mass flux of condensation may in turn be calculated as 

 
�̇�𝑐 =

𝑘𝑚𝑀𝑝

𝑅𝑇
ln (

𝑝 − 𝑝𝑣(𝑇𝑠)

𝑝 − 𝑝𝑣
) (9) 

where 𝑘𝑚 is the mass transfer coefficient, 𝑀 is the molecular mass of the liquid. 𝑝, 𝑝𝑣 and 

𝑝𝑣(𝑇𝑠) are the total, vapor and saturated vapor pressure respectively and R is the ideal gas 

constant.  The mass transfer coefficient is defined as 

 
𝑘𝑚 =

ℎ

𝜌𝑐𝑝
𝐿𝑒1−𝑛 (10) 

where 𝜌 is the density, 𝑐𝑝 is the specific heat, 𝐿𝑒 is the Lewis number and 𝑛 is a constant 

dependent on the medium, e.g. for air 𝑛 is 0.33. Lewis number is defined as the ratio 

between thermal and mass diffusivities as described below 

 
𝐿𝑒 =

ℎ

𝐷𝐴𝐵
=

𝜆

𝐷𝐴𝐵𝑐𝑝𝜇2
 (11) 

where 𝐷𝐴𝐵  is the binary mass diffusion coefficient, 𝜆 is the thermal conductivity and 𝜇 is the 

dynamic viscosity. The binary mass diffusion coefficient between two components must be 

determined using empirical correlations and in a similar study by Kilponen (Kilponen, 2002) 

a correlation by Fuller, Schettler & Giddings (Fuller, Schettler & Giddings, 1966) is 

recommended for this purpose. 

 

𝐷𝐴𝐵 = 0.0101
𝑇1.75 (

1
𝑀𝐴

+
1
𝑀𝐵

)
0.5

𝑝 ((∑𝜐𝐴)
1
3 + (∑𝜐𝐵)

1
3)

2 (12) 

The subscripts 𝐴 and 𝐵 refers to the two components between which mass diffusion is 

taking place, in this study dry air and vapour. 𝜐 is the structural volume increase, which is 

mentioned by the authors to be 20.1 and 12.7 for dry air and vapour respectively. 

 

2.2 Heat exchangers  

The purpose of heat exchangers is to transfer heat from one fluid to another without mixing 

of the fluids. Heat exchangers come in several varieties, the most common ones being 

different applications of tube and plate heat exchangers. To increase the effectiveness heat 
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transfer, heat exchangers are often equipped with fins, bends or other designed 

irregularities to increase turbulence in the fluid as well as increase the heat transfer area. 

For calculation purposes heat exchangers are often simplified into either parallel, counter- 

or cross-current flow. With parallel flow, the hot and cold streams flow in the same 

direction and with counter flow in the opposite direction of each other. With cross-current 

flow the hot and cold streams flow perpendicular to each other.  

Heat transfer in heat exchangers typically consists of convection in both fluids and 

conduction through the heat exchanger plate. The combined effect of these phenomena 

gives the overall heat transfer coefficient, which describes the effectiveness of the heat 

exchanger. (Çengel, Turner & Cimbala, 2008) 

 

2.2.1 Air-air heat exchangers 

Air-Air heat exchangers or conventional heat recovery units (CHR) are used to heat a gas 

flow, typically air, with another gas flow, e.g. hot exhaust air from a paper machine or flue 

gas in a power plant boiler. CHR units are typically cross-flow heat exchangers, where the 

hot flow passes in a vertical direction, either between plates or tubes depending on the 

type, to allow cleaning water and condensate to flow downwards freely. If condensate 

remains on the heat transfer surface, the liquid film will act as resistance to heat transfer. 

Hence effective removal of condensate in the heat exchanger is desired. The cold flow 

passes horizontally between plates or in tubes depending on the type. (Sundqvist, 2010) 

 

2.2.2 Air-liquid and liquid-liquid heat exchangers 

Air-liquid heat exchangers or aqua heat recovery units (AHR) are used to heat a liquid flow, 

usually water or water-glycol mixtures depending on the purpose, with a either a gas or a 

liquid flow. AHR units come in many shapes but are typically plate or tube heat exchangers. 

In AHR units the cold flow usually passes through channels formed between plates and the 

hot stream likewise in between every other plate. Alternatively, the cold flow may pass in 

tubes and the hot flow in between these similarly to a CHR unit. The shape of the channels, 

regardless of design, gives a combined cross- and counter-flow in the heat exchanger with 
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the purpose of enhancing turbulence. Here as well effective removal of condensate is 

critical if condensation occur. (Sundqvist, 2010)  

 

2.2.3 Scrubbers 

In scrubbers a liquid flow is heated with a gas flow in direct contact with each other. Usually 

the liquid flow is sprayed into the scrubber in the opposite direction of the gas flow. 

Scrubbers are generally very effective and will also to some extent remove impurities from 

the gas flow, with the drawback of contaminating the liquid flow. Scrubbers also require 

more space than AHR systems with the same capacity. Typical applications include heat 

recovery from flue gases. (Sundqvist, 2010) 

 

2.3 Fouling 

2.3.1 Fouling mechanisms 

In low temperature applications, such as heat recovery systems for paper machines where 

the temperature stays below 100 °C, the main fouling mechanism is accumulation of solids 

on the surfaces. For example, exhaust air from a paper machine drying section may contain 

fibres and other impurities, which may stick to the heat transfer surface. This will decrease 

the efficiency of the heat exchangers and lead to less recovered heat. If the fouling layer 

builds up thick enough, it may also increase the resistance to flow, which in turn will 

increase pump or fan costs. The best way to avoid this type of fouling is to keep the flow 

turbulent, normally by maintaining a high flow velocity. Typically heat exchangers where 

fouling is expected are designed larger than necessary to better deal with the problems of 

fouling, but as a consequence decreases the flow velocity through the heat exchanger which 

is likely to actually increase fouling. (Motiva, 2016) 

In high temperature applications, such as boilers, the fouling is radically more aggressive. 

The basic fouling mechanism is still solids accumulating on surfaces, e.g. fly ash or other 

unburned substances if considering a power plant boiler. But, if the temperature is high 

enough, the solids may melt onto the surface and form a sticky and quickly growing layer 

that will solidify and be considerably harder to remove than a layer consisting of only build-
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up of solid particles. This will also, along with other possible chemical reactions taking place, 

enhance the risk for corrosion of the heat transfer surfaces. Not only will fouling lower the 

efficiency of the heat exchanger, but also lead to higher flue gas temperatures in later 

sections of the boiler, which may increase fouling on these heat transfer surfaces, as well as 

enhancing the risk of overheating clean surfaces. The best way to prevent this kind of 

fouling is strict control of the temperature in each section and the amount of unburned 

substances in the boiler as well as maintaining a high flow velocity. Fouling will however still 

occur, and while effective soot-blowing work to some extent, the surfaces will still need 

regular cleaning. (Huhtinen et al., 2004) 

In heat exchangers using natural water it is common to have biological fouling, caused by 

micro-organisms and other impurities that will cause a biofilm on the heat transfer surface. 

This type of fouling is usually easy to clean but will nevertheless influence the efficiency of 

heat transfer. (Motiva, 2016) 

 

2.3.2 Cleaning 

The most commonly used form of cleaning of heat transfer surfaces is cleaning showers with 

water or steam. This allows for cleaning during operation, but spraying the surface will 

however, momentarily, drastically decrease the heat transfer and cleaning showers are 

therefore not recommended to be operated continuously. Alternatively, pressurized air may 

be used instead of water to minimize the effect of decreased effectiveness during cleaning 

but would instead require powerful compressors which would increase the operational 

costs.  

Mechanical and chemical cleaning methods may be used for difficult fouling layers that can’t 

be removed during operation. However, this generally requires that the process is shut 

down or at least the heat exchanger is omitted and may even require dissembling of the 

heat exchanger to access the fouled surfaces. Process shutdowns are always a costly process 

and therefore, on-line cleaning is preferred when possible. (Motiva, 2016) 
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2.4 Heat recovery from paper machines 

2.4.1 The principle of a paper machine 

Wet pulp is formed into a paper web in the wire section of the paper machine and the 

majority of the water content is removed already in the press section. At this point the dry 

content of the web is typically about 50 % and after the drying section typically over 90 %. 

 

 

Figure 1: Example of a paper machine layout. (Papier- und Kartonfarbik Varel, 2018) 

 

The drying section of a paper machine generally consists of several steam heated cylinders 

in series as shown in Figure 1. The heated dryer cylinders are used to evaporate the 

remaining moisture from the paper left after the press section. The drying section is 

normally enclosed by a hood for optimal drying conditions. The hood is provided with an 

incoming flow of dry preheated supply air that absorbs the water evaporated from the 

paper. This hot and moist air is then exhausted through the ceiling of the hood and led via 

the heat recovery system to the outside. This means that all energy that is not recovered 

from the exhaust air is lost. 

 

2.4.2 Heat recovery in paper machine drying sections 

Heat recovery stacks in paper machine drying section consist of a combination of heat 

exchangers as illustrated in Figure 2. Typically, the exhaust air is first led to CHR units for 

preheating supply air to the drying section, since it has the highest requirement for the end 

temperature. In heat recovery the supply air is heated to about 60 – 70°C and with primary 

steam the temperature is further raised to 90 – 95°C. The slightly cooler exhaust air is then 
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led to AHR units for heating of process water, white water and circulation water for the 

machine hall ventilation systems. The different water flows are typically heated to about 

50°C, which is about the same as the outlet temperature of the exhaust air. The order of the 

AHR units varies depending on the heating demand of the flows as well as capacity and 

design of the heat recovery system, and every option is not necessarily used. Usually the 

circulation water unit is placed last in the heat recovery stack since the heating demand 

varies significantly with the outside temperature as illustrated in the duration curve in 

Figure 3. A well designed and functioning heat recovery system should cover all the heating 

demand under normal circumstances. In the Nordic region the use of primary steam may 

still be required for the few coldest days of the year when the heating demand is peaking. 

Only a fraction of the recovered energy originates from cooling of the exhaust air, while the 

bunch of it is due to condensation of the water in air. The effectiveness of heat recovery is 

therefore greatly dependent on the extent of condensation. The humidity of the exhaust air 

will determine the dew point and thus how early the condensation will begin. Similarly, the 

inlet temperature of the cold side flows will determine for how long the condensation will 

go on. Hence, these are the most important parameters for improving heat recovery 

efficiency. Kilponen (Kilponen, 2002) demonstrates the effect changes to these parameters 

have on the heat recovery efficiency very thoroughly. 
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Figure 2: Typical heat recovery stack in a paper machine dryer section. (Sundqvist, 2010) 

 

The humidity of the exhaust air from the dryer section should, out of an energy efficiency 

point of view, be as high as possible, but risk of condensation inside the hood limits the 

humidity level in practice. A properly ventilated and insulated hood, where leakage air is 

minimized, and hot supply air is distributed at local cold spots, should allow for maintaining 

a high humidity level. The basics principles of hood control begin with setting the zero level 

at the height of the paper sheet entrance and exit. The zero level indicates where the 

pressure inside the hood equals the machine hall pressure. Then by adjusting the hood 

constant, the difference between the exhaust air and supply air, the amount of leakage air 

should be just enough to maintain the zero level. The amount of exhaust air may then be 

adjusted to get the desired humidity level. The supply air is accordingly controlled by 

adjusting the hood constant. (Sundqvist, 2010) 
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Figure 3: Example of the annual heat demand for a paper machine. (Sundqvist, 2010) 

 

2.5 Heat recovery from flue gases 

2.5.1 Principle of a power plant boiler 

The efficiency of a boiler depends on the amount of energy that is extracted from the flue 

gas. The main purpose is to evaporate the feed water in the risers to steam. However, the 

hot flue gas with a temperature about 800 – 1300°C after the furnace still contains a lot of 

energy. A typical boiler construction consists of several heat exchangers in the path of the 

flue gas, as shown in Figure 4. First are superheaters that raise the temperature of the 

steam to its final temperature, up to about 550°C. The temperature of the flue gas is still 

about 400 – 800°C and is utilized in the economizer (feed water pre-heater) and combustion 

air pre-heaters. Usually the economizer is placed in between two air pre-heaters, since the 

feed water to the boiler is heated to about 150 – 250°C the flue gas can’t be cooled below 

this temperature before the economizer. The combustion air is generally pre-heated to 

about 50 – 60°C in the calorifier by an external heat source, such as steam or warm water. 

The air is then led to the air pre-heaters in the boiler where it is heated in steps to its final 

temperature of about 200 – 300°C. Finally, the flue gas is led through particle separation 

filters and a flue gas scrubber for cleaning and heat recovery before it is exhausted at  
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50 – 60°C to the atmosphere. The lower limit for the temperature of the flue gas is the acid 

dew point. If cooled below this point there will be problems with corrosion in the ducts due 

to acid condensation. Otherwise the flue gas could technically be cooled down to the 

temperature of the combustion air inlet temperature. (Huhtinen et al., 2004) 

 

 

Figure 4 Principle construction of a power plant boiler. (Westerlund, 2006) 

 

2.5.2 Heat recovery in flue gas scrubbers 

Flue gas scrubbers were originally intended for removal of particles from the flue gas, but 

nowadays double as a mean for effective heat recovery. As illustrated in Figure 5, typical 

flue gas scrubbers consist of two successive stages. The first stage is the scrubbing phase for 

particle removal, which simultaneously cool the flue gas from its inlet temperature of about  

150 – 200°C to its wet temperature of about 60 – 70°C. From here the flue gas is led through 
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a packed bed where it will condensate and release its thermal energy to cold water that is 

flowing in the opposite direction. The circulation water is then led to a heat exchanger 

where it heats process water or return water from district heating. The cooled circulation 

water is then sprayed back into the scrubber. 

Similar to heat recovery from paper machine drying sections, the efficiency of heat recovery 

from flue gas scrubbers is also greatly dependent on the extent of condensation. The 

humidity of the flue gas will determine how early condensation will begin and the inlet 

temperature of the circulation water determine for how long it will continue. Here it is 

critical that the inlet temperature of the circulation water is in fact below the dew point of 

the flue gas for condensation to even occur. Else the scrubber might, in a worst-case 

scenario, act as an evaporator and vaporise additional water into the flue gas.  

(Järvenreuna, Nummila, 2014) 

 

Figure 5 Principle construction of a flue gas scrubber. (Järvenreuna, Nummila, 2014) 
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3 METHODS 

3.1 Process data 

For this work a remote connection to the client is available, as illustrated in Figure 6. All 

process measurements are stored in a database on-site on a one-hour average basis and 

may be accessed remotely from the local office by the assigned tag number. Calculations 

may be performed remotely on the on-site server and the results are stored in a separate 

database connected to the server. The key results are visualised using an online graphical 

user interface (GUI) on the server. The GUI is built using the ASP.NET open-source web 

framework (Microsoft, 2018) and based on the model-view-controller (MVC) architectural 

pattern. The simplified principle of the structure is illustrated in Figure 7. The GUI may be 

accessed from workstations on-site as well as remotely at the local office for monitoring the 

energy efficiency of the process. 

 

 

Figure 6 Schematic of the remote connection to the client 
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Figure 7 Basic schematic of the model-view-controller architectural pattern. 

 

3.2 Key performance indicators 

Key performance indicators (KPI) are a type of measurement of the performance of a 

process. A KPI is often used to as an indicator for identification of potential improvements 

or as a measurement of progress towards a goal. Therefore, KPIs should be carefully chosen 

to provide the relevant information for the purpose in question. In the following chapter 

different KPIs for indicating the efficiency of heat recovery and for identification of fouling 

of heat exchangers are discussed. A short overview is summarized in Table 1 and Table 2. 

In heat recovery from paper machines, typical KPIs are the amount of recovered heat and 

the amount of used steam for heating. These are good KPIs because the recovered heat is a 

direct measurement of how much energy is saved from going to waste and the amount of 

primary steam is a direct measurement of the losses, if assuming no steam would be needed 

if heat recovery was operating optimally. However, the amount of recovered heat is not a 

good measurement of the efficiency since it depends both on the inlet state of the exhaust 

air as well as the cold side streams. For example, if considering a case with varying heat 

demand, the cold side flow rate may be lower than normal and thus the recovered heat is 
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also likely to be lower than normal and thus indicating bad efficiency. The efficiency of heat 

recovery may still be excellent if using other KPIs. Since the heating demand is lower, less 

recovered heat might still be sufficient to satisfy the heating demand and no steam will be 

needed. Although the amount of recovered heat indicated that the efficiency was bad, the 

amount of steam indicates that the efficiency is good. Likewise, for a case where heat 

recovery is working optimally, but the cold side flow rate is high, the recovered heat might 

be insufficient to satisfy the heating demand and steam has to be used. Here the amount of 

recovered heat indicates that the efficiency is good, but the amount of steam indicates that 

it is poor. 

Alternative KPIs could be how much of the incoming energy in the exhaust air is recovered. 

This is good for indicating how much of the available energy is utilized but is dependent on 

the heating demand and is therefore not that useful with varying heating demands. Another 

alternative could be how much of the heating demand is fulfilled with recovered heat. This 

way a varying heating demand will not affect the KPI, but then instead the amount of energy 

available will. Although these KPIs may not be perfect on their own, a combination of these, 

as well as monitoring of the key parameters, such as flow rates, temperature and humidity, 

should be enough to describe the energy efficiency and even identify the source of 

inefficiency. 

For fouling monitoring one of the most common KPIs is the pressure difference over the 

heat exchanger. As fouling builds up on the heat exchanger surfaces, the resistance to flow 

will become greater and therefore the pressure loss over the heat exchanger. For power 

plant boilers this may be an essential KPI since it indicates when the resistance to flow has 

risen to a point where the apparatus may take damage and it is absolutely necessary to 

clean the heat exchangers. The negative side of this KPI is that it only indicates fouling build 

up, and thus fouling will only be visible when fouling has already built up to a point where it 

starts affecting the flow. Furthermore, pressure difference doesn’t indicate the effects on 

heat transfer, although fouling builds up and fouling resistance to heat transfer often go 

hand in hand. 
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Another commonly used KPI is the temperature after the heat exchanger or the 

temperature difference over the heat exchanger. When fouling occurs, less heat will be 

transferred in the heat exchanger and thus the outgoing temperature will be higher. This is 

a good indicator of fouling under steady loads, but since in reality there are rarely steady 

state conditions, it may be hard to conclude if the change in temperature is due to fouling or 

to some other change in the process conditions. 

 

Table 1  Key performance indicators for heat recovery 

KPI Positives Negatives 

Recovered heat 
Direct measurement of 

savings 
Doesn’t indicate efficiency 

Steam usage Direct measurement of costs 
Not all steam usage is 

unnecessary 

Recovered heat to  

exhaust air energy ratio 

Efficiency of utilization of the 

available power 

Dependent on the heat 

demand 

Recovered heat to  

low-energy demand 

Efficiency of fulfilling the 

demand 

Dependent on the energy 

available 

 

Table 2 Key performance indicators for fouling 

KPI Positives Negatives 

Heat transfer coefficient Indicates degree of fouling 

Sensitive to load changes 

and requires several input 

data 

Pressure difference Indicates degree of fouling 
Fouling visible only when 

there is fouling build-up 

Temperature Indicates degree of fouling 
Dependent on other parts of 

the process 
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A KPI that directly describes the heat exchangers heat transfer ability is the overall heat 

transfer coefficient. This is a very good KPI for monitoring of fouling, but unfortunately has a 

few drawbacks as well. To start with, all inlet and outlet temperature has to be known as 

well as the heat power. This requires a minimum of five measurements, which may not 

always be available and of course increases the sources of error. Furthermore, the overall 

heat transfer coefficient works best under steady conditions. Similarly, to using the 

temperature as a KPI, significantly changing process condition, such as flow rates, will 

greatly affect the result. These are nevertheless good KPIs, but their limitations should be 

borne in mind. 

 

3.3 Calculations 

When considering the heat recovery in paper machine drying sections the main heat 

exchangers are all condensing heat exchangers. Due to the condensation phenomenon 

being very hard to model and the sequential structure of heat exchangers in heat recovery 

stacks, the main research question become, is the heat recovery operated optimally. In this 

work the focus also lies on heat exchangers in harsh conditions, subject to constant fouling. 

Hence one of the most important research questions is if the heat exchanger fouled and 

how does it affect the process economy. All calculations in this study are executed using 

Matlab software. 

 

3.3.1 Condensing heat exchangers 

The heat transfer in condensing heat exchanger is estimated by simulating the heat 

exchanger or the heat recovery stack. All simulations are based on the work done by 

Kilponen (Kilponen, 2002) in a similar study from 2002, with slight modifications made to 

suit the needs for this study. The simulation program requires all incoming flows, 

temperatures and moisture content as well as the dimensions of the heat exchangers, and 

will return the outgoing temperatures, moisture content and recovered heat. Kilponen 

showed that the simulation program has a margin error of less than +/- 3 % and thus the 

simulated values may be used as reliable estimates for the recovered heat. 
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3.3.2 Calculation of fouling 

All calculations considering fouling in this work are based on the heat transfer coefficient, 

using the logarithmic mean temperature difference, which requires knowledge of all inlet 

and outlet temperatures as well as the heat power as described in Equation (6) and (7). As 

the heat transfer area in these cases remain constant and the change in the heat transfer 

coefficient is of more importance than the actual heat transfer value itself, the heat transfer 

coefficient may be made area independent. 

 
𝑈𝐴 =

�̇�

∆𝑇
 (13) 

As a consequence, the unit becomes 𝑊/𝐾 instead of 𝑊/(𝑚2𝐾) and the value can’t be 

compared between heat exchangers with different heat transfer areas. On the other hand, 

no knowledge of the actual heat transfer area is necessary. 

The degree of fouling is in this work defined as a reference value to previous fouling. By 

calculating the heat transfer coefficient for historical data and finding the maximum and 

minimum values, excluding outliers, the degree of fouling is calculated as the actual heat 

transfer coefficient in relation to the historical maximum and minimum values in a reverse 

fashion. In the equation below 𝑈𝐴𝑚𝑎𝑥  indicates the value that based on historical data 

represents a clean surface and 𝑈𝐴𝑚𝑖𝑛 a completely fouled surface for the heat exchanger in 

question. Correspondingly the degree of fouling is 0 % if 𝑈𝐴 = 𝑈𝐴𝑚𝑎𝑥  and 100 % if 

𝑈𝐴 = 𝑈𝐴𝑚𝑖𝑛. 

 
𝜂𝐹𝑜𝑢𝑙𝑖𝑛𝑔 =

𝑈𝐴𝑚𝑎𝑥 − 𝑈𝐴

𝑈𝐴𝑚𝑎𝑥 − 𝑈𝐴𝑚𝑖𝑛
∗ 100 (14) 

This definition allows for comparison of the effectiveness of cleaning procedures since the 

reference value is constant. On the contrary, it doesn’t show the fouling progress for a 

particular cycle only the relative progress compared to the historical data, compared to a 

definition that would have zero defined at the start of the cycle. 
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3.4 Investigation of structural and operational improvements 

Kilponen (Kilponen, 2002) states a few guidelines for investigation of improvements to heat 

recovery from paper machine drying sections. It is stated that it is usually not profitable to 

add or make changes to heat exchangers in heat recovery stacks, especially since space 

often becomes an issue in retrofit situations. If this is however considered, the greatest 

improvement would come from adding more AHR units in series.  

The most important factors affecting the efficiency of heat recovery are the inlet state of 

the exhaust air and the cold side streams. High exhaust air humidity is essential for good 

heat recovery efficiency and a condition for this is good hood ventilation as described in 

section 2.4.2. The same is true for the inlet temperature of the cold side, the lower the 

temperature the better the efficiency of heat recovery. Higher flow rates naturally also 

increase heat transfer. Hence, the inlet flows to heat recovery should be analysed according 

to basic thermodynamic principles. Streams at different temperatures should not be mixed 

and heating with primary energy should be avoided below the temperature of the hottest 

available stream of secondary energy. These principles should be applied when investigating 

the energy efficiency of heat exchanger networks. 
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4 CASE STUDY 1: STORA ENSO VEITSILUOTO MILL 

Stora Enso Veitsiluoto is a large paper mill complex located in Kemi, Finland, renowned as 

the northernmost paper mill in the world. The paper mill produces 850 000 tonnes of paper 

annually of which the nearby pulp mill supplies about 380 000 tonnes, furthermore the saw 

mill produces 200 000 m3 sawn timber annually. The products are mainly light- to medium-

weight coated paper. 

 

4.1 Objectives 

The Veitsiluoto mill has an ambitious goal on improving energy efficiency and is aiming to 

reduce heating costs by 10 %. This would mean a reduction in primary steam usage of 

roughly 3 MW per paper machine. Improving the heat recovery from the paper machines is 

believed to be the most promising area for improvement of energy efficiency. Currently 

little focus is laid on the operation and efficiency of heat recovery and the personnel desires 

a way to easily determine if the heat recovery is operated optimally and what actions to 

take to improve the efficiency. 

The pulp mill has a large heat exchanger network for the heating of all the process water 

and air. Currently a significant amount of primary steam is still used for parts of the heating 

demand, although secondary heat is available in surplus. Better utilisation of the heat 

exchanger network as well as finding use for the available secondary heat is expected to 

reduce heating costs significantly.  

 

4.2 Implementation 

4.2.1 Paper mill 

The main focus in this study is Veitsiluoto Paper Machine 5 (PM5). The heat recovery of PM5 

is consisting of two stacks, with circulation water units placed first and process water units 

last, in the direction of exhaust air flow. Untypically for this heat recovery layout is that the 

supply air units are heated by the circulation water and not the exhaust air. If the outlet 

temperature of the circulation water or process water is too low primary steam is used to 

raise it to the desired temperature. Primary steam is also used for heating the supply air 
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after heat recovery to about 90˚C. The principal layout of the heat recovery, with guideline 

values for summer and winter conditions, is illustrated in Figure 8. 

 

 

Figure 8 Principal drawing of the layout of PM5 heat recovery heat exchanger network. 

 

Measurements are readily available for the process water and calculated values for both the 

recovered heat and steam usage is available. The flow meter for the circulation water was 

however out of order which affected the calculated values for the recovered heat. For the 

steam usage only the valve position was available. The exhaust air has measurements for 

the inlet temperature and moisture content for both stacks, and an estimate for the flow 

rate based on the moisture content. 

To cover for the broken circulation water flow meter a soft sensor was created by simulating 

the heat exchangers and utilising the fact that both inlet and outlet temperatures where 

known. For the simulation the heat exchangers were modelled as a counter flow heat 

exchangers with an area of 216 m2 and split into 20 sections in the direction of flow. An 

initial guess was made to the flow rate and the outlet temperature of the circulation water. 

The simulation program iterates the calculation and makes corrections to the outlet 

temperature initial guess until the calculated inlet temperature matches the actual inlet 

temperature. At this stage the program compares the final guess for the outlet temperature 

to the actual outlet temperature and makes corrections to the flow rate if these differ and 
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starts the iteration process all over again until the outlet temperature matches the actual 

outlet temperature. A margin of +/- 0.01˚C was used for the inlet temperature and +/- 0.1˚C 

for the outlet temperature. The structure of the simulation is presented in Figure 9. 

 

 

Figure 9 Structure of the simulation program. 

 

Since the iterative process makes the calculation time consuming and not suitable for 

continuous use, a series of hourly data for the flow rate over a one-year span was simulated. 
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Linear regression was then used to estimate the flow rate based on the relevant 

parameters. With the flow rate estimated the recovered heat may also be estimated using 

the known inlet and outlet temperatures. The final formula for estimation of the flow rate is 

presented below. 

 �̇� = 13.6928 − 2.2017𝑥𝑤𝑒𝑡𝑒𝑛𝑑 + 5.6583𝑥𝑑𝑟𝑦𝑒𝑛𝑑 − 0.2364𝑇𝑤𝑒𝑡𝑒𝑛𝑑

+ 0.7643𝑇𝑑𝑟𝑦𝑒𝑛𝑑 + 1.4826�̇�𝑑𝑟𝑦𝑒𝑛𝑑 + 0.8836𝑇𝑖𝑛

− 7.1365𝑇𝑜𝑢𝑡 

(15) 

 

Most of the circulation water is used for preheating of supply air but a share is used for 

machine hall ventilation and other heating demands. This branch is separated before the 

heat exchanger meaning it has the temperature of the inlet stream. However, if the 

temperature is lower than 43˚C the stream is mixed with some of the circulation water from 

after the heat exchanger to reach the set temperature. If the temperature still is below 43˚C 

the rest is reached with primary steam. The inlet temperature also has a minimum setting of 

32.5˚C to leave enough available heat for the upcoming process water heat exchangers. 

Hence additional primary steam may be used here as well to raise the temperature of the 

loop and keep the inlet temperature above 32.5˚C. The amount of steam used is not known 

and neither is the flow rate in this branch or the details of the valve. The valve position is 

the only available measurement, which makes accurate estimates very complicated. 

Therefore, a rough estimate is deemed sufficient for the steam use in this section. The 

estimated function is linearly based on the valve position, with 5 MW corresponding to a 

100 % open valve. 

The supply air is preheated with the circulation water and is then further heated to about 

90˚C using primary steam. The amount of steam is not measured, but an estimate is 

calculated based on the energy it would take to heat the supply air. The flow rate of the 

supply air is based on the exhaust air flow rate and the hood constant, which gives the ratio 

of supply air to exhaust air. The supply air is assumed to have a constant moisture content 

of 5 g/kg. 
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The estimated steam usage in summer and winter conditions are presented in Table 3. 

Kilponen (Kilponen, 2002) mentions that a properly designed and optimally working heat 

recovery stack should be able to cover all the heating demand for a paper machine, except 

for the final heating of supply air. This is clearly not the case since approximately 1.5 MW is 

used in the summer and 3.5 MW in the winter for heating of process and circulation water. 

The savings potential is therefore huge and motivates further investigation towards the 

root-cause of the sub-optimal heat recovery of PM5. 

The humidity of the exhaust air in PM5 is currently only 100-120 gH2O/kgd.a. and  

110-130 gH2O/kgd.a. in the wet end and dry end heat recovery stacks respectively. The 

variation is due to the production rate and varying grades of produced paper, with heavier 

grades containing, and thus also evaporating, more water. Since the efficiency of heat 

recovery depends greatly on the extent of condensation, the conditions are from an energy 

efficiency point of view very poor. At best 160 gH2O/kgd.a. have been achieved and should 

therefore be the target level for the moisture content. The humidity is currently controlled 

manually by controlling the exhaust air fans and dampers in the exhaust air ducts. 

Automated controls exist but have earlier been considered unreliable and hence manual 

controls are preferred. 

 

Table 3 Estimated steam usage in summer and winter conditions on PM5. 

Heat exchanger 
Summer 

[MW] 

Winter 

[MW] 

Supply air 1.0 1.5 

Circulation water 0.5 1.0 

Process water 1.0 2.5 

Total 2.5 5.0 

 

PM5 additionally have an unusually high percentage of leakage air coming to the hood, 

typically around 60 % of the drying air. This raises the risk of cold spots inside the hood and 

hence the risk of condensation inside the hood, which might compromise the quality of the 
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paper if droplets form. The hood ventilation should therefore be addressed before actions 

are taken to increase the humidity to avoid problems. 

During a hood audit by Stora Enso (Penttinen, Grönroos, 2015) in 2015 it was noted that the 

humidity measurements at the time of inspection actually showed 24 – 27 gH2O/kgd.a. less 

than the measured values for the exhaust air. The recommendation was to calibrate the 

humidity measurements and afterwards raise the humidity control to 160 gH2O/kgd.a.. This 

however demonstrates how the reliability of the humidity measurements may decrease 

significantly over time. Therefore, the humidity measurements should be recalibrated 

before any actions to increase the humidity are taken. Calibrations should also be 

performed at regular intervals in the future to ensure the reliability of the measurements 

and subsequently allow the operators to keep high humidity levels and ensure high energy 

efficiency of the heat recovery. 

To estimate the effect of increasing the exhaust air humidity from the current level of 

120 gH2O/kgd.a. to 160 gH2O/kgd.a. simulations of the heat recovery were executed. Both heat 

recovery stacks were simulated separately, and the individual effects combined afterwards. 

Here it is assumed that the incoming circulation and process water is split equally between 

the heat recovery stacks. The area of the individual heat exchangers is 216 m2. The variation 

in inlet conditions in heat recovery of PM5 in the summer and winter is very small, except 

for the flow rate of the circulation water. Representative values for summer and winter 

conditions were still used, and all values are presented in Table 4. The results of the 

simulation are presented in Table 5. 

The simulation shows great potential for both summer and winter conditions, with a savings 

potential of 1.3 MW in the summer and 1.9 MW in the winter. The improvement is greater 

in the wet end since the exhaust air humidity is initially lower. The majority of the 

improvement will be to the circulation water since it is the first in order, but there will be 

improvement to the process water heat recovery as well. If analysing the correlation 

between the exhaust air humidity and the recovered heat, as seen in Figure 10, the trend is 

clearly linear and in fact shows even greater potential than the simulation suggests. Thus, 

the simulation results may be considered reasonable and possibly even underestimating. 
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The scatter area in Figure 10 is however rather wide, which is due to other parameters 

affecting the heat recovery as well, such as the cold side inlet temperature and flow rate. 

 

Table 4 Values used for simulation of the heat recovery of PM5. 

Stream Property Wet end Dry end 

Exhaust air 

(current) 

Flow rate 41 kg/s 30 kg/s 

Inlet temperature 80˚C 74˚C 

Humidity 115 gH2O/kgd.a. 125 gH2O/kgd.a. 

Exhaust air 

(improved) 

Flow rate 29.5 kg/s 23.5 kg/s 

Temperature 80˚C 74˚C 

Humidity 160 gH2O/kgd.a. 160 gH2O/kgd.a. 

Circulation water 

(summer/winter) 

Flow rate 25/50  l/s 25/50 l/s 

Inlet temperature 35˚C 35˚C 

Process water 
Flow rate 42.5 l/s 42.5 l/s 

Inlet temperature 35˚C 35˚C 

 

 

Table 5 Simulation results of PM5 heat recovery with exhaust air humidity improvement. 

Season Stack 
Heat recovery improvement 

[MW] 

Summer 

Wet end 0.9 

Dry end 0.6 

Total 1.3 

Winter 

Wet end 1.2 

Dry end 0.7 

Total 1.9 
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Furthermore, the improvement in heat recovery is not the only source of savings, but since 

the air to the paper machine is reduced as well the fans will consume less electricity and the 

pre-heating of the supply air will reduce. The combined savings potential from these sources 

would be roughly 0.4 MW. 

 

Figure 10 PM5 process water heat recovery to exhaust air humidity. 

 

The fresh water to PM5 comes at about 26˚C but the inlet temperature of the process water 

to heat recovery is still averaging 35˚C. Under normal conditions the fresh water stream is 

connected to the suction side of the heat recovery pump and the pump should be set to the 

average water consumption of the paper machine. If the fresh water flow rate is lacking or 

momentarily lower than the flow rate to heat recovery, the difference will come directly 

from the warm water tank as illustrated in Figure 11. Since the water in the warm water 

tank is already heated it will raise the temperature of the mixture going to heat recovery. In 

the case of PM5 the flow rate to heat recovery is 85 l/s but the average fresh water 

consumption is only 75 l/s. This means the other 10 l/s will come from the 53˚C warm water 

tank. This would raise the temperature to 29˚C, but as earlier mentioned the actual 

temperature is 35˚C. This indicates that something is clearly wrong and raises suspicion 

warm water might unintentionally be led to heat recovery. 
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Figure 11 Principal drawing of the warm water tank with incoming streams. 

 

In Figure 11 two streams are shown leading to the warm water tank coming from the 

condensers, which together average 15 l/s at 100˚C. If assuming that the condenser streams 

actually are connected to the suction side of the heat recovery pump or that inlet is so 

poorly placed that practically no mixing would occur before being sucked to heat recovery, 

this would raise the temperature of the flow to heat recovery to 35˚C, if assuming the 

excessive 10 l/s would be at 100˚C. Bases on these observations, the conditions of the warm 

water tank should be checked. First, the capacity of the heat recovery pump should be 

decreased to the average water consumption of the paper machine. This would avoid warm 

water to be led to heat recovery as well as decreasing pump costs. In addition, the 

placement of the hot streams from the condensers should be reviewed to assure that 

unnecessary warm water is not led to heat recovery. 

To estimate the effect of the inlet temperature on the heat recovery efficiency simulations 

were made for summer and winter conditions according to Table 4, except here the change 

is in the process water and not the exhaust air. The process water is changed from 85 l/s to 

75 l/s to match the average water consumption, which will also cause the inlet temperature 

to decrease from 35˚C to 26˚C as described earlier. The results are presented in Table 6. 
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Table 6 Results of the simulation of PM5 heat recovery with improvement to process water. 

Season Stack 
Heat recovery improvement 

[MW] 

Summer 

Wet end 0.9 

Dry end 1.0 

Total 1.9 

Winter 

Wet end 0.8 

Dry end 0.9 

Total 1.7 

 

The simulation shows great potential this time as well, with 1.9 MW and 1.7 MW 

improvements to heat recovery in summer and winter conditions respectively. The 

improvement is slightly greater in the summer when the heating demand to the circulation 

water is lower and more heat is available for the process water. The correlation between 

the process water inlet temperature and the heat recovered, as seen in Figure 12, is clearly 

linear and a change from 35˚C to 26˚C would give an approximate 1.7 MW increase in heat 

recovery, which correspond well with the simulation results. 

The effect of fouling on the heat recovery efficiency was also investigated, by analysing the 

change in the overall heat transfer coefficient over time. The varying production speed and 

hence varying extent of condensation affect the overall heat transfer coefficient as seen in 

Figure 13. However, the variations are very periodic, and a declining trend should be visible 

if extensive fouling has occurred. However, no such trend, that couldn’t be related to other 

changes in the process, e.g. changes in the flow rates, is noticed. This leads to the conclusion 

that either fouling is insignificant or that the automatic cleaning showers are operating very 

well. The effect of fouling on the efficiency of heat recovery is, in this case, however trivial 

compared to the other observations mentioned. 
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Figure 12 PM5 process water inlet temperature to heat recovery. 

 

 

Figure 13 The overall heat transfer coefficient of PM5 wet end process water heat 
exchanger. 

 

To estimate the total effect of the changes, simulations were once more executed to ensure 

that one change doesn’t change the conditions for the other and in the worst-case scenario 

cancel the other out. The values in Table 4 were once again used and the changes made are, 

as before, increasing the humidity to 160 gH2O/kgd.a. and the process water inlet temperature 

to the fresh water temperature. The results are presented in Table 7. 
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Table 7 Results of the simulation of PM5 heat recovery with all improvements. 

Season Stack 
Heat recovery improvement 

[MW] 

Summer 

Wet end 1.7 

Dry end 1.4 

Total 3.5 

Winter 

Wet end 1.0 

Dry end 1.5 

Total 3.1 

 

The simulation shows 3.5 MW potential in winter conditions and 3.1 MW in summer 

conditions, which is comparable to the combined effect of both changes separately which 

would sum up to 3.6 MW in winter and 3.2 MW in summer conditions. This makes sense 

since most of the improvement from increasing the exhaust air humidity will be in the first 

heat exchanger and lowering the inlet temperature of the process water to heat recovery 

will only affect the second heat exchanger since it is the last in order. 

Increasing the exhaust air humidity should be possible by adjusting the hood ventilation and 

better control of the exhaust air flow rate. In other words, no investments should be needed 

for this adjustment. In the case that the hood ventilation needs improvement e.g. more 

powerful fans, before these actions can be taken, the investments are still likely to be small 

compared to the improvement in heat recovery efficiency. The investment costs to make 

the required changes to the warm water tank are likely to be small as well. The payback 

time will as a result be exceptionally short. 

Veitsiluoto Paper Machine 2 (PM2) and Paper Machine 3 (PM3) are to be reviewed in the 

future as well and a quick look on these paper machines shows indications of similar issues 

as PM5. The exhaust air humidity is generally low and at least PM3 seem to have warm 

water led from the condenser directly to heat recovery. These remarks indicate that there 

are great savings potential in improving heat recovery on these paper machines as well. 
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4.2.2 Pulp mill 

The pulp mill has an extensive heat exchanger network for heat recovery from different 

parts of the process. Fresh water is heated to 60˚C or 45˚C and distributed to one of the 

three warm water tanks as shown in Figure 14. Part of the water in the 45˚C warm water 

tank is led via heat recovery to the 60˚C warm water tank as well. If the 60˚C chemically 

purified water tank is full, it will overflow to the 60˚C warm water tank, which in turn 

overflows to the 45˚C warm water tank. If the last tank is full the excess water goes to 

waste. Currently the overflow from the last tank is on average 25 l/s in the winter and 60 l/s 

in the summer. This heat should undoubtedly be utilised. 

 

 

Figure 14 Simplified schematic of the warm water heat recovery network of the pulp mill. 

  

The most promising opportunity for reducing primary energy for heating is in pre-heating of 

fresh water. Fresh water is available at temperatures of 0 – 25˚C depending on the time of 

the year, but the water works have a minimum input temperature of 15˚C and therefore the 

fresh water has to be pre-heated in the winter. Currently primary steam is used for this 
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purpose, averaging 9.3 MW in the winter. Formerly a heat exchanger utilizing water from 

the 45˚C warm water tank was used, but the heat exchanger had some leakage and fear of 

having contaminations from the dirty warm water ending up in the site’s drinking water led 

to the decision of not using the heat exchanger anymore. However, if replacing the old heat 

exchanger with a brand new one, heat from the warm water tanks could be utilised again. 

The water in the 45˚C warm water tank is in reality on average 54˚C and if utilising the 

overflow and cooling it down to about 5˚C, 5.1 MW would in theory be available. Since 

secondary energy is rarely the limiting factor at pulp mills, it may be assumed that heat 

recovery could be increased elsewhere if needed, in this case for example the flue gas 

scrubber, to provide enough warm water to cover the whole heating demand of fresh 

water. The savings potential of primary steam is hence a minimum of 5.1 MW to a 

maximum of 9.3 MW in the winter. Since the infrastructure is already in place the only 

investment costs are the heat exchanger itself as well as the installation costs. Hence, the 

payback time can be expected to be short enough to be profitable, especially since the 

savings potential is large. 

Another promising area is pre-heating of make-up water to the power plant boiler. The 

water in the make-up water tank is already pre-heated to about 20˚C and then further 

heated using the 45˚C warm water and then finally heated to the feed water temperature of 

146˚C using steam. Instead of using the 45˚C warm water, 60˚C warm water could be 

utilised. This change would increase the average temperature of the make-up water by 

about 13˚C before the steam coil and reduce the need for primary steam by about 1.2 MW. 

Pre-heating of the supply air to the power plant boiler from about 20˚C to 120˚C is currently 

done purely with steam and uses about 5 MW of primary steam in the winter and 4 MW in 

the summer. Part of the heating could be done with warm water. Installing a heat exchanger 

which utilises the 60˚C warm water could save 2.4 MW in the winter and 1.6 MW in the 

summer in primary steam consumption. The potential here is therefore great. The 

investment however requires piping and planning as well as a new heat exchanger. The 

warm water tanks are however nearby, and the investment costs should therefore be 

reasonable compared to the savings potential. 
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Defrosting at the debarking station and heating of the glycol circulation for the power plant 

ventilation are other possible opportunities for saving primary steam. The steam 

consumption here is however only 1.1 MW and 1.2 MW respectively, and furthermore only 

in the winter. Since new heat exchangers at these locations would also require piping and 

planning, they are considered to most likely be unprofitable investments and are therefore 

not investigated further. 

The fouling tendency of the most important heat exchangers in heat recovery was examined 

as well. Currently the cleaning customary of the main heat exchangers is once a year before 

the start of the winter season. Determining the need for cleaning of the heat exchangers 

based on the overall heat transfer coefficient was however unexpectedly problematic. 

About half of the heat exchangers had missing vital measurements, often the hot side 

temperatures, or measurements that didn’t represent the actual state of the process, for 

example outlet temperatures measured in tanks or flow rates not considering if part of the 

stream omits the heat exchanger. Furthermore, the heat exchanger which have enough 

measurements, instead have considerable continuous load changes, which affect the overall 

heat transfer coefficient more than fouling does. Hence, any fouling tendency could not be 

diminished based on the overall heat transfer coefficient. Since secondary heat currently is 

in surplus year around, fouling is not an acute problem at the moment. The situation may 

however differ if the proposed improvements are implemented and fouling will be of more 

importance if it restricts the availability of secondary heat. 

 

4.3 Results 

4.3.1 Paper mill  

The most important findings on how to improve the efficiency of heat recovery of the 

studied paper machine are: 

➢ Increase exhaust air humidity 

➢ Lower the inlet temperature of process water to heat recovery 

Increasing the exhaust air humidity from the current 120 gH2O/kgd.a. to 160 gH2O/kgd.a. would 

increase the heat recovery by 1.3 MW in summer conditions and 1.9 MW in winter 
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conditions as well as an estimated 0.4 MW decrease to supply air pre-heating and fan 

electricity consumption. Likewise lowering the inlet temperature of process water to heat 

recovery to the temperature of fresh water by decreasing the heat recovery pump capacity 

to match the average fresh water consumption would increase the heat recovery by 1.9 MW 

in summer and 1.7 MW in winter conditions. The combined effect of both changes would be 

3.1 MW in summer and 3.5 MW in winter conditions.  

Here should be kept in mind that if process water is heated to temperatures higher than the 

set temperature, the excess heat is not currently utilised. This means that the savings 

potential is limited by the use of primary steam, unless the excess heat from heat recovery 

can be utilised. PM5 currently uses 1.5 MW in summer and 3.5 MW in winter conditions for 

heating of process and circulation water. The effective saving is therefore 1.9 MW in 

summer and 3.9 MW in winter conditions, when including a 0.4 MW decrease in supply air 

pre-heating and fan electricity consumption as a result of the improvements. At the same 

time the heating self-sufficiency of supply air, circulation and process water of PM5 

increases from 61 % to 88 % in the winter and from 76 % to 90 % in the summer as 

illustrated in Figure 15. 

The actual savings however originates from using less fuel in the power plant to generate 

steam. The Veitsiluoto power plant uses peat as its main fuel and thus savings need to be 

calculated based on the price of peat. According to Statistics Finland (Tilastokeskus, 2017) 

the price of peat typically ranges from about 10 – 15 €/MWh. If assuming 12.5 €/MWh to be 

the average cost and that all saved primary steam equals saved fuel to the power plant, the 

yearly savings potential is about 290 000 € for PM5. The results are presented in Table 8. 
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Figure 15 Improvement in heating self-sufficiency of PM5. 

 

4.3.2 Pulp mill 

The most important findings to improve energy efficiency at the pulp mill include: 

➢ Use higher grade secondary heat for pre-heating make-up water 

➢ Replace leaking heat exchanger for pre-heating fresh water 

➢ Heat exchanger to pre-heating of supply air 

➢ Heat exchanger to machine hall ventilation glycol circulation 

➢ Heat exchanger to defrosting at the debarking station 

Warm water is available in surplus at the pulp mill and currently not all of the available 

secondary heat is utilised. If using available 60˚C warm water instead of the current 45˚C 

warm water for pre-heating of make-up water to the power plant boiler, the use of primary 

steam could be reduced by 1.2 MW. Earlier 45˚C warm water was used for pre-heating fresh 

water, but due to leakage, the heat exchanger is currently out of use and the fresh water is 

instead heated by steam. A replacement heat exchanger would reduce the use of primary 

steam by 5.1 MW in the winter utilising the excess heat available and potentially up to  

9.3 MW if the current rate of heat recovery in the pulp mill can be increased. 

Furthermore, new heat exchangers to pre-heating of supply air to the power plant boiler, 

heating of the glycol circulation for machine hall ventilation and defrosting at the debarking 
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station could in total reduce steam consumption by 1.6 MW in the summer and 4.7 MW in 

the winter. The investment costs are higher at these locations, which make these options 

less profitable than the other suggested improvements. The results are presented in Table 

9. 

Although many of the heat exchangers in the heat recovery network are clearly 

experiencing fouling, reliable monitoring of the fouling progress was not achieved. The 

overall heat transfer coefficient used for the purpose works best in steady state conditions 

and the continuously fluctuating process made the variation due to fouling 

indistinguishable.  

 

Table 8 Estimated potential of improvements at the paper mill. 

Improvement 
Savings potential 

[€/a] 

Correction to PM5 warm water tank 180 000 

Correction to PM5 hood ventilation 160 000 

PM5 both corrections 290 000 

 

 

Table 9 Estimated potential of investments and improvements at the pulp mill. 

Improvement 
Savings potential 

[€/a] 

Correction to make-up water pre-heating 120 000 

Heat exchanger to fresh water 300 000 – 540 000 

Heat exchanger to supply air 200 000 

Heat exchanger to glycol circulation 70 000 

Heat exchanger to defrosting 60 000 
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5 CASE STUDY 2: STORA ENSO ANJALA MILL 

Stora Enso Anjala mill is a paper mill complex located in Anjalankoski, Finland. The paper 

mill produces 435 000 tonnes of white book paper annually from mechanical pulp, making it 

one of the largest suppliers in the world. The mill complex also includes a waste-to-energy 

power plant and a natural gas power plant, which is used in cooperation with the 

neighbouring Stora Enso Ingerois board mill. 

 

5.1 Objectives 

The power plant boiler at the Stora Enso Anjala mill is an old coal-fired boiler repurposed as 

a waste-to-energy boiler currently using a fuel mixture of Solid Recovered Fuel (SRF), bark 

and sludge. As a result of the rebuild of the boiler as well as the change of fuel, the heat 

transfer surfaces in the boiler are undergoing extensive fouling. Due to the aggressive 

fouling the power plant has to shut down for cleaning three to four times a year. Since the 

alternative fuel is natural gas, excessive shutdowns are particularly expensive. The end goal 

is to save fuel by reducing fouling, and at the same time extend the time between 

shutdowns to sync with the periodical shutdowns of the paper mill. 

 

5.2 Implementation 

The focus in this study lies on the most problematic part of the boiler, specifically fouling of 

the secondary economizer. It is the first heat exchanger after the superheaters and where 

fouling build-up is currently most problematic. A reason for this is that the tubes of the heat 

exchanger are too tightly spaced for the current circumstances, keeping in mind it was 

originally designed for a coal-fired boiler. With the new alternative fuel, which burns worse 

and thus is more prone to cause fouling, the build-up on the tightly spaced tubes causes the 

flow velocity through the heat exchanger to quickly rise to levels that may risk damaging the 

tubes. Hence cleaning is, at the latest, required at this point. 

The three superheaters are not subject to as critical fouling as the secondary economizer, 

most likely due to the superheaters being over dimensioned. In the original design the three 

superheaters each raise the temperature of the steam about 70˚C, but currently the primary 
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superheater alone raises the temperature about 170˚C. Because of this, water has to be 

injected in the secondary and tertiary superheater to keep the steam from overheating. 

The primary economizer and the heat exchangers for pre-heating of combustion air in the 

later parts of the boiler are prone to fouling as well, but not nearly to the same extent as the 

secondary economizer. The limiting factor for fouling of these heat exchangers is the outlet 

temperature of the flue gas. This is because the electrostatic particle filter has a maximum 

allowed temperature of 200˚C. Currently the flue gas temperature at the filter is generally 

below 200˚C, but has at points exceeded the limit. 

Currently the pressure loss over the secondary economizer is used for monitoring the 

fouling progress or at least to indicate when the pressure loss reaches a critical level. But as 

described in section 3.2, fouling is only visible in the pressure loss when build-up already 

exists. Therefore, the overall heat transfer coefficient is suggested as an alternative to the 

pressure loss. As seen in Figure 16, the calculated overall heat transfer coefficient for the 

secondary economizer has a clear, nearly linear, descent that indicates the progress of 

fouling. A higher value for the overall heat transfer coefficient should in this case be 

interpreted as a cleaner surface. Here it should also be noted that the overall heat transfer 

coefficient is made area independent, since the heat exchanger area is constant, and it is 

assumed that fouling build-up does not affect the heat transfer area, only the heat transfer 

rate. In Figure 16 it is also clearly visible when the heat exchanger has been cleaned, as the 

overall heat transfer coefficient instantly increases after the longer down times. 

From Figure 17 it is evident that soot-blowing is strongly correlating with changes in the 

overall heat transfer coefficient. The purpose of soot-blowing is to clean the heat transfer 

surfaces from fouling and, as seen in Figure 17, every time soot-blowing is active, the overall 

heat transfer coefficient increases and immediately after soot-blowing stops, begins to 

slowly decrease. Based on these observations the overall heat transfer coefficient may be 

concluded to be a good indicator for the fouling progress in the boiler. 
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Figure 16 Development of the overall heat transfer coefficient of the secondary economizer. 

 

 

Figure 17 Correlation between soot-blowing and the overall heat transfer coefficient. 

 

To investigate the long-term effect of soot-blowing, the fouling progress of the first half of 

2017 and 2018 where compared. In 2017 the soot-blowing cycle was once every 12 hours 

but was changed to once every 8 hours starting from 2018. As the power plant constantly 

operates at maximum power, outputting about 90 MW, and was in both cases cleaned 

during the Christmas shutdown, the conditions may be assumed to be comparable in the 
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beginning of both years. It was found that the long-term rate of the decrease in the overall 

heat transfer coefficient, or the average fouling rate, of the secondary economizer was 29 % 

slower in 2018 when soot-blowing operated three times a day, compared to two times a day 

in 2017. The steam consumption for soot-blowing simultaneously increased about 30 % or 

about 900 MWh annually. 

As illustrated in Figure 18, the boiler efficiency is linearly dependent on the overall heat 

transfer coefficient or the fouling of the secondary economizer. If assuming that the average 

fouling rate of the secondary economizer represents the average fouling rate of the boiler, 

the cost of fouling may be estimated. If considering a case where the boiler efficiency 

decreases from 88 % to 86 % during a normal cycle due to fouling, the increase in fuel to 

compensate for this loss would, at a 90 MW output, be 2.4 MW or on a yearly average 

about 9500 MWh. Assuming that increased soot-blowing reduces the fouling rate, and thus 

the decrease in boiler efficiency, by 29 %, roughly 2900 MWh of fuel could annually be 

saved. Subtracting the 900 MWh in increased steam consumption the effective saving would 

be 2000 MWh annually. 

The power plant efficiency is however not affected by fouling. This is because as fouling 

increases in the boiler, the flue gas temperature before the flue gas scrubber increases as 

well. The scrubber however has the capacity to recovery the lost heat from the boiler. It 

should be noted that the actual efficiency however depends on the utilisation of the 

additional heat from the scrubber. In this case the scrubber is used to heat fresh water for 

the paper mill and if the outlet temperature is already above the set temperature, the 

additional heat is basically not utilised. 

The real savings however originates from keeping the power plant in operation. A full-scale 

cleaning of the boiler is a three-day project at a cost in the region of 100 000 €. 

Furthermore, if the shutdown is not synced with the rest of the paper mill complex, the lost 

energy must be replaced, which in this case is done by natural gas. According to Statistics 

Finland (Tilastokeskus, 2017) the price of natural gas has great fluctuations, but an average 

price of about 30 €/MWh could be assumed. The replacement power for a three-day 

shutdown would then be about 200 000 €. The total cost of a forced shut down for a full-
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scale cleaning of the boiler, with the rest of the complex in operation, could be estimated to 

about 300 000 €. If the fouling rate is reduced by 29 %, it may be assumed that the time in 

operation could in theory also be extended by the same amount. Hence it may be possible 

to avoid one additional shutdown per year. If assuming this would be a shutdown between 

the planned shutdowns of the paper mill complex, the savings can be expected to be  

300 000 €. 

 

Figure 18 The boiler efficiency dependency on fouling of the secondary economizer. 

 

The fuel mixture was expected to affect the fouling rate as well. Currently SRF and bark are 

mixed roughly equally, with a small part of sludge, but the proportions vary. However, no 

correlation between the fouling rate and the fuel mixture could be found. The most likely 

reason for this is the measurement of the mass flow of these fuels. There is no scale used, 

but only an estimated value based on the speed of thrusters feeding the fuel onto a belt 

conveyor. The amount of fuel with each thrust is however completely dependent on how 

much fuel happens to be in front of the thruster at that moment. This makes the estimated 

value of the fuel mass flow very undependable and as such it can’t be expected to represent 

the actual mass flow. 

As earlier mentioned, the flue gas scrubber is used for heating fresh water for the Anjala 

paper mill as well as the Ingerois board mill. A simplified schematic of the heat exchanger 

network for heating of fresh water is illustrated in Figure 19 and the principle of the flue gas 

scrubber is the same as previously shown in Figure 5, with an initial scrubbing stage 
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followed by a condensing stage for heat recovery. Fresh water is available at 0 – 25˚C 

depending on the time of the year and is heated to a set temperature of 50˚C. The heat 

from the scrubber is generally enough for this purpose, but if additional heat is required two 

steam coils are available, one with steam from the thermomechanical pulp (TMP) plant and 

the other with low-pressure steam. The heat exchanger from the scrubber is prone to 

extensive fouling and was earlier cleaned manually on 10-day intervals in the winter when 

the heating demand is peaking. A new automatic cleaning device was installed in late 2017, 

which was good enough to eliminate the need for manual cleaning during operation. If 

considering the amount of used steam, this improvement seems to have worked well since 

the steam consumption in the winter dropped from 1.0 MW in 2017 to 0.4 MW in 2018. 

 

 

Figure 19 Principle schematic of the heat exchanger network for heating of fresh water. 

 

The temperature of the water from the scrubber is limited by the saturation temperature of 

the flue gas. As in the first stage of the scrubber the actual scrubbing is taking place and 

simultaneously lowering the temperature of the flue gas to the point of saturation. This 

arrange for effective condensation in the heat recovery stage of the scrubber, but the 

temperature of the cold water can’t by the laws of thermodynamics rise higher than the 

hottest inlet temperature, which is the flue gas.  
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In this particular case the temperature of the flue gas leaves the scrubber at the same 

temperature it came into the second stage and the water from the scrubber is always 

heated to this temperature, about 63 – 68˚C. This indicates that all the capacity of the flue 

gas scrubber is not utilised. By increasing the capacity of the water pump, the flow rate 

could be increased to the point that the outlet temperature of the flue gas begins to 

decrease and as such recover more heat. To avoid problems with acid corrosion in the stack, 

the flue gas temperature should however, be kept above the acid dew point. As the 

recovered heat is for the most part of the year enough as is, only a minor improvement 

would be necessary. This way the rest of the 0.4 MW steam used for heating of fresh water 

in the winter could be eliminated. 

Another factor affecting the energy efficiency is the amount of combustion air. For example, 

decreasing the amount of combustion air will increase the humidity of the flue gas and as a 

result the condensation in the scrubber will be more efficient and more heat will be 

recovered. At the same time less combustion air will also require less energy for preheating 

of the air as well as less electricity to power the fans.  

The amount of combustion air is generally controlled by the oxygen level in the outgoing 

flue gas. If considering a case where the oxygen level is reduced from 7 % by volume to 5 %, 

the amount of combustion air would decrease by 13 %. Hence, due to more effective 

condensation, the heat recovery from the scrubber would increase by 0.2 – 0.3 MW 

depending on the initial humidity level, if all additional heat can be recovered. Furthermore, 

preheating of the combustion air would decrease by approximately 0.3 MW and the fans 

would require roughly 0.1 MW less power. Up to 0.7 MW could in other words be saved by 

using less combustion air. In reality, excess air may still be used for several reasons, such as 

cleaner burning and control of emissions. This example still shows that the amount of 

combustion air is affecting the energy efficiency and need to be of concern. 

 

 



Tommy Öhman 

  

54 

 

5.3 Results 

The most important finding on how to reduce fouling of the power plant boiler is to increase 

soot-blowing. In the case studied the soot-blowing was increased from twice a day to three 

times a day. This led to a 30 % increase in steam consumption but also led to a 29 % 

reduction of the fouling rate. A cleaner boiler increases the energy efficiency and less fuel 

have to be used to generate the same amount of steam. The true potential is however 

found in being able to keep the boiler in operation for longer periods and sync the 

shutdowns with the planned shutdowns of the paper mill complex. 

The scrubber was found to not use all the capacity available and an increase of the capacity 

of the water pump to the scrubber would eliminate the need for using primary steam for 

the heating of fresh water. The savings potential is however small, only 0.4 MW in the 

winter, since the heat recovery from the scrubber is generally still sufficient to fulfil the 

heating demand for most of the time. 

Using less combustion air was shown to increase the overall efficiency of the power plant. It 

however, remained unclear how much the combustion air could be reduced in practice, but 

it was clear that excess air should not be used unnecessarily. The results from the power 

plant investigation are presented in Table 10. 

 

Table 10 Estimated potential of improvements at the power plant. 

Improvement 
Savings potential 

[€/a] 

Increased soot-blowing (improved energy efficiency) 60 000 

Increased soot-blowing (less downtime) 300 000 

Increased capacity of scrubber water pump 50 000 
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6 CONCLUSIONS 

The case studies in this thesis have revealed significant potential for improvement of energy 

efficiency in the pulp and paper industry. The efficiency of heat recovery from paper 

machine drying sections was shown to be strongly related to the humidity level of the 

exhaust air from the drying section and the inlet temperature of the cold side streams. 

These factors determine the extent of condensation and hence amount of heat recovered. 

Improvements to the hood ventilation should be made to ensure high humidity levels in the 

exhaust air and the cold side streams should be inspected to ensure they are not mixed with 

hotter streams before heat recovery. 

At the pulp mill secondary heat is readily available, but still a considerable amount of steam 

is used to heat low temperature streams. Installing new heat exchangers at these locations 

would improve energy efficiency significantly. The potential of improvement at pulp mills is 

largely determined by the utilisation of the available secondary heat. 

Improved soot-blowing in power plant boilers was shown to reduce the fouling rate and 

thus increase the energy efficiency, as well as theoretically prolong the operational time 

between shutdowns. An optimally working flue gas scrubber was also shown to have a great 

impact on the energy efficiency. 

Several other researches points to the same conclusion, showing potential at all pulp and 

paper mills studied, emphasizing the importance of this study. Hence all existing pulp and 

paper mills would be likely to benefit from having their energy efficiency reviewed. 

  



Tommy Öhman 

  

56 

 

SVENSK SAMMANFATTNING 

 

 

Förbättring av värmeåtervinningen inom pappersindustrin 

 

Inledning 

I pappersindustrin går en betydande mängd energi åt till uppvärmning av vatten och 

luftströmmar för processen, vilket direkt reflekteras i priset på produkten. För att öka 

konkurrenskraften och minska energikostnaderna används olika former av värmeåtervinning 

där varma utgående strömmar kan användas för uppvärmning av kalla inkommande 

strömmar. På detta sätt kan primärenergi minskas eller till och med undvikas för 

uppvärmning av strömmar vid låga temperaturer. 

Då pappersbruk ser flera förbättringar och förändringar under årens lopp, innebär det ofta 

att omständigheterna för värmeåtervinningen kan vara långt från den ursprungliga designen 

och därför finns risk för suboptimal drift och som följd låg energieffektivitet. 

En av de mest energikrävande processerna är torkning av papper i pappersmaskinen. Denna 

process kräver för en typisk pappersmaskin ungefär 20 – 30 MW energi, varav upp till 60 % 

kan bli återvunnet. Därför har värmeåtervinningen en stor inverkan på energieffektiveten på 

pappersbruket. 

Ett flertal andra studier visar på stor potential i förbättringen av energieffektiviteten på 

pappersbruk. Bl.a. en studie av Kilponen  (Kilponen, 2002) visar på en inbesparing på 15 % 

eller 110 GWh/a i primärenergi för tre pappersmaskiner vid UPM Kaipola bruk. En 

fortsättningsstudie 7 år senare (Sivill, Leena, Ahtila, 2009) visade att implementeringen av 

förslagen i den ursprungliga studien hade varit lyckade och en faktisk minskning på 12 % 

hade åstadkommits. 
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Teori 

I en pappersmaskin blir den våta pappersmassan först formad till en pappersbana varpå 

största delen av vatteninnehållet blir avlägsnat i pressektionen. För att avlägsna resten av 

vattnet leds pappersbanan genom ett flertal ånguppvärmda cylindrar i torkpartiet. Här 

avdunstar vattnet och blir bortförd med luft som blåses genom pappersmaskinen. 

Frånluften från torkpartiet är varm och fuktig och väldigt energirik. En typisk 

värmeåtervinningskonstruktion från pappersmaskiners torkparti består av en kombination 

av värmeväxlare, ofta uppdelade i flera torn längs torkpartiet.  

Normalt leds frånluften först till en luft-luft värmeväxlare för förvärmning av tilluften till 

pappersmaskinen. Sedan leds frånluften vidare till luft-vatten värmeväxlare för 

uppvärmning av processvatten för pappersmaskinen och cirkulationsvatten för 

maskinhallsventilationen. I dessa värmeväxlare börjar frånluften att kondensera. Den största 

delen av värmen som återvinns kommer från kondensering av vattnet i frånluften. 

Fukthalten på frånluften bestämmer daggpunkten vilket i sin tur bestämmer hur tidigt luften 

börjar kondensera. På samma vis bestämmer inloppstemperaturen på den kalla sidan hur 

länge kondenseringen pågår. Därför är dessa två faktorer de viktigaste då det är fråga om 

energieffektivitet i värmeåtervinningen. 

För bäst energieffektivitet borde fukthalten alltså vara så hög som möjligt, men denna 

begränsas av risk för kondensering inne i torkpartiet. Detta kan leda till att vatten droppar 

på pappersbanan vilket försämrar kvaliteten på pappret och kan även i värsta fall leda till 

banbrott. Samma princip gäller även för andra värmeväxlare där kondensering sker, t.ex. 

rökgasskrubbers. 

 

Metoder 

I detta arbete används fjärranslutningar till pappersbruken, vilket ger tillgång till realtidsdata 

på distans. En av de mest väsentliga frågorna är hur man bör definiera energieffektivitet 

från värmeåtervinningen. De naturliga alternativen är mängden återvunnen energi och 

mängden använd primärånga. Dessa är dessvärre beroende av både av hur mycket energi 

som finns tillgänglig och av hur stort värmebehovet är. T.ex. ifall papper innehållande 
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mindre vatten än normalt tillverkas, är energin från värmeåtervinningen också lägre. Detta 

tyder på sämre energieffektivitet ifall detta mått används, trots att själva 

värmeåtervinningen kan fungera felfritt. Andra alternativ kunde vara andelen återvunnen 

energi i förhållande till inkommande energi eller i förhållande till värmebehovet. I slutändan 

är en kombination av flera mätare för energieffektivitet ändå att föredra. 

Graden av nedsmutsning mäts ofta genom tryckskillnaden över värmeväxlaren. Problemet 

med detta är att utslag ges först då så allvarlig nedsmutsning redan finns att flödet genom 

värmeväxlaren hindras. Detta i och för sig ger en bra indikator för när värmeväxlaren senast 

bör rengöras. En bättre mätare för nedsmutsning är dock värmeöverföringskoefficienten 

som är ett direkt mått på värmeväxlarens värmeöverföringsförmåga. Denna metod har dock 

också sina nackdelar då den kräver vetskap om alla in- och utloppstemperaturer samt även 

minst ett flöde. Metoden funkar bäst under stadiga förhållanden och är därför känslig för 

stora variationer i driften. 

För beräkning av kondenserande värmeväxlare används det simuleringsprogram som 

utvecklats av Kilponen (Kilponen, 2002), med några modifikationer något för att bättre 

passa ändamålet. Alla beräkningar gällande nedsmutsningen av värmeöverföringsytorna är 

baserade på värmeöverföringskoefficienten. Vidare undersöks hur både förbättringar av 

driften och strukturella förändringar påverkar energieffektiviteten och hur stor 

sparpotential som följaktligen kan uppnås. 

 

Fallstudie 1: Stora Enso Veitsiluoto 

Veitsiluoto bruk har som avsikt att förbättra energieffektiviteten och minska 

uppvärmningskostnaderna med 10 %. Detta innebär att omkring 3 MW primärenergi borde 

minskas per pappersmaskin. Förbättring av ventilationen i pappersmaskinens torkparti 

förväntas ge den största effekten. Cellulosafabriken å andra sidan har ett stort 

värmeväxlarnätverk för värmeåtervinning från olika delar av processen. Trots att 

sekundärvärme finns i överflöd används ändå betydande mängder primärenergi till 

uppvärmning. Bättre utnyttjande av den tillgängliga värmen förväntas förbättra 

energieffektiviteten rejält. 
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Grundprincipen för värmeåtervinning från pappersmaskiners torkparti är att 

värmeåtervinningen skall stå för hela uppvärmningsbehovet av processvatten och 

cirkulationsvatten, samt förhetta tilluften till pappersmaskinen. För tillfället används  

1.5 MW primärånga på sommaren och 3.5 MW på vintern för upphettning av 

vattenströmmarna. Detta är en tydlig indikation på att värmeåtervinningen inte fungerar 

optimalt. En annan iakttagelse är att luftfuktigheten från pappersmaskinen endast är i 

medeltal 120 gH2O/kgt.l., då nivån egentligen borde vara runt 160 gH2O/kgt.l.. Tidigare har 

regleringen av fukthalten skötts automatiskt, men på grund av problem med kondensering i 

kåpan har den ansetts opålitlig. Därför sköts regleringen för tillfället manuellt och en till 

synes onödigt stor säkerhetsmarginal används. Utförda simulationer tyder på att 1.3 MW på 

sommaren och 1.9 MW på vintern mer energi kunde fås från värmeåtervinningen ifall 

fukthalten kunde höjas från 120 till 160 gH2O/kgt.l.. Utöver detta sjunker fläktarnas 

elkonsumtion och uppvärmningsbehovet av tilluft till pappersmaskinen minskar med 

sammanlagt 0.4 MW som följd av förändringen. 

Processvattnet till värmeåtervinningen kommer vid 35˚C, trots att färskvattnet kommer vid 

26˚C. Detta tyder på att färskvattnet blandas med en varmare ström före den går till 

värmeåtervinningen.  Tittar man närmare på fallet ser man att 85 l/s går till 

värmeåtervinningen medan färskvatten kommer i medeltal endast 75 l/s. Normalt kommer 

mellanskillnaden direkt från varmvattentanken, som i detta fall är 53˚C. Detta skulle hur 

som helst endast öka temperaturen till 29˚C. Till varmvattentanken kommer också två 

strömmar från kondensorerna, 15 l/s vid 100˚C. Ifall denna ström av misstag går till 

värmeåtervinningen, skulle temperaturen bli 35˚C, vilket också är fallet. Därför bör 

strömmarna till varmvattentanken ses över, så att endast kallt vatten går till 

värmeåtervinningen. En temperatursänkning från 35˚C till 26˚C, samt sänkning av 

flödeshastigheten från 85 l/s till 75 l/s skulle medföra en ökad värmeåtervinningseffekt på 

1.9 MW på sommaren och 1.7 MW på vintern. 

Vid cellulosa fabriken kunde konstateras att överflödet från varmvattentanken är 25 l/s på 

vintern och 60 l/s på sommaren. Denna spillvärme bör utan tvekan tas tillvara. Det mest 

lovande stället är uppvärmning av färskvatten till fabriken. Vattnet bör ha en temperatur på 

15˚C före vattenverket och för tillfället sker hela uppvärmningen med ånga. En värmeväxlare 
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finns, men är i så dåligt skick att den inte längre används. En ny värmeväxlare skulle spara  

5.1 MW på vintern ifall allt överskottsvatten sändes hit. Då sekundärenergi sällan är den 

begränsande faktorn på cellulosafabriker kan det tänkas att värmeåtervinningen kunde ökas 

på andra ställen så att hela uppvärmningsbehovet kunde täckas. Således är 

besparingspotentialen hela 9.3 MW under vintern. 

Uppvärmningen av spädvatten till kraftverket sker för tillfället med 45˚C varmt vatten. 

Tillgängligt finns dock 60˚C vatten som kunde användas istället. Denna förändring skulle 

kunna spara 1.2 MW ånga. Liknande situationer fanns bl.a. för uppvärmning av 

förbränningsluften till kraftverket, glykolkretsen till fabriksventilationen och upptining vid 

avbarkningen. Nya värmeväxlare vid dessa ställen skulle tillsammans ge en minskning i 

ångförbrukningen med 1.6 MW på sommaren och 4.7 MW på vintern. 

Nedsmutsning av värmeväxlarna konstaterades vara ett litet problem jämfört med de stora 

förbättringar som tidigare nämnts. 

 

Fallstudie 2: Stora Enso Anjalankoski 

Anjalankoski bruks kraftverk har en ångpanna som lider av stora svårigheter med 

nedsmutsning. Målet är att kunna minska på nedsmutsningen och såldes 

bränslekostnaderna och att samtidigt kunna förlänga körtiden så att stagnationerna 

sammanfaller med brukets. 

Effekten av ångsotningen undersöktes genom att jämföra data från år 2017 och 2018. 

Tidigare var cykeln för ångsotningen nämligen två gånger per dag men ändrades 2018 till tre 

gånger per dag. Graden av nedsmutsning bestämdes utgående från värmeöverförings-

koefficienten, vilken beräknades för den sekundära ekonomisern och antogs representera 

nedsmutsningen av hela ångpannan. Tydliga samband mellan ångsotning och nedsmutsning 

kunde konstateras. Nedsmutsningshastigheten var 29 % långsammare då ångsotningen 

användes tre gången per dag, jämfört med endast två gånger per dag som tidigare. Som 

följd av detta kunde fastställas att 2900 MWh/a bränsle kunde sparas genom ökad 
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ångsotning. Dock ökade ångförbrukningen med 900 MWh/a, nettobesparingen är alltså  

2000 MWh/a. 

Vid antagandet att en långsammare nedsmutsningshastighet också förlänger körtiden, kan 

ett driftsstopp undvikas per år i det fall att nedsmutsningshastigheten sjunker med 29 %. 

Detta skulle medföra att stora besparingar då en fullskalig tvätt av ångpannan beräknas 

kosta cirka 100 000 € exklusive den energi som krävs att kompensera för att kraftverket är 

ur drift ifall driftstoppet sker utom brukets planerade stagnationer. Då det alternativa 

bränslet i detta fall är naturgas skulle kostnaderna uppgå till cirka 200 000 €. Sammanlagt 

kan ett undviket stopp alltså spara upp till 300 000 €. 

 

Slutsatser 

Fallstudierna i detta diplomarbete har visat betydande möjligheter för förbättring av 

energieffektiviteten på pappersbruk. Värmeåtervinningen från pappersmaskiners torkparti 

kunde konstateras vara starkt beroende av kondensering av vattnet i frånluften. Därför kan 

förbättringar som höjer fukthalten i frånluften eller sänker inloppstemperaturen för de kalla 

strömmarna medföra en stor förhöjning i energieffektiviteten. 

Vid cellulosafabriken konstaterades att bättre utnyttjande av den sekundärenergi som finns 

tillgänglig kan höja energieffektiviteten rejält. För kraftverkets del var ökad ångsotning den 

åtgärd som minskade på nedsmutsningen mest och gav bäst förutsättningar för att förlänga 

körtiden. 

Flera andra liknande studier påvisar stor potential för förbättring av energieffektiviteten på 

pappersbruk. Därför kan sist och slutligen konstateras att alla pappersbruk skulle dra fördel 

av att ha sin energieffektivitet synad. 
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