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Abstract  
 

Alternative fuels like biomass have become really popular in the last decades as a substitute to fossil 
fuels. One of the most used technologies in Sweden for the obtention of the energy from the biomass is 
its direct combustion in a boiler. Bomhus Energi is a company with the purpose of creating steam and 
district heating for Billerudkorsnäs pulp and paper mill in Gävle and district heating for the city by 
operating a biomass BFB boiler. Despite being a quite new boiler, there are many sources of errors, 
losses and unnecessary costs. Between huge number of different losses that can happen in this kind of 
industrial boilers, the concern about internal leakages is not usually popular among plant designers and 
operators. This often leads to forget about them or not giving the importance that they could have. 

This study consists on, firstly, an analysis of different boiler equipment that have potential possibilities 
of internal leakages by mass and energy balances and by the tracking of possible mass losses. The 
second point of this thesis is to evaluate the cost of internal leakages that could have happen before, in 
order to be aware of how important they are. Additionally, measures are proposed in order to avoid or 
reduce the duration of the internal leakages, where the most common problem is the ignorance of their 
existence. This study focuses partially on the valve condition and maintenance. It is highly important 
to carry out valve maintenance procedures at least once per year during the general stop of the plant. 
Checking and verifying valve perfect conditions, can avoid a waste of a huge quantity of money just by 
replacing some internal elements that are possibly damaged due to the extreme working conditions. 
This small damages in valve can lead to a non-proper water tightening, which will be increasing its 
leakage over time. In the present paper, possible internal leakages through the valves belonging to the 
feedwater, steam drum, preheater and pressure vessel in general have been the principal aim. The key 
of this study was to take into account that biggest part of the draining system and valves that are 
supposed to be closed end in the Bottom blowdown tank. By then a deep study was done regarding this 
tank. The results show that there is a clear relationship between mass that is getting loss from feedwater 
tank and pressure vessel and the necessary cooling flow in the bottom blowdown tank. This means that 
if the cooling flow increases at the same rate as a possible leakage in mass and energy balance, there is 
an internal leakage somewhere in the system. The author proposes add an alarm to the DCS system in 
order to alert the plant operations of possible internal leakages. On the other hand, this paper also 
recommends to carry out a general valve maintenance per year and check which of them could be 
leaking, a general stop is the perfect time for carrying it out.  

In conclusion, the study finds that internal leakages can be even automatically detected if the system is 
provided with the necessary tools for it. The study concludes that internal leakages are not impossible 
to detect and their cost is non-negligible: the latest two internal leakages in the boiler, happened in the 
last two years, were from the feedwater draining system and from the steam drum heating loop with a 
total cost of 200,000 SEK (4240 SEK/day during 47 days) and 263,000 SEK (2120 SEK/day during 
124 days) respectively. Additionally, days after the study, the plant general stop was carried out, finding 
that 12 valves were leaking due to internal damage. The cost of repairing the broken or damaged 
elements were almost negligible compared with the expected savings estimated in 2 Million SEK per 
year.  
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1 Introduction 
 

1.1 Background 
 

The strategy known as the “Triple 20 by 2020”, which is a reference for every European and non-
European country in terms of sustainability and energy savings, is the main European strategy focused 
on reducing greenhouse gas (GHG) emissions by 20%, save 20% of energy use and increase renewable 
energies to at least a total of 20% of the whole energy use. Those measures were established in 2012 by 
the newest Energy Efficiency Directive (EED). This directive sets that, each EU country has to use and 
manage its energy, within every sector, in a more efficient way at all steps of the energy production and 
consumption chain (EC, 2012: European Commission (2012). Directive 2012/27/EU). 

Sweden’s energy policy was intended to push energy efficiency and reduce waste of energy as much as 
possible in order to improve the energy efficiency and to limit the emissions of carbon dioxide and other 
pollutants. With the intention of achieving these goals quite a lot of strategic instruments have been 
implemented, such as regulations and a variety of market instrument legislation e.g. taxes and reduced 
taxes (Lundmark et al., 2012). On one hand, pursuing improvements of energy efficiency in general 
terms, multiple of developments need to be carried out, both in large and small scale. On the other hand, 
for every industry and company is necessary to reduce costs as much as possible, which means to 
increase energy efficiency and to reduce energy waste. 

Furthermore, during the last years, alternative fuels have been gaining more importance and a higher 
share both in industrial and transport sectors. This is due to the almost continuous rising of fuel prices 
and due to the increase of environmental taxes for the generation of GHG like CO2 and contaminants 
like SO2, NOx or CO, products of fuel combustion.  

This has led to be economically worthy the use of some alternative fuels methods like the biomass 
combustion in boilers. Bomhus Energi (BEAB) was created in 2010 by BillerudKorsnäs AB and Gävle 
Energi AB, with the intention of replacing the old oil boiler located in the BillerudKorsnäs Pulp and 
Paper mill in Gävle by a new biomass bubbling fluidized bed (BFB) boiler. The Boiler´s principal aim 
is to supply part the needed steam to the mill as well as to provide part of the Gävle´s District Heating 
by helping Johannes power plant, which is also a biomass boiler, owned by Gävle Energi. The other 
part of the steam is generated in the two recovery boilers which use brown and black liquors that are 
secondary products obtained in the production of the wood pulp and in the digestion of wood pulp into 
paper pulp, respectively. All the generated steam is firstly expanded in the turbine and then use in the 
pulp and paper crafting processes, district heating grid and the Kastet sawmill in low pressure steam 
grids of 4, 12 and to a lesser extent in an intermediate pressure line of 30 bars. 

Despite being a really new boiler, with brand new pipes, valves, sensors and other systems, the working 
conditions are stressful, both mechanically and thermic ally. This leads to a constant suffering of the 
equipment which makes it to continuously deteriorate itself. Those conditions and the constant worsen 
makes the valves not to work fine, provokes undesirable draining, non-optimal working points, 
descalibration of the sensors and other losses and errors (Hatanaka et al., 2007). Each deviation is a 
mass and/or energy loss that cost money. Often, noticing this deviations, errors and losses is not easy 
at all due to the lack of sensors and/or their inaccuracy and descalibration. In addition to this, not even 
in the recently commissioned plants all the systems are the optimal ones or were installed in optimal 
conditions. In other words, there is always a possibility of leakages and/or inefficiencies since the first 
hour of the plant operation.  
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1.2 Literature review 
 

According to Cox, A. (2018) in his article “Pressure relief valve maintenance” published for Plant 
Services, Troubleshooting begins with the piping configuration, physical orientation and application 
data such as system pressure, temperature and physical properties of the contained fluid. One needs to 
address installation issues such as stress from vessel and piping expansion and unsupported discharge 
lines. In addition, improper valve application can result in mechanical damage from elevated 
temperature, backpressure, material incompatibility or incorrect pressure setting. 

Under these conditions it is almost unavoidable not to have steam and/or water leakages during certain 
amount of time. There are studies that estimate the total water loss within the water distribution systems 
around 20-30% (Kayaalp et al., 2017), and these are in low-intermediate pressure systems. Is known 
that the higher the pressure and temperature, the harder conditions for the system equipment. Thus, the 
leakage probability increases1.  

The leakages can be divided into two categories: External and internal leakages. The first ones are the 
most obvious and classic ones, where the flow is pouring out of the equipment or pipe. The second one, 
however, is a leakage that is not possible to see at a glance, because it is not going out though system 
boundaries. 

As Heo and Lee (Heo and Lee, 2012) define, an internal leakage is a flow that escapes through the 
isolated path but still remains inside the system boundary. They point out, that the internal leakages can 
be responsible of efficiency loss and working in non-optimal operating points. These leakages are not 
a problem only for the plant efficiency but they impact also on the direct costs and plant safety. This 
can be caused by a tube-side failure or a draining through no-closed valves. Reasons for this failures or 
wrong operation are stress, aging or design defects, however, water hammers cause 67% of component 
failures in a steam system, which can be audible or silent, and they can be deadly (Kennedy, 2018). 

 

Figure 1 Different cases of tube-side failure. Source: Heo and Lee, 2012. 

                                                      
1 For the same valve and piping system. 
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Undesired draining during normal operation can take place in safety, relief and draining valves that are 
usually closed except during the start-up and the shutting down. The drain valve is subject to severe 
erosion due to the combined effect of drain discharge under high differential pressure at plant start-up 
and the spouting of oxidized scale inside the piping (Dolan, 2006).  

Internal draining can occur principally for two reasons: Valve not fully closed due to a human operating 
error, where no one of the plant operators was aware about it, and because an internal malfunction of 
one element or a combination of more. If the issue is the first, once that the operators are aware valve 
closing proceeds. However, if there is an internal malfunction, there is a bigger problem than can ended 
in a need of valve disassembling or even in a valve replacement. Typical leakages take place on gaskets, 
valve seats, packing (gland-flange bolting should be tightened) or due to a limitation of full stroke. 
However, some leakage through the seat may be expected, unless the valve has an elastomeric seat and 
is classified as having bubble-tight shutoff. In this case, the term leakage is used when the measured 
leakage is beyond what is permitted by the user (Skousen, 2012). 

 

 

Figure 2. Gasket placement in typical globe valve design. Source: Valve Handbook (Skousen, 2012). 

The gasket, malleable material that is inserted between the enclosure and the plug/disk, has the main 
aim to prevent the leakage through that joint. If the gasket is not well positioned and perfectly adjusted 
or has a design error there will be a leakage, and the only solution is to take the valve apart and replace 
it. Valve seat are where the plug/disk sits in off position, these parts are under high erosion risk due to 
the cavitation and there is always a possibility to get dirty after a general stop or maintenance processes. 
If the valve has been operating satisfactorily for a reasonable period before seat leakage occurs, the 
likely cause is a worn or damaged seat and/or plug/disk. Likely causes are process erosion, mechanical 
failure of the seat, frictional wear between the two mating seating surfaces of the seat and disk/plug, 
especially if the valve closes often (Skousen, 2012). 

 

 

Figure 3. Different valve seats. Source: Technical bulletin 9/17 from Nesler; Valve Series: RA; Segment: V-port. 
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Valve’s type of seat is decisive and usually is divided in two big groups: Soft and Metal seats. Soft seats 
are generally made of thermoplastic materials like PTFE. They’re great for applications where chemical 
compatibility is important, and where the tightest seal is key. However, soft seats are not recommended 
for process fluids that are dirty, abrasive or with high temperature and pressure conditions. Soft seats 
can break down in these conditions, causing the valve to leak. Metal-seated ball valves incorporate a 
metal-to-metal seal between the seats and ball of the valve assembly. The primary advantage of metal 
seated valves over soft seated valves is their ability to withstand high temperatures and severe service 
conditions. Metal seats can endure severe flashing, hydraulic shock, abrasive process fluid, and high 
temperatures up to and exceeding 500°C. Metal seats can be hardened by coatings like ultrasonic spray 
coating, satellite hard facing, chromium carbide and tungsten carbide (Peters, 2018). The biggest part 
of the valves in a BFB Boiler have a metal seat. 

In order to detect the internal leakages, as opposed to the external leakages, it is impossible to directly 
detect internal leakage during normal operation. Thus, other techniques must be used for detecting these 
leakages. These leak detection techniques can be classified into two groups: Internally and externally 
based upon the variables selected as inputs. The ones based on inside variable(s) like temperature, 
pressure and/or flow as inputs are internal-based system(s). On the other hand, detection systems based 
on external variable(s) like acoustic signals generated by the friction to escaping fluid with the wall of 
the pipe as inputs are external-based system(s) (Kayaalp et al., 2017). 

There are indirect techniques like leakage tracking method by using radioactive sources or a 
recirculation method, but they should be performed during a plant shutdown. Heo and Lee proposed a 
statistical method based on neural networks for leakage detection, however there are simpler methods 
based on the plant monitoring that can be really effective. 

On the other hand, valves can be observed locally for leakage using several methods, including 
ultrasonic leak detection like noise loggers, correlators or listening rods (Hughes, Titus and Oxenford, 
2013), temperature measurement through a thermal camera, and/or audible signs. These technologies 
are effective for showing up conditions such as steam leaks under insulation. However, Where the 
moisture is dripping out is not necessarily where the leak is located (Kennedy, 2018). So, one has to 
take care and be sure of the problem location also when using just at glance methods. 

 

1.3 Aim and Limitations 
 

The main aim of this project is to propose and apply a procedure based in mass and energy balances 
with the objective to discover, track, locate the source, explain the reason and propose fixing methods 
of mass and energy losses, especially internal leakages, which can take place in a power plant water-
steam cycle. The procedure could be an alarm that gets activated when a mass and/or energy deviation 
takes place within a device or a combination of various for a certain amount of time like 48-72 hours. 
When the alarm is triggered, the corresponding equipment should be checked for possible leakages. 

First limitation is to simplify the real system into a model in which few devices and only the most 
important flows have been included, which can lead to a combination of small assumptions with a non-
neglible effect. However, the biggest limitation of the study is a considerable lack of sensors. Only the 
essential and most important flows are tracked by them. The rest, that is a huge number of flows (much 
more than what is tracked), have no kind of sensor, so in many cases is really difficult or even impossible 
to check the current conditions of many flows or some auxiliary devices. In many cases is only possible 
to see a leakage at a glance, like the steam flows. However, if the leakages are located in draining valves 
or security valves is impossible to see them nor at a glance nor by the control system.  
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1.4 Approach 
 

The present study consists on creating a model in Ms Office Excel with the 26 months data, in steps of 
1 hour, of all the electronic sensors that are tracked by the control system and calculate the mass and 
energy balance of both the general model and subsystems in deeper detail. Then through an analysis of 
those balances and taking away incorrect or useless data, possible losses and leakages may be seen. The 
second part consist on finding an explanation or the fault source for the losses, if there is any, and 
propose measures to solve and to avoid them in the future.  
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2 Theory 
 

2.1 Conservation of mass 
 

The law of conservation of the mass or principle of mass conservation is one of the fundamental laws 
of the natural sciences. It was developed independently by Mikhail Lomonosov in 1748 and discovered 
a few years later by Antoine Lavoisier in 1785. It can be stated as follows: 
 

 
"In an isolated system, with or without chemical reaction, the total mass in the system remains 
constant, which means, so quantity cannot be added nor removed. The total quantity of mass is 

conserved over time.”  

 

 
This law is fundamental for an adequate understanding of chemistry and thermodynamics. The principle 
is quite accurate for low-energy reactions. The concept of mass conservation is widely used in many 
fields such as chemistry, mechanics, and fluid dynamics. The law is formulated mathematically using 
the continuity equation: 

.  

where ρ is the density (mass per unit volume), t is the time, M is the total mass and dV is the differential 
that defines the integral over the whole volume of the system. 

 
2.2 First law of thermodynamics 
 

The first principle of thermodynamics or the first law of thermodynamics is a principle that shows the 
conservation of energy in the context of thermodynamics. More specifically the principle can be 
formulated as: 

“In a closed adiabatic system (where there is no heat exchange with other systems or their 
surroundings, as if they were isolated) that evolves from an initial state A to another final 

state B, the work done does not depend on the type of work or the process path”. 

The first law is commonly mathematically formulated as: 
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where: ΔU is the internal energy change, Q is the amount of heat supplied to the system (or removed) 
and W is the amount of work done by the system (or applied to the system). 

Although the studied system is not a closed system, there is no trivial passage of physical conception 
from the closed system view to an open system view. The biggest difference is that in the open one is 
not adiabatically enclosed, but this is solved using the principle of conservation of energy. Additionally, 
the system can be considered as stationary open system (although it is constantly varying), which 
simplifies the mathematical problem. 

 

2.3 Second law of thermodynamics 
 

The second principle or law of thermodynamics establishes that: “The amount of entropy in the universe 
tends to increase over time.” Which means that in an isolated system the entropy never decreases over 
time. The total amount of entropy can only remain constant (ideal reversible process) or increase 
(irreversible processes). The principle settles the irreversibility of physical phenomena, especially 
during heat exchange. The second principle introduces the entropy S state function, usually assimilated 
to the notion of disorder that can only grow in the course of a real thermodynamic transformation. 

In a fictive reversible process, an infinitesimal increment in the entropy (dS) of a system is defined to 
result from an infinitesimal transfer of heat (δQ) to a closed system (which allows the entry or exit of 
energy, but not of mass) divided by the average temperature (T) of the system and the surroundings 
which supply the heat. However, there is no natural process that is reversible. The Clausius statement 
sets that in a process the equality holds in the reversible case and the '<' is in the irreversible case: 

𝛿𝛿𝑆𝑆 ≥ 𝛿𝛿𝑄𝑄/𝑇𝑇 

The use of this principle is essential for turbomachinery like compressors, pumps and especially 
turbines. In it the isentropic efficiency states how close is the process to being reversible. A reversible 
process will always be more efficient and desirable for the system in terms of energy.  

 

2.4 Boiler 
 

A boiler or Steam Generator (prime mover) is an integral device in a fossil fuel or a biomass power 
plant used to produce steam by applying heat energy to water. A boiler incorporates a furnace in order 
to burn the fuel (coal, gas, wood, waste etc.) and generate the necessary heat that is transferred to water 
to generate the steam for turbine or other uses (Pleshanov et al., 2016). Through this boiling process 
over-saturated steam is produced at a rate which can vary according to the needs. The higher the furnace 
temperature, the faster the steam production. There exist multiple technologies of furnaces but all of 
them are based on the same chemical and thermo dynamical principles.  

Bomhus Energi’s boiler is a bubbling fluidized bed (BFB) boiler. These types of boilers are made for 
handling fuels that are difficult to pulverize or less combustible. The fuel is introduced into a mixture 
of sand flowing at high temperatures, allowing the fuel to be combusted with a good air mixing leading 
to a high combustion efficiency. See Figure 4. According to the EPA's "Combined Heat and Power 
Partnership Biomass CHP Catalog," the scrubbing action of the sand on the fuel also improves the 
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combustion process by "stripping away the CO2 and combustion residues that normally forms around 
the fuel particles . . . allowing oxygen to reach the combustible material more readily and increase the 
rate and efficiency of the combustion process." 

After the combustion released hot residual gases transfer their heat to the water, first in the superheaters 
over-saturating the steam, then in the steam drum where the steam in generated, then in the economizer 
warming up the water but not evaporating it and finally in the air preheater and flue gas condenser. 
After, the gases pass through various type of filters and released. See Figure 5. 

Superheaters are a critical part of the heating water system due the high temperatures and the proximity 
to the burning bed, which provokes soot particles to get attached to the pipes. It is necessary to use an 
auxiliary system known as the sootblowers, which discharge 30 bar steam directly to the superheaters 
to remove the soot. These pipes are under high thermal stress constantly and a leakage in this section 
can be catastrophic along with the loss of energy. 

 

Figure 4. Boiler bed representation. Source: Valmet HYBEX boilers. Bomhus Energi fluidized bed boiler 
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Figure 5. Example of Bubbling fluidized bed boiler, similar to Bomhus one. Source: Metso Bubbling Fluidized Bed (BFB) 
boiler 

 

2.5 Feedwater tank 
 

The feedwater tank is where new water is mix at low pressure (around 4 bar) with the condensates 
coming from the condenser, condensate tanks or from other processes and with water and/or steam 
extractions at intermediate stage for preheating the water. The importance of the water feedtank is often 
underestimated due its low energy storage compared to other parts of the cycle. Most items of plant in 
the boiler house are duplicated, but it is rare to have two feedtanks and this essential item is often the 
last to be considered in the design process. This can mean the existence of design problems and by then 
unexpected leakages and losses. 

Additionally, the water chemical treatment takes place in the boiler feedwater, where is necessary to 
control the alkalinity, Sodium (Na) and Silicon (Si), pH and conductivity of the water, for a safety 
operation for the tubes and especially the turbine blades during steam expansion through it. This is 
solved basically by adding phosphates and deaerating. 

In case of Bomhus boiler, the deaerator is included in the feedwater pump, opposed to other boilers 
where it can be part of an open-air preheater, mechanical pumps or steam-jet injectors. The Deareation 
process is needed for removing the O2 from the water system partially in order not to reduce heat 
exchange efficiency but basically for avoiding problems in turbine blades and in pumps. However, this 
implies the need to spray water into a steam atmosphere and most of the oxygen and non-condensables 
are released with the steam. Thus, steam, a highly value intermediate product, is released. 
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2.6 Steam Drum  
 

The steam drum is a heat exchanger and a tank designed to evaporate the steam. The tank is prepared 
for handling the coexistence of both liquid and steam in “stationary” state. The steam is produced at the 
necessary rate for covering the needs of the cycle. The steam takes place on the top part of the tank and 
the liquid water at the bottom, the dry steam is taken to the superheaters through steam outlet located at 
the top. The level of the water, known simply as the level of the steam drum, is vital to be as stable as 
possible for security reasons (Bracco, Troilo and Trucco, 2009). The Quality of the water in the steam 
drum is also highly important, thus the continuous blowdown takes place. The main reason for this is 
to get rid of impurities as insoluble particles in order to avoid those particles settling down on the bottom 
or even worse, to carry them to the turbine. See Figure 6. 

 

Figure 6. Steam drum representation. Source: Thermopedia, VAPOR-LIQUID SEPARATION Griffith, Peter (2011). 

 

 

2.7 Blowing down 
 

The term blowdown means the removal of solids, both dissolved and undissolved from the steam drum 
of the boiler. As the name indicates, continuous blowdown (CB) is commonly an on-going flow, while 
the intermittent blowdown is carried out as needed basis. 

As steam is being generated in the boiler, most of water impurities remain behind, in the steam drum. 
These consist of dissolved solids and some suspended solids, leftovers from the new water intake and 
from chemicals injected into the boiler as part of internal water treatment. It is a task of the continuous 
blowdown to remove these impurities (Sandage, 1984). 
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This measure implies to take out a continuous flow from the steam drum to an intermediate tank called 
the continuous blowdown tank in which the flow is evaporated in a flash evaporator and the steam part 
is recover by sending it to the feedwater tank while the part that still remains as liquid is carried to the 
bottom blowdown tank (BBT) and take out from the system, which involves a continuous and 
unstoppable energy loss (although a small recovery system retakes part of the energy).  

In the BBT end the CB, short auxiliary blowdowns, equipment and piping drains, condensates and other 
auxiliary flows that are used for different purposes and cannot return to the system. Thus, all the flows 
that reach this tank are thrown away through the roof, the steam part, and to the water system the liquid 
part. The CSA B51 Code2 requires the installation of a blow-off tank for all boilers operating at or above 
103 kPa gauge, discharging to a sewer system. The water temperature at the blow-off tank outlet may 
not exceed 65°C. 

 

 

Figure 7. Example of a basic bottom blowdown tank (BBT). Source: https://rananaseemshahid.wordpress.com/ 

Theoretically and by design, the CB is the only continuous flow entering the BBT, and its energy is 
recovered previous to its intake to the tank. Thus, is not worthy or needed a recovery system in the 
outtakes of the BBT. There are more than 20 intakes which are both steam and liquid water, however, 
most of them are not continuous or should be closed during normal operation e.g. draining. The flows 
are cool down with a cooling flow that is regulated automatically in order to achieve a set point 
temperature for the water outtake3.  

The main problem within this system is that there is no tracked flow, hence, there is no way to know if 
the current flow is the correct or designed one, or on the contrary, there are more losses than expected. 
However, tracking the cool down flow and checking its variations can lead to a representation of 

                                                      
2 CSA B51: Boiler, pressure vessel, and pressure piping code. Code for Northamerica only but similar to European 
standards. 
3 It is necessary to reduce the outlet temperature for environmental reasons.  
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possible losses that are taking place inside the system, higher flow that must be cooled, the higher 
cooling needs. Thus, an increase on the cooling flow throttling valve can mean the existence of an 
additional and non-desirable draining flow. 

2.8 Valves 
 

As Skousen describes in his “Valve handbook”, valves are mechanical devices that are especially 
designed for starting, stopping, directing, controlling, regulating or mixing the flow, temperature or 
pressure of the working fluid, which can be gas or liquid. There are several types of valves, with many 
different specifications and materials, depending on the working fluids, their mechanical, thermal and 
chemical conditions, the process, application, aim and system, one valves will suit better than others. 
To select the correct valve is critical. If the selected valve does not suit absolutely all requirements, is 
not going to work properly, thus, there is much higher possibility for leaking. 

An industrial boiler needs plenty of valves both in the devices (preheater, steam drum, feedwater tank, 
condensate tanks, etc.) itself and in the piping between them. It is essential to know and to be aware of 
the valve type, condition, failures and to carry out the correct maintenance on them. 

Valves can be classified in different ways, which are related to each other. According to valves function 
there are three areas: on-off, non-return and throttling valves. It is important to mention that the same 
type of valve (same valve-body) can belong to even the three classifications depending of its internal 
design and function. 

On-off valves are designed for starting and stopping the process flow, even nowadays a huge percentage 
of on-off valves are hand operated. They are commonly used in operations where the flow is needed to 
be diverted for example for maintenance or safety. Additionally, in emergency situations automated on-
off valves are used for shutting down the system. Also, pressure-relief valves are self-actuated on-off 
valves, which activate when the pressure excess the safety one (Winn, 1972). Most of the valves in this 
study will be shut-off valves that are located in draining pipes. 

Non-return valves main aim is to prevent the flow from going backwards, in the opposite direction as 
it is designed. This kind of valves are essential for protecting devices like pumps, compressors and 
turbines from backflows when during the system’s shutting down or in applications that require quick 
working pressure changes. 

Throttling valves are used for regulating and controlling not only the flow volume but also the 
temperature and the pressure of the system. These valves are designed for regulating the flow by 
opening and closing from 0% (full closed) to 100% (full open), being able to operate as on-off valves. 
Nowadays, most of throttling valves are automatically controlled, but there are also hand-actuated ones. 
Control valves, which have been gaining importance during the last 30 years, are automatic control 
valves, which are equipped with an actuator that under a signal from the control system act on the valve 
(AWWA 1989). 

Other possible classification is the relationship between the opening percentage and flow percentage 
trough the valve, called valve´s flow characteristic. Here, valves can be classified basically in three 
groups: Linear, equal-percentage and quick opening4. Linear flow valves are those ones that produce 
equal changes in flow per unit of valve opening, regardless of the position of the valve. Linear flow 
characteristics are usually specified in some systems in which the biggest part of the pressure drop is 
taken through the valve. Equal-percentage characteristic valves are the most frequently specified with 

                                                      
4 Altough there are more types, these three types are the most common ones. 
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throttling valves. With an equal-percentage characteristic, the change in flow percentage of valve 
opening is directly proportional to the flow throttling. The quick-open characteristic is used almost 
exclusively for on-off valves, where maximum flow is produced as soon as the valve starts its opening. 
See left chart on Figure 8. 

 

 

 

 

 

 

 

 

 

However, during operation, valves do not work on their own, the system and piping affects their 
working conditions. For that reason, it is important to determine the flow installed characteristics and 
the piping effects on the valve flow characteristics. Anyway, it is common that the behaviour of the 
valve changes to similar characteristics as are shown in the chart on the right of Figure 8. This is a 
common situation when the pressure drop in the valve is less than the system’s pressure drops. 

  

Figure 8. Valve´s flow characteristics, with (right) and without (left) piping and installed characteristics. Source: 
Valve Handbook. 
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3 Method 
 

3.1 Study object 
 

The study object is a part of the water-steam cycle of Bomhus boiler, the general model has been divided 
into three parts for their deeper study: Feedwater tank, pressure vessel and bottom blowdown tank. 
General model is shown in Figure 9, although the turbines are not studied here it is still interesting to 
see where the flows go. 

Figure 9. Boiler model, with the tracked flows. There are plenty of auxiliary flows, valves and pipes that are not 
represented on the system due to their lack of importance in energy and mass balance. 

System main equipment: 

 

A- Feedwater tank 
B- Feedwater pumps 
C- Preheater 
D- Economizer 
E- Steam drum 
F- Continuous blowdown tank 
G- Bottom blowdown tank 
H- Superheater 
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I- Turbine 

 

3.1.1 Feedwater Tank 

 

Figure 10. Feedwater model, with two possible leakages in red. 

 

Intakes 

 Steam 

Nº4. 4 bar steam, design values: 18,4 t/h, 155ºC, tracked. 

Small part of the steam from turbine outflow is taken to preheat the feedwater tank. 

Nº 6. Continuous blowing down tank, calculated. 

In order to keep the water chemical conditions a continuous blowdown takes place from 
the steam drum to the continuous blowing down tank (BBT) in which the water at 120 
bar is flashed and part become steam that is pushed to the feedwater tank. 

 Liquid 
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Nº 1. Condensate from korsnäs, design values: 182 m3/h, 85ºC, tracked. 

After steam use in the pulp machines and the fiberlines, the steam is returned as 
condensate to the condensate tank and part of it is pumped to the BEAB feedwater tank 
and other to recovery boilers. 

Nº 5. 12 bar water from preheating, design values:  16,1 m3/h, 150ºC tracked 

Part of the 12 bar steam from turbine is taken in order to preheat the feedwater in the 
preheater, which is a closed heat exchanger. During this process, the steam is 
condensed and enter the feedwater tank in liquid form. 

 Nº 2. Water from Water tank. Tracked. 

Small quantity of the water is lost due to the draining and the need of water refreshing 
for maintaining the chemical conditions, then new water is pumped to the system from 
the water tank. 

 Nº 37. Condensate return HVAC, design values:  8,9 m3/h, 111ºC  

Small part of the steam is used for air preheating for the heating ventilation and air 
condition system (HVAC). Later this steam is condensed in the condensate tank n.2 
and returned to feedwater tank. 

 Nº 38. Condensate return air preheating, design values:  4,5 m3/h, 111ºC  

Other small part is used for preheating the air that is used as a comburent in the boiler, 
in order to raise the combustion efficiency. Later this steam is condensed in the 
condensate tank n.1 and returned to feedwater tank. 

 Chemicals: Ph and O2 regulation. 

Some chemicals are added to the water in order to keep the safety conditions for not 
damaging the turbine blades during the steam expansion. The most dangerous elements 
are Sodium (Na) and Silicon (Si) and also the water conductivity and the Ph. 

 

Outtakes 

 Steam 

 Nº 11. Air purge to silencer 

The deaeration process is needed in order to get rid of the air that has possibly enter in 
the system and can produce problems in different devices like pumps and the turbine. 
For this is needed to take away the air mixed with steam. 

  Security valve 

Security measurements in case the steam gets too much level or too much pressure. 
Closed during normal operation. 
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 Liquid 

Nº 7. Feedwater to pumps, design values:  206 m3/h, 140ºC 

BEAB main flow. It goes through the feedwater pumps and the pressure vessel to end 
in the turbine for the expansion. 

 Nº 8. Feedwater to Spray pumps. 

  Water that is sprayed in pulp and paper process. 

 Nº 9. Hot water to district heating. 

Part of the water is used for filling the district heating system. This quantity is not 
constant and is highly depending on the instant hot water needs. 

 

 Draining 

Security measure in case it gets too much pressure. Also, for shutting down the system. 
Closed during normal operation. Valve: Steel ball valve; DN 150mm; Naval-Vexve. 
Manual operation. 

 

 Nº 10. Water to Electrical boiler 

Water for auxiliary electrical boiler. Almost never used. 
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3.1.2 Pressure vessel: Preheater, Economizer, Steam Drum, Superheaters 

 

Figure 11. Pressure vessel model with 3 possible leakages. 

 

Flows: 

Steam 

Nº 28. Head Steam 

Principal product of the boiler, it is the main steam flow of 120 bar that enters the HP 
turbine or the 120/60 bar reductions. Design values are: Temperature: 520ºC; Pressure: 
120 bar. 

 Nº 23. 120 bar sootblowing 

Auxiliary and emergency system for cleaning the superheaters. The principal 
sootblowing is carried out from the 30 bar steam in order to take advantage and get 
some expansion in turbine first. Almost never used.  
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Liquid 

Nº 12. Incoming water 

Water that is coming from feedwater tank, it reaches the 140 bar of pressure after pumps 
(lowest height in the boiler) and then is reduced due to height and pressure drops. 

Nº 15. Superheater cooling 

Due to the high temperatures in the superheaters, cooling is needed in order to regulate 
and balance the temperature between the right and left ways that the steam takes 
through the superheater. This flow is around 15% of the main flow from the feedwater 
tank. 

Nº 18. Continuous blowdown (CB) flow. 

In order to keep the chemical conditions of the water that turns into steam a continuous 
blowing down is made, which consist on taking out a small part, almost negligible, of 
the liquid to a small intermediate tank called continuous blowdown tank. This flow is 
more or less constant. 

Nº 19. Bottom blowdown. 

In the blowdown tank the flow suffers a flash evaporation where the steam is carried to 
feedwater tank but the liquid goes to the bottom blowdown tank, which is lost. 

Draining from Steam drum 

Here the draining system is located in the level regulation system in both ends of the 
tank, being 3 draining pipes with 2 valves each. Open during normal operation for 
safety reasons regarding the water level inside the tank. Valves: KSB MODEL Nori-
320 ZXSV Steel Globe valve DN 25 mm; hand operated.  

 

3.1.3 Drainings and bottom blowdown tank 

 

Apart from the feedwater and steam drum draining, there are other draining and flows that end in the 
BBT. Some of these flows are: 

 

-Preheater draining: Draining system from preheater through a Nori-40 ZXS steel globe valve, 
with DN 25 mm. 

-Condensate tank draining: these tanks are small (3-4 m3) tanks that are used for condensing 
flows that are used for preheating water and air in auxiliary systems. 
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-Sootblowing system. Part of the sootblowing steam is driven directly to the BBT. This flow is 
periodic 2-3 times per hour. 

- A Bunch of condensing flows along the boiler, water and steam systems, steam traps and 4 
and 12 bar steam pipelines (close to 40 in total). Around 20 of them are entering directly to the 
tank and others to the steam pipe. 

Incoming draining from feedwater tank, preheater and some smaller equipment should be zero during 
normal operation conditions, however, these flows are operated by hand valves and are not tracked, 
which can lead to internal leakages without noticing it.  

 

  

 

Liquid draining is taken out from the system through the bottom pipe (nº21) of the BBT. These flows 
must be cooled down in the tank itself, and this is carry out by adding cold water (nº20) regulated by a 
Metso rotary control valve, metal seated, segment /v port valve type: segment pn 16 and with equal 
percentage flow characteristic5. The valve is automatically controlled for keeping the outlet set point 
temperature of the flow nº 21. Thus, a higher valve opening indicates a higher cooling demand due to 
an increase of mass or temperature (less likely) of the incoming draining.  

                                                      
5 Data from technicall bulletins from NELES® RA SERIES V-PORT SEGMENT VALVE, code: 3 R 21 (EN) 

Figure 12. Bottom blowdown tank (BBT) model. The dots means plenty auxiliary flows that are entering the 
blowdown tank but are not studied in this document, although they affect to the system. 
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All this draining end in the BBT, which is close to atmospheric pressure (a bit over pressurized), 
however the tank operation is not stationary at all, in fact the only continuous flow is supposed to be 
the CB. It is important to note that part of the steam that should head directly upwards is mixed with 
condensates and draining, coming down the pipe, and a part of it will be condensed and left the tank 
through water outtake (pipe nº 21). 

3.2 Procedure 
 

The procedure used in this study consists on the following points: 

1. Mass and energy analysis both in general and in sub systems with more potential of losses. 
2. See unbalances both in mass and energy. 
3. Deeper analysis on those unbalanced systems. 

a. Track the relationship between parameters that have potential to affect the losses. 
4. Discover the source of those outbalances. 

a. Find answers. 
b. Faults: devices, valves, design. 

5. Explain the reason for that behaviour. 
a. Theoretically, mathematically. 
b. Practically. 

6. Propose ideas to solve the problem. 
7. Carry out an economic analysis of the improvement measures. 

The first step is to select the system and their boundaries that are going to be studied in order to acquire 
the correct and necessary data from the system. The used data has been obtained from PI processbook, 
which is the system in which the data is saved each minute for the sensors that are located in all the 
BillerudKörsnäs Pulp and Paper mill in Gävle, and to a lesser extent from the DCS6,. The minute value 
is obtained as the time average for the 60 seconds of each minute, both for temperature, pressure and 
mass or volumetric flows. However, in this research the data analysis consists on mass and energy 
balance for each hour7 from the 00:00 hours of the 1st of January of 2016 to the 00:00 hours of the 1st 
of March of 2018. More than a year has been selected in order to see the effect of possible seasonalities 
and different operations and/or their variations after more than one general stop.  

The selected data is used for calculating the mass and energy balance in the chosen devices, equipment 
and subsystems. In this study the selected items for the balances have been; Feedwater tank, pressure 
vessel and Bottom blowdown tank. Microsoft Excel 2010 and 2016 has been the used software for the 
data analysis. Then, the next step is to track possible unbalances by plotting them against the most 
remarkable variables8, which can show which is the flow or the variable that is provoking that 
unbalance. 

However due to lack of data of flows, the minor flows cannot be tracked and there are multiple systems 
in which is impossible to carry out a full mass or energy balance. For that reason, it is frequent to 

                                                      
6 Distributed control system 
7 Instead of using data for each minute, which is the used by the system, 1 hour has been selected in order to avoid a high 
weight of data, which reduce the speed and do not provide more accuracy in general terms. 

8 The flows that potentially have more chances to affect the losses or leakages. 
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imagine the operating conditions with temperature and pressure data, just due to the number of devices 
that are installed in the system. It is cheaper and easier to measure pressure and temperature than to set 
up a flow measurement device that will lead to a pressure drop. Thus, in many subsystems the 
temperature can be the main factor that can show up a leakage or a variation from the optimal operation 
point.  

One way of handling this lack of data is to make assumptions. Those assumptions consist on assigning 
design values to the unknown flows, making an approach with valve openings data, if there is one, or 
checking any proportionality between flows. It is necessary to remark that this can be an inaccurate 
approach, which leads to a not real system’s representation, however, in several cases it can be a useful 
method. 

After the data analysis, results must be observed and explained. Firstly, by searching for an answer to 
the unbalances, e.g. sensor error, non-standard operation point or auxiliary (minor) flows with more 
weight than expected under normal operation. After that one should remove this “uncommon” 
behaviours and track the system under the normal operation points also with mass and energy balances, 
but now corrected. If there are still unbalances and/or unbalance trends, there is a possibility that a 
leakage or other loss is taking place. Next step consists on finding which element or device can be 
responsible for that loss. This is supported by a theoretical study about elements and behaviours that 
could lead to that loss, e.g. valve problems, design fault, human errors, etc. Theoretical approach should 
be complemented or followed with a practical study by using techniques that were introduced in the 
literature review.  

These techniques consist on external and internal methods. External ones are methods that include 
ultrasonic leak detection, thermal camera and/or audible signs. These technologies are effective for 
finding conditions such as steam leaks under insulation. Internal ones are based on inside variables like 
temperature, pressure and/or flow as inputs are internal-based systems and consist on modifying system 
variable(s) and check what is the result of that operation change and how it affects the system. In this 
study mainly internal methods will be used in order to track the possible leakage paths, like the bottom 
blowdown tank 

When the problem is defined, solutions should be proposed. This will depend on the kind of problem 
that is being handled, but it usually goes from the simplest things like closing an accidentally open valve 
to replacing a device from the system. For checking which is the most suitable fixing option an 
economic analysis is needed. For example, if one valve needs to be replaced for a new one or for a 
different design one, the LCC (Life cycle cost) analysis should be calculated, it would show the 
profitability. 
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4 Process and results 
 

4.1 Feedwater Analysis 
 

The mass and energy balance equations are the following ones respectively, 

𝑀𝑀. 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =  𝑚𝑚1 + 𝑚𝑚2 + 𝑚𝑚37 + 𝑚𝑚38 + 𝑚𝑚4 + 𝑚𝑚5 + 𝑚𝑚6 −𝑚𝑚7 −𝑚𝑚8 −𝑚𝑚9 −𝑚𝑚10 −𝑚𝑚11 (ton/h) 

𝐸𝐸.𝐵𝐵𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = (1000/3600) ∗ ((𝑚𝑚1 ∗ ℎ1 + 𝑚𝑚2 ∗ ℎ2 + 𝑚𝑚37 ∗ ℎ37 + 𝑚𝑚38 ∗ ℎ38 + 𝑚𝑚4 ∗ ℎ4 + 𝑚𝑚5 ∗
ℎ5 + 𝑚𝑚6 ∗ ℎ6) − ((𝑚𝑚7 + 𝑚𝑚8 + 𝑚𝑚9 + 𝑚𝑚10) ∗ ℎ𝑡𝑡𝑏𝑏 + 𝑚𝑚11 ∗ ℎ𝑡𝑡𝑡𝑡)) (kW) 

Additionally, two more graphics have been plotted in order to find evidences of possible leakages: the 
accumulated energy inside the feedwater tank, real one (indicated by the water-steam level inside the 
tank) compared to the calculated with flows, and the energy loss per mass. All the charts are in the same 
time scale, see charts Figure 13, Figure 14, Figure 15 and Figure 16 below. The first mass balance chart 
has been corrected due to one wrong measure of a flow sensor in the water intake, which was reading 
40 ton/h continuously since the general stop in May to first days of august during the year 2017. Values 
have been corrected using an average of the water intake during those dates. The blue line represents 
tank water level and is an indication of the feedwater operating point.  

One can see a constant increased in the calculated accumulated energy, which obviously cannot be true, 
the tank has the energy that the liquid water and steam indicate. Hence, this energy that is supposed to 
be in the tank is getting lost somewhere within the process. However, on the contrary it can be a constant 
failure in sensors reading system. The energy lost per mass9 indicates the relationship between the 
energy and the mass that is lost during that period. This is a clearly fluctuating parameter and must be 
taken carefully and used in the points where the concentration certainly illustrates a leakage close to 
being constant. Nevertheless, it can indicate clearly the type and/or source of leakage, if there is any. 

                                                      
9 Per kg of mass lost, which is in fact the result of the mass balance, being in some cases mass gained and not 
lost. 
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Figure 13. Feedwater tank balance before correcting sensor wrong measurements. (ton/h). Source: Elaborated by the author. 

Figure 14. Feedwater tank balance after correcting values. (ton/h). Source: Elaborated by the author. 
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Figure 15. Acumulated energy in the feedwater. Blue line is the real energy that depends on water level, yellow line is a representation of the intakes and outtakes effect. Source: 
Elaborated by the author. 

Figure 16. Energy loss per kg of mass deviation. Indicates the entalphy of the mass that is loss. Source: Elaborated by the author. 
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Table 1. Mass, energy and enthalpy averages during time intervals. Source: Elaborated by the author. 

As shown in Table 1 above, which represent the average of 3 values within five time-spaces in which 
the mass is approximately constant for each period, there are two space times (values bolded in the 
table) that are really remarkable by the combination of the mass and energy losses. These two intervals 
represent the two constant slopes that are plotted in Figure 15. The total amount of energy presumably 
lost is around 2782 GJ and 4825 GJ during almost 8 and a half and 1 month respectively.  

There are two clearly different time intervals that can indicate the presence of draining. As is shown in 
Figure 15, the two slopes reveal the energy that is being lost during the process. The first one, which is 
longer in time only involves around 1.1 ton/h, which is a low value in terms of percentage (less than 
1% compared to feedwater average), which can perfectly be due to measurement errors. However, the 
second slope, can indicate a big draining or an unexpected flow outtake, the average mass loss is 10.8 
ton/h which is too big for being under the measuring instrument accuracy error10, see Appendix. 
Furthermore, the energy loss is 614 kJ/kg, which is close to 589 kJ/kg that is the enthalpy that is 
supposed to have the liquid part if is working under design conditions11. For the same reason the first 
interval has an energy loss per kg of lost mass too low, almost half enthalpy for the internal tank 
condition, which means that is not possible to be a draining.  

 

4.2 Pressure vessel analysis 

 

In this case there is not a single balance in a specific device or equipment, but, is a tracking of the flow 
along the whole pressure vessel (preheater, economizer, steam drum and superheaters), consequently, 
there is no possibility to carry out an energy balance. In order to handle the energetic part of the balance, 
the ratio kg of fuel over steam kg has been checked to discover if it has been needed more kg of fuel 
per kg of generated steam. 

𝑀𝑀.𝐵𝐵𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑚𝑚12 −𝑚𝑚1812 −𝑚𝑚28 −𝑚𝑚23 

 

Despite being a simple balance, with only 3 flow outtakes, there are plenty of auxiliary outtakes, for the 
start-up, shutting down, maintenance and security operation and needs. Main ones are draining from 

                                                      
10 Although is possible an error in the sensor itself, like the error in water intake sensor. 
11 5 bar, 140 ºC. 
12 This value, although being track, is not stored in the system data. Thus an approximation is made for its 
calculation. This mass flow (m18) is approximately 1.77 times the liquid entering the bottom blowdown tank from 
the continuous blowdown tank (m19), which is tracked and data stored. 
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the preheater and steam drum, which are the paths that can lead to internal leakages without noticing. 
The mass balances 

 

Figure 17. Mass balance along the pressure vessel. Average of 24h. Source: Elaborated by the author. 

 

 

Figure 18. Ratio fuel volume entering the boiler to mass flow generated steam after the superheaters. Source: Elaborated 
by the author. 

In figure Figure 17, pressure vessel mass balance is shown. According to it, there is a possible leakage 
increasing during the last months. Despite of that, the flow is not as high compared to the feedwater 
tank one, but the conditions in the pressure vessel are more critical, thus, economically can be even 
worse. If the problem is really an internal leakage through a draining valve, the destination should be 
the BBT, hence, its analysis can give an answer to the problem.  

4.3 Bottom blowdown tank analysis 
 

Mass and energy balance for the BBT are these ones: 

𝑀𝑀.𝐵𝐵𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑚𝑚20 −𝑚𝑚21 + 𝑚𝑚 𝑖𝑖𝑏𝑏𝑡𝑡𝑏𝑏𝑖𝑖𝑏𝑏𝑖𝑖 − 𝑖𝑖𝑡𝑡𝑏𝑏𝑏𝑏𝑚𝑚 𝑜𝑜𝑜𝑜𝑡𝑡𝑡𝑡𝑏𝑏𝑖𝑖𝑏𝑏𝑖𝑖 = 0 

𝐸𝐸.𝐵𝐵𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =  m20 ∗ h20 − m21 ∗ h21 + E intakes steam energy = 0 (kW) 

 

However, as said before, there is not a single flow measurement in the flows that end in the BBT, due 
to their supposed lack of importance (all of them are wasted flows), having no possibility to solve the 
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balances. Instead, the cooling water regulation valve is automatically controlled by a temperature 
control loop and its opening is tracked, See Figure 19. Additionally, 18 minutes measurements were 
done in the cooling flow and general waste pipe in order to have an idea about the flow dimensions. 

 

Figure 19. Bottom blowdown tank temperature control system. Cooling flow valve opening (%) indicated 
de amount of cooling flow needed for maintaining the temperature set point 

In order to have an approximated value of the cooling flow, instant measurements were taken in flows 
20 and 21 (see Figure 11). Nonetheless, it was not possible to get any correct measurement of the waste 
flow (flow 21) due to the air presence in the pipe. In waste water pipes is normal to have a partially full 
pipe, in which, the measuring equipment FLUXUS G601 is not able to take good measurements13. The 
cooling flow was measured at an average of 65% of valve opening with an average flow of 11.2 kg/s. 
The necessary energy to rise the temperature of water from 7 C to 43ºC is 150 kJ/kg. Thus, the power 
that is being transferred from the drains to a cooling flow of 11.2 kg/s is 1.7 MW. Additionally, it is 
necessary to add the liquid draining flows that arrive into the tank and join the water waste system (also 
at 43ºC) plus the steam losses through the roof. 

 

Table 2. Cooling flow measurement values. 

This value indicates clearly that something is not working properly, thus the only flow that is supposed 
to come continuously is the CB, which has a temperature around 55 ºC and an average of 1.1 kg/s, thus, 
cannot contribute so much into the heating. The flows that can explain that high value of cooling need, 
are mainly unexpected draining (internal leakages) and/or a problem with the sootblowers or 
condensates. 

The Non-expected flows which can be responsible of the increased cooling flow needs are likely to be: 

-Sootblowers 

                                                      
13 The maximum is a 10% volume air load on the pipe for a good measurement with the FLUXUS G601.  
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Not all the steam running through the pipes to sootblowers is used. 40%14 of the steam may go 
to BBT, but in steam phase so it will follow the upper pipe and exit through the roof. However, 
it warms the continuous blowing down flow by direct contact and all the condensates that are 
falling down. This flow is intermittent and by then difficult to calculate during stationary 
operation. 

-Drains 

There are several possible sources for draining, and each one would have different pressure and 
temperature. For example, if the draining is from the feedwater, it will have 140ºC and 3.5 bar, 
from the preheater 140 bar and 180ºC and if it comes from the steam drum it will be 350ºC and 
140 bar. Both of them will get flash evaporation, in more or less degree, when entering the BBT 
due to its atmospheric pressure. Part of it will still remain as water and go through the waste 
water system, and this is the part that can be estimated by a control of the cooling flow. 
However, the steam part can only check by sight in the roof, which make impossible to know 
how much steam is condensed again by mixing it with the CB and a bunch of liquid drains 
(more than 20) that are falling from the outtake to the roof, see Figure 12. 

 

 

Table 3. Generated flash steam from draining and the heat per kg of possible leakages. Source: Elaborated by the author. 
Flash steam calculated with water enthalpies from initial conditions to 1 bar pressure in BBT.  

 

- Heated continuous blowing down (CB) 

The maximum energy that CB can contain flow is at 100ºC, the increase to this temperature can 
be due to the mix with generated flash steam and the steam not used in the sootblowing. 
Nevertheless, it is quite unlikely that the temperature reaches that value.  

The heating power of possible leakages is shown in Table 3. For example, 2.7 kg/s (10.8 ton/h) draining 
from the feedwater tank will heat the cooling flow a minimum of 0.53 MW and a maximum of 1.14 
MW; and a 0.7 kg/s (2.5 ton/h) leakage from the steam drum between 0,07 MW and 1,04 MW15. These 
ranges of heating power are due to the % of generated flash steam that is mixed with the water, which 

                                                      
14 Value estimated by Per Erdegren, consultant in Bomhus Energi and Bomhus boiler designer. 
15 Assuming that the cooling water temperature is 7ºC and outtake temperature set point is 43ºC. 



30 
 

is totally unknown. These numerical examples are the values that the feedwater tank and pressure vessel 
mass balances point out as possible leakages in following sections. 

 

Cooling flow valve 

The throttling valve inherent flow characteristics is equal-percentage, however, as explained in theory 
part, this often approaches to linear characteristic. The reality probably will be a combination of both 
of them. Knowing this relationship is highly important to have a correct estimation of the cooling flow 
value during normal conditions, and the cooling flow while there is an internal leakage. That difference 
will indicate the size of the leakage. In Figure 20 can be appreciated the big difference of cooling flow 
between both flow characteristics. 

 

Figure 20. Two possible characteristics for the valve. The only point that is known is at 65% of valve 
opening with a 11.2 kg/s.  

 

4.4 Relationship between leakages and Bottom blowdown tank 
 

Feedwater Leakage 

As it is indicated in the previous pages, many internal leakages are likely to end in the BBT. For 
checking that, both the feedwater tank and pressure vessel balances have been plotted alongside the 
cooling flow valve opening for a year and a half, see Figure 21, Figure 22 and Figure 23. 
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Figure 21. Feedwater possible leakage and BBT cooling valve opening. Source: Elaborated by the author. 

As is shown in Figure 21, there is a time space, from the last days of March 2017 to the general stop in 
the middle of May 2017, in which a possible leakage from the feedwater tank matches exactly with an 
increase of the cooling flow needed in the BBT. It starts and ends exactly at the same time and under 
the same circumstances. The average feedwater tank deviation flow was 10.8 ton/h which has a 
minimum power to heat the cooling flow of 0.46 MW and a maximum of 1,01 MW, according to Table 
4. The cooling flow valve opening rose from a 20% opening to 50% opening, which means an increase 
of 5.2 kg/s or 4.2 kg/s, with linear and equal percentage characteristics respectively. The power for 
heating the increased cooling flow to 60ºC is around 0.93-1.1MW16, for linear and equal percentage 
characteristics respectively. 

 

Table 4. Power of a 3kg/s (10.8 ton/h) leakage coming from preheater. Cooling water temperature 7ºC, waste water 
temperature 60º 

 

Pressure vessel leakage 

                                                      
16 These days the temperature set point was 60ºC and the cooling water temperature 7ºC. 
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Similar to it, in Figure 22 and its scope, Figure 23, the trend followed by the cooling flow valve opening 
and the pressure vessel leakage are really similar, especially since the middle of January 2018 until 
middle April 2018 (end of the chart), see Figure 23. During these dates the possible leakage from the 
pressure vessel rises from a more or less constant value of 3 ton/h to 5.5 ton/h (2.5 ton/h of leakage) 
with a constant slope which matches the shape of the slope drawn by valve opening curve, which 
increases from an average of 35% to 60%. Furthermore, during a sudden leakage reduction, both the 
mass balance and the valve opening experience a falling which reaches values exactly the same as they 
were before the leakage. 

Despite the similar tendency shown in the graphics, it is quite ambitious to have a numerical prove due 
to the total lack of measurement of that flows. The heating ranges per kg/s of leakage shown in the 
previous page are too wide for a correct estimation. In order to carry out a successful numerical 
approximation of it, it is a must to know how much part of the steam heat goes to the water and how 
much through the roof. 

 

Figure 22. Pressure vessel possible leakage and BBT cooling valve opening. Source: Elaborated by the author. 
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Figure 23. Magnification of the last months of the pressure vessel possible leakage and BBT cooling valve opening. 
Black line represents where a possible leakage starts at 3 ton/h Source: Elaborated by the author. 
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5 Discussion 
 

Fortunately, the feedwater tank, even when usually is a part of the process that does not get so much 
attention, has quite good flow tracking. This allows to calculate a good approximation of the mass 
balance and to a lesser extent of the energy balance. However, as one can check by the comparison 
between Figure 13 and Figure 14 measurement errors are likely to exist and deviations which are arduous 
to notice. In Figure 14, some errors have been corrected but the probability of other errors presence is 
still high. To solve the present problem the sensors and tracking systems should be checked and 
recalibrated each year under the maintenance days during a general stop. 

Anyway, those deviations in mass balance equation both in feedwater tank and pressure vessel, shown 
in Figure 14 and Figure 17 respectively, can mean a flow going out from the system through draining 
valves. If this is the case, these flows are going to end in the BBT, increasing the needed cooling flow 
for keeping the temperature set point. 

Therefore, there are two leakage cases among the studied time: 

1. Feedwater tank leakage 
• Occurred between the 27th of March 2017 and the general stop on the 13th of May 2017. 

2. Pressure vessel leakage 
• Occurred between the 1st January 2018 and the days in which this study was carried out 

(May 2018, before general stop). 
• The cooling flow has been measured during this leakage and by then the energy that is 

transferred to the cooling flow is certainly known. 

Feedwater tank leakage 

If one looks at Figure 21, is possible to see the sudden increase happening around the last days of March 
2017. During those days, the feedwater tank balance jumps from around 0-1 ton/h deviation (which is 
under the accuracy range) to an average of 10.8 ton/h of mass loss. Here, exactly as it happened with 
the pressure vessel analysis, the cooling flow valve opening start rising on the same dates as the 
feedwater tank deviation appears, and it lasted until a general plant stop. After the stop, the two 
parameters returned to their normal values.  

According to Table 4, the leakage has a power to give 1.01 MW17 of energy to cooling flow, in case all 
the steam condensates and mixes with the water, which is in the range. This can be possible due to the 
low percentage of steam generated in the flash evaporation. As said before the extra cooling flow needed 
was between 0.93 MW and 1.1 MW, which matches with the power of the leakage. Thus, the leakage 
is confirmed numerically. 

Pressure vessel leakage 

Pressure vessel equipment cannot be studied individually, and the whole pressure vessel must be taken 
as a system. One advantage is that the flow principal measurements (feedwater to boiler and head steam 
to turbine), are of high importance and it is sure about the calibration of the measuring equipment18. 

                                                      
17 It is important to remember that the power to heat the cooling flow is not the same as the total power (just the 
enthalpy times mass flow) of the leakage, being this last one much higher. 
18 Conversation with Henrik Rystedt, director of Bomhus Energi on the 21th of February. 
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However, the mass balance deviation, do not indicate the equipment that is leaking, in case there is a 
leakage. 

Luckily for this study, two leakages have been physically detected: 

• External leakage detected in a valve located in the steam drum heating loop draining system 
(valve 2 in Figure 24). No flow should be through this valve, because there is other draining 
valve, which is closed, before it (valve 1 in Figure 24). Hence valve number 1 one has an 
internal leakage. Valve 2 was opened in order to reduce the external leakage. 

• Internal leakage in valve 1 (see Figure 24) from the steam drum loop heaters: Flow going 
through the draining valve of the steam drum heating´s loop, detected thanks to the external 
leakage. Impossible to close until a plant stop. 
 

 
Figure 24. Leakages in valves from the Steam drum heating loop 

 

These leakages, which are represented by the mass balance of the pressure vessel (Figure 17), are likely 
to be responsible of the high cooling flow needed in the BBT. As is represented in Figure 21 and Figure 
23, there are two time-intervals in which the possible leakage matches exactly with the increase of the 
cooling flow. The first (Figure 21) is a flow coming from the Feedwater tank, which starts suddenly as 
it does the increase in the cooling flow. Second one, is coming from the pressure vessel, although, at 
first instance is not possible to identify the leakage point. In this case is known that there is a leakage 
from one of the Steam drum heating loops, due to the external leakage that exist. 

Nevertheless, there is always possible to have more leakages from other points also. As is shown in 
Figure 23, during those days the deviation went down from 5.5 to 3 ton/h. However, months earlier, a 
possible leakage start increasing from 0 to 3 ton/h (a 0.41 MW heat to cooling flow). However, there 
was not an increase on the cooling flow valve opening, so it cannot be a draining leakage that ends in 
BBT. 

It is necessary to understand that there are multiple flows that can help the cooling flow to heat up to 
1.7 MW. As one can see in Table 3, the power to heat the cooling flow per kg of leakage is quite high, 
but it depends totally on how much steam mixes with the water and how much goes directly to the roof 
outtake without giving any heat to the cooling flow. On the contrary to the feedwater mass leakage, the 
steam percentage resulted from flash evaporation is much higher for pressure vessel leakage (56% for 
steam drum), which means that not all the steam part will mix with the water. A calculation with 
different percentages of steam mixing has been carried out. See Figure 25. 

 



36 
 

 

Figure 25. Different steam percentage of mixing. Green line represents 1.7 MW. The base value before the 
draining appears was taken at 35% of valve opening under a linear flow characteristic, which is 6 kg/s of 
cooling flow. 

According to Figure 24, it is possible that all the draining is coming from the Steam drum and around 
60% of the generated flash steam condenses, although, being a high value, maybe is possible. What is 
clear and without doubts is that a flow is leaving the pressure vessel in the same way and entering the 
BBT due to the exact variation of valve opening and mass balance curves in Figure 23. 

 

As is shown in Figure 21 and Figure 23, the relationship between a leakage and BBT cooling flow is 
clear. Moreover, Figure 25 and Table 4 are the prove that numerically is also possible that these two 
cooling flow increases are due to leakages. Thus, it can be said that the BBT cooling flow can clearly 
indicate that something is not working properly in the cycle and/or the presence of internal leakages. 

However, is not easy to find out which or where is the problem. Mass balances in equipment like 
feedwater and pressure vessel, can help to search the source of those problems, if they are internal 
leakages. Nevertheless, these deviations usually are quite small compared to the main flows, which 
means that the measurement accuracy range can even cover all the deviations, making them to be 
useless. Anyway, the combination of cooling flow and mass deviation is a simple but powerful tool to 
fight against internal leakages. For example, if at a certain time both of them start rising with the same 
sloe or get stabilized at the same time, is clear that they are cause and effect. Although it is always 
useful to identify internal leakages that had happen before, it is worthier to identify while they are 
happening in order to avoid higher losses. 

This is not easy due to the high instability of the current mass balances. Furthermore, is possible that it 
takes one or two weeks to notify with total accuracy that there is any deviation on it, which is a big 
handicap for a system that could track the leakage and alert the operators. To countermeasure this 
handicap, a great idea is, as has been pointed out before, to recalibrate or even change measurement 
devices for a more correct mass balances.  
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5.1 Further work on the system 
 

Firstly, is a great idea to integrate the relationship between the cooling flow valve opening and 
deviations within mass balances into the DCS and create an alarm, which triggers automatically when 
an increase in both parameters is detected for a period of for example, 48-72 hours. This can provide an 
idea of what is going wrong in the system and allowing the operators to solve the problem much earlier, 
avoiding to have the internal leakage during a long time. 

Furthermore, is highly recommended to measure the cooling flow while varying the cooling flow valve 
opening, in order to know exactly the real installed flow characteristics. This will provide much more 
accurate values of the flows that are being wasted. At the same time, is a great idea to improve the rough 
calculations by carrying out other measurements if possible, like the extra steam that is coming from 
the sootblowers, drains, condensates and the constant draining of the steam drum levelling system. 

On the other hand, for avoiding internal leakages, a large improvement on the valves should be done. 
As it is shown, is not uncommon to have internal leakages through hand operated valves. For that reason, 
all the valves should be controlled electronically with an automatic actuator, or at least, the control 
system should receive information about the valve’s current position in order to find out as soon as 
possible any undesired opening. Apart from that, a big part of the valves should be checked deeply 
during the general stops in the plant, which should become an important part of the maintenance 
procedures. It is highly important to assure that valves have a correct valve seat and a really tight seal, 
especially those ones that have had problems, leakages or unexpected openings before. The working 
conditions always leads to damage to different elements and valves are usually devices that suffer big 
damage due to the open and closing cycles, water hammer or for other reasons. It is essential to be 
aware of which elements should be replaced in valves and fix the damaged and broken ones during the 
valve maintenance 
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6 Conclusions 

 

First conclusion of this study is that internal leakages are not impossible to detect, even when no 
equipment and piping in the draining system is tracked, nor is necessary to use external techniques for 
detecting them. It is possible, at least for the principal equipment and piping, to identify any deviation 
just by calculating mass and/or energy balances and tracking the possible leakages. Furthermore, 
internal leakages can be even evaluated indirectly by the necessary Bottom blowdown tank cooling 
flow. 

The second conclusion is that internal leakages can represent a high cost for the plant operation not only 
due to their high temperature, but principally because their duration, which can be several months if are 
not detected. The cost for the detected internal leakages in the past two years was19: 

• Feedwater tank leakage: Cost of feedwater production: 100 SEK/MWh, leakage of 1.76 MW 
during 47 days.  

o Economic cost: 4240 SEK/day, total 200,000 SEK.  
• Steam drum leakage: Cost of saturated water at 350ºC production: 150 SEK/MWh, leakage of 

0.6 MW during 124 days. 
o Economic cost: 2120 SEK/day, total 263,000 SEK. 

A possible, simple and almost cost-free solution is to add an alarm to the DCS, which will be triggered 
when a correlation between a deviation of mass balance and the cooling flow in the bottom blowdown 
tank is detected for a period of more than 48-72 hours. This measure will not avoid any internal leakage, 
but it will alert the system operators, who can be able to evaluate and solve the problem in a matter of 
days instead of months. This can avoid almost all the leakage cost, expect for the few necessary days to 
detect it. Also, it is possible to use statistical methods for a faster detection. 

Most of the internal leakages are due to valve openings, which can be sudden or after a plant stop. This 
can indicate a valve internal problem like problems with the seat or with the gasket due to erosion or 
dust, or just an error or forgetfulness to close the valve. For this reason, it is highly recommended to 
have an electronic control system for all the valves, with an automatic actuator, or at least, the DCS 
should receive information about the valve’s current position in order to find out as soon as possible 
any undesired opening or error. However, these measures are not enough to avoid the internal leakages 
due to valve mechanical problems. The only solution for that is to carry out a correct checking and 
maintenance of all the critical valves during a plant stop, especially those ones that have had problems 
before.  

Additionally, days after the study, the plant general stop was carried out, finding that 12 valves were 
leaking due to internal damage in different elements. The cost of repairing those broken or damaged 
elements was almost negligible compared with the expected savings which are estimated in 2 Million 
SEK per year.  

                                                      
19 It is important to remember internal leakages are discrete events, whose duration is determined mostly for the 
days remaining to the next plant stop. 
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Appendix 
 

Measuring devices 

 

In this study, the principal measuring equipment are flow meters, although, pressure and temperature 
meters are used also. However, these last ones’ accuracy is not remarkable due to its negligible effect 
on both energy and mass balances. The most used flow meters are basically next ones: 

Rosemount 3051 Coplanar Pressure Transmitter with integrated DP Flowmeters 

• Pressure: 
o Measurement Type Differential, Gage, Absolute. 
o Accuracy ±0.14% of span. 
o Stability ±0.2% of URL for 10 years. 

• SIL 2/3 certified to IEC 61508 by an independent 3rd party, NSF, NACE, hazardous location, 
see full specs for complete list of certifications. 

• Operating temperatures: 0 to 205 °C 
• Operating flow range: 0 to 260 ton/h 

 

Rosemount 8800 Series Vortex Flow Meters 

• Flow meter accuracy: 
o ± 0.65% of volumetric rate for liquids 
o ± 1% of volumetric rate for gas and steam 
o ± 0.70% of mass flow rate in water using Multivariable option 
o ± 2% of mass flow in steam using Multivariable option 

• Operating temperatures: -200°C to 450°C 
• Operating flow range: 0 ton/h- 250 ton/h 

 

Instant Cooling flow measurement 

This flow was measured for approximately 10 minutes with a portable gas flow metering FLUXUS 
G601. This technique uses ultrasonic transducers, which, are simply clamped onto the outside of the 
pipe, thus no cutting into the pipe or process interruption is required for installation. Despite his name 
the G601 can also be used for flow measurement of virtually any liquid media. The measurement error 
under good electronic signal and good SNR20 is maximum ±1% of the measurement. 

 

                                                      
20 Signal to noise ratio. 
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Uncertainties in mass balances 
 

The balances are the combination of several measurement on different flows, which each one has its 
measurement accuracy. For example, we can name the three individual flow rates q1, q2 and q3, and 
the estimated the standard uncertainties will be u(q1), u(q2) and u(q3), respectively. The total flow rate 
is given by: 

 

In the case were there is only an addition of the input quantities, the combined standard uncertainty 
for the total flow can be calculated according to the “root-sum-square” rule21: 

 

Thus, the uncertainties in mass balances for the feedwater tank and pressure vessel respectively are 
±1.05 ton/h and ±0.51 ton/h. 

                                                      
21 Magnus Mattsson 2017-09-11, “Uncertainty in measurements”. 
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