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High power recovery boilers are becoming more and 
more common in the pulp mill industry as electricity 

prices have increased and environmental limits have tight-
ened. Electricity produced by recovery boilers qualifies as 
green energy in many countries, providing incentives to 
electricity price, which make high power feature invest-
ments profitable. Other interests are in reduction in the 
use of fossil fuels; with high power recovery boilers, it is 
possible to use less fossil fuels in power boilers located at 
pulp mill site.

This paper introduces high power features used in recov-
ery boilers and examines how each feature can be utilized in 
existing recovery boilers. The effect of each feature on the 
boiler performance is explained, and boundary conditions 
and possible boiler modification requirements are also dis-
cussed. Finally, two calculation case studies are presented 
showing the benefit of upgrading an existing recovery boiler 
with high power features.   

HIGH POWER FEATURES
The most common high power features are presented in  
Fig. 1. Starting from the right side, a typical mixture of 
demineralized water and turbine condensates are heated in 
a tube condenser, which uses the heat available in vent gases. 
After that, the water mixture is heated in a flue gas cooler, 
where some of the heat left in the flue gases after economizers 
is recovered. Both of these features decrease the amount of 

low pressure steam (typically 4 -6 bar) needed in the 
feedwater tank. 

Then, there are five features that increase main steam flow. 
If low pressure extraction steam to the feedwater tank is throt-
tled at the control valve, it is possible to increase saturation 
temperature in the feedwater tank by throttling the extraction 
steam as little as possible. This kind of configuration is called 
a fully pressurized feedwater tank. After the feedwater tank, 
feedwater is preheated in two phases: first with a preheater, 
and next between the economizers with an interheater. With 
higher dry solids content, less heat energy is required to evap-
orate the moisture and more steam is generated. Also, preheat-
ing the combustion air leads to an increase in the main steam 
flow. Low pressure steam consumption can be decreased 
when the first stage of air preheating is replaced with a heat 
exchanger using the heat from a flue gas cooler. Finally, elec-
tricity generation can be improved by increasing the main 
steam parameters.

High power features are introduced in more detail in the 
following sections.

Higher black liquor dry solids
Increasing the black liquor dry solids content has usually been 
the first step when more efficient electricity production is 
desired. With higher dry solids content, less water needs to 
be evaporated in the furnace, leading to higher live steam 
generation. Of course, more low pressure steam is required 
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in the evaporation plant, and depending on the level of dry 
solids content and extraction steam pressures, it might also 
be necessary to use middle pressure steam. 

Air preheating
Air and diluted non-condensable gas (DNCG) can be pre-
heated in 1, 2 or 3 stages using turbine extraction steam. In 
high power applications, 3 stages are typically used, and the 
first stage steam-air heat exchanger can be replaced with a 
water-air heat exchanger that gets the heat energy from the 
flue gases. This kind of feature is called the flue gas cooler 
system and is explained here in more detail later on. 

The aim is to preheat air as high as the extraction steam 
pressure allows in each stage. Air temperatures can be 200°C 
or even higher. Higher air temperature means that heat input 
to the boiler increases and thus, live steam generation and 
electricity production increase. At the same time, extraction 
steam consumption increases, meaning less low pressure 
steam is left over. Condensing part of the turbine then pro-
duces less electricity and has a disadvantage compared to a 
back-pressure turbine, unless there is a price for this steam, 
for example, through district heating. The same principle 
applies with other features that reduce the amount of low 
pressure steam left over. Overall, air preheating has proven 
to be very profitable. 

1. High power features in recovery boilers.

Fully pressurized feedwater tank
Some old mills have had a deficiency of low pressure 
steam for the mill steam consumers. In such cases, 
operating temperatures in the feedwater tank have been 
lowered by throttling a control valve in the low pressure 
steam extraction line. By doing this, less steam is required 
in the feedwater tank and more low pressure steam is 
available to the steam consumers in the mill. 
Improvements in various processes and equipment in the 
mill have led to more energy efficient applications and 
less low pressure steam is therefore required. In these 
kinds of cases, it is very beneficial to throttle the control 
valve as little as possible so that feedwater temperature 
is maximized and steam generation increases. 

The profitability of a fully pressurized feedwater tank 
depends on whether there is a condensing or back-
pressure turbine and if there is a price for back-pressure 
steam. With a condensing turbine, use of a fully pressurized 
feedwater tank is always profitable. The same applies if 
there is no price for low pressure steam. When there is a 
price for low pressure steam, then the profitability 
depends on the price ratio of electricity and low pressure 
steam. Use of a fully pressurized feedwater tank has 
typically been very profitable since no additional 
equipment is required. 
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Feedwater preheating
There are two types of devices used to heat feedwater: 
preheaters and interheaters. Preheaters are located before the 
economizers and typically use middle pressure steam  
(8-13 bar); whereas interheaters are located between the 
economizers and typically use more valuable middle pressure 
2 steam (25-30 bar). They both increase the feedwater 
temperature before the steam drum, thus both steam 
generation and electricity production increase. Depending 
on the price of electricity, turbine extraction steam pressure 
levels, and the size of the boiler, the most profitable option 
could be a combination including both preheater and 
interheater, or just either one. If just one feedwater heating 
device is selected, then the choice between preheater and 
interheater has to be done case by case, as the optimized 
solution is dependent on many variables.

Heat recovery from dissolving tank vent gases
Heat from vent gases can be recovered with a tube condens-
er and used to preheat demineralized water or a mixture of 
demineralized water and turbine condensates, leading to sav-
ings in low pressure steam. The amount of heat available de-
pends on the vent gas flow and moisture content. There is 
also a temperature limit for the water to be heated coming 
from a certain thermal temperature difference between vent 
gas and water.

As with a fully pressurized feedwater tank, the profitabil-
ity of a tube condenser depends on whether or not there is a 
condensing turbine. With a condensing turbine and reason-
able electricity price, payback time for the investment has 
been quite short and heat recovery from vent gases has prov-
en to be very profitable. If there is a back-pressure turbine, 
there has to be a high enough price for the low pressure 
steam in order for the investment to be profitable.

Heat recovery from flue gases
Low pressure steam can be saved by recovering some of the 
heat in flue gases with a flue gas cooler after the electrostatic 
precipitators. The heat from flue gases is first transferred to 
a closed loop water circulation system and then to one of the 
following:

1. Demineralized water
2. �Mixture of demineralized water and turbine condensates
3. Combustion air
4. Dryer used for the drying of biomass

In retrofit projects, the third option is most likely not an eco-
nomically good solution, since modifications to the existing 
first air preheating stages are needed.   

As with a tube condenser, the profitability of flue gas cool-
er is also a question of turbine setup and the possible price for 
low pressure steam. 

High main steam parameters
Increasing the main steam temperature (at constant pressure) 

always increases the electricical output from a turbine gen-
erator. A limitation on the main steam temperature is often 
based on superheater corrosion concerns, which is directly 
connected to potassium and chloride levels in black liquor. 
With constant potassium and chloride levels, higher main 
steam temperatures can be reached if better superheater ma-
terials are chosen. Another option is to lower the potassium 
and chloride contents by treating the recovery boiler electro-
static precipitator (ESP) ash; however, this will result in lower 
sodium recovery. So, choosing the main steam temperature 
is basically an optimization between more expensive super-
heater materials (investment cost) and makeup chemical costs 
(operating cost) caused by sodium losses in ash treatment. 

The main steam pressure needs to be chosen based on the 
design of steam temperature. With a condensing turbine, the 
boundary condition is the condensate steam quality (kg 
steam/kg water-steam mixture). As the main steam tempera-
ture increases, condensate steam quality also increases. How-
ever, increasing the main steam pressure leads to higher elec-
tricity output, but it decreases condensate steam quality. It is 
beneficial to increase the main steam pressure only to the 
extent that the condensate steam quality remains the same, 
unless the condensing turbine is modified and lower conden-
sate steam quality is allowed. With a back-pressure turbine, 
the main steam pressure needs to be chosen so that low pres-
sure steam is superheated enough to satisfy the requirements 
of the steam consumers in the pulp mill.

With higher main steam parameters, less main steam is gen-
erated, as same amount of heat is transferred from flue gases 
to steam. However, the increased main steam enthalpy is more 
advantageous than the impact of the decreased main steam 
flow; this is because the enthalpy difference over the boiler is 
much larger than the enthalpy difference over the turbine.

EFFECT OF HIGH POWER FEATURES  
ON BOILER PERFORMANCE

The main boiler design parameters that need special attention 
when increasing the electricity production are presented in 
detail in this section. Some of the high power features may 
have an effect on other boiler performance parameters, such 
as flue gas emissions, particle carryover, etc., but these are 
excluded in this study.

When introducing high power features to a recovery boil-
er, the performance of the boiler can change quite drastically, 
depending on how many features are introduced and how big 
the difference is between the base and high power case. In 
the following analyses, a typical boiler with and without high 
power features is simulated. Process values in the base case, 
including no features, and a case with high power features are 
presented in Table I.

Whether there is a condensing turbine or back-pressure 
turbine plays a minor role when it comes to boiler perfor-
mance and, therefore, the following results presented here 
are based only on condensing turbine calculations for sim-
plicity.
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Main steam flow
Figure 2 shows how much steam one kilogram of dry black 
liquor can produce. The ratio of steam generation and black 
liquor dry solids depends on, for example, the higher heating 
value of black liquor and the flue gas exit temperature, but it 
can be seen in Fig. 2 how much this key figure is cumulatively 
changed by the addition of high power features.

As discussed previously, there are five features (high dry 
solids content, air preheating, fully pressurized feedwater 
tank, preheater, and interheater) that increase steam 
generation and two features that do not affect steam 
generation at all. The benefit in the latter cases comes from 
savings in low pressure steam. Having higher main steam 

parameters is the only feature that actually decreases steam 
generation.

When comparing the effect of the preheater and interheat-
er on steam generation, it can be seen in Fig. 2 that the inter-
heater clearly produces more main steam — and actually as 
much as with the combination of both feedwater heaters. This 
is because an interheater does not decrease the efficiency of 
economizer 1, and it enables a higher increase in feedwater 
temperature. The drawback is that it consumes more valuable 
middle pressure 2 steam and, therefore, an interheater is not 
more profitable in all cases. Electricity production can be in-
creased even more if both feedwater heaters are used, since 
it enables raising feedwater temperature as high as with an 

Base High Power

Dry solids, % 75 85

Primary air temperature, °C 150 205

Secondary air temperature, °C 120 205

Tertiary air temperature, °C 30 205

Diluted non-condensable gas (DNCG) temperature, °C 120 190

Feedwater temperature from feedwater tank, °C 118 144

Feedwater temperature after preheater, °C - 174

Feedwater temperature after interheater, °C - 224

Live steam temperature, °C 480 500, 515

Live steam pressure, barA 85 97, 107

Turbine condensate + demiwater = mix temperature, °C 40 40

Mix temperature after vent gas tube condenser, °C - 63

Mix temperature after flue gas cooler, °C - 77

I. Comparison of base and high power cases.

2. Cumulative effect of high power features on the ratio of steam generation and black liquor dry solids (FW = feedwater).
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interheater but with lower middle pressure 2 steam consump-
tion. As an investment combination, this is more expensive of 
course, and the profitability depends on electricity price and 
the size of the boiler. 

Total boiler steam attemperation
Another parameter that requires consideration when intro-
ducing high power features is the total boiler steam attem-
peration. A certain margin in the total attemperation is re-
quired so that the main steam temperature can be maintained 
and superheater material design temperatures are not exceed-
ed. Figure 3 illustrates how total steam attemperation cu-
mulatively changes when adding high power features. One 
needs to bear in mind that in this study the heat transfer sur-
faces are kept the same. In real cases, additional heat transfer 
surfaces might be needed.

The only high power features that do not affect the total 
steam attemperation are a flue gas cooler and a tube condens-
er, as these do not affect the main steam flow. Features increas-
ing steam generation reduce the total steam attemperation, as 
higher steam flow requires more heat energy in order to reach 
the desired main steam temperature. Even though high steam 
parameters decrease the main steam flow, they also decrease 
the steam attemperation. There are actually two reasons for 
this. First, due to a larger enthalpy difference between the 
main steam and drum outlet steam, superheaters require more 
heat energy in order to achieve the same steam attemperation. 
Reduced steam flow compensates this to some extent, but not 
enough. Secondly, the average temperature difference be-
tween flue gas and steam is smaller and thus heat transfer to 
the superheater is smaller. For these reasons, steam attem-
peration falls with high steam parameters.

However, some of the high power features affect the total 
steam attemperation in ways other than through higher steam 
flow. When black liquor dry solids content is increased, less 
water is evaporated in the furnace. As a result, less flue gases 
are produced and steam attemperation is decreased even 

more, explaining the big difference between dry solids and 
BASE cases in Fig. 3. On the other hand, steam attemperation 
decreases only a bit when air is preheated, even though main 
steam flow is considerably increased. The reason is that high-
er air temperature results in higher flue gas temperature after 
the furnace, which increases steam attemperation. So, a high-
er heat input to the furnace compensates for the majority of 
the reduction in steam attemperation. It can also been seen in 
Fig. 3 that the interheater decreases steam attemperation al-
most as much as the combination and clearly more than a pre-
heater due to the difference in main steam flow. 

Temperature difference between drum and 
sweet water condenser/last economizer

Water boiling before the drum is an unwanted phenomenon 
in recovery boilers due to risk of mechanical failures and, 
therefore, a minimum temperature difference between the 
drum and sweet water condenser (SWC, also known as 
dolezal) or last economizer is desired. Figure 4 presents the 
effect of each high power feature on the temperature 
difference between the drum and SWC. The temperature 
difference is smaller if feedwater is preheated or the operation 
temperature of the feedwater tank is increased. Higher dry 
solids content and air preheating increase just the feedwater 
flow without affecting the feedwater temperature, resulting 
in a larger temperature difference. Even though higher steam 
parameters decrease the feedwater flow, the temperature 
difference between the drum and SWC is increased, as the 
drum pressure and temperature are both higher. A flue gas 
cooler and tube condenser do not affect to the temperature 
difference. 

Flue gas exit temperature
The flue gas temperature after the economizers is increased 
drastically with some of the high power features, and this 
needs to be taken into account when evaluating high power 
recovery boilers. The cumulative effect of high power 

3. Cumulative effect of high power features on total boiler steam attemperation (FW = feedwater).
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features on flue gas exit temperature can be seen in Fig. 5. 
A fully pressurized feedwater tank and feedwater preheating 
have the biggest impact on flue gas exit temperature, since 
they increase the feedwater temperature, resulting in lower 
economizer efficiencies. Figure 5 shows that an interheater 
raises flue gas exit temperature less than a preheater, as it is 
located between the economizers and only affects the 
efficiency of economizer 2, whereas a preheater reduces the 
efficiency of both economizers. High black liquor dry solids 
and air preheating slightly reduce the f lue gas exit 
temperature, as higher feedwater flow enhances heat transfer 
in economizers and high black liquor dry solids generate less 
flue gases. The effect of steam parameters on flue gas 
temperature is negligible, as feedwater flow is impacted only 
a little by steam parameters.  

Sticky area of ash
Stickiness of ash is determined by how much of the ash is in 
molten state. Ash is considered sticky when the ash melt frac-
tion [wt%] is more than 15% and less than 70%. This melt frac-

tion range is referred to as the sticky area. In order to avoid 
boiler plugging problems, the location of the sticky area 
should be before the second pass where side spacing between 
elements is smaller than in the superheater area. Two ways to 
improve the situation are to treat ash or add superheater area.

How much of the ash is in molten state depends on the ash 
temperature and composition. Since the ash composition re-
mains almost constant regardless of the high power features, 
flue gas temperature is the main parameter affecting the 
sticky area of ash. The magnitude of the effect on sticky area 
of each high power feature depends on the size of the differ-
ence between the base (existing situation) and high power 
case. Due to this, only the direction where sticky area moves 
in superheater area is discussed. However, in general, it can 
be said that the location of the sticky area does not drastically 
move and is not a limiting factor in most cases. 

Air preheating increases the furnace exit f lue gas 
temperature, also meaning higher temperatures in the 
superheater area and, thus, the sticky area moves closer to 
second pass. Higher black liquor dry solids also increase 

4. Cumulative effect of high power features on temperature difference between drum and SWC (SWC = sweet water condenser;  
FW = feedwater).

5. Cumulative effect of high power features on flue gas exit temperature (FW = feedwater).
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furnace exit flue gas temperature, but on the other hand, flue 
gas flow is lower, which means the sticky area either remains 
in the same location or moves slightly closer to second pass. 
A fully pressurized feedwater tank and feedwater preheating 
move the sticky area further away from second pass due to 
enhanced convective heat transfer caused by higher steam 
flow. However, the effect of increasing feedwater temperature 
on the sticky area is almost negligible. A flue gas cooler and 
tube condenser do not affect the location of the sticky area. 
High steam parameters move the sticky area closer to the 
second pass, as the average temperature difference between 
flue gases and steam is lower and, therefore, less heat is 
transferred to the superheaters. This results in higher flue gas 
temperatures in the superheater area and moves the sticky 
area closer to second pass.

Drum pressure
Drum pressure can be a limitation in some cases when high 
power features are introduced to a recovery boiler.  
Figure 6 illustrates how drum pressure is changed when 
high power features are introduced. High steam parameters 
have the most substantial effect on drum pressure, as higher 
main steam pressure also requires higher drum pressure. A 
flue gas cooler and tube condenser do not affect the drum 
pressure, because they do not affect the boiler performance. 
The five remaining features that increase the main steam 
flow also increase the drum pressure to a certain extent, due 
to higher pressure losses in the superheaters.

LIMITING FACTORS AND REQUIRED 
MODIFICATIONS IN EXISTING BOILERS

When improving energy efficiency of existing recovery boil-
ers, one needs to bear in mind the effects high power features 
have on boiler performance as presented earlier, as these 
might be limiting factors in certain cases. Through some 
modifications to the boiler and/or to auxiliary equipment, it 
might be possible to overcome these limitations, but that also 

means extra investment costs. In such cases, the profitability 
needs to be analyzed using case specific input values. Since 
universally applicable solutions are impossible to formulate, 
possible targets for modifications are presented in the follow-
ing sections.

Drum
High power features affect the drum in two ways: higher op-
eration pressure and higher main steam flow. 

Drum operation pressure and temperature need to be 
checked when the drum pressure increases. Small pressure 
rises should be possible without any modifications, but high-
er steam parameters most likely result in exceeding the max-
imum allowable operating pressure and temperature. In such 
a case, the only solution would be expensive and time con-
suming, as the drum would probably have to be replaced. 

Higher main steam flow results in higher loading of steam 
drum internals, and it might be necessary to install additional 
cyclones. Drum pressure also affects the capacity of cyclones, 
as higher pressure increases steam separation capacity but 
decreases water separation capacity. Also, changing the sec-
ondary steam scrubbers to a bigger size might be necessary. 

Turbine
The operation of the turbine supplied from the modified re-
covery boiler needs to be looked at when the main steam flow 
is increased. An existing turbine can take only a certain maxi-
mum volume flow. High steam parameters actually help in-
crease the steam flow to the turbine, as higher main steam 
pressure leads to lower specific volume of steam. Since the 
steam volume flow through the turbine remains constant, 
higher steam mass flow is possible. If steam parameters remain 
constant and steam flow is increased, then the turbine capac-
ity needs to be checked. Typically, there is some margin in 
turbine design, but it has to be checked case by case. A turbine 
behaves like a common flow resistance when the design steam 
flow is exceeded, meaning that with higher flow, the pressure 

6. Cumulative effect of high power features on drum pressure (FW = feedwater).
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drop is higher. As a result, the extraction steam pressure levels 
become lower. In such a case, it is also possible that steam ex-
pansion occurs with lower turbine isentropic efficiency.

Some of the high power features increase or decrease 
extraction steam flows, so the design of turbine extraction 
steam bleeds need to be checked. Another issue is that, for 
example, air preheating and feedwater heating might require 
new extraction steam pipe lines from the turbine to the heat 
exchangers. Another alternative is to use the existing bleeds 
and get smaller benefit in electricity production with less 
investment cost.

Boiler pressure parts
High power features increase the main steam flow and will 
affect the boiler water circulation so that the circulation ratio, 
which is the ratio of total flow and steam flow, decreases as 
steam flow increases. Modifications in circulation pipes, head-
ers, and downcomers might be necessary and need to be 
checked case by case.

If the sticky area location becomes an issue, then either more 
heat transfer surface needs to be installed or an ash treatment 
system is required. If there is already an ash treatment system, 
then more ash needs to be treated. If the superheater or furnace 
screen area is increased, it is necessary to check whether there 
is room for additional heat surfaces and sootblowers. 

The possibility of superheater corrosion also needs to be 
checked if steam parameters are increased, and may require 
better superheater materials or ash treatment.  

Perhaps the most critical limitation is the boiler design 
pressure, which is determined by the drum pressure. A cer-
tain difference is required between the drum and design pres-
sures in order to ensure correct operation of drum safety 
valves. Furthermore, the design pressure determines the de-
sign of all superheating, evaporating, and preheating surfaces 
and also circulation pipes, downcomer, and headers, etc. The 
design pressure cannot be exceeded, and the only solution is 
to increase the design pressure by replacing the whole boiler; 
this rarely makes economic sense. Features that increase 
drum pressure through higher steam generation can be intro-
duced to boilers if enough margin to design pressure can be 
ensured. Increasing main steam parameters is a more complex 
issue, as drum pressure increases almost as much as main 
steam pressure and the correct operation of main steam safe-
ty valves also needs to be secured. In other words, the main 
steam parameters can only be slightly increased, but that 
would mean that other features increasing the drum pressure 
most likely cannot be utilized at the same time without ex-
ceeding the design pressure. Also, as the investment costs of 
these features are lower, it is almost certainly not profitable 
to increase main steam parameters in retrofit projects.

Electrostatic precipitators and flue gas system
The performance of electrostatic precipitators (ESPs) is not so 
efficient when the inlet flue gas temperature increases, as 
high flue gas temperature leads to high flue gas volume flow 

and, therefore, retention time for the particles in the flue gas 
is shorter and less dust is separated. Also, the mechanical 
design of ESPs need to be checked when flue gas temperature 
is increased.

Figure 5 shows how each high power feature affects the 
flue gas temperature before the ESPs. Higher black liquor dry 
solids content actually is a benefit, because the flue gas flow 
is lower and also flue gas temperature is slightly lower. Air 
preheating is also beneficial to ESP performance due to lower 
flue gas exit temperature. On the other hand, features 
increasing feedwater temperature also increase flue gas 
temperature before the ESP. In these cases, ESP design 
requires closer analysis. If there is enough margin in dust 
emission permit levels, then higher flue gas temperature 
might be acceptable. Otherwise, some modifications to ESP 
internals, new fields, or a completely new ESP chamber and 
ducting are required, depending on the case. However, layout 
issues need to be solved when new fields or ESPs are needed. 
In many cases, layout is quite compact and the required space 
might be difficult to find.

Other components requiring closer examination in the 
ESP area are flue gas fans. Higher feedwater temperature 
leads to higher flue gas temperature and a bigger pressure 
drop due to higher flue gas velocity. As a result, the capacities 
and mechanical design of flue gas fans need to be checked. 
On the other hand, high dry solids and air preheating are 
beneficial to the performance of flue gas fans, as they 
decrease the pressure drop.  

If the flue gas cooler is considered when increasing 
recovery boiler energy efficiency, it is necessary to check 
whether it is possible from a layout standpoint. As a flue gas 
cooler does not affect the boiler process, layout together with 
condensing turbine design are the only issues that need to be 
considered.

Feedwater system
Sizing of feedwater pumps and motors need to be checked 
when feedwater flow is increased. One needs to also include 
the increased feedwater motor electricity consumption in the 
profitability analysis. 

Additionally, water velocity in feedwater piping and in SWC 
needs to be checked when steam generation is increased in 
order to avoid any internal erosion of piping.

As a certain temperature difference between the drum 
and SWC (or last economizer) is required, the amount of heat 
transferred with feedwater preheaters to feedwater (Fig. 4) 
might be limited. Another issue is the location of the preheater 
and interheater: by default, they are located below 
economizers but in smaller boilers there might not be enough 
room for them. One solution is to put them outside the boiler 
house. 

Black liquor firing system
The black liquor firing system may need some modification 
when black liquor dry solids content is increased.  Black 
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liquor becomes more viscous as it contains less water, 
consequently making it harder to pump. Possible targets for 
modifications are: 

• Black liquor guns
• Piping
• Pumps
• �Pressurized black liquor burning system (including pres-

surized heavy black liquor tank/flash tank/possible indi-
rect black liquor heater for black liquor burning temper-
ature fine tuning) 

Special attention to material selection should be considered.
In the evaporation plant, middle pressure steam might be 

required in addition to low pressure steam, depending on the 
black liquor dry solids after a retrofit and extraction steam 
pressure levels. The evaporator plant may also require more 
heating surface.

Air system
As air is preheated, the volume flow increases. As a conse-
quence, air velocity through the ducts and air ports increases. 
The velocities at unheated air levels are especially critical, 
since the potential temperature increase is higher and it is 
possible that air ports need to be replaced.

Another issue is that the pressure drop in air systems in-
creases as the air preheating stages are increased up to per-
haps three, so it is good to confirm the marginal capacity of 
forced draft fans. Additional steam heating stages also require 
space and pipe lines from the turbine extractions. 

Vent gas system
The vent gas tube condenser is the only high power feature 
affecting the vent gas system. The tube condenser needs to 
be added to the existing dissolving tank vent gas system. This 
requires new piping lines and modifications to the existing 
ones, but the main challenge is to find enough space, as a tube 
condenser is a large, vertically installed component. So, the 
tube condenser faces the same issue as feedwater preheaters: 
in a small boiler, it might be difficult to fit a tube condenser 
below the economizers, and in those cases, a tube condenser 
may need to be located outside the boiler house. 

EXISTING BOILERS WITH HIGH POWER 
FEATURES – CALCULATION EXAMPLES

As the high power features have now been described in 
detail, along with their limitations and influence on boiler 
performance, it is now appropriate to study the benefits in 
electricity production and extra income. Two examples 
based on existing mills are shown with the most suitable high 
power features in those cases. Limiting factors are not taken 
into account in these analyses so it might not be possible to 
use all suggested high power features. Nevertheless, the 
calculation examples present the possible gains of each high 
power feature. 

The following calculations were done with a self-devel-
oped tool that is used with Microsoft PowerPoint. A Microsoft 
Excel spreadsheet runs behind the PowerPoint application, 
calculating the electricity production based on certain as-
sumptions and correlations. Only some of the boiler param-

7. The effect of high power features on electricity production.
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eters are adjustable in the PowerPoint version; a standalone 
Excel version was also developed that includes more degrees 
of freedom for adjusting boiler and mill parameters. 

The main difference between the two calculation exam-
ples is that there is a condensing turbine in the first case, 
whereas the second case has a back-pressure turbine and is 
connected to a district heating network.

Condensing turbine
Figure 7 shows how generator output is cumulatively 
changed and the resulting percentage increase in electricity 
production when compared to the current mill situation (base 
case). The high power features are assumed to be added to a 
3000 TDS/day recovery boiler. Process values of the base case 
are shown on the left side of Fig. 7, and values after the modi-
fications are mostly shown on the right side.  

In this mill, black liquor dry solids content is already high 
(80%), so no modifications to the evaporation plant are nec-
essarily needed. The following features were added: air pre-
heating, a fully pressurized feedwater tank, a feedwater pre-
heater, a vent gas tube condenser, and a flue gas cooler. As 
stated previously, increasing steam parameters is challenging 
in an existing recovery boiler and most likely not feasible, so 
these remain untouched. 

Air temperatures in the base case are according to Table I, 
and after adding a new preheating system, air flows in all levels 
are preheated to 200°C, giving about 0.9 MW additional 
electricity. The pressure of the feedwater tank is raised by 

throttling less in the low pressure extraction steam line so that 
feedwater temperature after the feedwater tank is increased 
from 125°C to 146°C, resulting in an electricity production 
increase of 0.6 MW. The feedwater temperature is further 
increased to 163°C in a feedwater preheater, which increases 
electricity output by 0.2 MW. This may not seem significant, 
but on the other hand, a preheater raises flue gas temperature 
(Fig. 5), meaning that more heat from flue gases can be utilized 
in a flue gas cooler. An interheater might be a better solution 
and should be studied in a real case. However, with a 
combination of a preheater and an interheater, the electricity 
generation would increase even more. Heat is recovered from 
the vent gases in a tube condenser where a mixture of turbine 
condensates and demineralized water is heated from 40°C to 
67°C, giving 1.7 MW of extra electricity. Due to the addition of 
a preheater and a fully pressurized feedwater tank, flue gas 
temperature after the economizers has risen from 180°C  to 
210°C and is cooled down to 120°C in the flue gas cooler, 
resulting in an additional 3 MW. In total, electricity output is 
increased by 6.5 MW, which is 9.5% more than the base case.

Figure 8 illustrates how much extra income is achieved 
with a given electricity price. In this example, a price of 50 
Euro/MWh is used. It can be seen that in this case a tube 
condenser and a flue gas cooler give the biggest benefit, but 
one must bear in mind that a flue gas cooler would not be as 
profitable without a fully pressurized feedwater tank and a 
preheater. Nevertheless, the total extra income in this case 
would be around 2.8M Euro every year.

8. Extra yearly income produced by high power features.
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9. The effect of high power features on electricity production.

10. Extra yearly income produced by high power features.
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Back-pressure turbine and district heating
The size of the recovery boiler is a bit smaller (2000 TDS/day) 
in this example, as seen in Fig. 9. The black liquor dry solids 
content is increased from 72% to 80%, meaning 1.4 MW of 
additional electricity, whereas air preheating gives 1.0 MW 
more. Raising the feedwater temperature in two phases from 
119°C to 170°C with a full pressure feedwater tank and a 
preheater gives 1.3 MW + 0.8 MW = 2.1 MW. Altogether, 
electricity production is increased 11.2% compared to the 
base case, which is 4.5 MW in electrical power. The electricity 
production with a back-pressure turbine increases more with 
the high power features than with a condensing turbine, as 
there is no disadvantage compared to the base case from a 
reduced amount of low pressure steam.

It is important to notice that the amount of low pressure 
steam left over is decreased when air preheating, a fully 
pressurized feedwater tank, and feedwater preheating are 
introduced to the boiler. This is because the extraction steam 
consumptions increase more than the main steam flow. The 
only exception is the high black liquor dry solids feature, 
which actually increases the amount of low pressure steam 
left over. In this example, low pressure steam left over is 
decreased by 2.0 kg/s compared to the base case when high 
black liquor dry solids, air preheating, a fully pressurized 
feedwater tank, and a preheater are introduced to the boiler. 
In this case, low pressure steam is used in district heating and 
the deficit needs to be taken into account when analyzing the 
profitability. 

As there is no condensing turbine, a tube condenser and 
flue gas cooler do not generate any extra electricity, but they 
both reduce the consumption of low pressure steam in the 
feedwater tank. The tube condenser saves 3.5 kg/s and flue 
gas cooler saves 5.2 kg/s, meaning that in total 8.7 kg/s (6.7 
kg/s compared to base case) more low pressure steam can be 
utilized in the district heating network.

Figure 10 shows the yearly extra income from increased 

electricity production, which is 1.9M Euro in total. If a tube 
condenser and flue gas cooler are left out of the scope, a 
lower low pressure steam amount should be taken into 
account. The price of district heat is around 28 Euro/MWh 
in Tampere, Finland. Assuming that district heating needs 
4000 h/year and the average water temperature going to 
district heating network is 90°C, the yearly deficit would be 
around 0.5M Euro. So, the total profit would be 1.4M Euro/ 
year. However, when a tube condenser and flue gas cooler 
are taken into account, this deficit changes to a surplus of 
1.8M Euro/year, with a total extra income of 3.7M Euro/year.  

CONCLUSIONS
The thermodynamic efficiency of existing pulp mills can be 
improved by introducing the following high power features 
to the recovery boiler: higher black liquor dry solids, air 
preheating, fully pressurized feedwater tank, feedwater 
preheating, heat recovery from vent gases, heat recovery 
from flue gases in a flue gas cooler, and higher main steam 
parameters.

Some of the high power features affect the boiler perfor-
mance and these impacts need consideration when increasing 
the thermodynamic efficiency, as they might totally or par-
tially prevent the use of a certain feature. The main parame-
ters affected are the main steam flow, the total boiler attem-
peration, the temperature difference between the drum and 
SWC/last economizer, the flue gas exit temperature, the drum 
pressure, and the sticky area location.

The black liquor firing system needs to be revised when 
the high solids content is increased. If air preheating with 
modern air temperatures is considered, it is necessary to 
check air port velocities and air fan capacities. Features in-
creasing the main steam flow are limited by boiler design 
pressure, turbine design, boiler total steam attemperation, and 
drum internals. It is also necessary to check the feedwater 
system and boiler water circulation. In addition, feedwater 
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preheating is limited by ESP design, and the temperature dif-
ference between the drum and SWC.

The vent gas tube condenser and flue gas cooler do not af-
fect the boiler performance, and the main challenges are re-
lated to layout issues. Most likely, it is not feasible to increase 
the main steam parameters in retrofit projects, mainly due to 
boiler design pressure limitations. High power features also 
affect the sticky area location, but the overall effect is small.

The type of turbine also plays a big role when choosing 
high power features. The condensing turbine case is straight-
forward, but with a back-pressure turbine one must include 
the changes in low pressure steam flow in economical analy-
sis. When there is a back-pressure turbine, a flue gas cooler 
and a tube condenser only reduce the low pressure steam 
consumption but do not increase electricity production. It still 
might be reasonable to invest in them if there is a high enough 
price for the low pressure steam.

Based on our self-developed tool’s calculations, it is easy to 
estimate the possible profits when improving electricity pro-
duction, and payback times can be determined when the in-
stalled price of each high power feature is known. TJ
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