Magel, G. (2017)

Get to Know the Corrosion Mechanisms in
Waste-to-Energy Plants.

Refer to: Thomé-Kozmiensky, K. J.; Thiel, S.;
Thomé-Kozmiensky, E.; Winter, F.; Juchelkova, D. (Eds.):
Waste Management, Volume 7, Waste-to-Energy,

TK Verlag Karl Thomé-Kozmiensky, Neuruppin 2017,
pp. 501-513




CheMin"®

GET TO KNOW THE CORROSION MECHANISMS IN WASTE-TO-ENERGY PLANTS

Gabi Magel
CheMin GmbH at Augsburg, Germany
www.chemin.de

Abstract

The availability of waste-to-energy power plants is often highly limited because of material wear. Due to complex
interactions between operating conditions, composition of fuels and flue gas as well as temperature conditions in the
HRSG, especially power plants with difficult fuel such as waste, waste derived fuels and waste wood have to face big
challenges to reach high efficiency. In most cases, chlorine species combined with heavy metals are known to cause
fireside corrosion in HRSG in waste-to-energy technologies.

Depending on the interactions mentioned above, different fireside corrosion mechanisms occur:

. High temperature corrosion
. Salt melt corrosion

. Dew point corrosion

. Deliquescence corrosion

The examinations of the deposits that were formed on the surface of the different components and with which the cor-
rosive attack can be studied, can only be carried out during outages. To get important information in a shorter period
of time, probes are a useful tool to describe and understand the different corrosion mechanisms online in an actual
boiler situation.

CheMin developed temperature range probes to analyse the causes, mechanisms and dynamics of corrosion. In
numerous applications, temperature thresholds for corrosion processes and / or the corrosion mechanisms were exa-
mined. The probes can be used at high temperatures (combustion chamber to superheater) as well as at low tempe-
ratures (economizer and flue gas cleaning) and can help to get a quick and significant decision for the given corrosive
situation.

Introduction

High energy efficiency and availability is one of the main targets for managers and operators of power plants. Howe-
ver, this often collides with the real situation in a waste-to-energy plant, where a corrosive attack of metallic materials
may play a dominant role. The corrosion processes are strongly connected to the properties of the fuel and the firing
conditions. Unfavorable properties of fuel and firing can mutually reinforce one another. Therefore, especially boilers
with ‘difficult’ fuels (waste, refuse derived fuels, waste wood, etc.) that often contain a higher load of chlorine and hea-
vy metal species, frequently suffer strong corrosion. Having these species in the flue gas, fireside corrosion is likely
to occur at different places and components in the boiler, starting with the high-temperature corrosion at superheaters
and evaporators, followed by low temperature corrosion on economizers as well as on components of the flue gas
cleaning.

Due to different parameters (firing conditions, different temperature conditions, geometry of the boiler, etc.) the transfe-
rability of knowledge and findings on mechanisms and solutions from one plant to another is limited [1; 2].

In this paper, a closer view to different corrosion processes is offered, and various case studies of boilers with corrosi-
on problems together with potential solutions are shown.
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Mechanisms of corrosion

In waste-to-energy plants, different kinds of corrosive behaviour can be observed (Fig. 1). What kind of corrosion me-
chanism occurs depends on the chemistry within the flue gas, the installed material as well as the temperature condi-
tions in the boiler. In the following section, the main corrosion phenomena are introduced.

Figure 1: Tube surfaces with different corrosion mechanisms: a) high temperature corrosion on a superheater tube; b)
salt melt corrosion on a tube cladding (alloy 625) in the 1st pass; c) deliquescence corrosion on an economizer tube.

High temperature corrosion
The chain of mechanisms and reactions of high temperature corrosion is complex. It is mainly caused by chlorine

species.

The chain of high temperature corrosion already begins at startup of the boiler: the chlorine species that are released
from the fuel during combustion are dissolved in the flue gas. At the relatively cold heat exchanger surfaces (cold
trap), the saturated chlorine salts condense and can directly cause corrosion on metallic surfaces.

The amount of the chlorides near the steel surface, which is a major contributor to corrosion, is controlled on the one
hand by the load of chlorides in the flue gas and on the other hand by the heat flux. At positions with high heat flux, the
partial pressure of the chlorine salts near the steel surface is elevated, which means a high reactivity of the chlorides
is given.

On the steel surface, the reaction between the chlorides and the iron leads to iron chloride, even at low chlorine con-
centrations within the flue gas [3]. The partial pressure of iron chloride gas is high at the steel surface. Consequently, it
diffuses into the fouling where it comes in contact with oxygen to form iron oxide (Fe203 mostly, but also Fe304). This
is the reason why chlorine corrosion is called active oxidation [4]. Chlorine is released and diffuses back to the steel
(concentration balance) to cause a further corrosive attack. The result is an iron chloride layer directly on the tube
surface, followed by a thicker layer of iron oxides, often penetrated by chloride salts (Fig. 2).

This indicates that for the intensity of the high temperature corrosion, the content of chlorine species in the fuel or in

the flue gas are not as important as the content of specific chlorides inside the fouling as well as the heat flux density
at the tube wall.
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Figure 2: High temperature chlorine corrosion on a superheater tube. With the scanning electron microscope, the
structure of the fouling can be studied: directly on the tube surface, a layer of iron chloride is formed followed by iron
oxides. In the element mapping, the distribution of the different elements can be seen (yellow: high amount; black low
amount; the green line marks the steel surface).

Salt melt corrosion (hot corrosion)

The process of salt melt corrosion starts basically similar to the high temperature corrosion. However, the temperature
conditions on the tube surface must be relatively high compared to the melting point of the precipitated salts, so that
salt melts exist directly on the metal surface.

There are different processes known that may arise from the salt melts: On the one hand, the melts may dissolve exis-
ting oxide layers [5], which allow the corrosive chlorine gas to move towards the metal surface. On the other hand, salt
melts may change the structure of the fouling from a porous to a dense cover. This means the iron chloride is trapped
and closed off from the gaseous oxygen. In this way, a special micro milieu is formed under the deposits that support
chlorine corrosion [6]. A further mechanism is possible when the salt melts react as a liquid electrolyte directly with

the steel, forming single pits. While dissolving the metal, the elements of the steel become part of the salt melt. As a
consequence, the melting temperature increases, causing the melt to freeze.

In most cases, the surface of the metal is characterised by corrosion pits (Fig. 1).

Deliguescence corrosion

This type of corrosion starts basically similar to the high temperature corrosion with the precipitation of saturated salts

on the tube surfaces, but it affects the salts at low temperatures only. Special salts absorb water from the surroundings
under certain conditions. The deliquescence temperature of these salts is significantly higher than the water dew point.
At these temperatures the solid salts change to form a liquid solution, which is why these salts are called deliquescent
salts.

During plant operation, these specific salts
» are deposited by desublimation (transition from gas phase to solids) and
» absorb moisture to liquefy.
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A good example for these kinds of salts are ammonium salts which are transported as gaseous species in the flue gas
until relatively low temperatures are reached. At the cold end of the boiler, these salts can be the dominating species
to precipitate and build up the fouling. Other examples are CaCl2, ZnCI2 and mixtures of these salts.

The liquefied deliquescent salts can form chlorine-containing electrolytes at flue gas temperatures below about 140°C
on corresponding boiler components, such as the economizer and components of the flue gas cleaning as well as the
clean gas side. Details concerning fuels, firing conditions and plant operation are described by Herzog et al. [7] and
Montgomery et al. [8].

Dew point corrosion

When a specific gaseous species reaches saturation in a flue gas with decreasing temperature, droplets of the liquid
condense on solid surfaces. The saturation temperature depends on the load of the concerned species and in case

of sulfuric acid also on the humidity of the flue gas. The liquid electrolyte can form wet spots on the surfaces, causing
general corrosion and an almost even material loss. Other examples show droplets causing local pits.

The term dew point corrosion is mainly used for sulfuric acid and it occurs, e.g., in coal fired power plants. In waste-to-
energy plants the dew point corrosion is not common, as SO3, which is the starting phase for the formation of sulfuric
acid, reacts with chlorine species, and so the formation of sulfuric acid is unlikely.

Investigation of the corrosion mechanism

The different corrosion mechanisms that can be observed on the metallic surfaces in a HRSG, are already known in
general. However, the corrosion mechanisms are only the final link at the end of a chain of mechanisms and reactions
of the complex interactions between operating conditions, composition of fuel and flue gas as well as temperature
conditions in the HRSG.

To find a feasible approach for optimisation of the process, it is necessary to study the chain of interactions between
these parameters [9]. Useful tools for this approach are the temperature range probes, developed by CheMin, with
which the plant performance such as boiler efficiency, component lifetime or availability can be improved.

When applying a temperature range probe to the flue gas, the surface of the probe is imitating the tube surfaces of the
component that has to be studied. The temperature range probe consists of an outer tube (probe tube) and an internal
tube that is used for cooling with compressed air (Fig. 3). The probe tube is therefore cooled from the inside and is
heated by the flue gas from the outside. The internal tube ends at the front part of the probe tube. This is where the
cooling air enters the probe tube, causing the front section of it to be the best cooled part of the probe. Towards the
rear of the probe, the surface is heated gradually. Therefore, a temperature profile is developed on the tube surface
that rises towards the end of the probe. With internal temperature measurements, that are coupled to an electronic
control, the temperature window on the tube surface can be kept constant at a specific level.

The design of the probe (length, diameter, material, etc.) can be adjusted and the required temperature window can
be adapted to the particular situation or problem that has to be investigated. The temperature range probes can be
installed at temperature conditions between 1200°C and 100°C.
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Figure 3: A temperature range probe is internally cooled by cooling air. As the surface of the tube is heated by the flue
gas, the surface temperature of the probe rises from the front part towards the rear of the probe.

With these themperature range probes, useful information can be gathered that can help to improve the availability of
the plants. This can be, for example, information on

* cause, mechanism and dynamics of corrosion,

» cause and composition of fouling,

» impact of a special kind of fuel on the corrosion and / or fouling,
» impact of a way of operation on the corrosion and / or fouling,

» temperature threshold for corrosion, and

* most suitable materials.

Case studies
On the following pages some case studies worked on by CheMin are described. In these cases temperature range
probes were used to understand the corrosion processes in waste-to-energy boilers and to find possible solutions.

Case study 1: Corrosion mechanisms in a superheater

Situation: The superheater in boilers with ‘difficult’ fuel is often the main place of corrosive attack. This is
why the lifetime of this component often lasts for only a few years in the heavily affected areas. To
optimise the lifetime of a superheater, the operator of a waste-to-energy plant plans to replace the
carbon steel tubes with cladded tubes (alloy 625). Before implementing the modification, CheMin
had to compare the corrosion rate of the alloy 625 with the carbon steel under the given conditions
to see if the investment will pay off.

In a second investigation, both materials should be compared again, but while burning a different
fuel with a higher load of pollutants.

Investigation: Temperature range probes were applied using the two different materials (carbon steel and alloy
625). The temperature window of the probe surface was kept at a constant level between 320°C
and 480°C during the test. After an exposure time of about 4 weeks, the tube surface and the
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formed fouling at a surface temperature of 400°C was studied. The application of the temperature
range probe and the same investigation was repeated with a different kind of fuel to compare both
situations and both materials.

With the applied tests, it could be shown that different corrosion mechanisms occurred at both ma-
terials (Fig. 4). On the carbon steel, the complete surface corroded in both fuel tests, causing two
corrosion layers to appear, consisting of mainly Fe304 (black layer) and Fe203 (red layer). The
probes therefore show clear indications for high temperature corrosion on the carbon steel. On the
other hand, the alloy 625 is corroding with the formation of single corrosion pits; the surface bet-
ween the corrosion pits is only slightly worn. This indicates that the surface of alloy 625 is attacked
by salt melt corrosion under the given conditions.

The wearing rates at the superheater temperature of 400°C could be shown for both materials. At
both tests, with the combustion of fuel 1, the wearing rate is distinctly lower than with the combus-
tion of fuel 2. With the wearing rate of both materials and both situations, the calculation can be
made, whether the investment is beneficial.
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Figure 4: a) Temperature range probes were used to investigate the corrosion mechanisms on superheater tubes
(400°C). b) Schematic illustration of the formed fouling on carbon steel and alloy 625. Both materials show corrosion
mechanisms which are essentially different. ¢) The diagrams show the wearing rates of the two materials in relation to

the tube temperature for both kinds of fuels.
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Case study 2: Corrosion behaviour of different materials at a superheater

Situation: The superheater in a particular waste-to-enery boiler is exposed to high flue gas temperatures,
and as a result the corrosion of the tube material is extremely high, so that the tubes in the most
affected areas have to be replaced every year. This unsatisfactory situation should be improved by
testing different materials under the same temperature conditions.

Investigation: Several materials are applied on different temperature range probes inserted into the flue gas at
the position of the superheater. With these applications, the corrosion behaviour of these materials
were tested under the same conditions.

Finding The wearing rate of the currently installed material of the superheater tubes can be compared to
the corrosion behaviour of various materials within a relatively short time period (Fig. 5). When
replacing the superheater, the most cost-effective material can be chosen.
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Figure 5: With temperature range probes, the corrosion behaviour of different materials were tested under the same
conditions.

Case study 3: Corrosive behaviour due to lowering of the flue gas temperature at the cold end of a boiler

Situation: The managers of a waste-to-energy plant were looking for possibilities to rise the energy efficiency
of the boiler. In this context, considerations were made whether the energy within the flue gas at
the cold end of the boiler can be used without running the risk of corrosive attack on the installed
materials.

Investigation: A temperature range probe was applied at the stack. As there is no cooling of the installed material
but a reasonable insulation installed at this component, the metal of the surrounding area is about
the same temperature as the flue gas of about 140°C. The temperature window of the probe sur-
face was kept constant during the test between 70°C and 120°C.

Finding: With the rising surface temperatures of the probe, the corrosion dynamics decrease (Fig. 6). Below
the temperature of about 90°C, strong corrosion can be determined. Lower corrosive attacks can
be observed up to a temperature of 103°C. To avoid corrosive attacks, all metal surfaces that are
exposed to the flue gas should be kept above this temperature.
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Figure 6: A temperature range probe was applied at the cold end of the boiler to see the temperature threshold above
which no corrosion occurs. In this case, indication for corrosion can be observed below 103°C; under about 90°C
strong corrosion appears.

Conclusions

The findings of the corrosion mechanisms are based on long experience at CheMin, derived from damage analyses
and expert reports for waste-to-energy plants. Throughout many years of shutdown service and investigations, tempe-
rature range probes have been developed by CheMin to examine the cause, dynamics and mechanisms of corrosion
in different boiler components. With these tools the complex interactions between fuel, firing and temperature condi-
tions can be studied in detail.

The framework conditions for operators of power plants are often fixed and the possible scope for improving the plant
performance is highly limited. But there is almost always a possibility to somehow optimise the process.

To check the impact of different firing conditions or different fuels on corrosion, various operative situations can be
created for a certain time period, where temperature range probes can be applied. In this way, the given possibilities
for improving the process can be worked out.

As an example to increase the availability of a component, a possible solution could be to find a material that is more
appropriate for the given conditions in terms of corrosion resistance. With the application of temperature range probes
which imitate the surfaces of the boiler component, quick access to economical material solutions can be achieved.

A further example for the application of the temperature rangs probes shows how the boiler efficiency can be increa-
sed by lowering the flue gas temperature at the cold end of the boiler without running the risk of corrosive attack.
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