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Summary

The polymer PV C continuesto be subject of consider able public debate. Its
waste stage, and especially itsincineration in municipal solid waste combus-
tion (M SWC) facilities plays a central role. Public perception on incineration
in general and certainly of PVC tendsto be negative. Itscombustion is per-
ceived to be associated with dioxin for mation, the generation of large amounts
of toxic residues, and high investment costsin air pollution control devices
that supposedly could be prevented without the presence of PVC. Corrosion
caused by PVC would prohibit MSWC'sto realise the much higher electricity
recovery yields as achieved in the conversion of fossil fuels by power plants.

The Association of Plastics Manufacturersin Europe (APME) commissioned
thisstudy in an attempt to relate per ceptionsto science-based, consolidated
factsfrom literature and from accepted oper ational experience.

Thisreport isan expansion of the previous study conducted jointly with the
Dutch Environmental Ministry VROM that was used as an input in formu-
lating the Dutch authorities PVC policy. Widening the scope of this study,
TNO was asked to summarise data of PVC specific behaviour during M SW
combustion from studiesby TNO aswell asfrom other literature, whilein-
cluding and judging the scientific evidence.

Astheoriginal studieshad focuson The Netherlands, APME requested to re-
sponsibly widen the data to European level. It wasrealised, that by this gen-
eralisation theresults would unavoidably be mor e qualitative and at the ex-
pense of the original quantitative character. However, the general correctness
of thetrendswithin the assumptions aslaid down in the underlying studiesis
not jeopar dized.

Obvioudly, the palicy making process not only requir es awar eness of public
per ception but also of itsrelation to consolidated facts and science.

Policy makers are faced with questions whether PVC incineration isa burden
or a benefit to society. In more operational terms, thistranslatesto the ques-
tion whether PV C incineration in MSWC should be maintained as a waste
disposal method or rather discouraged. As a consequence, the effects of an in-
crease or decrease in the amount of PVC on the ecological, financial or opera-
tional parameters of M SW combustion are key considerationsin thisreport.

This study has been peer reviewed by the For schungszentrum Karlsruhe,
which isknown and recognised for itsrelevant experience on specific effects
of various feed componentsin MSWC.
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In most general termswe conclude:

Per celved negative aspects with respect to the neutralisation salt residue pro-
duction are primarily related to M SWC plant design rather than PV C itself.

PVC is, morethan most other materials, sensitive to the type of air pollution
control system in the M SWC. Within ecological and geographical limitations,
and theright type of plant design, PVC isincinerated without extra ecological
or economical burden. Plant design - if not optimal for PVC processing - has
been selected for other reasonsthan PVC, which ispresent for lessthan 1%
in waste. Total MSWC investment costs strongly vary between EU-member
states with even substantial geographical differenceswithin these countries.

Allocation of the total environmental or economical burden to specific waste

components (e.q. PVC) cannot be achieved unambiguously. The effect of PVC
cannot responsibly be" singled out" . The PV C-argument may not be used se-
lectively or in isolation.

Factorslike dioxin formation, corrosion, electricity yield are determined by
many mutually interfering factors. These effects are by no meanslinear tothe
PVC amount.

The presence of PV C has negative but also positive effects on M SWC oper a-
tion. However, complete elimination or even a strong decr ease of PVC from
the waste stream will not lead to any substantial ecological or_economical
gain. Without PVC, still a significant amount of chlorineremainsin the
MSWC facility waste feed. Moreover, other factorsinherent to M SWC opera-
tions, remain and would still be limiting. No significant impr ovement in cor -
rosion characteristics, electricity vield or dioxin formation isto be expected
from adecreasein the PVC content of MSW.

Without PVC, Air Pollution Control (APC) devices could be designed at

lower capacity (asless hydrochloric acid would be treated) but would not be
redundant. Resulting cost savings would be minimal, as APC investment costs
arelargely determined by the PVC independent volume of the flue gas and
not the amount of the acidic speciesfrom PVC. Without PVC, virtually the
same equipment/investment would berequired as the same functions would
need to be conducted, of which only some at lower capacity.

In existing MSWC plantsrunning at full thermally limited capacity, the gate
feeisdominated by the fixed cost element, resulting from investment costs.
PV C processing costs, like wood, are not extreme: above average " grey"
waste, but mor e favourable than plasticsin general.
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Various allocation methods for investment costs can be envisaged with differ-
ent conceptual attractiveness. |n any approach, PVC related investment costs
remain between “average grey” and general mixed plastics waste.

In underloaded M SWC plants, the marginal costs ar e exclusively determined
by the variable cost element. The high energy content of PVC (like other plas-
tics) causes negative costs, i.e. thereisan income from generated electricity.
In MSWC facilitieswith the possibility to discharge of their waste water this
income exceeds the other cost elements. However, in those M SWC with
"waste water free" air pollution control systems, the variable costsfor PVC
are higher than for any other material. Elimination of PVC leadsto only
marginal and considerably lessthan proportional savingsin MSWC process-
ing costs.

Overall, it can not be unambiguously decided whether PVC incineration isa
burden or benefit to society. However, the overall negative public perception
isnot supported by scientific, financial or ecological evidence.

More specifically, we comment on the various stages and aspects in the combus-
tion plant:

Corrosion

Chlorine (with PV C contributing 30-70% to total chlorine) has a stimulating effect
on corrosion. It is however only one of many simultaneoudly interfering parame-
ters. These effects cannot be separated. Corrosion is by no means linear to the
chlorine concentration. Even complete elimination of PVC (in practice unreal-
istic), isunlikely to reducethe corrosion risk substantially.

Electricity yield

Theyield (20-25%) from waste to electricity in MSWC is lower than from fossil
fuel in electric power plants (40-45%). Thisis caused by factorsinherent to
MSWC operation, rather than the presence of PVC. Asthe other limiting factors
remain, elimination of only PVC will not improve the situation.

Dioxin formation

The most determining factors are combustion conditions and design of the MSWC
installation, in particular flue gas cool down conditions. PVC, like al other plas-
tics, favourably promotes full combustion conversion. Thisisthe only factor that
can be influenced by operating conditions. Chlorine (regardless the presence of
PVC) isalways availablein billion fold excess and is therefore not controlling di-
oxin formation. Thereisno relation between PVC and dioxins amount.
Elimination of PVC was demonstrated to have virtually no effect on dioxin
formation.
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Incineration residues

Bottom ash

The amount of bottom ash is constant, regardless the amount of PVC.

The effect of increasing PV C contents of MSW on bottom ash quality (heavy met-
als content) is favourable as chlorine enhances the transport of heavy metals from
bottom-ash to fly-ash.

In terms of akalinity and heavy metals leaching, no general conclusion can be
drawn. The perceived increased leaching caused by PVC can not scientifically
be supported or denied. Whether or not such increased leaching is environ-
mentally positive or negative depends on the type of plant design (bottom-ash
washing).

Fly ash

Heavy metals from waste need to be disposed at highest concentration and mini-
mal volume. Fly ash serves this purpose asit is often not recycled. Elimination of
PV C would lead to an unfavourable increase in heavy metals content in bottom ash
and a decrease of heavy metals concentration in fly ash. Theimpact of a change
of the PV C content on the fly-ash leaching behaviour cannot be predicted un-
ambiguoudly.

Neutralisation residues

Neutralisation of hydrochloric acid from PVC or Cl-sourcesin MSW like table
salt, invariably leads to formation of a non-toxic salt residue, contaminated with
heavy metals from all waste fractions with minor (below 7%) PV C contribution.
The volume of the solid neutralisation residues which can be alocated to PVC
may - for the same waste - vary by afactor 20, from only 3% to even more than
70% wt of the PVC in the feed. Thislarge variation is completely determined by
the configuration of the plant's air pollution control system.

Facilities with a"wet APC system" that discharge waste water, concentrate the
heavy metals to solid, chemical waste to which PV C contributes only 29 kg/t PVC
waste. The non-toxic salts (NaCl, CaCl,) are disposed of asaliquid effluent.

In the other extreme, with a"dry APC system", separation of heavy metals and
neutralisation salts cannot be achieved and up to even 700 kg/t PV C waste needs
to be deposited as chemical waste.

The volume of the residue is related to PV C (which contributes overproportion-
aly). The quality isrelated to heavy metals, mainly (93 tot 99.95% varying per
heavy metal) derived from non-PV C waste fractions.

There are no established allocation rules in the dilemma: without PV C there is 30-
70% less volume; however, without heavy metals clean salts would be produced.
Public perception with exclusive alocation of the burden to PV C seems not justi-
fied against this background.

The amount of residueis determined by the MSWC plant design and not spe-
cificto PVC. Whatever the plant configuration, a decrease of PVC by even
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50% would result in a volume reduction of the solid residues by only 10% at
unchanged heavy metals contamination.

Cost aspects
MSWC variable costs can be straightforwardly allocated to the waste materials

with relative ease, based on chemical composition, as well as mass and energy bal-
ances. The more complicated allocation of fixed costs has been conducted from the
MSWC operator’s point of view: fixed costs are to be covered, regardless the
waste composition. In other words: if the acceptance of a specific waste material,
e.g. 1 tonne of PV C leadsto replacement of existing standard “grey” waste, the
same amount of fixed costs remains to be covered. For aMSWC facility operating
at full (thermally or mass limited) capacity, the situation is different from an un-
derloaded plant. In the plant running below capacity, variable costs per material

are the only discriminating parameter, as the amount of additional fixed costs cov-
erage isindependent of the type of any extra waste offered.

PV C'svariable costs are largely determined by the plant layout in terms of flue gas
cleaning and the amounts of produced solid residues (for costly disposal). In fa-
cilities where the absorbed HCI resultsin a solid residue, the resulting disposal
costs allocated to PV C exceed its revenue from electricity generation. In these in-
stallations overall variable costs of PV C are higher than for any other material
considered. Alternatively, if the facility is designed to discharge the absorbed chlo-
rides as a solution of calcium (lime) salts, PV C’ s electricity revenues exceed dis-
posal costs. In this case the overall variable costs of PV C are intermediate between
standard M SW and mixed plastics waste.

In general, fixed costs are dominating the overall processing costs; variable costs
play asmaller role.

PV C's elevated calorific value causes the allocation to PV C of arelatively large
fixed cost sharein thermally limited facilities. In other facilities PV C benefits
from its elevated calorific value as it generates an elevated revenue from electricity
production. Though for different reasons, in all these cases PV C takes an interme-
diate position between standard M SW and mixed plastics waste.

Fixed costs are dominated by the investment costs' depreciation, which have been
allocated on “per hour” basis. Alternative fixed cost allocation methods have been
considered and yield to unattractive inconsistencies but lead to similar results.

Overall processing costsfor PVC are determined by the type of plant design

and thefacility’ s geographical location. These costs are not excessive. PVC is
positioned (like wood) between mixed plastics waste in general and standard
“grey” MSW.
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1. Introduction

In 1997, the Dutch Environmental Ministry VROM formulated its PV C policy.
The behaviour of PVC during Municipal Solid Waste Combustion (MSWC) plays
akey rolein this document. In preparation of formulating its PV C policy
[VROM,1997] the Ministry commissioned a study at TNO in which costs and per-
formance of PV C upon incinerating were put in perspective in relation to other
materials, like wood, paper, average municipal solid waste (MSW) and plasticsin
genera [ Rijpkema,1996b]. This TNO study was commissioned jointly with the
Association of Plastics Manufacturers in Europe (APME), that owned computer
models (developed by TNO) used for these studies.

Additional datawere generated by TNO after completion of the 1996 study, as ad-
ditional questions were raised [ VVAV,1997] during discussions while the PVC
policy was being formulated by Dutch Government.

Though most of the results of this consecutive study have been communicated to
the Dutch Environmental Ministry, it has never been consolidated in an official re-
port for awider audience.

APME are aware that questions on the incineration behaviour of plastics are fre-
guently asked by several institutions, NGO's and policy makers at various national
and EU levels.

In order to support these discussions, APME requested TNO to summarise the data
of PV C specific behaviour during Municipal Solid Waste Combustion from its
own as well as from other literature studies while including and judging the scien-
tific evidence.

Asthe original studies had focus on The Netherlands, TNO was requested to re-
sponsibly widen the data to European level. It was realised that by this generalisa
tion the results would unavoidably be more qualitative and at the expense of the
original quantitative character. However, it was perceived that the general correct-
ness of the trends observed would thus not be challenged.

Finally, in order to gain broader scientific support, the report was peer reviewed by
Dr. J. Vehlow from the Forschungszentrum Karlsruhe, known and recognised for
his relevant experience on specific effects of various feed componentsin MSWC.

Policy makers are facing the question whether PV C incineration is a burden or
benefit to society. In more operational terms, this trandates to the question
whether PV C incineration should be maintaned as waste disposal method or rather
discouraged. As a consequence, the effects of a decrease or increase in the amount
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of PV C on the ecological, financial or operational parameters of MSW Combus-
tion are akey consideration in thisreport.

PV C is subject of frequent discussions at various levelsin society. The investiga-
torstrust that the report may be instrumental in replacing perceptions and emotions
by relevant facts.
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2. Approach and methodology

In municipal solid waste combustion (MSWC) discussions, PV C was subject of
considerable public and scientific attention over the last three decades. Especially
due to the high chlorine levelsin PV C and to alesser extent due to the relatively
high content of certain heavy metals, numerous (mostly negative) effects of
MSWC have been attributed to PV C. The effectsinvolved in these discussions
vary from dioxin formation, corrosion, increased residues from the flue gas clean-
ing (FGC, or APC: Air Pollution Control) system to a decrease in energy recovery
efficiency due to limited steam parameters.

There is no doubt that PV C contributes to most of these effects. This report at-
tempts to discuss (and where possible quantify) these effects for those cases where
PV C has a specific impact, different from other components in the feed from
MSWC.

Knowledge of PV C-specific effects on MSWC operation, gaseous and solid emis-
sions and costs are essential, but not sufficient for decision making to derive PVC
or waste management legislation or policies. To derive such policies, knowledge
on specific effects needs to be trandated to an input for practical decisions for
various actorsin society. Most MSWC plants in Europe are up and running; their
operation can be modified only with difficulty and at considerable cost. However,
their feed can be influenced to some limited extent. The question whether
less/more incineration of PV C would be a burden or benefit is therefore fully justi-
fied both in economical and ecological dimensions.

In this report PV C has been considered as a “real-life” waste fraction, which
means that ‘ PV C' refersto PV C product waste and not to virgin PV C polymer.
This PV C product waste consists of PV C products beyond their product life. It in-
cludes, besides virgin PV C, additives, plasticizers and attached dirt.

It should be realised that the PV C molecule under incineration conditions has dual
characteristics. The hydrocarbon part (C, H) qualitatively behaves like any other
hydrocarbon source like wood, paper, or other polymers and provides the energy
for electricity generation. This part causes no additional specific problems even if
the present levels of PV C in municipal solid waste (M SW) were doubled
[Mark,1994].

The chlorine part of PV C isthe cause of more specific concern. Itsincineration in-
evitably leadsto formation of hydrochloric acid, which like other acidic species
(NO4 and SO,) needs to be neutralised and removed to prevent uncontrolled re-
lease into the environment.
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It should be stressed that these effects are chlorine specific, rather than PV C spe-
cific, asit was demonstrated (see 4.2 and the references cited there) that chlorine
containing waste components behave identically, independent of the source of
chloring, i.e. there is no conceptual difference in MSWC behaviour of chlorine
from PV C, bleached paper or table salt etc.

Municipal solid waste shows considerable compositional differences per region.
PV C represents 30-70% of the total chlorine load of European MSWC installa-
tions. As a consequence, even complete elimination of PV C from the MSWC feed
will cause only a change in intensity of the chlorine related specific effects but will
apriori not eliminate these perceived problems. At least 30% of chlorine from
non-PV C sources still would remain in the waste.

The answer to the frequently asked question on the absolute, PV C specific effects
in MSWC istherefore not sufficient in assessing the real relative question to be
addressed for legislation, decision making and formation of waste management
policies:

what would bethe environmental and financial benefit/burden to society re-
sulting from a decrease/increase of PVC as one of the chlorine containing
components from the waste incinerator intake feed?

Beyond the absolute PV C specific effects, it is also the latter relative question
that this report attempts to answer.
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3. PVC and MSWC plant operation

The aim of municipal waste combustion has always been volume reduction (rather
than mass reduction) of waste while destroying pathogenic biological activity.
Nowadays, in modern facilities this has evolved into the inertisation of the waste
(reduction of residual organic carbon) as amajor goal of waste combustion. A sec-
ond incentive, nowadays sometimes valued over the first aim, is the generation of
energy from waste. PV C has an impact on both aspects as thefirst aim is mainly
related to the combustion behaviour of the waste feed, whereas the energy recov-
ery islimited by corrosion, attributed to acidic species, like HCI.

3.1 Combustion behaviour

One of the first tests on the effects of adding PV C (or other plastics) to MSW for
combustion was executed in the early seventies [Kaiser,1972]. In those experi-
ments the plastics content of the MSW was varied between 1 and 2 wt% and the
net heating value of the MSW was relatively low (around 7 MJKkg) at that time.
Therefore, it was not surprising that the main conclusion of those tests was that the
relatively high energy content of plastics was beneficial for the combustion be-
haviour: combustion was easier and more complete. The additional HCI in the flue
gases from an additional amount of PV C was recognized but was eliminated by the
scrubbers without problems (according to the regulations in those days). Today,
with average heating values more elevated at around 10 MJkg, experiments show
that addition of high calorific waste materials (i.e. plastics) improves the burn-out
of the bottom-ash [ Mark,1995b; Vehlow,1996b], even at the nowadays considera-
bly lower levels of uncombusted organic substances (see Figure 1). Elimination of
unconverted organic residues is essentia to reduce dioxin formation.
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Figure 1 Residual carbon in bottom-ash versus heating value of the feed (combustion
temperature 1050 °C) [Vehlow,1996b] .

Other references, however, report an increase in the amount of incompletely burnt
gases with increased plastics content of the waste feed, resulting in high CO-levels
and substantial emissions of products of incomplete combustion. This merely is
the case in (older) furnaces with little possibilities for secondary (overfire) air and
atoo limited burn-out area resulting in too short residence times for the flue gases
[e.g. Kerdnen,1990]. Thisis due to the fact that plastics are gasified very quickly
in relation to average MSW and combustion subsequently occurs in the gas phase.
If the furnace is designed for waste which predominantly burns at the surface of
the solid particles (like coal), problems with the burn-out of the gases from plastics
combustion can be expected.

However, in modern MSWC facilities the burn-out of the gas phase is fully con-
trolled by adjustable secondary combustion air addition, sufficient residence time
for the flue gases at high temperatures and improved process control. Therefore, in
modern MSWC facilities the burn-out of the gasesis generally achieved without
any problem.

It can be concluded that the addition of plastics, PVC or other relatively high
calorific materialsto the waste feed has a beneficial effect on the burn-out of
solids and gasesin a modern well controlled MSWC facility.

TNO-MEP - R 99/462
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3.2 Corrosion

High temperature and low temperature corrosion need to be distinguished in
MSWC fecilities.

Low temperature corrosion occurs at temperatures below the dewpoint of the
acidic substances (HCI, H,S0,). At temperatures above 150 °C, this type of corro-
sionisnot very likely [ Ganapathy,1991]. Asthe temperature of the flue gasis till
200-230 °C at the boiler exit, this type of corrosion is only to be expected beyond
the boiler, i.e. in the quench and the acidic step of the wet scrubber, where the flue
gas temperature (around 70 °C) is below the dewpoint. In some German MSWC
facilities the authorities restrict water consumption for wet scrubbers for environ-
mental reasons. This results in scrubber fluids with higher acidity and the in-
creased corrosion in these scrubbers or the increased cost for protective materials
are atrade off of an economical penalty, versus perceived ecological gain.

High temperature corrosion can only occur in the boiler. In principle, high tem-
perature corrosion by CO may occur at high rate when local conditions around
steam pipes are aternatingly reducing and oxidizing [ Crider,1977; Bolt,1991].
Corrosion can also be caused by (alkali)sulphates or by chlorides [ Reichel,1989;
Barniske, 1990; Ganapathy,1991; Prd&frock,1991; Vehlow,1992b].

The main cause of high temperature corrosion for MSWC facilities, however, are
the chlorides: sulphate corrosion occurs but is hardly ever the reason for steam

pipe failure in MSWC [ Barniske, 1990; Vehlow,1992b] and the minimum oxygen
concentration of 6 vol%, which is maintained in the flue gases, is generaly per-
ceived to be sufficient to sustain the protective oxide layer on the pipes and to pre-
vent CO-corrosion [ Schirmer,1999].

Though both types of corrosion occur in MSWC facilities, low temperature corro-
sion is considered less important than high temperature corrosion. Partly, thisis
due to the fact that low temperature corrosion can be controlled more easily since
the use of protective materialsin this temperature area is cheaper, much easier, and
more effective than in the high temperature area. The other reason for an increased
attention to high temperature corrosion is in the discussion on reduced energy effi-
ciencies of MSWC facilities (see further 3.3).

The high temperature corrosion processis still not completely understood but one
plausible mechanism is as follows [ Born,1997]. Through oxidation a protective
layer of metal oxidesisformed on the boiler steam pipes. Normally under oxida-
tive conditions this layer is maintained. However, if locally oxygen isinsuffi-
ciently present this layer can be (partly) destroyed by reduction. Elementary chlo-
rine (Cl,) can be formed through sulphatation from metal chlorides (mainly lead
and zinc chloride) in heat exchanger surface deposits. This chlorine attacks bare
iron to form FeCl,. The FeCl, migrates through the oxide layer and (at the surface)
is oxidized to regenerate Cl, again.
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The major question with respect to high temperature corrosion in this study’s con-
text isto what extent increased high temperature corrosion can be allocated to the
amount of chlorinein the waste feed.

The amount of acidic HCI generated per tonne of converted fuel in MSWC is
higher than in power plants but still of the same order of magnitude. On the other
hand oil and coal are contaminated by sulphur, causing a major burden in the APC
systems of power plants where SO, needs neutralisation. This leads to a gypsum
waste stream with associated outlet/disposal problems. Ironically, the burden of
SO, (aslong asit isin the gasphase) may be beneficial in decreasing the corrosion
potential of hydrochloric acid (coal is generally processed with up to 0,2% of chlo-
rine) in power plants. This subduing effect of SO, is based on the interference of
SO, with Cl, and HCI [ Tuppurainen,1998] . This effect is sometimes supposed to
play an inhibiting role in dioxin formation as well [ Griffin,1986; Gullet,1995;
Lindbauer,1991]. The quantitative impact of this effect is not fully known (yet).

In the steam pipe deposits sulphates play an opposite role and, as mentioned be-
fore, promote chlorine induced corrosion through sul phatation of the chlorides and
thus liberation of Cl..

In addition, the amount of ashes plays adual rolein boiler corrosion processes,
depending on the composition of the ashes. On the one hand ash decreases the
chloride density at the tube surface (at a given amount of chlorides) and the sili-
cates in deposited ash can inactivate chlorine atoms. On the other hand, ashes
contain (alkali)chlorides which means the ash continuously provides chloride to
the tube surface. Ashes will unavoidably contain unburned carbon fragments
which upon deposition on a steam tube surface create local reducing conditions
and subsequent attack of the protecting oxide layer.

Another aspect of corrosion, which isincreasingly causing problems, is the corro-
sion below protective bricklayers in the areas where temperatures are at their
maximum. In these early regions of the boiler (the first parts after the combustion
chamber) steam tubes are protected by all kinds of ceramic materials. However,
due to high temperatures diffusion through these protective layers is enhanced,
leading to condensation of chlorides (especialy Pb-, Zn-, Sn- and akalichlorides)
below the protective layers at the steam tube surfaces. Oxygen can reach these ar-
eas only by diffusion, (which isless efficient than condensation at higher concen-
tration, like the chlorides). As aresult, reducing atmospheres are created, leading
to corrosion undernesth the protective brick wall. The main cause for this type of
corrosion isthe increased furnace temperature. This increase in temperature is due
to the increased calorific value of the waste feed in the last decades and the ten-
dency towards increased focus on energy revenues. It is also caused by emission
legislation demanding aresidence time for the flue gases of at least 2 seconds at a
temperature above 850 °C (most European legislations).
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The maximum HCI-concentration that can be tolerated in MSWC is not known
guantitatively as, obviously, the corrosion potential cannot be judged from the
chlorine load alone. Even at wood combustion systems where the flue gas shows
HCI concentrations 100 times lower than in MSWC facilities (typically around 12
mg/Nm? against 800-1500 mg/Nm?® for regular MSWC facilities) chlorine induced
high temperature corrosion is known to occur to the same extent asin MSWC fa-
cilities[ Schirmer,1999] . Other sources mention that chlorine induced corrosion is
arealistic possibility at Cl-contents in the fuel above 0.1 wt% in genera
[Bryers,1970; Born,1997] and above 0.2 wt% (leading to around 100 mg/Nm? in
the flue gas) for coal-fired power plants [ Jackson,1963; Born,1997].

More parameters are important in judging the corrosion potential. The most im-
portant parameters seem to be the amount of metal chlorides in the steam pipe de-
posit, the ratio between Cl and S in the gasphase and the amount of ash. Other pa-
rameters of influence are [Born,1997; Schirmer,1999]:

- flue gastemperature (see Figure 2);

- thetube (surface) material: ferrite, Ni-alloys,

- water content of the flue gas;

- oxygen content of the flue gas;

- flue gasvelocity.

From observations in numerous MSWC facilities a so-called “corrosion risk area”
was deducted, based on actual flue gas temperature and tube surface temperature:
see Figure 2. This“corrosion risk area’, as presented here, is independent of the
amount of PVC in the waste feed. In a properly operated plant a change in the
calorific value of the waste (within manageable ranges) will not lead to achange in
the temperature, except maybe temporarily or locally.
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Figure 2 Probability of corrosion depending on the temperature [ Born,1997].
Numbers refer to specific MSWC facilities:
a Evaporatorsin specific MSWC facilities
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Rohrwandtemperatur = tube surface temperature
Rauchgastemperatur = flue gas temperature
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Korrosionsfrei = free of corrosion
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However, afurther quantitative separation of the various corrosion parameters
cannot be achieved responsibly with our current stage of knowledge.

Some boiler manufacturers claim that the presence of PV C does not have an influ-
ence on the investment costs for the boiler [Randall,1994]. They see therole of Cl
asthat of acatalyst promoting corrosion for which its amount is not the rate con-
trolling factor.
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Conclusions:
A multitude of parameters determines whether or not thereisarisk of corrosion.

No doubt, Cl, as one of these parameters, has a stimulating effect on corrosion.
This effect is chlorine specific, which iswider than PV C specific. The PV C con-
tribution is 30-70% of the total MSWC chlorine load. Even (in practice unrealis-
tic) complete elimination of PVC isunlikely to substantially reducetherisk of
corrosion in MSWC.

Complete burnout is essential to decrease the unburned carbon content of flue
gases and deposits, a corrosion-promoting factor. Unlike other chlorine containing
waste sources, PV C (like other plastics) beneficially promotes burnout of combus-
tible matter. Therefore, the relatively high calorific value of PVC reducestherisk
of CO-induced corrosion induced by unburned carbon in depositsto some
(not quantifiable) extent. On the other hand, without appropriate accommodation
the more than average calorific value of PV C enhances the heat |oad to the plant
and the flue gas temperature thus increasing the risk of corrosion. This effect is
less for PV C than for waste fractions with even higher calorific values, like other
plastics.

Corrosion istheresult of many simultaneoudly interfering parameters. The
effect of PVC cannot be singled out.

Dramatical benefits of decreased corrosion asaresult of PVC elimination
from the waste feed are not to be expected.

33 Energy yield

Since the last decades, MSWC installations are almost invariably designed to con-
vert the incineration energy into electricity which is easily transported and sold to
public or private electricity grids.

Mainly due to geographic factors and lack of cheap transportation options, the in-
cineration heat as such cannot easily be commercially exploited. However, this
situation is improving, mainly in the Western and Northern parts of Europe, where
in some plants energy recoveries of over 70% are realised thanks to the use of the
heat or by direct sale of the produced (low pressure, or in some cases, high pres-
sure process) steam. In general, however, electricity is the most highly valued co-
product of MSWC operation.

The electricity yield (i.e. the amount of net electric energy produced relative to the
heat value of the waste feed intake) is generally 20-25% for MSWC plants. The
electricity yield of gas, il or coal operated power plantsis considerably higher,
40-42%. The question has been raised whether (and, if so, to which extent) the
presence of chlorine containing waste has an effect. PV C is frequently perceived
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asresponsible for this "yield deterioration”, mainly because the influence of chlo-
rine on corrosion as discussed in the previous chapter (see 3.2).

However, high temperature corrosion, though important, is not the only reason
why MSWC facilities on average have electricity efficiencies around 22% and not
around 40% like for coal-fired power plants or even higher for gas-fired power
plants. Other electricity efficiency reducing causes compared to fossil fuel power
plants are [ Pfeiffer,1992]

a) larger excess of combustion air, leading to lower temperatures in the boiler and
to alarger loss of heat through the flue gases at the exit of the boiler;

b) increased temperature of the flue gases at the boiler exit: because concentra-
tions of acidic gases are higher in MSWC the temperature must be higher to
prevent condensation;

¢) larger own consumption of electricity: mainly due to the more extensive flue
gas cleaning system and the larger residue handling systems alarger part of the
electricity production (15-20%) is used by the MSWC facility itsdlf;

d) larger loss of heat through the bottom-ash: as the ash content is much higher for
MSW (30% against 10% for coal and 0% for gas) the loss of energy through
the bottom-ash is much more substantial.

Most factors are inherent to the differences in technology for MSWC versus power
plants, also caused by other feed characteristics than specific for PVC. The ab-
sence of PV C would lead to a decreased HCI concentration and to a decrease to
the own electricity consumption by flue gas cleaning and residue handling but not
necessarily to adecrease in corrosion risk. Other acidic species and corrosive fac-
torswould still be operative.

Summarizing, it can be stated that although chlorine has a promoting effect
on corrosion, reduction of the chlorineinput by elimination of PVC from the
MSWC plant input will not allow for higher steam parametersand as a con-
sequence will not substantially improve energy yields.

TNO-MEP - R 99/462
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4, Emissions and residues

In the last few yearsin MSWC the attention has been severely focused on gaseous
emissions and solid residues.

Gaseous emissions mainly concern dioxins and furans (poly-chlorinated-dibenzo-
para-dioxins and -furans or PCDD/F). Naturally, PV C is related to other emissions
(like HCI) but, in well operated plants, these can be accommodated relatively eas-
ily in the flue gas cleaning system. Starting with the discovery of dioxins and fu-
rans in municipal waste incinerator ashesin 1977 a huge amount of effort was
spent to reduce the emission of dioxins and furans. As Cl is an important element
in the elementary composition of PCDD/F, the link with PV C (in which Cl isaso
an important element) has been made very rapidly and was subject of study ever
since.

Dioxin emissions can be controlled within the tight standards - which already rule
in some European countries (Netherlands, Germany, Austria) and will rulein all
the EU member countries in the near future - if modern plants are well operated.
Therefore, in the last few years, attention has shifted towards MSWC residues and
the options to influence amount and quality of these solid residues.

41 For mation of dioxins and furans

Logically, the final emission of PCDD/F from the stack is the result of the
PCDD/F present in the raw flue gases after the boiler minus the amount which is
captured in the flue gas cleaning system. In principle, modern flue gas cleaning
systems are well able to meet PCDD/F stack levels below the often required limit
of <0.1 ng I-TEQ/Nm® at PCDD/F-concentrations in the raw (= uncleaned) flue
gas of up to 30-50 ng I-TEQ/Nm®. The PCDD/F-concentration in the raw flue gas
of aMSWC facility typically ranges from below 1 up to 15 ng I-TEQ/Nm®

[ Reeck,1991; Schetter,1991; Lindbauer,1991]. Therefore, considering PCDD/F,
the actual performance of modern MSWC facilities and their compliance with
emission directivesis no longer an overriding issue. Presently, PCDD/F’ s con-
tained in the residues are generally not perceived as a problem either, provided
proper control of the fate of these residues after leaving the plant.

However, the primary PCDD/F-concentration in the raw flue gasis of interest asthe
PCDD/F is adsorbed on active coa or cokes, and an increase in PCDD/F-
concentration results in enlarged active coal or cokes consumption. This generates an
intermediate solid residue that in suitable plantsis recycled to the feed or is com-
busted separately. At other plants, it is subject to controlled landfill.

Overdl, astate-of -the-art MSWC facility can be considered a PCDD/F-sink asin-
vestigations conclude that the PCDD/F-output is only 20-25% of the PCDD/F-input
[Vehlow,1991; Mark,1994; Vehlow,1996c]. This meansthat actualy MSW combus-
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tion performs reduction of dioxins accumulated in society’ s waste.

The PCDD/F in the raw flue gas has different origins:

- it wasintroduced with the waste and not destructed in the furnace,

- itwasformed during the combustion process, or

- itwasformed after combustion by denovo-synthesis, in or beyond the boiler.

Modern emission legidation (like in Germany, the Netherlands and Austria) gen-
erally requires aresidence time of at least 2 seconds at temperatures above 850 °C
and an oxygen content of at least 6 vol% (which is questioned as too high by the
MSWC operators, see 3.2). This should sufficiently destroy any organic matter
(including PCDD/F), especially when the facility is equipped with adequate con-
trol systems, that guarantee steady conditions in the furnace with hardly any inci-
dental CO-formation.

With adequate burn-out control of the flue gases, it can be assumed that PCDD/F's
introduced as a trace component in the waste feed are fully destructed in the fur-
nace [Hay, 1985; Klicius, 1988; Diwel, 1990; Vehlow,1991; Vehlow,1996ab)].
Thus, any PCDD/F present in the raw flue gas is assumed to be resynthesized in
the post-combustor zone, i.e. by ‘de novo’ -synthesisin the boiler or thereafter.

It has been discussed [ Bump,1980; Nottrodt,1986] that PCDD/F and other organic
micro-pollutants may be formed by gas phase reactions at high temperatures inside
the combustion chamber. Due to the excellent burnout in the gas phase, however,
these compounds must be redestroyed, like the dioxins fed into the system along
with the waste input. One proof is the different distribution pattern of mainly
PCDD and lower PCDF in the waste and the profiles measured in the offgas.

Although, after nearly 20 years of intensive research, this formation of PCDD/F in
MSWC facilitiesis still not completely understood in detail, the major conclusions
with respect to the formation and possible influences by PV C or chlorine, have
been accepted by the scientific community.

According to literature, the most important parameters in formation of PCDD/F are

the availability of:

a. so-called PICs, products of incomplete combustion (carbon in fly-ashes or CO,
unburned hydrocarbons and partly burned, highly unsaturated hydrocarbonsin
soot particles): their formation is determined by plant design and operational
conditions;

b. asource of chlorine in the flue gas (from e.g. PV C, putrescibles/table salt);

c. acatalyst: heavy metals (especially Cu is mentioned: unavoidably present in
any MSW waste);

d. the correct temperature profile and sufficient residence time in the cool-down
phase (determined by plant design and operational conditions).
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411 I ncomplete combustion

Theoretically, it might be possible to achieve complete combustion, but in practice
thiswill never be fully realised. There will always be some PICs like unburned
carbon present in bottom- and fly-ash, and there will always be CO and C,H,
(unburned hydrocarbon) in flue gas.

The influence of PV C or plastic in genera can in this respect be regarded benefi-
cial asitsrelatively high calorific value improves burn-out of both solids and gases
[Mark,1995b; Vehlow,1995b, Vehlow,1996b]: see also Figure 1.

The amount of unburned hydrocarbon residues is mainly determined by opera-
tional conditions (feed rate, residence time, amount and distribution of combustion
air, mixing of gases in the post-combustion zone, grate movement/waste surface
and agitation, temperature profile). These are the only parameter which can be in-
fluenced to some extent by the MSWC operator for agiven plant design.

The other parameters b, ¢, and d cannot be substantially influenced in aready ex-
isting facilities and defined waste compositions.

Provided that a state-of-the-art combustion control is achieved, we may con-
cludethat PVC hasno promoting effect on the formation of PCDD/F. If any,
theimproved burnout in all phasesis morelikely to have favourable conse-
quences.

412  Thepresenceof chlorine

Many studies have been dedicated to the existence of arelation between the com-
bustion of PV C and the formation of PCDD/F. One of the most comprehensive re-
ports on this topic [ Rigo,1995] surveyed literature on real practice combustion fa-
cilities, including high chlorine industrial and hospital waste. This study identified
10 facts of an increase of PCDD/F with increasing Cl-content of the combusted
waste, 8 cases to the contrary and a mgjority of 57 cases where achangein the Cl-
content did not influence PCDD/F-formation.

Another recent investigation concluded that at low Cl-contents of the MSW

(<0.5 wt%) there was no relation between the Cl-content and the PCDD/F-
formation, whereas at higher Cl-contents (1-2 wt%) there was a slight increase in
PCDD/F formation with increasing Cl-content of the MSW [ Rappe,1995]. It
should be noted, though, that this study was performed in afluidized bed pilot
plant characterized by high entrainment of particulate matter, which contains less
chloride than the typical fly-ash in grate systems. In this fluidized bed pilot plant
an increase in Cl-load may cause some effects which are not seenin MSWC fa-
cilitieswhere the fly-ash is “ saturated” with Cl. Furthermore, the study was per-
formed in very clean laboratory equipment, resulting in PCDD/F-formation of only
afew percent of levels normally encountered in “real life” MSWC facilities.

No significant difference in the influence on the PCDD/F-formation between or-
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ganic (from PV C) or inorganic chlorine (from NaCl or CaCl,) [ Rappe,1995;
Kanters,1994] is observed in most studies. In some cases it is even concluded that
in combusting MSW with both NaCl (with isotopic Cl label) and PVC, the Cl in
PCDD/F predominately originates from NaCl rather than from PV C [ Sckel,1994].
On the basis of a de novo synthesis this can be explained by the formation of
PCDD/F on the surface or in the bulk of dust particles where chlorides amore
abundantly available chlorine source than the HCI in the gas atmosphere.

The fact that both positive and negative correlations are found in this kind of
studies justifies the assumption that the nature of the chlorine (organic/inorganic)
is of no influence on the PCDD/F-formation.

It is commonly recognized that even by complete elimination of PV C from MSW,
an excess of Cl isavailablein flue gas for PCDD/F-formation, as PV C only ac-
counts for one to two thirds of the chlorinein MSW. This 10" to 10° fold
stoechiometric excess of chlorine (relative to the amount of chlorine detected in
PCDD/F as generated) explains the virtual absence of arelation between chlorine
in the waste feed and PCDD/F-formation in the normal window of MSWC opera-
tion. Furthermore, we conclude that there is no evidence for significant differences
in behaviour between Cl from PV C and Cl from other (inorganic) sources (e.g.
putrescibles) in the MSW.

We conclude, that the fate of chlorinein MSWC isindependent of thetype of
chlorine containing waste; table salt, putrescibles and PV C behave conceptually
identical in MSWC (see also 4.2).

Elimination of PV C would decrease the amount of chlorine intake by afactor 2 or
3 and would leave the 10 to 100 million fold excess of chlorine over unburned
material virtually unchanged. Therefore, the amount of chlorine (or PVC) is not
the determining factor in dioxin formation. As a consequence, elimination of
PV C would not (or only marginally) decr ease dioxin formation.

4.1.3 Catalyst

It is recognized that PCDD/F-formation is catalyzed by heavy metalsin fly-ash,
especialy Cu. Anindirect influence of chlorine (and PV C) could be hidden in
chlorine enhanced volatilization of Cu (as CuCl,). the consequential larger avail-
ability of copper saltsin fly ash particles would favour conditions for PCDD/F-
formation [ Vehlow,1993; Vehlow,1995b]. However, the relation between Cu and
PCDD/F is questioned as often as the relation between Cl and PCDD/F asin some
experiments no influence of Cu neither in amount [ Martin,1989; Rappe,1995] nor
in chemical or physical character (inorganic or organic, finely dispersed or not)
[Vehlow,1996a] was detected. In this aspect also many tests have been executed to
investigate whether PCDD/F-formation could be hampered by introducing more S
in the flue gas to poison any Cu-catalyst [ Lindbauer,1991]. Partly, this tendency
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was confirmed through tests with co-combustion of plastics and coal, but the effect
could not at all be quantified [ Frankenhduser,1991] .

Apparently, catalytic sites at the fly-ash surface are available in such excess, that
their presence is guaranteed. In MSWC operation with different types of waste or
heavy metal content, this excess remains abundant, which explains the absence of
clear effects of the presence of copper in the normal window of MSCW operation.

(Thereis another aspect attributed to copper: it catalyses not only the formation of
PCDD/F but their thermal destruction aswell [Hagenmaier,1987]. Henceit is
rather difficult to speculate about any direction of increasing copper inventories.)

We conclude, that copper salts (though catalytically promoting dioxing/furans
formation and destruction) areinevitably available in lar ge excessin fly ash,
regardless the waste composition, i.e. the presence/absence of PVC.

PV C (even more than plastics in general) promotes volatilisation of copper salts
(especialy copper chloride) to the fly ash, but this effect is to be considered negli-
giblein relation to the catalytic excess which is anyhow present regardless the
amount of PVC.

414  Temperatureand residencetime

According to the denovo-synthesis theory [ Stieglitz,1987], the formation of
PCDD/F can be described as a combined chlorination and oxidation of active par-
ticulate carbon (soot) which occurs predominantly in fly ashes in the cooling down
phase of the flue gases. The residence time between 400 and 200 °C appears to be
crucia for PCDD/F-formation.

Some studies claim that these conditions are dominating PCDD/F-formation rather
than other parameters like the Cl-content of the wastes [a.0. Vogg,1991].

These cool-down conditions are determined by the configuration of the plant and
are not influenced by parameters like the CI- or PV C-content of the waste feed.
We conclude that, though there might be an occasional influence of the Cl-content
of waste on PCDD/F-formation, thisrelation is not always visible and cannot be
guantified. Moreover, such arelation is chlorine-specific, not PV C-specific which
means that it depends on the Cl-content of the waste feed, regardless the origin of
the chlorine in the waste.

Again, elimination of PVC would have no impact on temper atur e/residence
timewhich islargely determined by plant design and oper ational
(throughput) parameters.

Considering all dioxin promoting factors, it can be concluded that elimination of
PV C would not yield to arelevant decrease of dioxins formations or emissions. Ef-
fects (if any) are probably insignificant and directionally unclear.
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415 Dioxin abatement

The unavoidable presence of dioxin in the flue gas requires a dioxin abatement
step. Generally, cokes or active coal are introduced into the flue gas to absorb di-
oxins. These PCDD/PCDF containing carbon residues are (depending on particular
MSWC design) recirculated to the combustion stage, or disposed with one of the
solid APC residues. Asvolume, amount and fate of the dioxins in these residues
are independent on the amount of PV C, they have not further been considered
within the scope of this study.

In addition, catalysts (similar to DeNOx) are nhowadays used, to destroy
PCDD/PCDF in flue gas. This does not result in a solid residue as PCDD/PCDF
are converted to gaseous compounds like CO,, H,O, and negligible amounts of
HCI. Therefore, this option is not PV C related and has again not been considered
in this study.

4.2 MSWC residues

With respect to the impact of PV C on the amount and quality of the bottom ash,
neutralisation residues and fly ash in MSWC facilities cal cul ations have been
made in Appendix A. In these calculations the contribution of PV C to the residues
is calculated using typical values for waste and PV C compositions. These calcula-
tions serveto illustrate the impact of PV C which is qualitatively discussed in this
chapter. Some of the figures calculated for this typical situation will be given here
aswell for illustrational purposes.

One important assumption in these cal culations concerns the behaviour of the
chemical elementsin the MSWC facility, especially with respect to their distribu-
tion over bottom-ash, fly-ash and flue gas. Elements (like K, Na, Ca, S, Fe, Al)
present in the waste feed in bulk quantities show identical distribution coefficients.
An influence of the chemical component in which they are present inthefeed isin
reality not observed [ Vehlow,1999]. More specifically, research into the fate of
chlorine has shown that, under regular MSWC conditions, thereis no differencein
behaviour of chlorine from different origin. This means that a chlorine molecule
from PV C behaves in the same way as a chlorine molecule from putrescibles or
bleached paper. These findings were also confirmed by experiments where through
labelling it could be determined that the chlorine in dioxinsin the flue gas from
MSWC predominantly originated from NaCl in MSW, rather than from PVC
[Sickel,1994]. Given the uncertainties in these kind of studies and the fact that
both positive and negative correlations are found justifies the assumption that the
nature of the chlorine (organic/inorganic) is of no influence on the PCDD/F-
formation.

For the behaviour of heavy metals an influence from the waste matrix would be
expected: finely dispersed heavy metals introduced via pigments in the plastics or
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in paper would be expected to end up predominantly in the flue gas, whereas the
same heavy metal immobilized in glass or in ametal object would be expected to
end up mainly in the bottom-ash. However, for other waste matrices like putresci-
bles (which isamajor source of heavy metals), the distribution characteristics are
less easy to predict.

Literature data on such effects are limited to some experiments on the influence of
plasticsin general and of the Cl-content of the waste feed in particular on the dis-
tribution coefficients of heavy metals. Though in detail literature is not without
contradiction it seems that an increase in the Cl-content enhances the volatilization
of K, Cu, Zn, Pb, and sometimes also Sb and Sn [Hunsinger,1994; Vehlow,
1995a,b; Mark,1995b] . Besides this, an increase in temperature in the combustion
chamber is known to enhance the volatilization of heavy metals. In general, the in-
fluence of the chemical environment of the metalsin the waste matrix seems to be
very limited and less important than operating conditions like the temperature and
the chlorine content. Therefore, for a given MSWC configuration, the assumption
that for the heavy metals in PV C the same distribution coefficients can be used as
for the heavy metalsin total MSW (as used in Appendix A) seemsjustified.

The calculations in Appendix A each have been conducted for a.o. afixed and
constant chlorine/PV C content in the feed. Though it is recognised that the input
datain waste and PV C composition may fluctuate per region and in time, the
trends resulting from variation of the PV C amount or composition remain direc-
tionally valid and can be universaly applied.

The following chapter provides comments on the effects of varying amounts of
PV C in the waste, supported by sensitivity analysis with chlorine input as floating
parameter.

421 Bottom-ash

4211 Amount of bottom-ash

Bottom-ash is by far the largest residue stream from MSWC facilities. In weight it
represents 20-35% of the total waste intake. As a consequence the need for recy-
cling of bottom-ash in a useful, environmentally acceptable way, is the most ur-
gent. The disposal alternative would be highly expensive, let alone the environ-
mental impact (space demand) of such large quantities of bottom-ash to be land-
filled.

The impact of PV C on the amount of bottom-ash is very moderate for two reasons:
thereisonly alittle amount of PVCin MSW (usually well below 1 wt%);
PVCresin, like all plastics, has by itself an ash content considerably lower than
most other waste fractions (ref. of total in Appendix).
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Thefirst reason also explains why the absolute contribution of PV C to the heavy
metal content of the bottom-ash is also very moderate (see Table 2 on page 45).

The question of relative effect of PV C again needs consideration. Apart from met-
ass, bottom ash consists of salts of the main elements present in bulk in bottom ash
(Na, K, Ca, Al, Si, Fe, Zn) and traces of (heavy) metals salts (that can be neglected
in mass considerations).

These oxidised elements are present in bottom ash as carbonates (Na,COs, K,CO5)
or (if the carbonate is thermally unstable) as oxide (CaO, Al,O3) Fe,0Os/FeO,, ZnO,
SiO,). Sulphates are also present. The heavy metals traces are almost invariably
present as their oxides or sulphates.

Without doubt, these carbonates/oxides will to some extent be converted into chlo-
rides by the hydrochloric acid, liberated on incineration of PV C/chlorine contain-
ing waste. Sulphates are not influenced by PV C/hydrochloric acid. Therefore, the
addition of PV C (yielding 30 to 70% of all hydrochloric acid) will have an indirect
effect on the weight of the bottom ash derived from al other waste fractions.
However, calculations from Appendix A show the unambiguous absence of any
impact of varying amounts of PV C on the amount of bottom ash from other frac-
tions. It should be noted that PV C resin by itself generates at most 2-3% of its
weight in bottom ash, versus as much as 20-35% for MSW in general.

We conclude, that the amount of bottom ash is practically constant, regard-
lessthe amount of PVC in the feed (see Table 3 on page 46) .

4.2.1.2 Quality of bottom ash

a. Alkalinity

Bottom ash of MSWC'sis highly alkaline (pH > 11 is no exception) due to the
abundant availability of CaO (thisis mainly driving the alkalinity to high pH),
NaCO; and K,COs. Hydrochloric acid, liberated in the fuel bed on the grate by
degradation of chlorine containing waste (PVC), will partly neutralise these car-
bonates and oxides, yielding the corresponding chloridesin an exothermic process.
Since only a small fraction of the chlorine remains in the bottom-ash (the majority
ends up in the flue gas), however, this effect is very limited.

b. Heavy metals content and leaching

The contribution of PV C to the heavy metal content isrelatively low for most
heavy metals as mentioned, i.e. less than proportional to the share of PVCin
MSW. Only for Pb, Sn and Zn the contribution is more or less proportional to the
PV C input in the waste and only for Cd the contribution is overproportional .

The influence of chlorine/PV C on the fate of traces of heavy metalsin municipal
waste is more complex.
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The chlorides of most heavy metals are more volatile than the corresponding ox-
ides. The heavy metals are partly volatilised to the raw gas stream. Therefore, PVC
stimulates conversion of these heavy metals oxidesinto chlorides and conse-
guently decreases the amount of metals in the bottom ash in exchange for a corre-
sponding increase of heavy metalsin fly ash [ Vehlow,1993; Hunsinger,1994;
Vehlow,1996bc]. In view of the wide application of bottom ash (e.g. in road con-
struction) this lower metals content is a quality improving effect of chlorine.

On the other hand, leachability of heavy metals from bottom ash is another rele-
vant quality parameter. For heavy metals the relatively unleachable oxides are to
be preferred above the more leachable chlorides that may still remain unvolatilised
despite interaction with Cl from PV C. For untreated, directly applied bottom ash,
this could theoretically be a negative effect of increasing amounts of PVC.

However, the situation reverses if bottom ash is quenched and washed with water
asincreasingly practised in many MSWC-facilities. Such washing aims at ex-
tracting chlorides and other soluble salts from bottom ash. The bottom-ash inven-
tory of heavy metals content remains, however, more or less unchanged due to the
high pH of the quenching effluent. By this alkalinity, most heavy metal salts are
converted into hydroxides and oxide hydrates of low solubility. Hence inventories
of heavy metals found in the quenching effluent are typically only lessthan 1 % of
the original amount fed in the waste feed [ Reimann, 1994].

If bottom ash is quenched, heavy metals are washed out more easily as their solu-
ble chloride (from PV C) rather than their insoluble oxides (without chlorine/PVC).
The quenching effluent is either used in the scrubbing section for its alkalinity or it
isdirectly fed to the final waste water treatment installation.

c. Leaching and pH

The degree of leaching of heavy metals from bottom ash is pH dependent. The
various elements show different behaviour [ Soot,1997]. At intermediate pH val-
ues of 7-9, most heavy metals which form kations in an aguatic medium like Cu,
Zn, Cd or Pb show aleaching minimum, whereas other metals which form oxy-
anions like As or Mo may leach at their maximum levels. At high akalinity
(pH>11.5) amphoteric heavy metals, especially Pb, start to solubilize again.
Utilisation of bottom ashes requires pre-treatment including a certain ageing pe-
riod. During this storage uptake of CO, from the air reduces the alkalinity of the
bottom ashes by afactor 10-100 which immobilises amphoteric heavy metals.
Hence dlight changesin the actual alkalinity of fresh bottom ashes possibly caused
by PV C have no significance for the leaching from aged bottom ashes.

We concludethat, in terms of bottom ash alkalinity, the presence of PVC
overall might have a dlightly reducing effect. The environmental effect - if any
-isnot clear but minor in any direction.
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In terms of heavy metals content, the effect of PVC on bottom ash quality is
limited and directionally unclear aswell, dependent on plant configuration.
Anincreasein PVC might result in alimited increasein the more mobile
metalchlorides and may thusresult in an increase of heavy metals leaching.
Bottom-ash washing, if applied, will annihilate any quality deterioration from
an increased amount of chlorides and a possibly resulting increased content of
soluble salts. In less sophisticated plants wher e such ash purification is absent
an increase in PVC might have a directionally unfavour able effect on the bot-
tom-ash quality.

In terms of heavy metalsleaching from bottom ash, no general conclusion of
the effect of PVC can be drawn.

422  Fly-ash

4.2.2.1 Amount of fly-ash

Like for bottom-ash, the impact of PV C on the amount of fly-ash isnegligible as
PV C is considerably lower in ash content than average waste.

4.2.2.2 Quality of fly-ash

Fly-ash usually contains alot of heavy metals. Thisis mainly because at the high
temperatures in the fire zone heavy metals are volatilized (e.g. as chloride), leave
the furnace with the flue gas and precipitate on the fly-ash when the flue gasis
cooled down in the boiler. For this reason, incineration causes an environmentally
beneficial extraction of heavy metals from waste and a corresponding concentra-
tion in fly-ash. Therefore, the concentration of the relatively volatile heavy metals
is much higher in the fly-ash (around 3% of waste feed) than in the bottom-ash
(30% of waste feed) (see Table A.6in Appendix A). Concentration of heavy metal
residuesin asmall volume of waste (fly-ash) is ecologically favourable. As a con-
sequence of its high heavy metals content, recycling options for fly-ash asfiller or
for construction purposes, are more limited and in some countries even prohibited
as fly-ash is considered hazardous waste. |n such cases an inertisation step is re-
quired. Another recycling route, however, might gain interest: the recovery of
volatile heavy metals enriched in the fly ashes. (This can be combined with an in-
ertisation by high temperature treatment or the 3R process [ Vehlow,1990] .)

The ‘carrier-effect’ of chlorine with respect to heavy metals influences the amount
of heavy metals counterwise to bottom-ash, meaning that a decrease in the Cl-
content of the waste feed would result in a decrease of the heavy metal content of
the fly-ash. However, it is not expected that these effects would mean a significant
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improvement of the fly-ash quality in terms of possibilities for recycling or de-
creased costs for treatment or disposal.

We conclude that elimination of PVC from M SWC-feed would result in a di-
rectionally undesirable decreasein fly ash heavy metals concentration.

On the other hand, if society (apart from generally practised bottom ash re-
cycle) simultaneoudly insistsin recycling of fly-ash (the relatively most haz-
ardous solid MSWC residue), PVC elimination would result in an advantage
dueto a decreased heavy metalcontent of the fly-ash. This argument needsto
be weighed against a possible quality improvement of the bottom ash with
considerably larger volume.

423  Fluegascleaning residues

Evidently, flue gas cleaning residues are first of all determined by the concept of
flue gas cleaning applied. In this study 4 most typical flue gas cleaning configura-
tions are discussed, which conceptually cover most of the MSWC facilitiesin
Europe. In actual operation, some differences will occur.

The following configurations are involved:

A. wet scrubber system with scrubber effluent discharge

B. wet scrubber system with scrubber effluent evaporation

C. semi-dry scrubber system

D. dry scrubber system

Schematic representations of these configurations are given in Figure 3. A short
characteristic on each configuration isgivenin Table 1.
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Figure3 Typical flue gas cleaning configurations.
(The spray dryer, semi-dry and dry scrubber consist of a reactor plus a sub-
sequent filter. For clarity, the filters have not been drawn separately).
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Table 1 Flue gas cleaning configurations with brief characteristics.
FGC Configuration Reagents Stoichiometry ! Residues Amount of Main components
residue 2
[kg/tonne
MSW]
Configuration A: NaOH 1.05 Filtercake 1.6 fly-ash, excess lime
Wet scrubber with (for SO,) (1.0-1.5)
ffl isch L . .
effluent discharge CaO 1.1 2 Liquid effluents not applicable CacCl, (in water)
(for neutrali- (12.0-1.3) Na,S0; (in water)
sation HCI)
Configuration B: NaOH 1.05 Filtercake 6.9 gypsum, fly-ash,
Wet scrubber with (for SO,) (1.0-1.5) excess lime
effluent evaporation | 11 Salt residue 8.1 CaCly, NaCl, fly-
(for neutrali- (1.0-1.3) ash
sation HCI)
Configuration C: Ca(OH); 1.8 Mixed solid 20.3 gypsum, CacCl,, fly-
Semi-dry scrubber (1.5-3.0) residue ash, excess lime
Configuration D: Ca(OH); 2.5 Mixed solid 25.4 gypsum, CaCly, fly-
Dry scrubber 8 (2.0-4.0) residue ash, excess lime

agent / mole equivaent sum (HCl + SO, + HF).
Thefirst value given isthe typical value used: between brackets a range of en-
countered valuesis given.

Stoichiometry based on amount of acid gasesin the flue gas: mole equivalent re-

Typical values of solid residues from the combustion of 1 tonne MSW are given.
Amounts are given on adry basis.

In fact, this should be called a“conditioned dry scrubber” since water isinjected

prior to the dry scrubber. Today, the original “dry scrubber”, i.e. without water
injection, is no more applied.

For each of these configurations first some general remarks are made. Subse-
quently, the overal pictureis given.

4.2.3.1 Configuration A: Wet scrubber system with liquid scrubber effluent
discharge

Inthefirst step, flue gas is cooled down and scrubbed with water. Hydrochloric
acid isremoved from the flue gas by dissolution. The consequently highly acidic
liquid (typically the pH is kept <1 to improve Hg absorption) needs subsequent
neutralisation with akali, for which lime rather than sodiumhydroxide (NaOH) is
generally used for economic reasons. At the resulting high pH value, heavy metals
precipitate as (hydr)oxides and are filtered off as "filter cake" with entrained fly
ash particles. Thefiltered clear effluent consists of calcium chloride (from the lime
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neutralisation of HCI) and unconverted calcium hydroxide (from excess neutrali-
sation alkali) as main components.

This stream is environmentally harmless [ Saft,1997] and can be ultimately dis-
posed of in surface water, provided the calcium salts content can be accommo-
dated.

After the agueous first scrubber, the flue gas is subsequently washed in a neutral to
weakly-akaline second scrubber, where the remaining HCl is neutralised by caus-
tic (NaOH) together with SO, (which is not absorbed at the low pH in the first
acidic scrubber). Lime (though less expensive) is not used for neutralisation in the
second scrubber as it would generate insoluble gypsum (CaSO,) that undesirably
adds to the filter cake volume.

On neutralisation, heavy metals will again precipitate as (hydr)oxides and are
separated by filtration to be removed as filter cake. The clear filtrate of the second
scrubber consists mainly of NaCl (table salt) and Glauber's salt (Na,SO,) whichis
disposed of asaliquid effluent. In this flue gas cleaning configuration A, heavy
metal s (regardless the waste source) are separated at high concentration viathe
filter cakes and are to be disposed of as solid chemical waste.

The contribution of PV C to the heavy metals content of the filter cake is underpro-
portional; PVC istherefore not causing any deterioration of filter cake quality.
Interms of filter cake volume, the direct contribution of PV C's heavy metalsis
minimal (0,13% of total). However, indirectly PV C contributes overproportionally
(11%) due to the presence of the excess of insoluble (toxicologically harmless)
lime that was input to the neutralisation after the water scrubber.

ash PVC

0.13%
CaF2 (other) excess lime PVC

3.5% 11%
excess lime
(other)

17%

ash (other)
68%

Figure4 Allocation to PVC in thefiltercake: just over 11 wt%.
(Configuration A: Wet scrubber with effluent discharge).

Environmentally, configuration A is the most attractive option: the undesirable
heavy metals are concentrated at the highest value at the smallest volume of al
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APC configurations, provided the salty liquid effluent can be disposed of. Thisis
obviously dependent of MSW location and the local permit regime for salty efflu-
ent.

In terms of cost (see further chapter 5) it is obvious that regardless the PV C con-
tent of the MSW virtually the same APC equipment would be required. Without
PV C, the same instrumentation and equipment arrangement would conceptually
remain in place as atwo step neutralisation would still be required. The possibly
smaller size of part of the flue gas cleaning equipment by lack of PVC hasonly a
relatively small impact on the APC investment costs.

We conclude that in MSWC with wet scrubbing / liquid effluent (Configuration A)
the amount of solid residues from APC is smaller than any other configuration
(below 2% of MSW feed intake). PV C contributeslessthan proportionally to
its heavy metal content, and over proportionally to its volume. This over pro-
portionality is caused by environmentally har mless calcium salts. Elimination
of PVC would not cause any conceptual change. Consequently, it would result
in only marginally lower APC investment cost.

Decrease of the PV C content by 33% would result in only 10% less disposal
residue asfilter cake (see Table 3).

A variation on this configuration (scarcely practised) is the situation where the ef-
fluent from the acidic scrubber step is separately treated and upgraded to produce
hydrochloric acid, for commercial use. In this case hardly any PVC related solid
residue is produced by the MSWC facility. However, as far aswe know, thisis
only practised at two German MSWC facilities (until now). The economical suc-
cess of this configuration is endangered by the legal decision whether this hydro-
chloric acid isto be considered as a product or as a waste material. (Quality rec-
ommendations for such hydrochloric acid apply in Germany [ LAGA, 1994]). In the
latter case this configuration is not considered economically feasible

[Menke, 1999].

4.2.3.2 Configuration B: Wet scrubber system with liquid scrubber effluent
evaporation

Conceptualy, this configuration can be visualised as a two-step wet scrubber, with
a subsequent recycle of the agueous effluent over the scrubber step. In a spray
dryer, asolid residue is produced (for ultimate disposal) by heat transfer from the
flue gas to the completely evaporating wet scrubber effluent. We describe the sys-
tem in backwards order.

Final removal of al acidic gasesis achieved in the second scrubber where NaOH
isintroduced for their neutralisation. The alkaline brine is aerated to convert
Na,S0; (from SO, neutralisation) to Na,SO,, to prevent subsequent re-liberation of
SO, under acidic conditions.

This aerated alkaline brine isrecycled to the first scrubber where it is neutralised
by the large excess of HCI primarily present in the flue gas. The resulting first
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scrubber effluent is still highly acidic as the excess HCl is still perfectly solublein
the neutralised brine. The now acidic brine (also containing heavy metals from the
washings) needs additional neutralisation for which lime (CaO) rather than caustic
(NaOH) is used for economical reasons. Heavy metals are precipitated as hydrox-
ides or sulfides from the brine and filtered off in the effluent cleaning unit.
However, apart from relatively small amounts of heavy metals, the resulting filter-
cake mainly consists of gypsum (CaSQ,) originating from neutralisation of sulphur
containing waste fractions. The cleaning unit’s agueous filtrate is evaporated with
the heat from the flue gases in the spray dryer before the flue gas enters the scrub-
bing system. By this evaporation, the salts (and small amounts of unprecipitated
heavy metals) crystallize and are separated as solidsin the ESP or bag filter fol-
lowing the spray dryer. Here, direct contact is achieved between the flue gas
(which has only been primarily dedusted) and the salty effluent to be evaporated.
As aresult, part of the fly-ash and heavy metals, which were not caught in the pri-
mary dedusting will be adsorbed and incorporated in the resulting salt residue.
This residue mainly consists of calciumchloride, from neutralisation of chlorine
containing waste fractions.

Filtercake

The contribution of PV C to the quality of thefiltercake isrelatively low compared
to the other fractions as PV C’ s heavy metal input is relatively minor. Therefore, it
can be stated that PV C does not worsen the quality of the filtercake.

Also the contribution to the amount of filtercake is very moderate (see Figure 5)
since the largest part of the filtercake consists of gypsum from the capture of SO,,
to which PV C has no contribution (PVC containsno S).

excess lime PVC
ash PVC 2.6%

0.003%
CaF2 (other) '\ ash other
/ 1.8%

excess lime other
5.9%

gypsum (other)
88%

Figure5 Allocation to PVC in the filtercake: lessthen 3 wt%.
(Configuration B: Wet scrubber with effluent evaporation).

Salt residue
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Likein al cases the contribution of PV C to the quality of the salt residue in terms
of heavy metal content is very moderate and no quality deteriorating effect can be
attributed to PV C in this respect. However, PV C does significantly contribute to
the Cl-content of the salt residue which is unpopular in terms of leaching to the
environment. The same significance can be seen in the contribution of PVC to the
volume of the salt residue produced (see Figure 6).

ash PVC
0.03%

salts PVC
33.8%

salts (other)
52.5%

ash (other)
13.6%

Figure 6 Allocation to PVC in the salt residue; 34 wt%.
(Configuration B: Wet scrubber with effluent evaporation).

In terms of costs, no impact on the investment costs can be expected from a change
in the PV C content of the MSW in this configuration. However, in variable costs
the impact of PV C mainly through residue disposal costs can be considerable (see
further chapter 5).

From the above, we conclude that PV C does not deteriorate the quality of both
filtercake and salt residue in terms of heavy metals. Nevertheless, the salt residue
isstill classified as hazardous (in the Netherlands) , due to the abundant presence
of chlorine, in which PV C does have a substantial share.

Regardless the impact of PV C, this design produces much more solid residues per
tonne of MSW than in configuration A’s design.

The filtercake mainly consists of gypsum from the SO, absorption, in which PVC
has no share. As a consequence the contribution of PV C to the filtercake volumeis
quite moderate. The large share of PVC in the MSWC input trandates in alarge
share in the amount of salt residue produced. Related to the PV C weight input of
the MSWC facility the contribution of PV C to the salt residue is highly overpro-
portional.
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From Table 3 it can be concluded that even a decrease of the PV C content of the
MSW by two thirds would only result in a 2% decrease in the amount of filtercake
and a 29% decrease in the amount of salt residue.

4.2.3.3 Configuration C: Semi-dry scrubber

Conceptually, thisisthe most simple operation. All acidic components (SO,, HCI,
HF) in the flue gas are absorbed in a spray dryer in one single step. In this semi-
dry scrubber an agueous lime slurry isinjected in the flue gases. Evaporation of
the water from the lime decreases the flue gas temperature. During this process of
evaporation of water and gravitation of theinitially moist and subsequently dry
solid limeous particles, acidic gases have to be absorbed and consecutively neu-
tralised. In this concept, the initial presence of awater phase around the solid par-
ticles facilitates this absorption/adsorption process. Therefore, lower stochiome-
tries for the adsorbens are needed than in the dry scrubber (configuration D) to be
discussed hereafter.

The solid residue at the bottom of the spray dryer consists of:
- CaCl, (from neutralisation of HCl),
gypsum (from neutralisation of SO,),
lime (Ca(OH),) from the unavoidable excess of unneutralised alkalinity, re-
quired to prevent acid dlipping through
some fly-ash, slipped through from the preceding dust removal device.

Heavy metals precipitate on the limeous particles and are thus captured in the
semi-dry scrubber residue. Since the behaviour of heavy metalsisidentical, re-
gardless their origin, the contribution of PV C to the heavy metal content of the
semi-dry scrubber residueisin line with the general sharein heavy metal content
of PVC. Therefore, the PV C-specific contribution to the heavy metal content of
the semi-dry scrubber residue isrelatively low (0.04 tot 6.8%; see Table A.2).

The considerable share of PV C in the total amount of semi-dry scrubber residue
(Figure 7) is caused by the neutralisation of HCl from PV C and the required ex-
cess of alkaline reagent needed. Semi-dry scrubbers usually are operated at stoi-
chiometric ratios of 1.5 to 3.0 [Reimann,1991]. In our calculations, an average
value of 1.8 for atypical modern facility isused. Like in the other configurations,
therisk of exceeding emission limits versus reduced additive consumption is
judged differently at various plants. Obviously, higher stoichiometries will in-
crease the amount of scrubber residue, and dilutes the heavy metal amount over a
larger volume.

One aspect of the semi-dry scrubbing process needs extra attention in determining
the amount of residue which can be related to PV C. In the semi-dry scrubber
(configuration C), at contrast to the wet scrubber (in configuration A or B), all
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acidic species HF, HCI and SO, have to be removed from the flue gasin one step.
The reactivity for adsorption and neutralisation, however, is different for these
gases: based on thermodynamics the order of reactivity is: HF > HCl >> SO, [a.0.
Metschke,1997; Horvay,1989]. In practice this means that for the removal of SO,
larger excess ratios of adsorbens are required than would be needed if only HCI
and HF were present in the flue gas. As PV C does not contribute to the SO, con-
tent in the flue gas, it is not correct to allocate the effect of PVC to the semi-dry
scrubber residue based on the excess ratio needed for SO, removal. From literature
no exact figures for the required excess ratios for HCI removal aone are known,
but estimates are that for HCl an excess ratio of 1.3 instead of 1.8 would be suffi-
cient [ Reimann, 1991]. From the numerous data on the experiments at the Wr-
Zburg MSWC facility [ Bach,1996] it was clear that an increase of the HCI con-
centration in the raw flue gas caused the consumption of alkali to increase only
marginally more than stoichiometrically. However, an increase of the SO, concen-
tration triggered a clear over-stoichiometric increase of alkali consumption for
neutralisation.

For this reason we calculated the allocation to PV C in the residue with an excess
ratio of 1.3 whereas for the total MSW an excessratio of 1.8 is applied.

(Remark: Without recognizing this difference in reactivity between HCI and SO,
than the alocation to PV C in the semi-dry scrubber residue would increase from
16.4% to around 219%.).

ash PVC

CaF2 (other)y 0-01% salts PVC
0.3% 13.7%

excess lime PVC
2.7%

ash other

gypsum (other) 6.0%

31.0%

salts other
20.1%
excess lime other
26.2%

Figure7 Allocation to PVC in the semi-dry scrubber residue: 16.4%.
(Configuration C: Semi-dry scrubber)

In terms of costs, this configuration is intermediate between configurations A or B
versus configuration D:
investment costs for C are lower than in configuration A and B, but higher than
in configuration D;
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variable costs, especialy disposal costs are more elevated than for configura-
tion A or B, but less than in configuration D.

We conclude that for a semi-dry scrubber residue PVC has a moder ate con-
tribution to the heavy metal content and therefore does not deteriorate the
quality of thisresidue.

The contribution to the amount of residue is consider able and is highly over -
proportional tothe share of PVC in theinput.

4.2.3.4 Configuration D: Dry scrubber

Inthefirst step, the flue gasis cooled down by evaporative water injection without
condensation below the dew point. This allows more efficient absorption in the
next step where (as alkalinity source) solid lime isintroduced in the dry scrubber.
All acidic species (not only HCI from chlorine-waste, but also HCl, NO, and SOy
from other waste fractions) need to be neutralised in one step at the surface of
(gravitating) akaline particlesin the dry scrubber.
Chemically and physically, this neutralisation is the least efficient of all concepts
A-D. It explains why the highest stoichiometric excess of lime relative to acidic
species is needed to guarantee a sufficient level of flue gas cleaning.
Like in the semi-dry scrubber, the solid residue at the bottom of the spray dryer
consists of:

CaCl; (from neutralisation of Cl containing waste);

gypsum (CaSO, from neutralisation of SO,: hon-PV C related);

lime (from the unavoidable excess of unneutralised alkalinity, required to pre-

vent acid dlipping through);

some fly-ash (escaped from previous dust removal).

This design inherently gener ates the highest amount of neutralisation residue
allocated to PVC of all concepts A-D, regardlessthe amount of PVC in MSW
(Table 2 and Table 3). Sulfur in the MSW feed (not related to PV C) unavoidably
generates a solid gypsum residue in this design.

Like a semi-dry scrubber system, also in dry scrubbers the excess of reagens
(stoichiometric ratios of 2 to 4 occur) is needed for the adsorption of SO, rather
than for HCI. The latter is easily removed from the flue gas and an excessratio of
1.5 for HCI would be more redistic [ Reimann, 1991] and has been used in our
calculation of the allocation to PV C in the residue (see Figure 8).

(Remark: If this difference in reactivity between HCI and SO, remains unac-
counted, the allocation to PV C in the dry scrubber residue from the combustion of
MSW would increase from 14.5% to around 22%.)
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ash PVC
0.01% salts PVC

CaF2 (other) 10.9%

0.2%

excess lime PVC
3.6%

ash (other)
4.8%

gypsum (other)
24.8%

salts (other)
16.0%

excess lime
(other)
39.6%

Figure 8 Allocation to PVC in the dry scrubber residue: 14.5 %.
(Configuration D: Dry scrubber)

Like in the semi-dry scrubber, heavy metals indiscriminately coprecipitate on the
solid dry scrubber residue, and together with the Cl-content cause its "chemical
waste character”" which generally requires a specific storage regime.

This dry scrubber APC design probably has the lowest investment cost but causes
relatively high variable costsin terms of chemicals use and chemical waste storage
costs at dedicated sites.

Though (in dry scrubber type APC) PV C isresponsible for the volume of the solid
neutralisation residue, its quality is determined by the heavy metals from all waste
fractionsin which PV C contributes less than 3% and less than proportional. If (in
theory) PV C would be processed separately, its heavy metalswould even be pre-
sent in such low amount that PVC's" own" neutralisation residue would not
even be considered as chemical wastein many EU countries.

Figure A.6 (Appendix A) shows that the content of heavy metalsin PVC's "own"
specific neutralisation residues would by no means exceed the values to be consid-
ered chemical waste according to Dutch legidation. In this respect, PV C compares
favourably with average municipal solid waste.

We conclude that clearly PV C disproportionally adds to the VOLUME of the dry
scrubber neutralisation residue. Conversely, PVC is NOT responsible for its
QUALITY as chemica wastein terms of heavy metals.

The heavy metals from other waste fractions contribute for as much as 96% to the
chemical waste character of the MSW neutralisation residues, whereas PVC con-
tributes to only 14.5 % of its volume (dependent on PV C and sul phur content of
MSW).
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The quality of therelatively clean salty residue from PV C combustion is deterio-
rated by the heavy metals from other fractions.

Conversely, it can correctly be argued that without PV C virtually the same amount
of heavy metals would be concentrated in a considerably smaller amount of neu-
tralisation residues. Thereis no generally accepted allocation of the burden be-
tween PV C and the rest of the waste.

In terms of overall sensitivity, we calculated the effect of an increase/decrease of
the amount of PVC in MSW by as much as 50%. It can be concluded from Table 3
that the effect of such measuresis limited. The amount of residue in any configu-
ration would change by only 6 to 10%.

4.2.3.5 Conclusion flue gas cleaning residues
(The calculated amounts are summarized in Table 2 and Table 3 below.)

We conclude that the design of the M SWC predominantly determinesthe
PV C specific mass balance.

The amount of bottom ash or fly ash isindependent of the amount of PVC in
the MSW feed. Thedirectional impact of PVC on bottom ash quality in terms
of heavy metalsis either positive or negative, dependent on MSWC plant con-
figuration.

Elimination of PVC would cause a generally undesirable decreasein fly ash
heavy metals concentration. However, in therare casesthat MSWC fly ash
would be reused in non-waste products with positive economic value, elimina-
tion of PVC would lead to a decreased potential for leaching of heavy metals
from thefly ash application, which in that case would be beneficial.

The volume of neutralisation residuesis dominated by the type of design of
the MSW plant, rather than PV C specific factors. Pending on plant design,
the amount of residue to be allocated to PVC may vary by morethan afactor
20, from 3% to 70% of the PV C intake weight.

The quality of the PVC neutralisation residuesis deteriorated by heavy metals
from all other waste fractions; the calculated theoretical neutralisation resi-
dueof PVC by itself (apart form therest of the waste) would not even be con-
sidered as chemical wastein terms of heavy metals. The PVC residue by itself
isenvironmentally innocent apart from its salty character.

The share of PVC to theamount of neutralisation residueis overproportional,
itssharein quality deterioration by heavy metalsisunder proportional.

The positive and negative effect of PVC cannot be separated from other fac-
torsin their contribution to volume and quality of the solid neutralisation
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residues. Therefore, in no case can problemsin residue disposal be exclusively
related to PVC.

Elimination of PVC would not or only marginally decr ease the magnitude of
these problems. The effect of 50% PV C reduction in the waste input on the
total of flue gas cleaning residueisbelow 10%, irrespective of plant configu-

ration.
Table 2 Amount of residues per tonne MSW and per tonne PVC; allocation to PVC of the residues.
Type of any configura- wet scrub- wet scrubber, semi-dry | dry scrub-
residue tion ber, effluent | effluent evapora- scrubber ber
discharge tion
(config. A) (config. B) (config. C) | (config. D)
Material bottom- | fly-ash | filtercake | filtercake salt residue residue
ash ? (dry) (dry)  residue
MSW kg/tonne 215 15.2 1.6 6.9 8.1 20.3 254
MSW
PVC 3 3
- total kg/tonne 66 29 28 430 520 580
PVC
- rigid kg/tonne 22 36 35 520 640 710
PVC
- soft kg/tonne 93 23 22 330 400 440
PVC
Allocation % 0.19 0.19 12 2.6 34 16.4 14.5
toPvC*'

The allocation to PV Cof the residues from the combustion of MSW (based on
PV C content of 0.64 wt%).

Bottom-ash contains 15 wt% water.

For the absorption and adsorption of flue gas with only HCI (from mono-
combustion of PV C: theoretically) a different excessratio is used asfor flue ga-
ses which contained both HCl and SO, (e.g. from combustion of MSW: see text

for explanation).

The dataused in Table 2 reflect atypical MSW composition in which the PVC
waste fraction is considered including attached dirt. In this PV C waste fraction a

50/50 distribution between rigid and soft PV C is assumed.

Supporting argumentation is provided in Appendix A.
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Table 3 Effect of changesin PVC content of MSW on residue amounts.
Absolute and index figures; base case = 100.
Residue * MSW MSW MSW
in kg/tonne MSW 0.32 wt% PVC 0.64 wt% PVC 0.96 wt% PVC
(50% decrease) (Standard = 100) (50% increase)

absolute index |absolute index |[absolute index
Bottom-ash 2 215.5 100.2 215.0 100 2145 99.8
Fly-ash 15.23 100.2 15.20 100 15.17 99.8

Configuration A:

Wet scrubber with ef-
fluent discharge: 1.53 94 1.62 100 1.71 106
- filtercake *

Configuration B:
Wet scrubber with ef-
fluent evaporation:

- filtercake 2 6.82 99 6.89 100 6.96 101
- salt residue 6.7 83 8.1 100 9.4 116
- total 135 920 15.0 100 16.4 109
Configuration C: 8

Semi-dry scrubber: 18.7 92 20.3 100 219 108
- residue

Configuration D: 2

Dry scrubber: 23.6 93 25.4 100 27.2 107
- residue

1 Inthistablein some cases more decimals than scientifically significant are given,

just to demonstrate the impact of a change in PV C content.
Bottom-ash isincluding 15 wt% water, other residues are on dry basis.

For the dry and semi-dry scrubber the fact that HCl is more easily absorbed or
adsorbed is acknowledged and accounted for, in the same sense as for the figures
inTable 2.
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5. Processing costs of PVC in MSWC facilities

51 M ethodology

Severa studies [Reimann,1991; Randall,1994 | have been executed in the past, to
calculate the costs which can be allocated to the combustion of the PVCin MSW.
With respect to operating costs such as the purchase of additives or chemicals and
the disposal costs of residues this usualy is not problematic, as alinear relation-
ship between the amount of PV C and these parameters can easily be derived from
the mass balance. However, it is far more difficult to find an unambiguous alloca-
tion method for maintenance costs (e.g. due to corrosion effects) and especialy for
investment costs. As modern MSWC facilities are complex industrial installations,
investment costs are relatively high. Capital costs represent as much as 60 to 80%
of total processing costs. Therefore, when calculating the cost of PVCin MSWC
facilitiesit is very important that capital costs are properly accounted for.

In MSWC facilities, none of the equipment isinstalled specifically for one single
waste feed component: e.g. a scrubber takes care of acidic gases like HCI, HF and
SO, aswell asfine dust particles and volatile heavy metals which slipped through
the ESP. As a consequence, it cannot be stated that a scrubber isinstalled uniquely
for e.g. PVC or any other component and the investment costs for this scrubber
cannot be allocated completely to PVC.

In the study on specific processing costs for various materials [ Rijpkema,1996b], a
methodology was developed in which capital costs were alocated. Starting points
in this methodol ogy were that the MSWC facility is operated at full capacity
within its regular operating window and that the acceptance of any specific mate-
rial for processing inevitably replaces a certain amount of the regularly combusted
‘grey’ waste. For the replacement of this grey waste by accepted waste three sce-
nario’s were considered with respect to the plant operation:
a) theplant isrunning at maximum thermal capacity: i.e. thermal limitation;
b) the plant is running at maximum mass throughput capacity: i.e. mass limitation;
¢) theplant isrunning below capacity in terms of both mass and thermal capacity:
i.e. no throughput limitation and no substitution of grey waste as a conse-
guence. Additional waste can easily be processed.

Modern individual MSWC facilities generally are running at full thermal capacity
(). The scenario without throughput limitation (c) should only be incidentally en-
countered in real-life MSWC facilities, as obviously it reflects an economically
unstable situation on the longer term. However, we understand that at present some
German MSWC facilities find themselves in this situation as a result of diversion
of MSW to non-incineration outlets.
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Cost calculations are conducted from the MSWC facility operator’ s point of
view.The calculated processing costs reflect the fee to be charged for the accepted
waste material to maintain financial break-even with respect to the original situa-
tion. It takes the present commercial or contractual gate fee for standard grey waste
inthe MSWC facility as a starting point.

Obviously, processing costs are split in fixed costs (capital costs) and variable

costs. Variable costs were calculated straight from the elemental waste composi-

tion, the mass balance and chemical fate of the elements. Fixed costs were deter-

mined based on the approach that the newly accepted waste has to take the burden

of the same amount of capital costs which were originally covered by the amount

of average (= ‘grey’) waste replaced. For the different scenarios the amount re-

placed is different:

a) at thermal limitation, replacement is on thermal equivalent basis. 1 MJ of new
waste replaces 1 MJ of grey waste;

b) at mass limitation, replacement is done on mass equivalent basis. 1 kg of new
waste replaces 1 kg of grey waste;

¢) in casethereisno capacity limitation, no grey waste is replaced. As a conse-
guence the processing costs for the accepted material do not need to cover
capital costs but only variable costs. A gate fee at variable costs for the new
specific waste yields a break-even financia result in an underloaded plant. In
practice, gate fees far above variable costs need to be realised for underloaded
plants for obvious commercia reasons. This argument, however, equally ap-
plies to each waste type.

Thisleads to the following formula for calculation of the specific processing costs
(SPC) of PVC:

SPCy=Vp+ W* fg (1)

with:  fq fixed cost per tonne grey waste G [Dfl/tonne]
w displacement ratio between newly added PV C and displaced
original grey waste [tonnes/tonnes]
Vp variable costs of processing PV C [Dfl/tonne]
SPC, specific processing costs of PV C [Dfl/tonne]

In wording: the specific processing cost of added PV C containsits variable cost
plus ashare in the fixed cost depending on the ratio between added PVC and dis-
placed grey waste.

fqinformula (1) can be calculated from:

GFg= vy + fg 2
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with:  GFy  contractual or commercial gate fee charged for processing grey
waste [ Dfl/tonne]
Vg variable costs of processing grey waste [Dfl/tonneg], calculated
from amodel or excerpted from the MSWC financial records over
asufficiently long period of steady operation.

This methodology and some calculatory examples are further explained in Appen-
dix B. [Rijpkema,1996b] provides much more explanatory detail. Only the conclu-
sions with respect to the specific processing costs of PV C are given here.

52 Specific processing costs

In calculating the SPC for PV C, two major aspects dominate the resuilts:

- therelatively high (compared to average MSW) calorific value of PVC;

- therelatively high variable costs, as aresult of the required chloride removal
from the flue gases.

521 Relatively high calorific value and fixed costs

Usually, MSWC installations operate at full capacity, limited in thermal through-
put. If high calorific waste like plastics with a net heating value (NHV) above 30
MJKg, is offered for processing in such an existing, thermally limited plant, at
least 3 tonnes of standard grey waste (with NHV of 10 MJkg) is substituted (as
the calorific throughput per hour cannot exceed its maximum). In order to maintain
financial ‘break-even’ (i.e. cost-neutral), the fixed cost element allocated to this
added plastics must be at least three times as high compared with the normal grey
waste feed.

In this reasoning, fixed costsin an existing MSWC facility are essentially allo-
cated on a*“per hour” basis, allowing the MSWC facility operator to fully recover
the annual fixed costs, regardless the compoasition of the waste.

In this respect, PV C takes an intermediate position. Its energy content is 16 MJkg
for rigid PV C with 46 wt% of chlorine and 20 MJkg for flexible (soft) PVC with
29 wt% chlorine, due to the presence of chlorine-free, high-calorific plasticiser
(typical values).

In any case, the fixed costs burden allocated to PV C is between grey waste and
chlorine-free plastics and therefore not extreme or exceptional.

In amass limited plant, however, all waste types are allocated the same fixed costs
as replacement is on a one-on-one weight basis (w = 1, in formula (1) ). Therefore,
in these plants, fixed costs allocations are identical for PVC and grey waste (and
any other waste material).

In an underloaded plant, where no waste substitution occurs (w = 0), fixed costs
considerations are absent.
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Gate fees are generally dominated by the fixed costs element as can be seen from
Figure 9 and Figure 10, by comparison of the underloaded, no limitation case
(where only variable costs are essential) with the other cases where throughput is
limited by full capacity (and fixed costs do play arole).

522 Chlorine content and variable costs

Variable costs arguments apply irrespective of the loading of the MSWC facility.
Variable costs for PV C processing include the costs of akali to neutralize HCI in
the flue gas. The amount of alkali applied varies with the stoichiometric amount of
alkali that is required, dependent of the design configuration. These costs of neu-
tralisation as such, are often perceived as extremely high. Appendix B shows,
however, that the associated costs of akaline additive are relatively minor. Anin-
crease of the stoichiometric neutralisation rate by even 40% results in extra costs
of around 20 Dfl/tonne PVC.

More important however, are the costs of solid handling, transport and disposal of
the solid neutralisation residues generated from PV C. This, however, isagain
completely dominated by the MSWC flue gas cleaning configuration.

In configuration B (wet scrubber, effluent evaporation), about 460 kg residue per
tonne PV C (Table 2) needs to be deposited at high costs. These costs are only par-
tially compensated by the income from the generated electricity (kwh's) from
PVC. In this type of MSWC plant design (configuration B), the variable costs of
PV C processing are positive and higher than for any other waste material.

However, the situation is quite different in plants with awet scrubber/effluent dis-
charge type of configuration (type A). In this case, only about 30 kg solid residue
is generated per tonne of PV C processed. These costs are very small and (even
when al other variable costs are included) are easily compensated by the income
from the electricity generation from PV C (Table 2.2 in Appendix B). In thistype A
of MSWC plant design the overall variable costs are negative, i.e. PV C processing
generates income.

Now, average PV C takes an intermediate position: less favourable than non-
chlorine plastics or wood, but still more attractive than standard grey MSW.

Configurations C and D were not involved in the SPC calculations but will be even
more sensitive to the stoichiometric ratio applied and to the disposal costs since
these configurations use higher ratios and generate higher amounts of solid resi-
dues.

In Figure 9 and Figure 10 the specific processing costs of PV C and other fractions
from MSW are compared for flue gas cleaning configurations A and B and for the:
thermally limited, mass limited and not limited scenario.
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(The SPC for total PV C is not provided in this diagram, but obviously can be cal-
culated as the weighed average of soft and rigid PVC).
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Figure 9 Soecific processing costs for a MSWC facility with discharge of the purified
wet scrubber effluent (configuration A).
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Figure10  Specific processing costs for a MSWC facility with evaporation of the puri-
fied wet scrubber effluent (configuration B).
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523 Alternative fixed cost allocations

Besides variable costs for residue disposal, incineration of PV C is frequently asso-
ciated with a high share in costs of maintenance (corrosion) and of capital of the
APC section where HCI is removed.

For maintenance costs due to corrosion, we refer to the absence of aclear relation
between chlorine and corrosion as explained in 3.2. It was concluded there that
corrosion is acomplex process with many interfering parameters and that no sig-
nificant change in corrosion effectsis expected from a change in the PV C content
of the waste. As a consequence, we consider unambiguous allocation of the main-
tenance costs to PV C (with the present knowledge) asimpossible.

The above presented method of specific processing costsis allocating fixed costs
to an additionally accepted waste material. By doing so, this SPC method looks at
an exigting facility and does, obviously, not consider any changes (additonal in-
vestment costs) to the hardware of the MSWC facility.

An alternative approach would be to look at the facility and the waste composition
it was designed to process and then to investigate which part of the facility wasin-
stalled for which waste component; i.e. which part of the investments can be allo-
cated to which waste fraction. Such an approach would require a clear under-
standing of the functionality of the different parts of the installation. In other
words, which waste feed characteristics are determining the investment costs for
which installation part ? The second stage would then be to draw up arelation
between these waste feed characteristics and the investment costs for the consid-
ered installation part. Then, finally, the share of PV C in the waste characteristics
would result in the allocation of the fixed coststo PV C.

Essentially, allocation in this way would convert fixed costs into akind of variable
costs, asimplicitly alinear relation between amount of awaste fraction (e.g. PVC)
and its capital effect would be assumed.

However, the difficult part in this alternative approach isto draw up the relation
between the waste characteristic and the investment cost as many equipment parts
are fulfilling more than one function; e.g. awet scrubber removes both HCI, HF,
SO,, heavy metals and fly-ash from the flue gas. Separation of parameters cannot
be achieved.

As aresult, these costs are by no means related to the amount of PV C. Elimination
of PVC would lead to only marginal investment costs savings as the same equip-
ment in practically the same size and the same (costly) instrumentation would still
be required for the neutralisation of the acidic species from other waste fractions.

In fact, capital costs, especially those of the APC, are largely determined by the
flue gas volume, rather than the concentration or amount of acidic species. Thisre-
sulted from a previous survey [ Rijpkema,1996a] in which capital costs versus
processing capacity were related from enquiries to equipment manufacturers.
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Since the flue gas volume s closely related to the calorific value of the waste ma-
terial, thiswould imply that part of the investment costs would be allocated to
PV C, based on calorific value.
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Figure 11 Flue gas volume versus net calorific value.

At contrast, for the boiler the flow of generated steam was indicated to be the most
important parameter in terms of investment costs. For the furnace the heat |oad
seems to be most relevant [ Rijpkema,1996a] . Both the steam flow as well as the
heat |oad are obviously determined by the calorific value of the waste and the
throughput. As a consequence, the calorific value seems the most essential and
universal factor in determining investment cost parameters.

Unlike public perception, which associates PV C with extremely large invetment
costs, this means that PV C takes an intermediate position in the allocation of the
investment costs, between standard MSW and mixed plastics waste and close to
wood.

However, if this approach is fully followed, it would mean that waste fractions
with less calorific value only take a small share in the investment costs. Without
some high calorific waste material, however, they cannot be burned at all. Thisin
combination with the fact that many assumptions and simplifications (by assuming
one determining parameter for the investment costs) are made in this approach,
leads to the conclusion that such an alocation is not realistic.
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In conclusion:

If fixed costs are allocated to PV C on a“ per hour” basis, PV C would take a posi-
tion about equal to wood, i.e. between general “grey” waste and plasticsin general.
Allocation based on investment costs, judged by the most relevant capacity/costs
determining factorsis less straightforward and seems less defendabl e but would
lead to the same result.

524  Specific processing costs conclusions
We conclude:

Asfar aswe know, the specific processing costs methodology is presently the
only published approach which accounts for both fixed costs as variable costs.
Thus far, other methodol ogies only account for variable costs.

The overall processing costs of MSW in fully loaded plants are dominated by
the fixed costs element.

The fixed costs element is determined by the throughput rate versus “ standard”,
“grey” waste, as processed by the MSWC facility under consideration.

In case of full thermal capacity operation, the throughput rate is dictated by the
calorific content of the specific waste.

In terms of fixed costs, PV C (with elevated energy content) is positioned, like
wood, between non-chlorine containing plastics (with high energy content) and
average, grey waste.

Fixed costs (dominated by the costs of investment), have been allocated on “ per
hour” basis. Alternative fixed costs allocation methods yield unattractively in-
consistent consequences, but would lead to similar results.

Variable costs play asmaller role.

The elevated heat content of PV C generates an elevated income from electricity
production.

Disposal costs of solid neutralisation residues are relatively high.

The amount of solid residues is dependent on the type of design of the flue gas
cleaning system.

In installations with wet scrubber/effluent evaporation design, high amounts of
solid residues are generated. Their disposal costs overcompensate PV C's elec-
tricity income. In these installations, overall variable costs for PV C are higher
than for any other material considered.

Installations with wet scrubber/effluent discharge design generate relatively
small amounts of solid residues from PV C. The electricity income now exceeds
the disposal costs. In these installations PV C has an intermediate variable costs
position: less favourable than non-chlorine plastic wastes but still more attrac-
tive than general standard MSW.
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Overall, variable costs are therefore dominated by the type of MSWC facility
design.

No other waste material considered is more sensitive to the effect of flue gas
cleaning design than PVC.
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7. Symbols and abbreviations

Symbols

fq fixed cost per tonne grey waste G [Dfl/tonne];

GF, Gate fee for processing G (Dfl/tonne);

SPC, Specific processing cost of material P (Dfl/tonne);

t, amount of waste material P added [tonnes/year];

Vporg variable cost per tonne waste materia P or grey waste G [Dfl/tonne];
w substitution (or displacement) factor, tonnes G substituted by addition

of 1 tonne P (tonne/tonne);

Abbreviations

APC

APME

Dfl.

ECVM

EFA

ESP

FGC

(MSWC) FACE
model

HV C Noord-Holland

NHV

MSW
MSWC
PCDD/F
PvC

SCR DeNOx
VROM

Air Pollution Control

The Association of Plastics Manufacturersin Europe
Dutch guilders

European Council of Vinyl Manufacturers

Entrained Flow Adsorber

Electrostatic precipitator

Flue Gas Cleaning

(Municipa Solid Waste Combustion) Flow And

Cost Expert Model, jointly developed by APME and TNO
MSWC facility of Alkmaar in the province of
North-Holland

Net heating value

Municipa Solid Waste

Municipal Solid Waste Combustion
Poly-chlorinated-dibenzo-para-dioxins and -furans

Poly vinyl chloride

Selective Catalytic Reduction of NO,

Netherlands Ministry of Housing, Spatial Planning and the
Environment
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