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Abstract

A waste-to-energy process based on high-PVC solid wastes is discussed. The basis is
that at 200-400°C the PVC fraction decomposes into hydrogen chloride (HCl) and a cokes-
like residue. This can then be combusted as any other chlorine-free solid waste-derived
fuel. Products of the process, that is composed of two fluidised bed reactors and a heat
recovery system are electricity, and recovered HCl. A thermal efficiency analysis using
PROSIM software showed that efficiencies of ~36% (electric) can be reached, depending
on pyrolysis temperature and the PVC content in the solid waste. HCl recovery can be
above 90% at pyrolysis temperatures above 310°C, combined with low HCl emissions
from the combustor that may be below legislative emission limits without gas cleaning.

Introduction

Mass burning of solid waste as well as waste-to-energy processes with more emphasis on
energy recovery is strongly limited by too large fractions of chlorine-containing compounds.
Problems are related mainly to corrosion, which enforces low steam parameters, resulting in
thermal efficiencies of the order of 20%. To a large extent this is related to the presence of PVC
(poly vinyl chloride), a polymer that contains ~55% chlorine (Cl). However, PVC behaves
different from most other commodity plastic materials. At temperatures in the range 200-400°C
PVC decomposes into HCl and a cokes-like residue [1,2,3,4]. This residue can then be
combusted as any other chlorine-free solid waste-derived fuel. This principle is used here in a
process that combines the combustion of high-PVC solid wastes, with energy recovery, with the
recovery of HCl gas. The process differs from processes based on (staged) gasification of these
types of wastes (e.g., [5]) by the low temperature of the pyrolysis reactor. This has the
advantage that no hot HCl-containing gases have to be handled. The production of electricity
from waste, however, is a first objective here, apart from HCl recovery.

In the first part of this work the principle of two-step combustion of PVC-containing waste
streams is considered, which involves the decomposition (“de-hydrochlorination”) of PVC in HCl
and chlorine-free residue. One objective is that other combustible components in the solid waste
do not decompose as well during the PVC de-hydrochlorination. Some experimental work was
carried out addressing this issue. The second part of the work involves the thermal efficiency
optimisation of the process, based on a temperature window for PVC dehydrochlorination and
the net calorific value of the chlorine-free residue. The process optimisation software PROSIM
(under development in northern Europe since 1985) was applied here to find the process
parameters that result in maximum heat recovery and thermal efficiency. Throughout this paper,
high-PVC solid waste is in fact a mixture of (wet) PVC and (wet) wood, the latter representing
that part of the solid waste mixture other than PVC.



Process description

In short, the two-stage process involves the following chemistry:

at low temperature: PVC  + energy E1  àà   HCl + hydrocarbon residue (R1)
at high temperature:hydrocarbon residue + air àà  energy E2  +  CO2 + H2O (R2)

Other components in the waste fuel mixture are to remain unchanged during process (R1), apart
from vaporisation of moisture. These other components will be combusted together with the
hydrocarbon residue from PVC at higher temperature. The process based on this chemistry is
composed of two fluidised bed reactors plus heat recovery. A simplified process scheme is given
below in Figure 1. De-hydrochlorination of the fuel takes place in a bed of hot sand that is
fluidised with nitrogen at 200-400°C in the first reactor. The reason for using an oxygen-free
fluidisation gas is that this blocks the
chemical routes to dioxines and furanes
(PCDDs/PCDFs). Chlorine is released as
a gaseous mixture of HCl with the
moisture from the solid waste. An
advantage of this process is that no hot
HCl-containing gases have to be handled.
The solid mixture of sand and chlorine-
free waste-derived fuel is fed to the
second reactor where the chlorine-free
waste-fuel is burnt at 700-900°C. This
heats up the sand and gives additional
heat for steam generation, and finally, the
production of electricity. The hot sand is
fed back to the first reactor after heat
exchange, reducing its temperature to
what is needed in the first reactor. Figure 1 Simplified process diagram

The low-temperature pyrolysis of PVC-containing waste

The temperature window at which the PVC is decomposed into a low-chlorine “char” and HCl
was analysed in a set of experiments. The first test was a thermogravimetric analysis (TGA) of
PVC decomposition in nitrogen, up to 900ºC. Secondly, PVC samples were pyrolysed in
nitrogen at temperatures in the range 250-400°C. Finally, the pyrolysis of PVC/wood (and
PVC/poly ethene) mixtures was studied for the same temperature range as well. In these tests,
the presence of carbonaceous decomposition products in the pyrolysis off-gas was detected by
oxidation with air (at 900°C) followed by measurement of CO+CO2. More detail is given
elsewhere [6]. Table 1 gives the composition of the PVC, and wood (Finnish pine) samples used
in the tests and the calculations.

Table 1 Properties of the PVC and Finnish pine wood tested

C
 %-wt, dry

H
%-wt, dry

Cl
%-wt, dry

O
%-wt, dry

N
%-wt, dry

S
 %-wt, dry

Ash
%-wt, dry

LHV
MJ/kg,dry

PVC 40.1 5.1 53.8 - - - - 20.1

Wood 48.9 6.0 - 43.8 0.17 0.06 0.5 17.8

High chlorine
solid waste

Hot sand

Reactor 2

700-900°C

Flue gas to heat
recovery boiler

HCl+ water
+ N2

Reactor 1

200-400°C

 Air

Heat exchanger

Dry chlorine free fuel

+Cold Sand

Hot sand

Cooling

Cooling

Makeup
sand

Nitrogen

Ash+Sand
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Figure 2 Chemical composition of PVC      Figure 3 Net calorific value (LHV) of the
 de-hydrochlorination residues PVC de-hydrochlorination residues

The results of the chemical analysis of the
residues  from PVC pyrolysis in nitrogen are
given in Figure 2. The corresponding net
calorific value for these residues is given in
Figure 3, showing a trend that levels off at 38.2
MJ/kg.  The Figures show that already at
250°C the decomposition of the PVC has
started, showing a maximum rate at ~300°C. At
350°C the amount of Cl in the solid residue is
less than 0.1%. The degree of conversion of
PVC into HCl and hydrocarbon residue is given
versus temperature in Figure 4. At temperatures
above 350°C the PVC has released ~99.5% of       Figure 4 The de-hydrochlorination
its chlorine. efficiency for the PVC
Pyrolysis tests with PVC/wood and PVC/PE
mixtures in nitrogen at 250-400°C show a very slow pyrolysis of wood into carbon-containing
gases. The rate is approx. the same as for the secondary decomposition of the PVC, i.e. the
further decomposition of the hydrocarbon residue from PVC de-hydrochlorination into volatile
hydrocarbons [6]. The de-hydrochlorination reaction itself is several orders of magnitude faster
than these reactions [3]. However, some CO and light hydrocarbons may be present in the
product gas from the pyrolysis.

PROSIM process analysis and optimisation  

PROSIM is used as a tool for the design and retrofit of power plants, condition monitoring
systems and acceptance tests of power plants. The software was developed at the Technology
Park connected to Helsinki Univ. of Technol. and PROSIM is a trademark of Endat Oy in
Finland. Optimisation of power plants using exergy and pinch methods in PROSIM are results of
a Nordic co-operation. Being a Nordic product, both industrial and district heating power plants
have been included in PROSIM from the beginning. In the simulations it is possible to use all
sorts of fuels: coal, oil, natural gas and synthetic gases, all types of biofuels, industrial and
municipal waste. It can be used for designing processes and for examining them in off-design
points. Processes can be built from a selection of ready-made component models. It works
under AutoCAD interface and uses Newton-Raphson method as the iteration procedure. More
details on PROSIM are given elsewhere [7].



Figure 5 Process diagram as it is optimised with PROSIM

At a given temperature in the first reactor (giving a low-chlorine residue from PVC plus
recoverable HCl) the combustion process and the heat recovery in the sand return system are
defined. After this, the processes are integrated with an optimised heat recovery system.
Additional information was needed considering the thermodynamics of the first conversion stage
(R1), i.e. the value for E1 (unit: MJ/kg PVC).  The following expression was obtained [6,7]
between E1 and the LHV of the hydrocarbon residue:

E1 (MJ/kg PVC) = -18.168 + 0.416 * LHV (MJ/kg residue) (1)

noting that 1 kg PVC can yield 0.416 kg hydrocarbon residue (see Table 1). For incomplete PVC
decomposition, eq. (1) should be applied using the degree of PVC decomposition (see Figure 4).
The process as it was optimised using the PROSIM software is shown in Figure 5.  Table 2
gives the specifications for the design case.  Incoming fuel (wet wood + wet PVC) is dried and
pyrolysed in dryer (2) and pyrolysis reactor (1). Thermal input for the drying and the pyrolysis
reactions comes from the hot sand from the FBC (fluidised bed combustor) and from nitrogen
that can be returned to the pyrolysis reactor (the removal of water+HCl from the product gas is
not included here for simplicity). The FBC is modeled as a burner (3) plus a hot bed with heat
transfer (5). The low-chlorine char from the PVC plus the wood are burnt in the FBC, followed by
heat recovery in a superheater (6), economiser (7) and air preheater (8). Electric power is
generated using a steam turbine (10+11+12+13+14) where the first stage is a regulation stage
followed by three stage groups with bleeding of steam for the feedwater tank and the feedwater
heater, and final expansion in the last stages. Two feed water heaters instead of one give
increased efficiency. Feed water is re-heated in the econimizer (7), sand return cooler (24), the
FBC (5) and superheater (6). The steam parameters 510°C/78 bar are optimal for the heat
available in the superheater [7]. The minimum stack temperature of 150°C ensures no
condensation of aggressive compounds from the flue gases that will cause corrosion problems.



Table 2 Two-stage combustion of high-PVC waste plant (design case)

Pyrolysis reactor: Steam cycle:
Fuel input (20% PVC) (dry) 0.5 kg/s PVC

+ 2 kg/s Wood
Steam turbine isentropic
efficiency

0.86

PVC conversion % 99.8% Condenser pressure 0.03 bar
Pyrolysis reactor temperature 350°C First feedwater heater pressure 1.17 bar

Sand input temperature 410°C Second feed water heater 0.24 bar

Water content in the PVC 5% Deaerator pressure 3 bar
Water content in the wood 15% Superheater temperature 510°C

LHV of wood (Finnish Pine) 17.8 MJ/kg (dry) Steam pressure 78 bar

LHV of hydrocarbon
residue from PVC

38.2 MJ/kg (dry) Steam mass flow rate 14.9 kg/s

Net plant output: 16 MW

Fluidised bed reactor: Efficiency (LHV) 36%

Combustion efficiency 0.98 Flue gases mass flow rate 18.3 kg/s
Fluidised bed temperature 800°C HCl emissions               2 % O2

(no gas cleaning)         11 % O2

37 mg/m3
STP (dry)

20 mg/m3
STP (dry)

Air factor, stoichiometry 1.1 Minimum stack temperature 150°C

For the design case, with 50 MW thermal input the electrical efficiency is 36.7 %. The chlorine
content in the fuel for the FBC is then 0.025%-wt. The temperature of the FBC is chosen at
800°C as to reduce operational problems related to ash behaviour when firing biomass or waste-
derived fuels. The FBC is fired with air at 2 % oxygen in the dry flue gases (air factor ë = 1.1).
The temperature in the pyrolysis reactor has an effect on thermal efficiency, the chlorine content
in the fuel that is burnt in the FBC and thereby on the HCl emissions from the FBC.

Table 3 Influence of pyrolysis temperature, and the input waste fuel PVC content on overall
process performance and thermal efficiency

Pyrolysis temp.        ºC 250 280 310 340 370 400 350 350 350 350 350 350

PVC content (dry)%-wt 20 20 20 20 20 20 0 5 10 15 25 40
Sand  return temp.   ºC 310 340 355 400 420 450 420 420 420 420 410 395

Sand return flow    kg/s 14.0 15.5 10.5 15.8 17.4 21.4 23.6 21.2 18.8 16.5 13.8 7.6

Fuel to FBC           kg/s 2.46 2.38 2.20 2.15 2.15 2.15 2.45 2.37 2.31 2.23 2.08 1.86
FBC fuel chlorine %-wt 0.22 0.16 0.027 0.002 0 0 0 0.006 0.012 0.018 0.032 0.058

Size pyrolyser       MW 0.67 0.74 0.38 0.76 0.70 0.86 1.32 1.19 1.06 0.92 0.66 0.27

Size FBC               MW 25.6 24 23.6 21 20.5 19.3 19.0 20.0 20.9 20.5 21.6 23.9
Electricity output    MW 18.4 17.8 16.2 15.9 15.8 15.8 16.1 16.0 16.0 15.9 15.8 15.7

Thermal efficiency    % 36.7 36.8 37.1 36.7 36.8 36.7 36.2 36.3 36.4 36.5 36.8 37.1

HCl emissions    2% O2

(dry, mg/m3
STP)  11%O2

13402
7054

10096
5314

1850
974

112
59

0
0

0
0

0
0

9
5

19
10

28
15

47
25

76
40

HCl recovery          kg/s
efficiency %

0.06
21

0.12
42

0.25
90

0.27
99

0.28
100

0.28
100

0
-

0.07
99.8

0.14
99.8

0.21
99.8

0.28
99.8

0.35
99.8



Results of PROSIM analysis with pyrolysis temperatures from 250 to 400°C are given in Table 3.
Process thermal efficiency varies from 36.7% to a maximum of 37.1% for pyrolysis at 310°C.
Uncontrolled emissions of HCl are high at temperatures below 340ºC. A second variable was the
PVC fraction in the dry fuel.  Results for pyrolysis at 350°C with PVC mass fractions from 0 to 40
% (dry) are given in Table 3 as well. Here, thermal efficiency increases linearly with the PVC
content in the waste mixture, from 36.3 to 37.1%. Uncontrolled HCl emissions are below the limit
for waste incinerators (10 mg/m3

STP, dry, at 11 % O2) for 10 % PVC in the dry waste fuel. The
thermal effect of the pyrolyser reactor decreases with the PVC content in the fuel. This is
because PVC decomposition appears to be exothermic: the measured LHV of 38.2 MJ/kg (dry)
for the hydrocarbon residue from PVC pyrolysis gives E1 = -2.28 MJ/kg PVC in eq. (1).

Conclusions

A waste-to-energy process is described here for high-PVC solid wastes, including HCl recovery.
It differs from processes based on (staged) gasification of these types of wastes by the low
temperature of the pyrolysis reactor. The advantage of this is that no hot HCl containing gases
have to be handled. The process has a thermal efficiency of approx. 36 %, depending on
pyrolysis temperature and the PVC content in the solid waste. HCl recovery can be above 90 %
at temperatures above 310°C, combined with low HCl emissions. For the FBC, it circumvents
the problem related to the removal of HCl from flue gases by sorbents. Future work will address
the recovery of HCl + water from the product gas, and whether the fluidisation gas in the
pyrolysis gas may be air. Finally, it is noted that very many different types of PVC exist, which
may have implications for the process discussed here.
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