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ABSTRACT

This paper presents the energy and the environmental impact analysis of an innovative system
based on the pyrolysis of MSW which produces solid (char), liquid (tar) and gas (syngas)
fuels used in a combined cycle for electric power generation. The syngas, after filtration and
compression, feeds two gas turbines. In turn, the exhaust from the gas turbines, after post-
combustion with char and tar, drives a steam turbine power plant. Before being discharged,
the flue gas is processed in an SCR (Selective Catalytic Reduction) unit to reduce CO, VOC
and NOy content and is filtered to remove particulate matter.

This innovative approach to energy recovery from MSW combines high energy efficiency
with a low level of polluting emissions. The estimated global efficiency of the plant, referred
to the LHV of the MSW, is around 28-30%, a much higher value than ordinarily obtained in
traditional waste incineration plants. The environmental analysis includes a study of the
polluting emissions and the simulation of their concentration in the area surrounding the
plant: the emissions of the plant have a negligible influence on the original polluting levels of

the settlement area.
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1. INTRODUCTION

The beginning of the third millennium has been characterised by a progressive increase in the
demand for fossil fuels, which has caused a steep rise in oil price. At the same time, several
environmental disasters have increased the sensitivity of world-wide public opinion towards
the effect that environmental pollution has on human health and climate change. These
conditions have fostered a renewed interest in renewable energy: solar energy, wind energy,
biomass and solid wastes.

In addition, the disposal of Municipal Solid Waste (MSW) has become a critical and costly
problem. The traditional landfill method requires large amounts of land and contaminates air,
water and soil. As an alternative, the incineration method has the advantage of reducing waste
volume, and it may also generate thermal and electric energy with low polluting emissions in
the atmosphere [1]. Therefore, those countries where land resources are limited, such as in the
EU and Japan, prefer burning trash, whereas countries with vast territories, such as the US
and Canada, continue to apply landfill disposal.

The new MSW management strategies are based on selection, recycle and energy recovery.
The development of innovative technologies for energy recovery from MSW could contribute
to the reduction of both environmental pollution and dependence on fossil fuels. The
alternative options to recover energy from MSW are incineration and pyrolysis / gasification.
Incineration is a destructive process in which the hydrocarbon content of MSW is converted
into flue gases at high temperature whereas pyrolysis / gasification may convert it into other
hydrocarbons which may be utilized as fuels, new materials and also monomers [2, 3, 4, 5, 6].
This paper analyses an innovative system exploiting the pyrolysis of MSW to produce solid,
liquid and gaseous fuels used in a combined cycle for electric power generation. This system
will be analysed to evaluate its global energy efficiency and its environmental impact on the

surrounding area.



2. SYSTEM DESCRIPTION
The system, shown in figure 1, consists of two pyrolysis lines, which feed two gas turbines.
The exhaust from the gas turbine outlets, after post-combustion in a steam boiler, drives a
steam turbine. The MSW, processed in a rotary kiln at 500-600°C in absence of air, produces
solid (char), liquid (tar) and gaseous (syngas) fuels together with ash. Pyrolysis is an
endothermic process which requires a thermal energy input obtained from the combustion of a
fraction of char and tar. The syngas available at the outlet of the rotary kiln is purified in a
cyclone and a scrubber to remove particulate matter and condense humidity and heavy
hydrocarbon vapours. The syngas is then compressed and injected into the combustion
chamber of the gas turbines.
The combustion of the syngas in the gas turbines occurs with high excess air (300-400%).
Therefore the gas exhaust from the gas turbines may be used as reactant in the recovery boiler
for the combustion of char and tar in order to drive the steam turbine. Before being
discharged, the flue gas is processed in an SCR (Selective Catalytic Reduction) unit integrated
in the boiler to reduce CO, VOC and NO content and is filtered to remove particulate matter.
The SCR technology combines the catalytic reduction of carbon monoxide and volatile
organic compounds by noble metals with the reduction of nitrogen oxides into molecular
nitrogen and water vapour by using ammonia or urea as reactants in the presence of titanium
and vanadium catalysts.
The system proposed shows some innovative aspects with respect to traditional MSW plants:
1) The energy recovery on MSW is carried out by using a combined cycle instead of a
simple steam turbine as in the traditional MSW incineration plants or a gas turbine or a

reciprocating engine as in the MSW gasification plants. The application of a combined



cycle allows a rational use of the different products resulting from the MSW pyrolysis
(syngas, char, tar) increasing the conversion efficiency.
2) The system proposed shows specific plant engineering advantages:

— high flexibility: it is possible to modulate the power simply by turning-off one of the
two pyrolysis lines.

— high reliability: when the pyrolysis lines are out of order it is possible to send the
MSW directly to the steam boiler and the plant works as a traditional incineration one.

- low polluting emissions: the presence of a single line of flue gas simplifies the

treatment to reduce polluting emissions

3. ENERGY ANALYSIS

The composition of the MSW depends upon variables such as geographical area, population
density, climatic conditions and waste management policies. MSW eligible for heat recovery
typically contains 60 wt% cellulosic fraction (paper, cardboard, wood), 20 wt% plastics (high-
density polyethylene (HDPE), low density polyethylene (LDPE), polypropylene (PP),
polystyrene (PS), polyvinilchloride (PVC)) and 20 wt% moisture. Table 1 shows the MSW
composition and heating value assumed in the present analysis: these values are typical for
developed countries, as shown in [7]. The MSW has a Higher Heating Value (HHV) around
19.2 MJ/kg, an equivalent molecular mass Mmsw = 25.49 kg/ kmol and the following

equivalent raw chemical formula:

C H1‘515 O()A43 +0.283 HzO + ASH (1)



The thermochemical conversion of MSW into gaseous fuel may be obtained by gasification or
pyrolysis.

Gasification is a high temperature (700-800°C) thermal process, requiring the addition of air
and/or steam, which produces a high fraction of syngas and small quantities of char, tar and
ash. However the syngas obtained can have a poor heating value due to the high content of
N,, and CO».

Pyrolysis is a thermal process evolving in absence of air at temperatures around 500-600°C
which produces syngas, char and tar in fractions depending upon operating temperature,
heating rate and residence time. For high tar yield, a high heating rate and short residence
time are requested (Fast Pyrolysis). To maximise char and syngas yields, a low heating rate
and, a long residence time should be applied (Slow Pyrolysis).

The char fraction contains carbonaceous residues derived from thermal decomposition of the
organic components, unconverted organic solid and ash resulting from inorganic materials. Its
heating value is comparable with those of lignite and coke.

The tar fraction is a complex liquid mixture containing resins, acids, alcohols, intermediate
carbohydrates, phenols, aromatics, and aldehydes. Its heating value is comparable with those
of oxygenated fuels (CH;0H, C,HsOH).

The composition of the syngas depends on the MSW characteristics, moisture content,
operating temperature and residence time. The heating value of syngas is comparable with
that of coal gas and is much lower than that of natural gas.

The accurate prediction of the syngas composition requires a complex kinetic model capable
of accounting for all pyrolysis reactions taking place inside the rotary kiln. The present paper
is based on a simpler equilibrium model. Clearly this approach gives only a rough estimation
of the syngas composition, as normally it is not possible to achieve complete thermodynamic

equilibrium inside a pyrolysis reactor. Nevertheless the predictions of equilibrium models are



not far-away from the experimental results both for gasification of biomass [8, 9, 10, 11] and
gasification of coal [12, 13].

The thermodynamic equilibrium model used in present paper is a two-phase (gas+solid) one,
allowing to predict not only the syngas composition but also the tar+char fraction. Despite the
apparent crudeness of the approach, it's nevertheless a valuable engineering aid, usually
leading to errors smaller than 20% with respect to the actual results [14]. To the authors
knowledge, this approach has never before been applied to a similar plant operation analysis.

The global chemical reaction relative to MSW pyrolysis is:

CHaOﬁ+y02+ZN2+WH20 = X1C+X2H2+X3H20+X4CO+X5CO2+X6CH4+X702+X8N2 (2)

where CH,Op is the MSW equivalent chemical formula, y, z and w the moles of other
reactants and x; the moles of reaction products. Assuming negligible presence of air, the

composition of the reagents is:

a=1.515 B=0.430 y =0.000 z =0.000 w =0.283 3)

The equilibrium composition can be estimated minimising the total free energy of the system
and verifying the conservation of mass and chemical species. The resulting set of non-linear
equations is solved by iteration obtaining the moles x; of reaction products and therefore the
composition of syngas.

A specific computer code has been developed in Matlab using the software Cantera [15] for
the computation of thermochemical properties.

From the composition of the pyrolysis products it is possible to evaluate the heating value and

the thermal energy input requested by the pyrolysis, i.e.:



Qrr=[(Zixih;)probUcCTs - (Zjyjhj)rREAGENTS] / MMsw “4)

where xi and hi are the moles and the specific molar enthalpy of the reaction products, yj and
hj the moles and the specific molar enthalpy of the reagents.

Table 2 gives the characteristics of the pyrolysis products at the outlet of the scrubber for a
pyrolysis temperature at 500°C. The pyrolysis at 500°C of 1 kg of MSW generates around
300 g of syngas together with 700 g of char + tar and requires 1.8 MJ of thermal energy input
equal to 9.2% of the MSW High Heating Value (HHV).

The processes inside the syngas compressor, gas turbines, recovery boiler and steam turbine
have been simulated by assuming suitable operating conditions, efficiency and effectiveness.
Table 3 gives the main assumptions and table 4 shows the mass flow rates G, the heat flow
rates g, the electric power W and the efficiency n computed for a pyrolysis temperature of
500°C.

The global efficiency of the system is equal to the ratio between the net electric power
produced and the input thermal power of the MSW referred to its Lower Heating Value

(LHV):

NcLoBar=(Wgas Tur+Wsteam turB) / (Gmsw LHV msw) )

The system is fed with 34.8 MWt of MSW and produces 9.84 MWel of electric power with a
global efficiency of 28.3%. The steam turbine provides 7.47 MWel (76%) with an efficiency
around 29.5%, whereas the gas turbines provide 2.36 MW (24%) with an efficiency around
18.6%. The poor performance of the gas turbines is due both to operating conditions

(maximum temperature around 1000°C and pressure ratio around 12) and the energy



consumption for syngas compression (amounting to 17.3% of the electric power produced by
the gas turbines).

A sensitivity analysis has been carried out to evaluate the effect of a temperature increase of
pyrolysis from 500 to 600°C. Figure 2 shows the electric power output against the pyrolysis
temperature ranging from 500 to 600°C. The syngas yield rises from 30 to 40% increasing the
contribution of the gas turbines and reducing the output of the steam cycle. As a consequence,

the total electric power of the system shows only a slight increase from 9.84 to 10 MWel.

4. ENVIRONMENTAL ANALYSIS

The polluting emissions of the plant for MSW treatment must be added to the original polluting levels
of the proposed settlement area, Porto Marghera, a high density industrial area near Venice (Italy). A
comparative analysis is carried out comparing the emissions of the MSW treatment plant to those of
the nearest power plant, the ENEL thermo-electric power plant “Andrea Palladio” which is 1200 m
distant. This power plant is instrumented with a complete set of emissions control devices: SCR unit,

FGD (Flue Gas Desulphuration) unit, bag filters. The MSW plant will probably use emission
control devices of a better quality level. Moreover the pyrolysis reactor will be fed with
selected MSW which estimated composition is reported in table 1: only PVC plastic shows a
significant chlorine content. However the percentage of PVC plastic in the MSW allows to
conclude that the emission of gases containing chlorine from the MSW plant should be
limited.

The concentration of polluting substances in air derives from the combined effects of the
polluting emissions, storage and dispersion in the atmosphere. The storage and dispersion
processes, which depend mainly on meteorological conditions, cannot be influenced;

therefore the only possible positive action consists in reducing the emissions.



The analysis of polluting storage and dispersion in the atmosphere requires meteorological
information (windiness, solar radiation, atmospheric stability, etc.) which can be derived from
the statistical analysis of local meteorological data.

The numerical simulation of polluting emissions, dispersion and fallout was carried out by
using the ISC dispersion model implemented by US EPA [16]. The ISC is a three-
dimensional, steady state, gaussian model that computes the average annual concentration and
the fallout of polluting substances emitted by concentrated or distributed sources. The model
is based on the solution of the convective-diffusion equation modified to account for
meteorological and orographical conditions.

The polluting emissions considered in the present analysis are SOy, NOy, particulate matter
and CO. It must be noted that, because of the characteristics of the waste fed to the plant, i.e.
mainly cardboard and plastics from packing material, a negligible sulphur (S) content is
expected, and then the assumed value of SO, concentration in the flue gas must be considered
to be a worst case scenario.

The plant processes about 7200 kg/h of CDR and discharges about 56600 Nm?/h of exhaust
into the atmosphere. The concentration of the polluting substances in the exhaust was derived
from the measured values on the waste incineration plant of Bolzano (Italy) which is equipped
with pollution control systems (including an SCR unit and bag filters) similar to the ones of
the MSW plant considered [17].

The polluting emissions of the ENEL thermo-electric power plant “Andrea Palladio” were
derived from the 2004 report on plant operation [18].

The exhaust discharge temperature is 200°C for the MSW plant and 130°C for the power
plant, whereas the chimney height is around 50 m for the MSW plant and ranges between 65
and 130 m for the power plant. The meteorological data used for the simulation was derived

from [19]. The computational domain for the numerical simulation is a squared area 10 km
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each side. Tables 5 and 6 show the polluting substances concentration in the exhaust and the
annual polluting emissions of the MSW plant and the power plant, respectively.

Figures 3 and 4 show the SO, concentration in the air at ground level caused by the emissions
of the power plant and the MSW plant, respectively.

Figures 5 and 6 show the NOy concentration in the air at ground level caused by the emissions
of the power plant and the MSW plant, respectively.

Figures 7 and 8 show the particulate concentration in the air at the ground level caused by the
power plant and the MSW plant, respectively.

Figures 9 and 10 show the CO concentration in the air at ground level caused by the
emissions of the power plant and the MSW plant, respectively.

Table 7 shows the maximum concentration of the polluting substances in the air at ground
level caused by the MSW plant alone, the power plant alone and the combined effect of both
plants. The polluting emissions of the MSW plant are negligible respect to those of the power
plant, except for CO emission. This result is obvious, considering the difference in size
between the two plants: the electrical power of the MWS plant (10 MWe) is approximately
100 times lower than that of the power plant (1 GWe). Therefore, it is useful to compare the
specific polluting emissions of the plants equal to the ratio between the annual polluting
emissions and the annual electric energy production: table 8 shows this comparison. The
specific polluting emissions of the MSW plant are generally lower than those of the power
plant. The SO, specific emission is exactly 6.6 times lower (worst case scenario), the NOy is
2.9 times lower, whereas the particulate specific emission is almost equal and the CO specific
emission is 2.6 times higher. The polluting emissions of the MSW plant are even more
negligible when compared to the total polluting emissions of all power plants in Porto
Marghera (2 GWe)

Table 9 shows the comparison between the annual polluting emissions of the MSW plant and

11



those of all power plants in Porto Marghera. The data on the polluting emissions of all power

plants in Porto Marghera is derived from [20].

S. CONCLUSION

This paper presents the feasibility study of an innovative plant based on MSW pyrolysis and
combined cycle.

The coupling between pyrolysis and combined cycle ensures a conversion efficiency of MSW
into electric energy of about 28-30%, a significantly higher value respect to traditional waste
incineration plants.

The pyrolysis temperature only affects the distribution of the electric power production
between gas and steam turbines, whereas it shows only a slight effect on the performance of
the whole system.

The polluting emissions of the innovative MSW plant are negligible in term of absolute
contribution and are generally lower in term of specific contribution with respect to those of
the ENEL thermo-electric power plant “Andrea Palladio”, except for CO emission. The
polluting emissions of the MSW plant are even more negligible when compared to the
polluting emissions of all power plants in Porto Marghera.

This feasibility study has been carried out with well established mathematical models which
ability is recognised in literature. The integral experimental validation of the simulation
required the realisation of a demonstrative plant which is out of the purpose of a feasibility
study and, by the way, the possibility to build a pilot and/or full scale plant is currently under
evaluation. If and when such plant will be operational, the authors will be glad to present the

experimental results.
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The feasibility study requires also an economic assessment of the innovative plant. However
this study, due to the complexity of the plant and the different levels of electricity prices and
MSW disposal tariffs, needs a specific paper to be carried out. In present paper it is possible

to give only a first rough estimation of the pay-back time of the plant: around 8-10 years.
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NOMENCLATURE

G Mass flow rate kg/s
HHV Higher Heating Value Ml/kg
h; Specific molar enthalpy kJ/kmol
LHV Lower Heating Value Ml/kg
M Molecular mass kg/kmol
MSW Municipal Solid Waste

P Pressure Pa

Q Heat flow rate W

Q Specific heat W/kg
R, Pressure ratio

T Temperature K

W Electrical power Y

Xi Moles of reagents kmol
Yi Moles of products kmol

€ Effectiveness

n Efficiency
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CAPTION TO THE FIGURES

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

Schematic diagram of an innovative system for Municipal Solid Waste (MSW)
pyrolysis.

Electric power output vs. pyrolysis temperature.

SO; concentration in the air at ground level caused by the emissions of the power
plant.

SO, concentration in the air at ground level caused by the emissions of the MSW
plant.

NOy concentration in the air at ground level caused by the emissions of the power
plant.

NOy concentration in the air at ground level caused by the emissions of the MSW
plant.

Particulate concentration in the air at ground level caused by the emissions of the
power plant.

Particulate concentration in the air at ground level caused by the emissions of the
MSW plant.

CO concentration in the air at ground level caused by the emissions of the power

plant.

Figure 10. CO concentration in the air at ground level caused by the emissions of the MSW

plant.
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Table 1. Composition and heating value of MSW.

Paper Cardboard Wood HDPE LDPE PP PS PVC H,0 MSW

wt% 32.0 24.0 4.0 4.0 4.0 4.0 4.0 4.0 20.0 =

C(wt%) 52.1 48.6 474 86.1 857 86.1 921 414 = 45.9
H (wt%) 59 6.2 6.3 130 142 137 79 53 = 5.8
O (Wt%) 41.9 45.0 46.2 09 0.1 0.2 0.0 5.8 = 26.3
H,0O (wt) = = = = = = = = 20.0 20.0
ASH (wt%) 1.0 8.4 0.2 0.0 0.0 0.0 0.0 0.4 = 2.0
HHVMJ/kg) 19.3 16.9 193 464 46.6 464 421 228 = 19.2
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Table 2. Characteristics of pyrolysis products.

Parameters Values

Teyr 500°C

PpYR 101325 Pa

Musw 25.49 kg/kmol
HHVMsw 19.2 MJ/kg

H, 3.16 wt%msw  10.9 %synGas
CH4 4.84 wt%omsw ~ 16.6 Yosyngas
6(0) 2.05 wt%wmsw 7.0 %synGas
CO, 19.09 wt%msw ~ 65.5 YosynGas
C 36.18 wt%msw  51.1%cHAR+TAR
H,O 32.67 wt%omsw  46.1 Yocuar+TAR
ASH 2.00 wt%msw 2.8 Y0cHAR+TAR
GAS 0.2915 kg/kgmsw
HHVsyncas 25.3 MJ/kg
LHVsyncas 22.0 MJ/kg
CHAR+TAR 0.7085 kg/kgmsw

HHV cuar+TAR 16.7 MJ/kg

LHV cuar+TAR 15.6 MJ/kg

Qpyr 1.772 MJY/kgmsw

19



Table3.Operating conditions and efficiencies.

Syngas Compressor

Rp 12

NIS.COMP 0.85

Gas Turbines

Rp 12
Tmax 1000°C
MNis.COMP 0.90
MIS.TURB 0.90
jlee 1.00
MEL.GEN 0.98
Boiler

€ECON 60-70%
€BOILER 60-70%
€SUPH 30%

Steam Turbine

Tmax 500°C
Pvap 40 bar
Pconp 0.074 bar
TIS.TURB 0.80
MEL.GEN 0.98

20



Table 4. Power and efficiency.

Parameters Values
Gmsw 7200 kg/h
Gsynas 2100 kg/h
GCHAR+TAR 5100 kg/h
Waas Turs 2368 kW
WsTEAM TURB 7468 kKW
WaLosaL 9836 kW
gdpYR 3544 kW
JBOILER 25314 kW
Qmsw 34781 kW
NGAS TURB 18.6 %
MSTEAM TURB 29.5 %
NGLOBAL 28.3 %

21



Table 5. Polluting substance concentration in the exhaust at the chimney
(dry basis, normalized to 11% O, content for the MSW Plant

and to 6% O, content for the Power Plant).

MSW Plant Power Plant
SO, [mg/Nm"] 36.1 546.5
NO, [mg/Nm?] 44.5 293.9
Partic.[mg/Nm3] 3.6 8.8
CO [mg/Nm’] 18.0 16.5
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Table 6. Annual polluting emissions.

MSW Plant Power Plant

SO; [t/year] 24.8 12562
NOy [t/year] 30.6 6685
Partic. [t/year] 2.5 193
CO [t/year] 12.4 367
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Table 7. Maximum polluting substance concentration in the air at ground level.

MSW plant Power plant MSW + Power plant

SO, [ug/m’] 0.350 24.00 24.00
NOy [pg/m’] 0.440 11.00 11.00
Partic. [pg/m’] 0.035 0.28 0.28
CO [pg/m’] 0.180 0.32 0.38
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Table 8. Specific polluting emissions.

MSW Plant Power Plant
SO, [mg/kWh] 287.9 1909.4
NOy [mg/kWh] 355.1 1016.1
Partic. [mg/kWh] 28.8 29.3
CO [mg/kWh] 143.9 55.8
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Table 9. Annual polluting emissions.

MSW Plant All Power Plants

SO, [t/year] 24.8 19858
NOy [t/year] 30.6 12996
Partic. [t/year] 2.5 355
CO [t/year] 12.4 573
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Fig.2
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ACCEPTED MANUSCRIPT
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ACCEPTED MANUSCRIPT

Fig.5
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ACCEPTED MANUSCRIPT
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ACCEPTED MANUSCRIPT

Fig.7
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ACCEPTED MANUSCRIPT

Fig.8
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ACCEPTED MANUSCRIPT

Fig.9
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ACCEPTED MANUSCRIPT

Fig.10
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