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As waste management practices migrate from a predominately disposal (landfill) approach to more sustainable methods, greater emphasis is being placed in the recovery
of value from wastes. Advanced thermal conversion of waste material into high quality
renewable products – i.e. clean syngas, oils and char – represents an attractive and valueadded alternative. Residual waste, which is not viable for reuse or recycle, has calorific
value which could partially displace fossil-derived fuels, and the recovery of this energy
is a more sustainable and manageable option, than that of producing landfill biogas.
This work presents the results generated from the partnership between Cranfield University and Syngas Products Group Ltd (Syngas Products) funded by Innovate UK and
the Engineering and Physical Science Research Council (EPSRC).
The pre-production pyrolysis plant developed by Syngas Products, located in Canford,
in Dorset (UK), is a 0.8 MWe pre-commercial facility that processes c.1.1 t/h of refusederived fuel (RDF) sourced from non-recyclable municipal solid waste as feedstock,
mainly. This pre-commercial facility is operational and conducting extensive 24/7 validation trials that are generating valuable experimental data for temperature, pressure
and gas composition at different locations within the pyrolysis process.
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A novel approach for modelling pyrolysis is presented here, by defining six stages at
specific pressure and temperature conditions. The model was developed using the
software Aspen Plus. The feedstock used for the main case study of this work was
refuse-derived fuel (RDF) based on a detailed compound breakdown. For the validation of the pyrolysis model, experimental data from a 0.8 MWe pre-production
modular operated by the Syngas Products Group, was used. Sensitivity analyses were
also performed to evaluate the effect on the process of two operating parameters: air
ingress and drier efficiency.
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1. Background
The option of managing residual wastes through thermal processes has existed for
decades, however in recent years there has been a significant increase in the treatment
capacity across the UK and European Union. This has been driven partially by the
adoption of the 1999 EU Landfill Directive [1], the availability of land space for new
landfills and the rising costs of landfill disposal. Thermal processes have been viewed as
a necessary component in the progression towards more sustainable waste management
systems [5, 12]. As combustion technologies have become more prominent across Europe, gasification and pyrolysis processes have been considered as flexible alternatives
[8, 9, 13, 14]. This work investigates the process modelling of a demonstration-scale
pyrolysis facility processing refuse-derived fuels. Previous studies have attempted to
model advanced thermal conversion processes [4, 6, 11] they can be recovered to produce electrical and thermal energy through processes of thermochemical conversion,
such us torrefaction, pyrolysis and gasification. Currently, the gasification of residual
biomass for producing neutral CO2 fuel for energy production is in development
stage. In this context, this study proposes anequilibrium-based model, developed by
the commercial software Aspen Plus, of a co-current gasifier fueled with agriculture
residual, which allows estimating the chemical composition and theheating value of
the syngas produced. The prediction of such model includes the main gaseous species,
the yields of char and tar and describes the gasification process through the mass and
energy balances, the water-gas shift (WGS, however in this study the model developed
is validated against a pre-commercial facility in operation in the UK.
The concept of energy from waste technologies being used in distributed energy systems
has previously been investigated [3, 7] the pyrolysis process investigated here offers the
potential for small-scale waste management and energy generation.

2. The role of pyrolysis in distributed town-scale energy systems
Advanced thermal treatment [ATT] technologies offer the potential for higher efficiencies in clean heat and power production combined with the flexibility to produce gaseous
and/or liquid fuels. Such technologies, which include pyrolysis, have been suggested
as an option for smaller, town-scale, applications with integrated gas cleaning systems.
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The Energy Technologies Institute [ETI], based in the UK, have recently reported that
ATT operating in the 5 to 20 MWe range offers the potential for efficient energy from
waste solutions [2]. Conventional combustion technologies typically operate at a larger
scale, benefitting from economies of scale. The largest incinerator operating in the UK
currently is 70 MWe with a further capacity for 50 MW heat export (treating 850 ktpa
of pre-processed household waste in the form of refuse-derived fuel). In combustion
technologies, below 20 MWe the steam turbine efficiencies decrease, thus becoming
financially unattractive [2].
Energy from waste facilities relying on significant annual feedstock are ideally located
near areas of high population densities to reduce the transportation costs. Thus, there
is an opportunity for smaller-scale energy from waste developments to compliment
larger-facilities and to reduce overall transport distances. Town-scale facilities may
operate as distributed energy systems, as has been suggested by the ETI, through the
integration with local heat networks [2].
In the UK, larger-scale gasification has been attempted unsuccessfully, example of which
is a recent development by Air Products in the North-East of England. This was 2 x
350 ktpa of wastes, but the commissioning of one was not completed and didn’t commence on the second. Therefore, whilst incineration is an established and reliable process
at higher capacities, town-scale facilities offer a suitable application for gasification and
pyrolysis technologies.

3.1. Pre-commercial facility
The pre-commercial advanced thermal treatment waste to energy plant at Canford has
been designed to process 1,000 kg/h (Gross Heating Value 10 MJ/kg) of MSW, which
has been segregated, separated, pre-sorted and shredded at our mechanical biological
treatment (MBT) facilities.
To fully validate the technology (technically, commercially and environmentally),
the process is and will be subject to rigorous testing. This plant has been designed,
manufactured, installed and commissioned by an experienced in-house engineering
team. The complete installation will include fuel reception and bulk storage, automated
conveyor systems, main pyrolysis, gasification and combustion chambers complete with
all associated feed and extract mechanisms, gas management and conditioning plant,
gas buffer vessel, gas engine and a suite of associated control facilities to include real
time telemetry and data logging.
Dependent upon feedstock characterisation (moisture content and calorific value
(CV)), and mass throughput the process is expected to generate between 750 kWe
and 1 MWe.
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3.1.1. Test facility process overview
The feedstock to the system is a prepared MSW derived waste stream known as Refuse
Derived Fuel (RDF) which is high in biomass (circa 55 % by energy). This is sourced
from the MBT facilities and consists of reject material that cannot readily be recycled or
composted. It is a homogenous pre-prepared feedstock. This feedstock is continuously
fed into the pyrolyser via a series of conveyers into a feed compactor hopper. The purpose of the compactor is to prevent the ingress of air into the pyrolysis process. From
the compactor the feedstock is continuously fed into the pyrolyser where the feed is
indirectly heated, in the absence of oxygen, externally at between 1123 K and 1273 K.
Under the thermal and chemical conditions within the pyrolysis unit the feed decomposes to become a synthetic gas (consisting of methane, hydrogen, carbon monoxide
and water vapour), leaving a resultant solid carbon char.
The gas from the pyrolysis process is drawn, under negative pressure, through a ceramic
filter to remove particulates and to collect the char arising from the pyrolysis process.
From there, it passes through a wet quench to rapidly reduce the temperature of the
gas and to condense out any tars and oils and prevent the formation of dioxins. This
quench also contains additives specifically designed to remove acid gases.
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Once filtered and quenched the syngas passes into a buffer store, where gas from each
pyrolysis unit is blended to ensure homogeneity of the gas. From the gas buffer vessel,
the syngas can then be directed to the gas engine.
In a separate, concurrent, project the char from the ceramic filter is fed into a gasifier
where it is gasified. The purpose of the gasifier is to process this char material in order
to release the potential of this energy as gasification gas. The gasification of the pyrolysis
char is achieved through the injection of a controlled ratio of steam and air into a bed
of char within the gasification chamber (the chamber will be continually filled by the
char feed system). The resultant gas – the gasifier gas can then be combusted in order
to provide recovered indirect heat to the pyrolysis process to release the pyrolysis gas
and therefore form part of a self-sustaining process.
The three-dimensional representation of the pre-commercial pyrolysis facility is shown
in Figure 1. The footprint of one unit would be delimited by an area of 40 m x 8 m.
Bale
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Feed system
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air seal

Char gasifier
Gas
conditioning
Clean syngas
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in furnace
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Figure 1:
3-D Representation of the
pre-commercial pyrolysis plant
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The plant comprises six modular ISO container frame units, where the containers are
constructed and equipment installed and pre-tested at factory; and subsequently, these
containers are delivered to site for installation onto pre-installed bases.
The plant is widely instrumented to measure gas composition at several points of the
process (e.g., exit of drum pyrolyser, clean gas, gas emissions from engine), as well
as temperatures and pressures reached. The experimental data measured during the
operation of this facility has been used for the validation of the Aspen Plus model
described in subsection 3.2.

3.1.2. Gas clean-up equipment
The raw pyrolysis gas has a high CV. However, it carries particulates and tar vapours
with it as it leaves the pyrolysis tubes. This makes it unsuitable to direct injection into
an internal combustion engine because:
• The gas has to be cooled as the engines cannot inject a hot gas into the cylinders;
• The particulates in the pyrolysis gas will build up and cause the engine cylinders to
ash up, requiring a cylinder head clean up. This is an expensive operation at about
1,000 GBP per cylinder;

• When the pyrolysis gas is produced it has a high moisture content, from either the
free moisture in the input fuel or made as a result of a chemical reaction. As the
gas passes into the engine and/or is cooled this water vapour would drop out as a
condensate and may lead to hydraulic lock of the cylinders causing extreme damage
to the engine.
• Although the acid gases generated during the pyrolysis process, do not cause any
harm to the engine whilst in gaseous form, form acids if they become dissolved in
any water, this can lead to premature corrosion of the engines. generated from the
pyrolysis process,
To make the gas suitable for a spark ignition engine, or turbine, the following is required:
the removal of the particulates, tars, water vapour/moisture, acid gases, and to cool the
fuel gas; so that it is within the fuel temperature limits of the engine.
The gas clean up system installed at the pre-commercial facility has:
• A patented ceramic filter, which can operate at up to 1,173 K. This removes the
particulates only at high temperature, the tars and water remain in vapour form,
• A hot water quench which removes the heavy oil tars, and some of the water moisture,
• A cold water quench which removes the light oil fraction of oils and the remaining
water moisture.
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• The tars in the pyrolysis gas would deposit on the cooler surfaces and restrict the
gas flow, or deposit on the hotter surfaces and carbonise, leading to compressor
wheel bearing failure, cylinder heads ashing up, etc.;
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During the quench stage an alkali solution is added to the quench water which reacts
with the acid gases to form salts neutralising the gas stream. Once the gas has been
cleaned up then it has to be conditioned further ready for the engine by simply compressing the gas.
After this conditioning, the gas is particulate, moisture, tar and acid gas free, and at
the correct temperature and pressure for delivery to the SI engines.

3.1.3. Integration of equipment
The processes outlined above are placed in an order that will not cause other issues, in
installation, operation or maintenance. A process block diagram and a set of process
and instrumentation diagrams (P&ID’s) have been drawn up. The P&IDs have been
thought through with regards to start-up, operation and normal shutdown, as well as
examining the potential failure modes. A full Hazard & Operability (HazOp) study has
been carried out to systematically examine each process block and each process flow
path and the implications of changes to the particular process block being examined
and the connecting equipment. The gas clean up system is able to shut down safely in
the event of a power failure. The flare and main controls are powered by an uninterruptable power supply which provides enough power to the plant to ensure that it is
shut down safely.

3.1.4. Gas engine
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One of the aims of the technology tested at the pre-commercial facility at Canford,
is to limit the development required by the engine manufacturers by supplying a fuel
gas that is within the normal operational limits of the engines. This has the benefits of:
• Not being beholden to a single engine manufacturer,
• Not requiring a special build engine, a more common low cost engine can be used,
• As it is a non special engine the servicing and maintenance will be less expensive
and less specialised.
Currently, the only modification to the SI gas engine to be used at the pre-commercial
facility is the lowering of the compression ratio, given the lack of information on propensity for pre-detonation for varying hydrogen contents.

3.2. Model for syngas composition prediction
A simulation model for pyrolysis has been developed as part of the present work to
predict the composition of the syngas product generated as a function of the feedstock
used. The process model has been developed using the commercial software Aspen
Plus V 8.8. This section explains the basis adopted to build the model, focusing on
the feedstock specification and description of the blocks defined as operation units.
In the final part of this section the main modelling results generated will be described
including the validation of the model.
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3.2.1. Feedstock specification
The fuel used for the base case study was refuse derived fuel (RDF). The composition
defined in the model was given by the analysis of the fuel utilised in the experimental
facility. This composition is presented in Table 1, which is defined by the presence
(percent, by weight) of substances, rather by the elemental analysis of the feedstock.
Table 1:

Composition of fuel used for the experimental campaign (refuse derived fuel, RDF) and
the nomenclature of the components in Aspen Plus
Component
(Aspen Plus)

Component

%
Component
(w/w)		

Component
(Aspen Plus)

%
(w/w)

Cellullose

C6H10O5

23.2

H2O

H2O

39.2

Glutamine

Gluta-01

2.7

CaCO3

CaCO3

1.3

Citric acid

Citricac

7.0

PET

PET

0.6

Methionine

Merhi-01

1.0

Propylene

Propy-01

0.9

Carbon

Carbon

3.9

Fe

Fe

3.4

Ca5(PO4)

Ca5(PO4)

0.2

Al

Al

0.4

Ethene

Ethene

6.2

P2O5

P2O5

0.2

Polyvinyl

Polyviny

0.5

Na2O

Na2O

0.4

SiO2

SiO2

3.4

K2O

K2O

0.3

TiO2

TiO2

0.1

MgO

MgO

0.3

Al2O3

Al2O3

1.1

CaO

CaO

3.2

Fe2O3

Fe2O3

0.5			

The main operation units that have been implemented in the model to simulate the
conditions existing in the pre-commercial facility are presented in the block diagram
in Figure 2.
Air

Feed
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conditioning
Oversize/
inerts

Figure 2:
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Block diagram of the modelled pyrolysis process

Feed conditioning
The feedstock is pre-treated by partial drying and removing the majority of the
inerts and oversize solids. For the drying step, a certain amount of moisture (20 %
(w/w)) is kept with the feedstock to allow for those pyrolysis reactions in which water
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is involved [10]. A stream of heated air at 343 K is used to dry partially the RDF. The
inerts and oversize solids removal section is specified to have an outlet of 1,000 kg/h,
which is fed to the entrance of the pyrolyser.
Pyrolysis drum
The pyrolysis drum has been defined using six pyrolysis stages with specific operating
conditions (i.e. temperature, pressure), which have been adopted following observations
made during the operation of the experimental facility. This approach allows for a more
accurate simulation of the reactions that occur in the real pyrolysis system. Stages 1,
2 and 3 of the pyrolyser have substances present in the three states: solid, liquid and
gas; so these stages are where the heterogeneous reactions occur. Stages 4, 5, and 6
have only gaseous components. The approach implemented to model the pyrolysis
drum is presented in Figure 3. This figure reports the operating conditions used for
the different stages in Figure 2-A) and Figure 2-B) presents an image of the pyrolysis
section of the model in Aspen Plus.

All gas
75 % gas

All gas
80 % gas

25 % gas
All liq&sol

97 % gas
20 % gas
All liq&sol

Figure 3:
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Stage 4

Stage 1

Stage 5

Stage 2

Stage 6

Stage 3

Approach implemented to model
the pyrolysis drum using six
stages. A) Box diagram including operating conditions; B)
Pyrolyser section in Aspen Plus
differentiating the stages

Particles removal
The ceramic filter section has been defined using a reactor, two phase separators (i.e.
one vapour –liquid separator and one solid separator), and a heat exchanger; the latter
to account for the heat loss that occurs at this location in the experimental facility. The
reactor was included to simulate the reaction of a small fraction of the solids present
(2 %, w/w) with the gas that passes through the filters.
Gas quench
The separation of the heavy and light oil consists of two heat exchangers that cool
down the material stream to 315 K for heavy oils and to 280 K for light oils. Each heat
exchanger is set up to be followed by a vapour-liquid separator in charge of segregate
the liquid from the gaseous fraction.
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Gas engine
The gas engine section has been modelled by using a reactor to combust the pyrogas
at 7.45 bar, which is the starting condition for the pressurization stage in the real gas
engine used at the experimental facility. The combustion products are passed by a
turbine, where the gaseous mixture is expanded to atmospheric pressure, with an isentropic efficiency of 90 %. A heat loss is set in the subsequent reactor, so the operating
temperature is circa 1071 K, which is the temperature at which the gases complete the
combustion stage in the engine, once the piston has been actuated during real operation.
A final heat exchanger brings the temperatures of the exhaust gas down to 764 K; this
step simulates the fraction of energy lost through the walls of the cylinder and to the
water jacket in the real engine.

3.2.3. Model results and validation

		
Substance
		
Component

Test 1
Exp high AI

Test A
Model high AI
% (v/v)

Formula

% (v/v)

Oxygen

O2

2.0

5.61

Nitrogen

N2

12.0

12.05

Carbon dioxide

CO2

22.0

7.99

Carbon monoxide

CO

20.0

17.09

Methane

CH4

18.0

16.55

Hydrogen

H2

14.0

14.14

Ethylene

C2H4

9.0

8.85

Ethane

C2H6

2.3

2.75

Propane

C3H8

0.5

1.48

Benzene

C6H6

0.2

0.87

Test 1:
Test A:
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The results predicted by the model for gas composition associated to the pyrogas have
been used for the model validation. The validation has been done by comparing the
values generated using the pyrolysis model in Aspen Plus with the experimental data
available from the pre-commercial pyrolysis facility. The validated model has been used
also to carry out some sensitivity analyses to evaluate the impact that certain operating
parameters (i.e., air ingress into the pyrolyser, change in the efficiency of the drier)
have on the pyrogas composition and the efficiency obtained at the gas engine when
using the syngas generated. The main components considered for the model validation
applying high level of air ingress (13 %, w/w) are presented in Table 2.

Table 2:
Main chemical components of
pyrogas generated from RDF
used for model validation considering high level of air ingress
into the process

experimental data using the pyrolyser with high level of air ingress (AI)
model prediction applying high level of air ingress (AI)

From the results included in Table 2, the gas composition predicted by the pyrolysis
model is quite accurate for the main species (i.e., CO, CH4, and H2); with the exception
of the CO2 levels, for which the prediction estimated is 2.75 lower than the empirical
value. This has an effect on the oxygen levels which are higher in the prediction, as the
participation of this element for the generation of CO2 is underestimated by the model.
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The efficiency calculated for the gas engine, which is defined by Eq 1, has been also
evaluated. The efficiency obtained for the real gas engine when using the pyrogas was
observed to be circa 36 %, while the value calculated using the results generated by the
model gives an efficiency of 33.72 %, which is very similar.

η electrical =

Power output gas engine (MW)
3
) • LHV ( MJ3)
Flowrate pyrogas (Nm
s
Nm

(1)

Sensitivity analyses
Two sensitivity analyses have been carried out using the validated model, to evaluate
the impact of varying the air ingress into the pyrolyser and the drier efficiency on the
composition of the syngas generated.
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The issue of air ingress into the pyrolyser is a non-ideality that occurs in the pyrolysis
process, even though several modifications have taken place in the pre-commercial
facility to minimise this factor. The model has been tested using 0.5 %, 1 %, 2 % and
13 % (w/w) of air ingress. The modelling results showed that when increasing the amount
of air ingress into the process, apart from the expected rise in O2 and N2, there is a notable decrease in the content of CO2, CO and CH4; a less marked decreasing trend can
be observed for H2 and C2H4; and almost no effect can be identified for C2H6, C3H8, and
C6H6. The impact of the air ingress into other process parameters, made the flowrate of
syngas generated to increase, its heating value to decrease (both as consequence of the
dilution with air of the hydrocarbons present in the syngas product); and the efficiency
calculated for the gas engine to stay without noticeable changes.
The evaluation performed varying the efficiency defined for the drier, as part of the
pre-treatment given to the feedstock to remove part of the moisture contained in it,
has shown that it has very little effect on the composition of the syngas generated, its
flowrate, its heating value and the gas engine efficiency.

4. Conclusions
Town-scale pyrolysis has been previously suggested as an area for further development, supplementing the regional-scale combustion facilities widely in operation
across the UK.
To illustrate this review, a case study for a real pyrolysis pre-commercial facility has been
described, as well as the process model developed to predict the gas composition of the
pyrogas generated when varying the operating conditions. The results predicted by the
model have been evaluated against the experimental data, and it has been concluded
that the model produces predictions with an acceptable level of accuracy. The sensitivity
analyses carried out varying the air ingress into the pyrolyser and the drier efficiency
have shown that while the air ingress has a noticeable impact on the composition
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of the syngas generated, the drier efficiency does not seem to have an important effect
on the main process outputs (i.e., gas composition, gas flowrate, heating value and gas
engine efficiency).
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