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Executive Summary

The primary scope and focus of IEA Bioenergy Task 33, fATher mal Gasi fication of Bi
follow the developments in the area of biomass gasification with the purpose of providing a

comprehensive source of information on activities in this field in the participating countries. A

dedicated web s ite is publicly available (http://task33.ieabioenergy.com).

Although the main focus of the task is material of biomass origin, also waste feedstocks are of

interest as materials normall y c on sektehe coenposed sfbidmassst es o0 are to
mat erials and the fuel characteristics (high volatile matter content, low fixed carbon content etc.)

and product gas characteristics (e.g. tar contamination) are similar, and therefore similar gas

cleaning techniques is used . For this reason, waste gasificati on is always to some extent included in

the Task activities and from time to time, have been more in focus, e.g. as topic for a special

project in the period 2016 -2018 , which this report represents . The methodology used in this study

has mainly been to col lect information from public sources. In addition, in some cases direct

contacts were also taken to obtain more information. The work has also involved some contacts with

mainly |EA Bioenergy Task36,fil nt egrating Energy Recovery into Solid Wast.

The report initially describes waste s inab road sense, but excluding hazardous wastes , as a fuel for
thermal treatment process. The report continues by giving a brief overview of the waste and wa ste
treatment situation in the EU, Japan and the USA and also summatrises the policy and regulatory

framework for waste treatment in the above jurisdictions. This is done from a perspective of the

impact of the policies and regulations on the thermal treatm ent of waste in general, and in

particular on the impact on waste gasification technologies.

On the technical side, the report describes the gasification and gas cleaning technologies used for

waste. The focus of the report is on waste gasification in comb ination with pre  -combustion gas
cleaning, i.e. advanced waste gasification technologies, as this combination is key to the main

advantage of waste gasification technologies that motivates many of the developments in this field.
Furthermore, the state -of-th e-art in waste gasification is presented by descriptions of a number of
projects for different applications and the associated developers. The technical scope of these
applications ranges from direct use of the raw fuel gas in furnaces and boilers to advan ced
technologies where cleaned gas is used in more efficient steam cycle boilers, engines and gas

turbines, as well as for the production of chemicals and liquid energy carriers.

Finally, the competitive position of advanced waste gasification technologie s relative to the
conventional technology (thermal treatment by one or two -stage incineration with heat recovery),
the barriers for introducing the technology on the market, R&D needs and the results of a simplistic
economic evaluation are discussed.

The i nformation collected from public sources has also been usedto compile alist, included as
Appendix 3 and 4 of this report , of technology developers/suppliers and waste gasification projects
in various stages ranging from historical projects,  operational projects and projects in planning

However , this listing does not pretend to be complete and the data will change  over time.

Waste as an energy resource

Waste treatment is of high importance to all societies as it is linked to other issues such as health,

pollution of land, air and water as well as climate change and unsustainable resource utilization.

Despite policy actions to curb waste generation, the waste quantity generated is still growing due to

population increase and life  -style changes. The global quantities of wastes that could be treated by
thermal methods amounts to the order of 3 billion tonnes annually . Some of this is already
processed in incinerators but still a dominant fraction is disposed of in landfills. Even so, in terms of



the energy co ntent and alsothe  GHG emissions, waste overall contributes  a small fraction (3 -4 %)
of the global energy  usage and GHG emissions. Nevertheless, is it still a significant energy potential
to valorise and the management of this quantity in itself is a chall enge.

The disposal methods used of old such as of dumping waste on some marginal land or in rivers or
oceans have proven to generate a number of problems (methane emissions, soil and groundwater
contamination, plastic soup in the oceans etc.). Even if controlled and engineered landfills are used,
both the material dis posed of and its energy content  are lost. In the waste hierarchy, which is a
principle guiding policy in this area, the preferred order of waste management is prevention of

waste generation, reuse, recycling and recovery of wastes, while disposal in landfi lls or by other
means is at the bottom. Apart from prevention, reuse and recycling, thermal treatment by

incineration with energy recovery is the main alternative to disposal, as in additionto the energy
recovery, it sanitizes the waste and reduces its volume . Nevertheless, in the absence of policy
interventions to reduce landfilling , improve landfill management procedures or to enforce waste
recycling and treatment practices, disposal by landfilling is still a widely used waste management

method in many p  arts of the world as the cost has been, and still is, relatively low. Under such
circumstances, t hermal treatment has not been feasible , but as landfill space becomes more limited,
management within the legal perimeter becomes costlier and societal accepta nce decreases,
thermal treatment is gradually gaining a stronger position. In many places such as in Japan and

Northern Europe thermal treatment is the dominating waste management method and the capacity

is also being expanded very rapidly in e.g. China

The state -of-the -art thermal treatment technology is waste incineration with energy recovery to
mainly power, i.e. a thermal power cycle composed of combustion of the waste to generate steam

used to drive a steam turbine generator (often denoted waste -to-energy, WtE) . There are on the
order of some two thousand such installation s world -wide of which maybe one hundred are using
various gasification technologies . However, to avoid corrosion issues caused by the presence of
contaminants in wastes, notably chlor ine, the steam superheater temperatures are lower than for
conventional thermal power plants, only 400 -470 °C compared to from 500 °C up to almost 600 °C.

This causes the conversion efficiency of waste incinerators to be significantly lower , only 20 -25 %,
compared to the efficiency of other thermal power plants using conventional fuels, 35  -45 % for solid
fuels and up to even 60 % in large gas turbine combined cycles . In the past, operational

requirements and emission control of waste incinerators were also less regulated than today. This is
still reflected in  a low public acceptance of incinerators, despite that stringent regulatory

requirements for  efficient emission control monitoring have gradually been mandated.

But even if more stringent air pollution ¢ ontrol and ash disposal methods have improved the

emission footprint and more or less sophisticated energy recovery is used, the products of waste
incineration are limited to power, generated at far lower efficiencies than other thermal power

plants, and possibly heat. As the economy of an incinerator is based largely on revenue from

receiving waste for treatment, the drivers are weak for increasing the efficiency beyond regulatory
standards, e.g. to qualify as energy recovery (R1) rather than disposal (D10 ) in the EU.

In this perspective waste gasification has advantages . However, s ometimes the term  waste
gasification is used for a technology where none or a very limited part of the improvement potential

of gasification technologies is realized ,i.e. the wa ste is converted into a combustible gas in a

gasifier only to be directly combusted in a close -coupled furnace with heat recovery by steam
generation, and the exhaust flue gas is then treated in conventional waste incinerator emission

control equipment. Su  ch gasifiers without pre  -combustion gas cleaning can be designated as two -
stage incinerators, (orsometimes fAi nci ner at or s byiami -idcinerggon NGOs),cas opposed
tofitr ue g as iinfwhichanbre ar less extensive gas cleaning takes place before the product

gasis used. The performance of such two -stage gasification incineration technologies can, at best,



be similar to a comparable incinerator as the presence of contaminants in the f urnace and heat
recovery section limits the steam temperature, and hence the efficiency, in the same way as for
conventional incinerators.

Waste gasification technology

The focus of the report is therefore on theusBdofgase gasi ficati
cleaning is an enabling technology to not only achieving a higher conversion efficiency to power, but

also to produce a synthesis gas that can be catalytically converted to chemicals and fuels by well -

established commercial processes (waste -to-liquids, WtL). The figure below illustrates the

differences between a conventional waste incinerator (left leg), gasifiers being two -stage

incinerators (second left leg) and true gasification systems with partial and complete gas cleaning,

respectively (t he right -most legs).
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There has been a wide variety of gasification and gas cleaning technologies used. This is in itself a

sign that the technology is not mature and that the selection of alternative processing routes has

not been narrowed down toa more limited number of varieties that have proven to be more cost -
efficient and reliable than other options tried. The gasifiers are typically fixed beds or fluidized beds

of similar designs as in incineration (grates, kiln, fluid beds etc.). Due to the fuel ¢ haracteristics,
entrained flow gasifiers are not in use other than for pumpable, liquid wastes (contaminated oils,

etc.).

For gasification technologies, t he presence of so-called tars (a mixture of heavy hydrocarbons

formed during fuel  devolatilization ) in the concentrations typical of most gasifiers makes tar removal
the primary target for  gas cleaning , as tars interfere with heat recovery via gas cooling and also
additional gas cleaning addressing other contaminants. The primary method for removal of tars in
waste gasification systems is by thermal decomposition downstream of the gasifier operating at
elevated temperatures relative to the gasifier temperature . Another less common way to remove

tars used is by scrubbing with a suitable organic liquid to abs orb tar hydrocarbons. Other
gasification -specific issues are that sulphur compounds are present in a different chemical form than

in an incinerator and the formation of ammonia and predominantly NH 3 from fuel bound nitrogen.

In the case of sulphur present in the waste fuel, it is present predominantly as H 2S. Pre -combustion
gas cleaning technologies therefore rely on the adoption and adaption of technologies used in other

10



industries e.g. chemical, oil and gas industries. This is an area where in particular research could
assist in improving the outlook for waste gasification by providing suitable and cost - efficient
cleaning methods  suited for the scale of operation of thermal treatment of waste

Ammonia, which is largely oxidised to NO when the gasis combus ted oris undesirable when the gas
is used for synthesis of other fuels, can be removed by scrubbing but then affects the water
cleaning. Alternatively, if a combustion process is used, there is also the opportunity to use

established post -combustion de -NOx technologies.

Other contaminants are removed by cleaning technologies that are similar to what is used in

incineration processes  and other industries  (cyclones and filters for particulate removal, sorbents
and scrubbers to remove acid gases and mercury, etc.) , and therefore the adaption of these to suit
gasification conditions does not constitute a technical barrier as significant as  tars and sulphur
cleaning.

However, in terms of environmental performance, legislation in the EU and elsewhere for
incinerators implies that the regulated contaminants must be removed to an extent of 90 -95 %, or
even more, relative to their presence in typical waste fuels. For the u se of the gas generated from
waste for the purpose of chemical synthesis, the gas cleaning requirements are even higher than
this . Therefore, gasification systems, where the exhaust gas is subject to the same regulations,

cannot be expected to  drastically reduce the emissions , compared to conventional incinerators . But
as pre -combustion cleaning is performed on a smaller gas volume then post -combustion cleaning , it
may result in less secondary wastes than the conventional incinerator system, giving some cos t
advantages .

In addition to the potentially higher efficiency, also other interaction s between policy and technology

have promoted waste gasification . In Japan, the lack of space for landfills made waste incineration a

preferred technology as early as in the 197006s. I'n 1998, one demadndaied e policy i
that new waste incineration plants have ash melting facilities in order to reduce dioxin in fly ash and

leaching from landfills. This triggered several developments making Japan the primary mar ket for

two -stage waste gasification technologies because such gasification systems could vitrify the ash as

an integrated part of the process and without consuming external energy (electricity or fossil fuels),

but this required also sacrificing part of t he efficiency to energy exported. Although the vitrification

was made less of an absolute requirement ten years later, in 2008, there are still some one hundred

gasifiers in operation in Japan today. However, the technologies employed in Japan had difficul ties

to penetrate the market in Europe and USA. Another example is the UK, where the use of

fladvanced thermal treatmento of waste has been promoted for
project developments and some dozen installations using various forms of g asification, mainly in

two -stage incineration configurations, but also in a number of cases with extensive gas cleaning.

Already with partial gas cleaning, i.e. removing chlorine using sorbents and the particulates in the

gas, suchagascanbeusedinad ownstream boiler at improved steam conditions and energy. Since
2012 a CHP plant at 50 MW e output has been in operation in Lahti, Finland on SRF and

contaminated wood. This CHP plant has above 30 % conversion efficiency to electricity and if

designed as po wer only, would reach 35 %.

There are also some examples of installations at a scale of 1.5 to 10 MW e in France, the UK and
elsewhere (e.g. Morcenx, Tyseley, Fort Hunter Ligge t, etc.) using cleaned gas in internal combustion
engines (sometimes also includi ng a bottoming steam cycle) and reaching efficiencies in the range

25-35 %. Furthermore, there are developers that are targeting the use of the gas in gas turbine

combined cycles (e.g. Synova, Taylor Bioenergy, etc.) to reach even higher conversion efficie ncies,
even if a notable twin  -plant project a few years back (Tees Valley 1 and 2) never succeeded to
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come into operation.

Using gasification and gas cleaning to generate a synthesis gas has been less in focus until recently,

even if the efficiency for pro ducing fuels and chemicals is higher than for production of electrical

energy, of the order of 50 % or more. There is one plant using plastic waste to produce ammonia

that has been in operation in the Tokyo area in Japan for more than a decade. Another pla ntisin
early operation in Edmonton, Alberta, Canada to produce methanol or ethanol from RDF. Yet

another industrial scale plant is in construction in the Tahoe -Reno area of Nevada, USA, where RDF
will be converted to FT fuels, and there is also a smaller demonstration installation in construction at
Swindon, UK, where RDF will be converted to synthesis gas for further conversion to bio -methane.
Fuels from waste has come more in focus in the recent years due to the interest for substituting

fossil fuels in  the transport sector, and both the US RFS2 system and the EU RED recognises in

principle such fuels as biofuels, with some caveats regarding the fossil part of the waste.

The examples of plants highlighted above, and others, are described in more detail in the report.

Market penetration

Despite the efficiency advantages of waste gasification , there have been difficulties in introducing

the technolog y on the market. In many locations, the economic incentives for any form of waste -to-
energy (WtE) plant have not been attractive compared to landfilling. Furthermore, conservatism

combined with strict emission regulations and market conditions have not favoured the introduction

of innovative but less proven technologies. Within the EU, all thermal treatme nt of wastes, including
gasification and any downstream combustion equipment consuming the gas, is defined as

incineration and subjected to incinerator legislations. However, if the gas is sufficiently cleaned prior

to its combustion  (end -of-waste in the figure above), the gas becomes a product in its own right

and downstream equipment is not a part of an incinerator. The status of a waste gasifier is less

clear in the USA and subject to interpretation of federal legislation at the sta te level. In Japan, the
emissions accepted by the client and local authorities is more determining than the nature of the

conversion equipment.

Nevertheless, and as is described in the report, there have not been many plants in which waste
gasification in  combination with a more extensive gas cleaning have been used, and some of these

have been associated with more or less severe teething problems . Problems have been associated
with the heterogeneity of the feed wastes, in particular when directly gasifying MSW. There have
also been issues caused by the quality of the RDF resulting from pre -treatment of MSW and also

with achieving the gas cleaning intended

This means that the accumulated experience from such installations is not sufficient to validate to
what extent, and under which circumstances, the performance and environmental advantages of
advanced gasification technologies can be realised . However, at present there are a number of new
installations being built or in planning for the production of both power and fuels that are hopefully

successful and can contribute to clarifying the position of waste gasification.

Economic considerations

A simplistic economic evaluation, using what are considered  average market conditions , gives some
indicative results  on the feasibility of gasification technologies. When the fuel cost is changed to

become a gate fee revenue , the investment -related capital costs becomesthe major cost driver.

The data indicates that for both conventional incinerators and gasification p lants, the magnitude of
the specific investment is around 10 0 0 0 ¢ ikeMgignificantly higher than for conventional power
and CHP plants. For fuel production the specific investment relating to the output energy is lower,
4000-6000 u/ kW f u ednyersianseffidiency is significantly higher than for the production of
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electric energy. This may seem surprising, but if the specific investment instead is related to the
energy input, both applications are fairly similar in terms of specific investment

Furthermore, and  unlike other energy installations, the drivers to increase the efficiency of waste
incineration installations per se are less strong . For both conventional and gasification -based
systems , the gate -fee is the dominant revenue stream for p ower -only plants , and together with
heat sales a very significant part of the revenues for CHP systems . Based onthe numbers of the
simplistic economic estimates , even conventional incinerators do not show good economic results if

only seenasa mere power plant project that only receiv esthe average market revenues for power
and heat and using  an opportunity fuel . Break -even is relying on combinations of supports and for
monetarization of  additional societal services in waste treatment such as e.g. investm ents subsidies
and financing assistance , asin Japan, landfill taxation increasing the gate fees and incentive pricing
for the electric power products produced.

So, even if gasification technologies are more efficient, the specific investment must also at least be
comparable or lower to conventional incinerators to really be attractive. Investment costs for most
installations are at this stage in the development in | ine with conventional incinerators, with the
exception of the CHP plant in Finland referred to above that had a specific investment cost that is

closer to a biomass CHP. However, because these gasification plants also represent first -of-a-kind
installation s, and there is less operating experience, the data is not quite comparable to technically

and commercially mature incineration technology.

In contrary to the power and heat generation, t he economy of producing renewable fuels looks very
interesting , even if it requires the most extensive gas cleaning . The efficiency is high compared to
incinerators that produce only  power, which reduces the specific investments and generates a high

output stream, and the value of this stream is higher than for power or hea t on an energy basis.
Furthermore, t here is no other  established waste value chain that competes for this type of product.

Policy issues

There are also some policy issues that can change the outlook for gasification systems. Policy
interventions to decreas e disposal of waste directly such as landfill bans, restrictions, or taxation

promote recycling and treatment of residual wastes by e.g. thermal treatment in general. However,
the competitive situation between well -established waste incineration technologi es and the

emerging gasification technolog y means that such measures on their own may not be sufficient to
make gasification installations feasible

Another and strong er form of policy driver, and in line with circular economy principles, is by setting
amb itious efficiency performance targets for new installations and using these as a driver for
technology development. Although this would be technology neutral and stimulate innovations also

in the state -of-the -art commercial technologies, this would also re quire developments and

associated costs for these established technologies , thereby reducing the distance to gasification -
based technologies where the potential for higher efficiency would then be more appreciated

QOutside the conventional thermal conversi on of wastes, the policies for decarbonization of the
transport sector have , among other pathways, recognized the potential for utilizing wastes for the
production of transport fuels, waste -to-liquids (WtL) . Promotional policies and incentives can directly
stimulate developments in this field. T his area has already attracted some interest recently, as
noted above . For this application, gasification is a key technology both for biomass and wastes and
there is no other well -established conversion technology to compete with
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Key messages

1

Waste gasification technologies integrated wit
gasi ficationo) enable a higher conversion effi
incinerators at similar capacity, i.e. making better  use of the energy potential of wastes.

When cleaned, the gas can be used in boilers at higher steam temperatures than in
incinerators, or in internal combustion engines and gas turbine combined cycles.

Waste gasification systems not applying gas cleaning before the combustion of the gas (two
stage incineration) suffers from the same corrosion -related limitations in steam superheat
temperature as conventional incinerators and can, at best, achieve efficiency similar to

these. This efficiency of a convention al waste incinerator is also significantly lower than in
other thermal power plants.

However, incinerator economics are more relying on the revenue generated by accepting

waste for treatment, i.e. the gate fee, than from selling energy. Therefore, in the a bsence
of regulatory interventions setting more ambitious minimum efficiency targets, the drivers

to increase the efficiency, even if present, are less pronounced than for conventional

thermal power plants.

Waste gasification technologies integrated with e xtensive gas cleaning can also produce
synthesis gas for the production of fuels that can assist in the decarbonisation of the

transport sector. This is an interesting application which also appears economically

attractive compared to using waste to genera te electric energy, and where there is no
established technology to compete with.

Conventional incineration technologies and waste gasification technologies alike must

achieve a high level of contaminant removal to meet ever -more stringent statutory limiti ng
emission values. Therefore, gasification technologies cannot be said to deliver major

environmental benefits in terms of emissions compared to conventional technologies, even

if there may be some cost advantages.

The overall status of the gasification and gas cleaning technology is thatit is stillin
development and entails both technical and non -technical risks . This also means that data
regarding performance, availability, maintenance, investment and operating c osts refers to

first -of -a-kind installations representing a variety of gasification and gas cleaning
technologies. The data is therefore limited and more difficult to generalise in comparison to
data for conventional incineration technologies.

Despite the technical and economic challenges for waste gasification technologies, a
number of first -of-a-kind installations  using different power cycles and fuel synthesis
pathways are in early operation, commissioning, construction or in later stages of planning
tha t together with others yet to come can assist in providing data to fill the knowledge gap.

Policy interventions such as landfill bans or taxes are in general promoting the use of

thermal treatment technologies, including gasification technologies, by incr easing the
availability of waste for thermal treatment, whereas waste prevention and recycling can

reduce the waste quantities available, and therefore reduce the interest for innovative

technologies. Setting high policy targets for the conversion efficien cy or promoting the use
of biofuels in transport would favour gasification technologies, due to their inherent high

conversion efficiency and the possibility to produce fuels instead of just power and heat.
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1. The scope and objective of this work

1.1 BACKGROUND

The primary scope and focus of | EA Biomass Agreement
is to follow the developments in the area of biomass gasification with the purpose of providing a

comprehensive source of information on activities in this field in the participating countries, but also

outside of this group. To disseminate this information, apart from in meetings and workshops

arranged by the Task, a dedicated web site is publicly available (http://task33.ieabioenergy.com).

Although the main focus, in terms of gasifier feedstocks, is material of biomass origin, also waste

feedstocks are of interest. The reason for this is that

are in fact biomass materials (e.g. forest industry process re sidues, sludges, food industry solid

wastes , etc.) , while other types of industrial and household wastes is to a large fraction composed

of unprocessed or processed biomass materials. In addition, the combustible part of the non -
biomass waste such as plast ics, etc. have fuel characteristics (high volatile matter content, low fixed

carbon content) and product gas characteristics (e.g. tar contamination) resembling the

characteristics of biomass -derived gas , so that similar processing conditions and gas clean ing
techniques can be used for waste gasification as is used for biomass gasification. However, despite
these similarities with biomass, there are also some significant difference s (e.g. a generally higher
ash content and higher content  of other contaminan ts) that generate some specific challenges when
using wastes as a gasifier fuel.

For this reason, waste gasification is always to some extent included in the Task activities and from
time to time, there have been more focused activities on this theme. Sinc e in the recent years there
has been a renewed interest in waste gasification to convert wastes into other energy carriers,

including developments up to commercial scale in Canada, China, Europe, Japan and the USA, the

Task has decided to include waste gas ification as topic for a special project in the period 2016 -2018.

As there are also other Tasks within the IEA Biomass Agreement that are addressing subjects and
processes that are applied for wastes, the project has also involved contacts with mainly Task 36

Task

ilntegrating Energy Recovery infto Solid Waste Management

1.2. MOTIVATION

Waste treatmentis  of high importance to  all societ ies as it is linked to many other issues such as
health, pollution of land, air and water aswellas climate change and unsustainable resource
utilizaton . The worl dés popul at iaconsdgeencg mosewnsteg aresgandrated srom
this alone , and ¢ hanges in the life -style of this increasing population further adds to the waste
generation while at the same time the composition and characteristics of the waste has changed

through the introduction of plastics of various kind, largely being produced fro m fossil raw
materials.

The disposal methods used of old such as of dumping it on some marginal land or in rivers or

oceans that have been used for centuries have proven to generate a number of problems (methane
emissions, soil and groundwater contaminati on, plastic soup in the oceans etc.). However, even if
modern, controlled and engineered landfills is used, neither the material disposed of nor its energy
content is recovered . Incineration has been seen as advantageous as it sanitizes the waste and

great ly reduces the volume. But, even if more stringent air pollution control and ash disposal
methods have improved the  emission footprint and more or less sophisticated energy recovery is

! task36.ieabioenergy.com
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used, the products are limited to power and heat. As renewable energy i s expanding these two
products will increasingly be generated from other renewable sources at lower and lower. In this
perspective waste gasification has some advantages, the efficiency to power can potentially be
increased compared to conventional technol ogies and there is also the potential to produce

chemicals and fuels that directly substitut e fossil equivalents by producing an intermediate synthesis
gas. Since society is striving towards susmaeextanbivel i ty, a fAcir
recycl ing and recovery  of materials already within the societal ecology is promoted in order to
reduce the need for replenishment from virgin resources , waste gasification has a special role. It is

the only waste management technology that can process all organi ¢ material in wastes, both fossil
and biogenic, into fuels and chemicals. Despite of being a problem involving of the order of 3 000
million tonnes annually in 2012 (and expected to double to 2025) 2 and the energy  potential is
significant, however, this o nly amounts in energy terms to a few percent of the global energy

balance and to 3 % of the GHG emissions s,

Gasification of waste has aroused considerable interest for at least the last forty years. In a review

made by Task 33 covering material up to 1996 , more than forty developments were found. Many of
these developments are no longer pursued . Some are still available on the market or are still
subject to developments while several new developments have been a dded.

Over the years, the driving factors for using gasification technology have changed. Historically, the

cited report concludes that the main drivers for thermal treatment of waste by incineration or
gasification were the sanitization of waste and reduc tion of its volume prior to landfilling. Later,
melting of the ash to reduce its leachability was seen to be of importance since conventional

incinerators/combustors were not suitable to meet such requirements.

It has also been acknowledged for some time that if the gas produced was properly cleaned, there
was and added value in that a cleaned gas is suitable for power generation with high er efficiency
than for conventional incineration or, as mentioned above,  for conversion to a synthesis gas for

producti on of e.g. transport fuels.

Despite of these advantages, there have been difficulties in introducing waste gasification
technologies into the market. Many processes used untreated municipal solid wastes (MSW) and

suffered because of the heterogeneity of th e feed material. Others had difficulties with the cleaning
of the gas produced. To this should be added that until recently , and in most locations, the
economic incentives for any form of waste -to-energy plant (WtE)  have not been attractive

compared to lan dfilling. Furthermore, conservatism combined with strict emission regulations and
market conditions have not favoured the introduction of novel technologies.

Already in 1998, CADDET/IEA Bioenergy Task XIV concluded 5 that waste gasification technologies
could give better efficiency to power and potentially also  better environmental performance than
combustion T based systems (waste incinerators), while also being very compatible with recycling

operations. However, it was also concluded that at that time the d rivers for any thermal treatment

of wastes were weak and that documented data on reliability strongly favoured conventional
technologies. The conclusion was that stronger statutory regulations to promote the introduction of

novel and more efficient technol ogies were needed to drive the technology forward.

2 World Energy Resources. Waste to Energy| 2016. World Energy Council , 2016.

3 Mitigation of global greenhouse gas emissions from waste: conclusions and strategies from the Intergovernmental Panel on Clim ate
Change (IPCC). Fourth Assessment Report. Working Group Ill (Mitigation). Jean Bogner et al . Waste Management & Research 2008:
26:11 732,

Biomass Agreement. TASK X. BIOMASS UTILIZATION. BIOMASS THERMAL GASIFICATION AND GAS TURBINES ACTIVITY. Sub -task 6 -
Gasification of Waste. Summary and Conclusions of Twenty -five Years of [Rensfeli Eq pP8&ermiska Processer AB, and
Ostman A. , Kemiinformation AB. TPS Report 96/19
SAdvanced Ther mal Conversion Technologies for Solid Wasteso. | EA CADDET, | EA Bi
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Recent legal and policy actions, such as more stringent requirements on waste separation and

recycling techniques, emission limits , targets for efficiency  as well as economics , have to some
extent provided such drivers for the introduction of gasification technologies based onthe potential
step -up in performance relative to the state -of-the -art of incineration technology. Incineration

technolog ies are commercial in terms of their technical maturity and the refore expected
improvements are only incremental relative to the state -of-the -art, whereas the gasification
technologies, when more established, still have significant headspace to projected performances

The interaction between policy and technology has also influenced the choice of waste treatment
technologies. In Japan, the lack of space for landfills made waste incineration a preferred
technology asearlyas i n the 19700s. I'n 1998, one decisive policy inter

incineration plant s to have ash melting facilities in order to reduce dioxin in fly ash and leaching

from landfills. This triggered several developments making it the primary market for waste

gasification technologies. However, the technologies employed in Japan had difficu Ities to penetrate
the market in countries in Europe and USA. One reason for this was that energy production, i.e. a

combination of efficiency and availability, has been much more important in these latter countries

than in Japan. Another difference is the cost of landfilling that has historically been low elsewhere,
at least compared to Japan. Furthermore, in some countries with high share of incineration relative
to landfilling, conventional incinerators that co -generate district heating are common and th e

difference in the value between heat and power has been insufficient to drive developments towards
an increase in the power output.

In the EU, stronger policy drivers are being introduced such as the ban on landfilling organic waste,

the increased regul  atory requirement for both energy and materials recovery efficiency as well as

the promotion of efficient WEE plants. In some countries specific economic promotion schemes are

in force. In the UK, waste gasification was included in the Renewable Obligation Certificate System
and received two  Renewable Order Certificates (  ROCs) per MWh for units started until 2017, while
conventional incineration technologies were not eligible for ROCs .In Norway , waste
incineration/gasification is also included in the renew able certificate system.

Outside the conventional thermal conversion of wastes, the policies for decarbonization of the

transport sector have recognized the potential for utilizing wastes for the production of transport

fuels, waste -to-liquids (WtL), and this area has attracted some interest in the last decade. For this
application, gasification is a key technology. In addition, and unlike WtE, for WtL there is no well -
established competing conversion technology for gasification of wastes and biomass, such that the
market introduction proceeds via waste and biomass gasification. WtL plants have been built in

Canada and the USA, and still more are planned in the USA, utilizing government support in the

form of loan guarantees and revenues based on the RFS (Renewable Fuel Standard ) system.

Through regulatory interventions as exemplified above, sometimes also combined with other policy
measures to divert wastes from landfills, the interest in waste gasification technologies is increased

resulting in project plans that in some cases also mater ialize into installations. This includes both
examples of technologies developed in the past that are now used for new applications and/or at a

capacity scale not considered in the past and new developments.

Since there is no recent overview of the activit ies in this field and since the last overview by IEA
Task 33 was made almost two decades ago, the Task has identified such a study to define the

State -of-the - Art in this field as an activity of interest for several target groups including
technologists, po licy -makers and the interested public in general.
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1.3. THE SCOPE OF THE STU DY

The scope of the study is to give a n overview of the use of waste gasification technologies, both

from regulatory aspects and the applications . I'n the context of haslkbreadst udy, filwast e
definition that basically includes all types of combustible materials termed wastes or residues that

are not defined as non  -waste biomass , but with the exclusion of hazardous wastes. The reason for

this exclusion is that the rationale for the p rocess selection for hazardous waste processing is very

different to the boundary conditions for treatment of municipal or industrial wastes, and that as an

economic activity, products are less impo rtant than the reliable treatment of this type of waste.

To accept waste for treatment as a commercial activity is subjected to various legal and technical
requirements. Within the scope of the study such regulations are highlighted in some settings (e.g.
EU, Japan, USA) and the impact of these regulations for pr ocess design is discussed.

The market setting considered for the use of waste gasification is the diversion of waste from

disposal in landfills while recovering the energy in the waste to other energy carriers (power, heat,
gaseous fuel, synthesis gas to p roduce synthetic natural gas and liquid fuels , etc.) in various
industrial applications. Also, other objectives are considered such as improving the overall energy
efficiency and environmental performance relative to conventional incineration technologies,
substitution of fossil fuels and improving the properties of secondary residues (ash, slag).

The processing of waste by various gasification procedures and the gas cleaning required for various
applications are described and discussed. This relates to the generic gasification technologies used,
their fuel requirements and performance.

Sometimes the term gasifier is used for a technology where none or a very limited part of the

improvement potential of gasification technologies is realized, e.g. where no pr e-combustion gas
clean -up is applied. The relation between the use of partial or complete pre -combustion gas
cleaning, and requirements for post -combustion flue gas cleaning, is discussed including the
implications on the process performance as well as how these relate to the potential applications of
the technology.

The report describes the State -of-the - Art in waste gasification, mainly for processes where pre -
combustion cleaning is applied in some detail. This includes the description of specific process
developments and their technology status, a listing of active d evelopers in the field and their
references. Furthermore, some recent projects taken into operation, or in construction, are
highlighted to give an indication of the status and performance on emerging technologies for

industrial deployment.

1.4. METHODOLOGY

The methodology used for this study has mainly been to collect information from public sources. The

data from such sources have been analysed to come to technical and other conclusions and have
also been used to arrive at a list of technology developers/suppl iers and waste gasification projects

in various stages ranging from operational to planned. The changing nature of this market however

also means that such a listing will never be complete, even when made, and also , over time,

projects on the list will be completed or abandoned while new ones will emerge. This information is
included as A ppendix 3 and 4 in this report

In addition, in the case of developers/suppliers that were judged to be more technically mature in
terms of being involved in full scale gas ification plants or projects, direct contacts were taken to
obtain more information on the status of their respective technologies.
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2. Wastes as a gasifier fuel

There are several ways of defining wastes. One way is to define the waste based on its origin;

untreated wastes collected from households is typically referred to as municipal solid wastes, MSW.

There are also industrial wastes  (IW), commercial wastes  (CW), construction and demolition wastes
(CDW), and shredder light fraction (SRF). Another way is to base the classification on the

properties, e.g. inert wastes, organic wastes, combustible wastes, and non -hazardous wastes and
hazardous wastes (HW, the treatm ent of which is outside of the scope of this report).

IW and CDW are typically composed of inert materials (soil, ore refining sand, concrete, bricks etc.),
or metallic and liquid wastes , and only a fraction is combustible.

From a fuel perspective, unsorte d fuels like e.g. MSW can be used in waste incinerators, and then
typically in grate firing systems. By letting unsorted waste pass a mechanical and biological

treatment (MBT) installation, recyclable materials are recovered, inerts separated and wet organ ic
waste removed for separate treatment by composting or anaerobic digestion. The remaining wastes,

the reject fraction, has an increased energy content, lower moisture and less non -combustibles and
is typically termed RDF, refuse derived fuel. However, th ere is typically no specific quality

requirements on RDF (for exceptions see below). However, if the sourcing of the feedstock and the

treatment is done to provide a validated and stable set of quality parameters, RDF can be classified

as SRF, solid recove red fuel. This does not mean that the SRF has met end -of -waste criteria, it only
means that the material fulfils certain descriptive quality criteria in a number of classes, see also

Section 2.2.

2.1 WASTE FUEL CHARACTER ISTICS

The main characteristics of waste fuels is the variability. This variability stems from many factors,

including seasonal variations, socio  -economics of the waste uptake area, collec tion practices and the
waste treatment by mechanical and other treatment methods prior to its use as fuel. Since all these

factors also change over time (e.g. as the income goes up the waste tend to have less organic

content and more packaging materials ), the increased use of source separation and recycling

provides a fuel with less inerts and less moisture , etc . Although there are many examples of
published data on the analysis of wastes, these are typically applied to characterize wastes for a
specific pu rpose such as e.g. laboratory tests , etc., or to characterize wastes over a certain period
of time in  a specific area. The data may in the latter case be in terms of the physical constituents
such as organic material , paper, plastics , etc. and not associat ed with a chemical analysis.
Furthermore, evenw  hen performing analyses, the full panoply of analyses is often not included .
Therefore, it is difficult to generalize on the properties of wastes.

Nevertheless, in  Table 1 and Table 2 some published data  of the chemical composition of a more
general nature are found, but unfortunately not with the same scope of analyses. These stem f rom
the 2006 EC WID BREF data for Germany 2001 -2002 8., surveys in Sweden 2011 -2012 7 on the
locally used MSW/RDF and RDF imported from the UK as well as the data available in the Phyllis2 8
databa se of ECN part of TNO . In the latter case , the nature and origin of the samples analy sed are
not defined.

As can be seen, there is a wide range in the content of non -combustibles (moisture and ash

¢ Integrated Pollution Prevention and Control . Reference Document on the Best Available Techniques for Waste Incin eration . European
Commission. August 2006

7 Branslekvalitet. - Sammansattning och egenskaper for avfallsbransle till energitervinning. Mattias Bisaillon, Inge Johansson, Frida

Jones, Jenny Sahlin. Projektnummer WR -57,2013. WASTE REFINERY. SP Sveriges Tek  niska Forskningsinstitut. Boras, Sweden

& www.phyllis.nl
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