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ABSTRACT

In the last two decades ORCs have been largelytasgzhvert the heat from biomass combustion etgotric
energy. The success of the ORC technology forapgication is mainly due to its low maintenance
requirements, ease of operation and good photidiperformance.

In the quest for higher efficiency systems, biongasfication, followed by conversion to electrimwer in a
small scale combined cycle, is very promising.

Indeed several gasification systems, integratéugas cleaning and gas engines for power prooiichiave
been put into operation in the past, with diffenegults depending on the adopted solution.

The paper suggests a different approach feat@mn@novative gasification device, a gas turbinene
mover, and an Organic Rankine Cycle as bottomirsgesy, typically for a power output of the combined
system up around 5 MW. A preliminary study of igstem performance is presented.

1. INTRODUCTION

Biomass is a very interesting source for power ggion, thanks to a number of reasons, which we
try and summarize here:

- it allows storage over extended periods of timeheut substantial loss of energy.
Hence it allows to cope with a varying power demandarticular with a seasonally
varying power demand.

- it can be transferred to other sites, though agjlaen cost than fossil fuels.

- it is, or it can be made, substantially neutralaaning the introduction of carbon
dioxide in the atmosphere.

- its cost is strongly related to its origin (residb@mmass from agriculture and forestry,
energy crop, waste from wood industry etc.), howévenany cases the cost per unit
of energy content is much lower than the equivaleatfossil fuel.

- biomass can be transformed into power by quite Igpoaber units, down to about one
MW of electric power and even less. Hence the edlatvestment can be sustained by
small enterprises and limited local resources @exploited.

- due to the low power level, it is often possibldital, at least for a fraction of the year,
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a suitable consumer for the thermal power assatwith the generation of electric
power.

- On the other hand, if the conversion to powerfisrred to a Rankine Cycle power plant
(steam or ORC), a number of critical aspects hdiendindered a more widespread
utilisation of biomass for power:

- the cost per kW electric installed is rather higpically in the range 4000 to 8000
€/KW except for large systems, which are less @tig, for the reasons considered
above. An important fraction of the cost is oftefated to the need to reduce the
emission of particulate and of gaseous/VOC pollistarto the atmosphere.

- the efficiency of conversion is up to now rathew! in most installations, typically
around 15 to 20%, taking into account the wholecess, that is the ratio between
electric energy produced and the energy contebioohass. Even lower figures can be
met for co-generative plants. This low efficiendywmusly has the adverse effect of
reducing the amount of electric energy which carmplmuced by a given low cost
biomass source, so that in practice, only relatiletge sources can be exploited for
power generation.

- moreover the ability of today’s plants to followast varying load is limited. Hence in
the case of an isolated grid, either a mix of poseeirces is introduced into the grid, or
the biomass power unit has to be kept runninggit power condition, and the excess
power is wasted.

2. DISCUSSION OF GASSIFICATION

Gasification has been proposed as an alternativéico to straight combustion, in order to overcothe
problems listed above. In fact, notwithstandinguanber of tentative tests, starting back to Rududfsel
experiments with pulverized coal, direct utilisatia internal combustion engines of solid biomasgn very
finely divided, does not seem to be promising, ute uneven properties, the energetic cost afgpigiation,
the alkali content in ashes, and in general thgcdifies of feeding a solid product.

Gas feeding of reciprocating engines on the contras been the subject of many analyses and bidwrs put
in to effect in a large number of real applicatioAdarge number of different solutions have beesppsed
and experimented for the gasifier itself, for theaaing of the produced gas and the overall impidati®n
of the power plant. Gas turbine systems have bessidered too, mostly at larger power level than
reciprocating engines.

Specific solutions for gasification are discussedeétail, e.g. in [1] and [2].

The large number of proposed solutions indicateribae is in fact totally satisfactory.

The scope of the present paper is to describeudi@olinvolving an innovative concept gasifier, dewy a
combined cycle, composed by a gas turbine and &b @fRoming unit.

Traditionally the solutions are classified accogdia the following schemes:

- fixed bed Updraft in which the descending biomasses counter-current to the ascending gaseous
phase, so that the subsequent steps of the prdeeasthe point of view of biomass, are ordered as
Drying, Pyrolysis, Reduction, Oxidation (as repdrie fig.1-a)

- fixed bed Downdraft in which the descending biomaswes co-current to the descending gaseous
phase, so that the subsequent steps of the prdeeasthe point of view of biomass, are ordered as
Drying, Pyrolysis, Oxidation, Reduction (fig 1-b)

- fluidized bed of various kinds. In many cases ttoegss cannot be divided in zones and it takegplac
instead on the surface and within each partickobfl biomass, hence all four transitions tdee®
substantially at the same time in parallel.
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Figure 1 - Traditional fixed bed gasifier schemes [3]

In fixed bed gasifiers, Reduction is the most cbndsing step, which takes place in the bed of obsulting
from the Pyrolysis. In Downdraft gasifiers reduatiovolves a given dwell time and interaction bedwehe
gases and tars resulting from the pyrolysis. A®r@sequence, besides the main scope of obtainirga g
composition including high Hand high CO, the reduction step is very effectiteachieving thermal
decomposition of tars. In Updraft gasifiers, thedarced gas is substantially clean at the top ofédaction
zone, but then it flows through the pyrolysis zane it becomes heavily loaded with tar and moisture
Apparently, a Downdraft solution is preferable myaase. However in practice the transfer of heahé
upper layers undergoing pyrolysis is rather ingfiecand it is difficult to keep a uniform flow thugh the
bed, in particular if the bed has a large crostiaecHence the Updraft solution, though not atix@cfrom
the tar content point of view, is preferable fdatiwely large systems.

Moreover so as in fact the counter-current flowoff gas allows an efficient pre-drying of the bi@aneefore
it enters the pyrolysis zone and the separatedrwsatelded to the produced gas instead of beingaptite
high temperature reaction zone, allowing to fdedWpdraft gasifier with high moisture biomass {050%
vs 20% for the Downdratft). [3]

The fluidized bed gasifiers are intermediate, ftyatvconcerns both the tar content in the gas dintew
and the acceptance of high humidity feed. [4-5]

Fixed bed gasifiers are attractive due to the lavagitic power required and their tolerance of eneyuality
biomass. However, the required volume of the reasttarge and the quality of the produced gaess
predictable than with fluidized bed gasifiers.

3. PRESENT PROPOSAL FOR THE GASIFIER

A different approach to the flow within fixed beddifiers is here proposed in conjunction with OR@diming
solution. The new approach should allow to soheegroblems reported, that is it should lead teféinient
transfer of heat to the pyrolysis zone and aniefitccleaning of gas thanks to flow within the chad at high
temperature.

The present proposal concerns an innovative ceoufixed bed gasifier, characterized by the écttilizing
two vessels in parallel, and having an alternate {bf gasifying agent. In this way the produced flaws
back and forth through the bed, ensuring a largirme of high temperature reactive zones, comptred
conventional downdraft gasifier. Moreover the irmse of velocity through the bed activates bothhiat
exchange between gas and solids and the gasificatitions.
The proposed solution has been given the acronymirigas” by the authors of the relevant patentfighce
here the same name is adopted, too.

A sketch of the Twingas is reported in fig. 2ncerning a system with top to bottom flow of biomas
as well as an alternating co-current and counteneatiflow of gas.
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Figure 2 - TWINGAS gasifier solution, with two vessels anceatiated flow of gas

The expected results are a higher production pirofivolume of gasifier, a better quality gas andgood
tolerance towards non-uniform charge. Twingasg®med more in detail in Appendix .

4. UTILIZATION OF PRODUCED GAS

The syngas produced by the gasifier can be utiltbedenerate power according to one of the follgwin
schemes:
1) Gasis burned in a boiler to generate organic vafmuwsteam) for a Rankine cycle, preferably after

some treating of the gas, e.g. to reduce the péatecontent (fig. 3). Though organic vapour or
steam could be also generated by burning thelisitidd biomass in a suitable boiler, burning
syngas gives some definite advantages, compameddbd fuel powered furnace and boiler: the
combustion can be better controlled, drasticaljuoing the pollutants in the exhaust, the boileithe
exchange surfaces remain clean, it is possibleaoge fast the flow of generated vapour/steam, in
particular it is possible to reduce/shut-off quyckie combustion, in order to adapt to a the f@esd |
change of a stand-alone unit. Moreover, the invgrabfluid in the boiler is lower, compared to a
solid fuel boiler, this feature can be importard idirect exchange between combustion gas and
organic working fluid is envisaged.
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Figure 3 - Utilization of syngas for evaporation of workingiff (ORC or Steam plant)

2) Gas is thoroughly cleaned and fed to a reciprogatiternal combustion engine (ICE). From the point
of view of efficiency this solution is very effeed, however past experience has shown that it is
difficult to clean the gas consistently to a higlrify level, such as to avoid a heavy maintenance
burden. The thermal power available in the exhdoginstream from the engine is not large, hence a
combined cycle ICE + ORC (fig.4) would get a minmrease of power and efficiency from the ORC
itself (the power of the bottoming cycle amountsame 10% of engine power).
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Figure 4 - Schematic of power production from fixed bed gasifiy ICE.

3) Gas is thoroughly cleaned, and fed to a compregkimh in turn feeds the combustor of a gas
turbine (GT). The required purity level for the gasubstantially lower for a gas turbine thendor
ICE. The footprint of the gas turbine is small cargal to the ICE, its exhaust gas is cleaner, the
maintenance load is lower while availability andligbility are higher.

The amount of thermal power at high temperatutberexhaust is much larger than in a
reciprocating engine, and the addition of a bottangycle is instrumental to obtain a high overall
efficiency. The bottoming cycle can produce som#& 3% the overall power.

The rationale for adopting an ORC solution, rathan steam are the following:

- an ORC, if properly designed and constructed isrg keliable, long lasting, and easy to operate
unit, featuring a moderate pressure and low rpiirer
- the maintenance cost for ORC is low compareddarstsystem,
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- the ORC concept allows to exploit efficiently lowvger sources, by adopting suitable working
fluid and optimized cycle for the specific heatismz,
- fast and repeated start/ stop operation and loaatim can be easily fulfilled.

A schematic of the solution is reported in fig.5thweference to an ORC bottoming unit.
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Figure 5 - Schematic of combined cycle fed by gasifier; masbs@ower streams

The proposed solution for the gasifier should altovobtain a reliable, low tar, low particulate
gas source.

In fact, the best option from the energy efficiepoynt of view involves the production in the
gasifier itself of a pressurized high temperatyresas, hence the whole gas production and supply
line to the gas turbine combustor must be unddicgeriit pressure for power modulation of the
gas turbine. To avoid the deposition of its (allseitall) tar content, the temperature of the gas
should be kept above some 400 °C.

A preliminary calculation has been performed fquaaver plant utilizing an OPRA OP16 Gas
Turbine [7], organized in a combined cycle, fedabyressurized Twingas fixed bed gasifier. The
bottoming cycle for the combined cycle has beentified as a standard unit (TD 7 by Turboden,
with direct recovery from gas turbine exhaust). Twerking fluid adopted in this case
hexamethyldisiloxane.

A simplified scheme is reported in fig.6, featuritigect heat exchange between turbine exhaust
gas and ORC working fluid.
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Figure 6 - Schematic of ORC combined cycle fed by pressurizgthgas gasifier: list of mass and power streams

The data adopted for a preliminary evaluation ofggenance for a case of power only production
are reported in Table | (“Standard ORC"), while fireliminary performance is reported in Table
II. The design point characteristics for the TD R@are reported in Tab 111 [8].

5. ENHANCED ORC BOTTOMING SOLUTIONS

The example reported in the previous chapter cmscethe adoption of a standard unit of Turboden as
bottoming. In order to explore the power which cbhi recovered by an ORC system put to the liraits,
optimized recovery system has been considered twiitunits in series on the exhaust. Moreover,rg kiggh
temperature supercritical cycle has been envisaesl purpose is both to increase the temperatusd ¢

the heat input the “high side” of the exhaust flamd to lower the temperature of the exhaustemsng the
unit, on the “low side”. The same working fluid,Xaenethyldisiloxane, is adopted in the two cyclebich

can be linked in order to take advantage of a nurmbghared auxiliaries.

The exchanged power vs temperature diagram istezpiorfig.7, and the expected performance is sumze

in Table I to Il and fig. 8 (“‘Enhanced ORC”). Tpewer increase is obvious, besides the uncertailitiked

to the thermal endurance of the working fluid, my @ase the power increase would be obtained a&xpense

of increased capital cost, and complexity of system
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Figure 7 - Q-T diagram for enhanced ORC bottoming solution
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Table I: Preliminary data for power-only operation Standard ORC Enhanced ORC
Fuel power input (rel. To NCV) kw 8362 8362
NCV fuel (moisture content wood chips 27.5 wt.% w.b. kJ/kg w.b. 12701 12701
Fuel input kg/h 2370 2370
Gasifier Ash kg/h 9,5 9,5
NCV producer gas (gasifier outlet) ki/kg w.b. 5100 5100
Temperature producer gas out of gasifier °C 400 400
Total power outpu gasifier kw 8224 8224
Heat losses producer gas kw 8 8
Temperature producer gas after heat loss °C 396 396
Total power input turbine kw 8216 8216
Pressure producer gas into turbine barg 14 14
Mass flow producer gas into turbine kg/s 1,47 1,47
Gas Turbine Mass flow air into turbine kg/s 8,73 8,73
Electric power output turbine - gross kw 2054 2054
Thermal power exhaust gas out of turbine kw 5916 5916
Mass flow exhaust gas kg/s 10,2 10,2
Temperature exhaust gas out of turbine °C 575 575
Heat losses exhaust gas kw 36 36
Temperature exhaust gas into ORC °C 572 572
Thermal power input ORC - from exhaust gas kw 4284 4906
Thermal power input ORC - from cooling PG kw - -
ORC Conversion losses ORC kW 27 27
Electric power output ORC - gross kw 966 1328
Thermal power output ORC (not used) kw 3291 3705
Temperature exhaust gas out of ORC °C 197 129
Low-temperature heat recovery exhaust gas (used) kw - -
Heat recovery|Temperature exhaust gas leaving heat recovery °C 197 129
Heat content exhaust gas rest (not used) kw 1632 1010
Ambient temperature °C 15 15
Table I1: Preliminary performance data for power-only operation Standard ORC Enhanced ORC
Total electric power output - gross kw 3020 3382
Auxiliary power consumption gasifier plant kw 82 82
Auxiliary power consumption air cooler kw 11 11
Auxiliary power consumption gas turbine kw 16 16
Auxiliary power consumption ORC kw 43 93
Overall plant Auxiliary power consumption pumps kw 10 15
Auxiliary power consumption compression (air, producer gas) kw 281 281
Total electrical power output - net kw 2577 2884
Total utilized thermal power output kw - -
Total electric efficiency - gross % 36,1 40,4
Total electric efficiency - net % 30,8 34,5
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Table I11: Load case data for power only module Standard ORC Enhanced ORC
Net thermal power processed by ORC kw 4270 4906
Exhaust gas temperature into ORC °C 575 575
Exhaust gas temperature out of ORC °C 197 138
Total exhaust gas flow rate kg/s 10,2 10,2
Exhaust gas average heat capacity kJ/kgK 1,1 1,1
Heat losses (on gas-fluid exchanger) % - -
ORC overall net output kw 920 1237
Thermal power to cooling source kw 3280 3607
Average air temperature (Dry bulb) °C 15 15
Cooling water inlet temperature °C 23 23
Cooling water outlet temperature °C 35 31

EXHAUST GAS

1.3 MW

— i 7 e
T —°
3 :
- ,/:t:g{ ‘! . &
L
: : COOLING WATER
} : GASTURBINE ORC 3.7 MW
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05MW  © Y amw
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Figure 8 —Simplified block diagram and performance

6. CONCLUSIONS AND FINAL REMARKS

The solution outlined here would allow to obtaiplant, well adapted to converting wood biomasdeotec
power in the few MW power range, featuring somey\atractive points:
- Ahigh overall efficiency of conversion, around 3@86a power-only system with standard ORC.
- Low pollutant content of the exhaust gases.
- Fast modulation of power produced, which could bez@n important feature for a stand-alone
unit.
- Good tolerance concerning the characteristicsebtbmass fed to the gasifier, similar to the one
of an updraft gasifier.
- Performance with an ORC bottoming system featwimy high temperature supercritical cycle
could exceed 34%.
Up to now the solution has been the subject ofralran of studies and preliminary evaluations, tlvhnéal
feasibility, expected performance and cost effectéss shall be ascertained in the frame of thecfaittivity.
If the expected results are confirmed, the propesdation could give an important contribution fweading
the practical use of small scale biomass sounrgsofver, (typically around 5 MW of electric powepduced,
by adopting two OPRA Gas Turbine units in parallel) around the world.
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APPENDIX I- Description of the TWINGAS concept.

With reference to figg.2 and 9, the proposed garsié composed of at least two reactors (vesselsdlyessel
2) and two connecting vessels or ducts, the hetdigtt 3, and the cold side duct.

Biomass feed (wood chips, or any other biomasastefést) are fed through the gated feed mecharisansl
6, and flow down in the twin vessels to the higinperature zone at the bottom. The biomass is Bedlyo
char in zone 7. In the subsequent zone 8 the elaats with the volatiles generated in the pyrolgsid air
from the top air feeds 9,10 (if present) to prodsygegas.

The syngas is extracted through ports 11, 12 inglssels, or through port 13 in the bottom duce @tmarcoal
column is retained by grates 14, 15 while thefallimg to the bottom of the bottom duct 3 is erted by a
suitable mechanism 16 (screw or other mechanism).

The temperature of the gas in the bottom ductltild at the value required for proper reaction inithe
vessels by a burner 17, introducing in the gasdneect amount of oxidizing agent (air, oxygen iy axygen
containing gas). The temperature set is one ofrthi@ variables in gasifier operation, in princiglshould
be as high as possible without exceeding the asinméhreshold.

The whole system is characterized by the pumpinicdel8, a fan which pushes alternatively the gabé
vessel 1 towards the vessel 2 and viceversa. é\behd loss through the biomass columns is low aodp
to the average pressure of the gas, the pumpedvifjasehave as a nearly incompressible fluid , and
substantially alternate flow of gas will be estalid throughout the whole system.

This alternate flow involves that the high temperatat the bottom is easily transferred by the ifhawgas to
the reacting char bed in the twin vessels, thuplging the required energy for the gasificationatéans.
The following advantages are expected from therated flow in the two vessels: each vessel isaipdr for
about half time, as an updraft gasifier. In thiagda gas flow is established from the high tentperaone
to the pyrolysis zone and, further up, to the dyyzone. This phase allows an effective transfdreatt to the
colder zones following a substantially counter-flsgheme. The gas exiting the top layer of bioméski®
“updraft” gasifier, is not sent to utilizer, on thentrary it flows through the other vessel, acimthis phase
as a “downdraft” gasifier. Flowing down, the gasdiaes loaded with steam from the drying sectionthed
with tar, from the pyrolysis zone. It gets progresly at higher temperature, taking heat from tgels it
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goes through. It transfers steam and tar to thelwdd, where they participate to the gasifying tieas.

Tars are decomposed in the bed, CO anlbttls are enriched: the typical effects of a domaft scheme.

In order to have this scheme running sustainalolyereergy input is required as well as an extraabibthe
useful product, syngas. Like in most gasifiersshrenergy is supplied by introducing a sub-stoitigic
amount of oxidizer, typically air, or oxygen-enrgzhair. A number of different options are possddecerning
the site of introduction, the most obvious positi@ing the connecting drum at the bottom of theessels.
In this area the temperature is high, typicallyusueb 800 °C, in order to achieve fast going reastionthe
char bed, while avoiding ash softening. Introduttid the oxidizer in this area involves the devebept of
immediate reaction with the gas and allows a gaodrol on the temperature in this area, too.

Extraction of produced gas is more tricky, as ibuidtd be extracted in a low tar content zone. Atbe,
temperature should not be too high, to reduce thg df the heat exchanger preheating of the oxidige
position along the two vessels, corresponding eldlwer half of the char bed is most probably tlestb
solution. However, due to the pressure drop withi@ bed, the gas will preferably flow out from the
“downdraft” vessel. Hence a gas with a good comtinnaof tar removal and temperature should be abthi
An alternated extraction, controlled by a valveadan, can give a number of interesting contraltetyies.

1\ /2

17

W 8 B S N e W

Figure 9 - Extraction points and control values for synga$wingas gasifier

In summary, the Twingas solution is expected tovalan effective combination of the advantages dhbo
updraft and downdraft fixed bed gasifiers: moremaras it gives new tools for controlling the @es, that
is the frequency and the intensity of the alterfiat®, which are independent from the flow of oxelr.
Moreover it can be expected that, by keeping elattyjickness of char bed at high temperature, thieJas
solution should allow a much faster modulationazd, and in particular a much faster load incredies an
extended low load period. This aspect can be vapprtant for systems supplying an isolated grid.

The Twingas solution has been here summarizedndlbysis is in fact complex and involves a timeeadefent
simulation, much more demanding than the alreadypbex simulation of conventional gasifiers.
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