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Summary

For a numbersof yearsnow theinterest in the gasification of biomass, astechnology to
supply our futurerenewable energy, has been increasing. A numbers of different
technologies have been developed over the years, pilot plants and some commercial
demonstration plants have been built and are currently under evaluation.

Thereis gtill along road ahead for further development and optimization of the technology
toalevel that it isreliable, efficient and with an investment cost that matchesthe
commercial supply and demand requirementsfor power and heat.



In thisfield of developing technology there should be independent guidelines and codes on
how to test these novel power plantsaswith any power plant or part of a plant (i.e. bailer).
In the past these codes have been available (i.e. ANSI PTC16-1974) but these have been
withdrawn without replacement. Recently ateam wasformed to develop atest code for the
entire |GCC power plant, including air separation, gasification and gas- and steam turbine
(ASME Performance Test Code 47).

Within the |EA Task 20 Gasification of Biomassit had been decided to pay some attention
to developing standardsin general and in particular developing a test protocol for the
acceptance of gasifiers. Thiswork haslead to this(draft) report that describes some aspect
of testing and a draft procedure on how one could use the measured valuesfor the
calculation of the efficiency, probably the parameter of highest interest.

It should beremembered that thisisa draft and a proposal, one of the moreimportant
aspects of standard protocolsisthat they should be widely tested and accepted by suppliers
and purchaser s of equipment (gasification systems). Thisrequiresinput of all those parties
over along period of timefor mattersto get settled.

In thisdocument some aspects of atest protocol will be discussed and a proposal ismadeto
use the maximum amount of available measured parametersin order to increase the
accuracy of the calculation.

It isalso suggested that the use of a model may be of usefor determining the best and most
accurate strategy for the determination of efficiency and other parameters. This has been
suggested within the team developing the PTC 47 but could equally well be used for only the
gasifier.

Thedraft protocol in annex 2 is not completed yet, it lacks ver satility in the sense that no
allowance has been made for application to gasification systems other than air blown CFB
reactors. In particular a modification should be made for systemslike FERCO Sylvagas
(formerly Batelle process) and others. It is expected that thiswill be incorporated in follow-
on effortswhich will be dependent on continuing sipport.

In the mean time commentsthat help to improve the protocol, additional technical
information (gas propertieswith reference etc.) or literature on the subject should be
directed to Mr. Kees Kwant, NOVEM.
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I ntroduction

ThelEA Task 20 “ Thermal Gasification of Biomass* has decided to start working on the
development of test protocolsin general (i.e. sampling and testing and analysis of tars,
under development). In March 1998 it wasdecide in Brusselsto include the development of
atest protocol for the acceptance of both large and small-scale biomass gasifiers. This
document describesthe efforts undertaken to develop the protocol for large-scale gasifiers.
Thereis, however, similarity between small and lar ge-scale gasifiers and the protocol could
probably equally well be used for smaller gasifierswith appropriate modifications.

Sincethe Brussels meeting the focus has been on the investigation of available standardsin
theworld and a questionnair e was sent out to developer s of gasification technology and
plant ownersin order to find out if any practical and recent experience do exist.

At the Dublin meeting in thefall of 1998 it has been decided to develop a standard parallel
to existing standardsfor steam generators. Meanwhileit appeared that at least one
standard, specifically for gas producers, existed. It wasthen proposed to change the
strategy and use a mix of existing (modern) standardsfor steam generatorsand (old)
standardsfor gas producers

The ANSI PTC 16-1974 “ Power Test Code for Gas Producers and Continuous Gas
Generators’ [1], wasthe only available code for gasifiers. The code had been withdrawn,
however, without replacement and sincethiswas prepared in 1958 with only reaffirmation
in 1971, it isconsidered to be out dated.

In the United Kingdom a British Standard BS 995, “ Test Code for Gas Producer” [3] has
been developed but this standar d was also withdrawn without replacement and actually
until now no copy could be obtained. Other important documentation that can provide
valuable information and guidelinesfor procedures are acceptance “ DIN 1942, Acceptance
Test Code for Steam Generators, 1994” [4] and “ASME PTC 4.1, Power Test Code for Steam
Generating Units, 1965" [5]

Recently it waslearnt that the ASME Performance Test Code 47 (PTC) for Integrated
Gasification Combined Cycle, | GCC plants, was being written. This code will include
definitions of the significant overall plant component performance results, input, output
and effectiveness. Also codesfor the associated subsetswill bewritten to provide owners
and usersof IGCC power plants guidance and proceduresin conducting the performance
test and evaluating the deviation of its various unitsfrom specified guar antees.

Thefollowing codes ar e being developed in this program:

PTC47 Performance test code needs of an overall | GCC asa single block, thus
ignoring the performancerelated integration between itsvarious units

PTC47.1 Cryogenic air separ ation

PTCA47.2 Gasification unit

PTCA47.3 Fud gas cleaning unit

PTC47.4 IGCC power block unit

Thework of the committee wasinitiated in 1993 and a review draft is expected around
2001.




Thisraises, however, also the question for the current task, how much effort really is
needed to develop a standard in paralld tothe PTCA47 activity. The PTC47 will be
developed mainly for coal fired unitsbut also awiderange of other fuelscan be used in the
gasifiersand actually these feedstock have not been ruled out from the protocol. The new
standard will be quite comprehensive and could probably equally well be used without any
modification at all for biomassfuelled gasifiersand associated equipment.

The added value of the current work will in any case at least be (biomass) fud specific and
it hasthereforeviablereasonsto continue. Without doubt, however, the PTC47 work
should befollowed closely and if the development of a standard islifted to European or 1SO
level then thework already donefor the PTC47 might well be the starting point.

For further reference on the PTC47 work see[6]-[10].

Objective

The objective of the activity was defined as:

Development of a standard test protocol for the evaluation of large biomassfuelled gasifiers. The
purpose of the protocol isto decrease the level of uncertainty between vendor and purchaser of
gasification equipment by providing a standard and widely accepted document on parametersto
betested and proceduresto use.

It should be appreciated that normally this procedure, the preparation of International
(1SO) or European standar ds, takesa number of years (see PTC47 schedule) which istoo
long for the current Task. The formulation of an acceptancetest isin fact a“ Daunting” task
as pointed out by Horazak and Archer [6], complicated by the inherent complexity of the
IGCC and theunlikely possibility of conducting actual tests under the specified conditions.

Also there should be ample input from national and international industry and institutesin
order to provide a good basisfor wide acceptance amongst suppliersand users of the
equipment (i.e. mirror committees).

Thefirst phasein the development of a standard could, however, be to develop the technical
basisfor further usein afuture standardization process, thiswill now be the aim of this
work.

Thetypical stagesin the European (CEN) Standardisation process are:

programming
drafting
adoption
transposition

The aim should thereforebelimited for the moment on the development of a draft protocol
without giving too much attention to the fact that eventually every detail of the testing
process should be covered.

In alater stageit can be discussed how to proceed from thisresult to a stage where, for
instance, an | SO Standard for the acceptancetest of lar ge gasifiers can be developed.




System definition

The system that will be the subject of the evaluation will comprise of all the components
between fuel (wood) feed and cold clean gas, ready for use. The size of the gasifier has been
limited arbitrarily downwardsto a size corresponding to a fuel input of 10 MWy,. The fuel
will be biomass exclusively and therefore a definition of biomassisrequired. A suggestion
was made on arecent CEN (European Organization for Standar dization) workshop in
Stuttgart 1998, was “ All kind of fuels with solid biomass as dominating component”

One can, however, also question the necessity of developing standar dsfor testing gasifiers
exclusively for onetype of fuel. From atesting point of view thereislittle difference between
testing a coal or awood fuelled gasifier. The systemswill be different but thereisa good
resemblance between both the technologies and the type of equipment used.

Asfar astype of reactor isconsidered there should not be too much difference between in-
and output of various systems and thereforein principle the protocol could be used for any
kind of system or with referenceto PTC 16-1974.

“Therewill be no limitation on equipment to be used for gasification, fixed-, fluidized- and
entrained-bed, fuelsin all sizes and shapes and gasification at about atmospheric pressure or
higher, areincluded”, (more or lessfree accordingto PTC 16-1974).

Thedraft for the acceptance test should also be flexible enough to cover the current
varieties of wood gasifiersin usei.e. bubbling or circulating beds at atmospheric or elevated
pressure (up to ~25 bar or higher), theformer Batelle processwith separated gasification
and char combustion but also thelarger (> 10 MW,,) capacity fixed bed gasifiers.

Gas cleaning and cooling forms an integral part of the gasification system and istherefore
part of the acceptance test code. This meansthat proper attention should be given to a wide
variety of gas cleaning equipment ranging from bag housefiltersfor dust removal to
ceramicfilters, wet (chemical) scrubbers and catalytic ammonia removal.

For a good demarcation it is convenient to include the feed binsfor the fud, top of feed bin
isthe battery limit.

The purpose of the gasification system isto produce a suitable (cleaned to specification) gas
for the purposeintended. The cooling and cleaning equipment ther efor e should be part of
the evaluation. The application of the gas leaving the cleaning equipment can befor direct
combustion in afurnace, for usein an IC engine, for usein a gasturbine or maybe even for
usein an industrial network with multiple users.

The quality of the gaswill depend on the requirements of the downstream equipment. It is
appropriateto define asbattery limit for the produced gasthe exit of the cleaning system.
The confirmation of the gas specification demanded by the down stream equipment will be
one of the objectives of thetest.

A separ ate acceptancetest for thelC-engine or the gasturbine can be conducted according
to existing standar ds, although it should beinvestigated if additional standardization is
required because of the “non-standard” fuel.



The addition and removal of all materials between the indicated main boundarieswill be
monitored and analyzed on a normalized and standard manner in order to beableto
preparethe mass and energy balancefor the system.

From these, the parameter sthat are subject of thetest and of the contractual abligations,
can be calculated.

Development of a protocol for thetesting of L arge Biomass Gasifiers

Acceptancetestsin general

Usually the contract for the supply of equipment, beit small or large and for whatever
purpose, contains a paragr aph that specifiesthe performance of the purchased equipment.
For thermal conversion and power generating equipment these can befor instance
efficiency, gasifier or boiler output (capacity), power consumption, consumption of
chemicals, heating value of the gas, levels of impuritiesin the gasor flue gas etc.

At thesametimethat the contract is signed ther e should be agreement between supplier
and purchaser of the equipment on how the contractually agreed performanceisbeing
verified. The actual conditions and proceduresin the agreement isa matter of concern
between purchaser and supplier but in most casesreferenceis being madeto generally
accepted standard test protocols.

These protocols have been developed by the National or International Standardization
Institutesin consultation of both users, suppliersand experts. This procedure ensuresthat
reasonable procedures are developed with respect to methods of measurement and
achievable accuracy.

In absence of an agreement the purchaser and the vendor have to discussand agreeon a
reasonable procedur e afterwar ds.

Guidelines and thoughtsfor thetesting of L arge Biomass Gasifiers

Thereare anumber of performance characteristicsthat can be agreed and tested. For an
overview seethe PTC’sfor steam boilers[4] and [5] and also PTC 16-1974 for gasifiers[1],
but the most important oneis probably process efficiency.

In the ASME boiler code PTC 4.1-1964 [5] the efficiency is defined asthe ratio of output
and input, where output is defined asthe “ heat absorbed by the working fluids” and input is
defined asthe “heat in the fuel + heat credits”.

Heat creditsare all energy inputsother than in thefuel like heat in entering air and
atomizing steam, the sensible heat in thefud, the primary air fan power, the boiler
circulation pump power etc. Which credits should be added depends on the envelope
boundary that has been agreed between parties.

Power test codesfor steam boilers normally give two optionsfor the procedureto test the
efficiency of the bailer:



1. direct method (input/output method) wher ethe ener gy input and the ener gy output both
aremeasured directly from afuel analysis and flue gas analysis.

2. indirect or loss method wherethe losses are related to the fuel input and only losses are
measur ed, subtracted from 100% this givesthe efficiency.

Both methods ar e fully acceptable but there seemsto be a preferencefor theindirect
method because it focuses on the losses. The guideline, however, for a choice between the
two should bewhich method isthe most accurate. The advantage of theindirect method is
that (for boilersat least) thereisno need to actually measurethe amount of fuel feed to the
boiler, even the measurement of the flue gas flow can be omitted if accurate analysis of fuel
and flue gasisavailable.

For a gasifier theremay also be morethan one procedurethat can be used to determine the
efficiency of the system or any other performance characteristic. The direct method is of
cour sethe most obvious one and thisinvolvesthe deter mination of theinput (fuel, air etc.)
and the output (LCV gas, steam or heat).

According to PTC 16-1974 [1] the efficiency can be calculated according to 3 definitions
namely:

As cold gas efficiency which takesinto account only the chemical energy stored in the gas
(“ratio of potential heat [heat of combustion] in cold gas output to total heat of dry input fuel”,
wherethe output is calculated for dry gas at 60F and 30in. Hg). Thetotal heat of dry fuel
input includesthe sensible heat of thedry fudl.

Ashot gas efficiency (“ratio of total heat in hot gas output to total heat of dry input fuel”). The
total heat in hot gasincludes potential and sensible heat of dry clean gas, sensible heat of
steam in gas, sensible and potential heat in the dust, sensible and potential heat of tar.

And as overall efficiency (“ratio of the sum of total heat in the gas output to the adjusted heat
input”). Thetotal heat in hot gasisthe same asfor the hot gas efficiency without the sensible
and potential heat in thedust. The adjusted heat input is:

thetotal of potential and sensible heat in the fuel

sensible heat of moisturein the fuel

sensible heat of dry air

sensible heat of steam to producer

sensible heat of process oxygen (if any)

sensible heat of other feed items

heat of evaporation of steam to producer

and subtract the heat of evaporation of moisturein fuel and other (which givesthe
efficiency on LHV basis).

This definition comes closest to the definition of efficiency in the boiler test codes (heat in
fuel plus creditsisdefined as heat input). Both the “hot” and “cold” gas efficiencies
disregard the heat credits. The hot gas efficiency includesthe sensible heat in thedry clean
gas.

The PTC 16-1974 [1] followsthe direct procedureto calculate efficiency (input/output
method), no suggestion for other proceduresisbeing made.



The suggestion now isto use at least the same basisfor the heat input in all three definitions,
the adjusted heat input. The adjusted heat input isthen defined asthe potential heat in the
fuel plusthe heat credits, the definition for “overall” and “hot” gas efficiency arethen
almost the same, only the“ hot” gas efficiency takesinto account the sensible and potential
heat in the dust.

It isabit peculiar that the potential heat in the dust (heat of combustion) is counted asa
profit instead of a loss, probably one assumesthat theresidual carbon will burn in the
application selected, the condition stated in the standard is* after cleaning”.

In any case, after cleaning, the dust load of the gaswill be very low and the contribution of
the potential heat in the dust will be very small.

The“hot” gas efficiency providesinformation about the quantity of input energy that is
availablefor the selected application at the “ point of sale”. The definition can also be used
without using gas cleaning, on the condition, however, that the gasisused in this state (i.e.
Lahti project). In particular for a pressurized | GCC it is advantageousto characterize the
system with the hot gas efficiency. If adry gascleaning system is used the temperature at
the point of sale can be high and ther efor e the sensible ener gy can contribute consider ably
to the total energy content. The sensible heat in the gasthen hasthe same effect, i.e.
increasing flame temper ature, asthe potential (chemical) energy.

The“cold” gasefficiency providesinformation about the quantity of input energy that is
converted to chemical energy (potential heat), thisisa good quality parameter for the
gasification process.

Neither of the abovetakeinto account that the sensible heat in the gasand, to a lesser extent
the solid refuse, can be used in a beneficial way, for air preheat or generating steam for the
waste heat boiler in an integrated system. Thetotal efficiency of the process can therefore
also be characterized by losses or how much * heat is absorbed by the working fluids”. In
most integrated gasification systemsthere are at least two working fluids, steam and gas.
The definition then becomes similar to that of a CHP plant supplying both electricity and
heat.

A perhaps even better definition would take into account the exer gy levelswithin the
system. Generating high pressure and temper ature steam with the sensible ener gy would
result in higher exer getic efficiency than when only feed water is preheated.

Asalast observation one can notethat in USmostly the HHV of afuel isbeing used to
calculate the efficiency (of boilers) and the LHV of thefuel in Europe. It may not be
necessary to agreeto use one of the two exclusively, but from a standar dization point of
view it may berequired to select one, in thiscaseit is proposed to use the lower heating
value of afud (wood and gas) asthe basisfor the calculation.

Summary:

heat input potential & sensibleenergy in thefuel (LHV basis) + heat
credits

“hot” gas output sum of the chemical heat (LHV basis) of the gasand the
sensible heat of the gasand the dust




“cold” gasoutput potential heat of the clean gas (at standard reference
condition)

1.*hot” gasefficiency ratio of “hot” gasoutput and heat input

2. “cold” gasefficiency ratio of “cold” gasoutput and heat input

3. total efficiency ratio of the sum of “hot” gas output and useful heat to
heat input

4.exer getic efficiency ratio of the output exergy to the input exergy

Thereference conditionsfor the calculation of energy flowsin the three investigated
standardsso far are

[1] PTC 16-1974 (gasifiers) 60F, 30in.Hg/14.7 psia, 15.6°C and 1 bar
[5] PTC 4.1 (bailers) 68F, 14.7 psia (for density of gaseousfuels),
20°C and 1 bar

[4] DIN 1942 (boilers) 25°C ... bar

Also, according to [11]:

“It has been accepted by all concerned that after changing over to the metric system the
following unitswill be used:

Standard temperature will be 15°C
Standard pressure will be 1013.25 mbar (760 mmHg at 0°C and standard gravity, 9.8065 m/s?)

...theinternationally accepted reference temperature in thermo-chemistry, at which the
standard heats of combustion are normally quoted, is 25°C. Calorific value at constant
pressure approximates to the negative of the enthalpy of combustion. An equation relating
enthalpy of combustion at different temperatures can be used for estimating the change of
calorific value with temperature’

(Technical Data on Fuel, 1977 [11] page 130)

It istherefore proposed to use 15°C and 1013.25 mbar asreferencefor the calculation of
heating values and enthalpies. Normally the laboratory resultswill have to be corrected for
the 10°C temperature difference.

Cold gasefficiency

Theindirect (loss) method of determination of the cold gas efficiency would require that all
losses are determined.

The method normally separ ates between inputs and losses that are proportional to the fue
flow and those that are not (DIN 1942 [4]).



For (almost) complete combustion in a boiler it is possibleto develop reationsfor theflue
gastofud and air to fuel valuesusing the analysis of the fuel and flue gas. For the
determination of unburnt carbon losses mass balance of the ash in thefuel isused.
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In agadfier the potential and sensible heat in the gasisthe useful heat contained in the
working fluid, and the generated steam from cooling the gasisaloss, at least for the cold
gas efficiency.

Isit possibleto determinethe cold efficiency of a gasifier using theloss method, with no
analysis of the gas and no determination of the fuel feed? In fact, a smilar method isbeing
investigated within the development of PT47 codefor |GCC.

Uncertainty calculations are being made to explor e ener gy balance methods for calculating
the energy input to various gasifiers. Such methods areimportant as possible alter natives to
direct measurements of the often inconsistent flows and heating value of fuelsfed to
gasifiers.

Gasification ismost frequently proposed to deal with heter ogeneous solid and liquid fuels
whose flow and composition are difficult to measure accur ately. With low uncertainty, and
whose heating value may vary significantly throughout a test. The energy balance or heat
loss method isdescribed in Fired Steam Generator Code and recommended by the Overall
Plant Performance Codefor determining the energy input of coal fed to afired steam
gener ator.

This method makes use of the boiler as a calorimeter whose steam output and heat and
stack losses are measured or estimated to calculatethe energy input of the coal fuel feed.
Committee members of PTC 47 are now performing input calculations to explore whether a
gasifier, or perhapsa gasifier and associated heat recovery equipment of the gasification
section can similarly be used as a calorimeter to determinethe energy input of afuel feed
with less uncertainty than the measurement of fuel flow and heating value to determine
energy input (David H. Archer, Ronald L. Bannister and Dennis A. Horazak [8]).

For an overview evaluation of the alter natives consider the following:

The absorbed heat in the gas cooler s and the heat rejected to cooling water can be
determined directly, but thereisno direct proportional relation to the fud feed. What can
be deter mined once the absorbed heat in the cooler isavailableisan estimate of the gas
flow, at least if theinlet and outlet temper atures of the gas ar e known. When the enthalpies
of the gas are calculated according to the expected composition a rough and inaccur ate
estimate of theload can be made. M ore measur ements and analysis seemsto be necessary
for accurate calculation of capacity and efficiency.

Theenerqgy lossin the refuse (potential and sensible heat) can be determined directly (mass,
temperature and heating value). Theloss of potential energy can belinked proportional to
the fuel feed with the mass balance of the solid inert material feed to the gasifier. Normally,
however, thefeed of inert material (sand, dolomite) is lar ge compared to the ash flow and
the accuracy of the calculated loss as per centage of fuel feed will be low.

If gas composition analysisis not available thereisno clueto theamount of air that isbeing
used in the process.



Therefore, the answer seemsto bethat it isunlikely that the loss method, proposed for
steam boilers, can be used for a gasifiers. Some additional measurements are still required
in order to cometo acceptable and accurateresults. It probably depends on the requested
accuracy of thetest whether or not it ispossible to be able to omit (flow and compaosition)
measurementsin the gas.

It isrequired to have asa minimum at least 2 out of 3 measurementsfor the major mass
flows (fuel, air and gas) together with thefuel analysis available for the calculation of the
efficiency. Thismeansthat it may be possible to complete a successful test without
determination by measurement of thefuel feed to the gasifier.

In casethe determination of quantity and composition of gasflow isnot possible, both the
air and fuel feed have to be measured, aswell asthe heating value of the wood fuel.

The proposed method, deviating from the input/output method, can be denominated as
“modified loss” (or input/loss) Method A in contrast to the direct input/output Method B.

Modified loss M ethod A-1

From the measur ed fuel feed and air flow rate the gas flow can be calculated taking into
account the flow materialsto and from the system.

Thedirect determination of major heat credits (gasification air) and losses (radiation, un-
reacted carbon, generated steam, rejected heat to cooling water) is possible.

The output energy can be calculated (= input-losses) as absolute value and relativeto the
mass flow of the gas. The heating value can be calculated if the sensible heat in thegasis
known, for this estimated (design) valuesfor the composition can be used. Both the density
and sensible heat can be calculated with reasonable accur acy.

The disadvantage of the method isthat the composition of the gas, often subject to
guarantees, isnot being measured and cannot be calculated. If thisisarequirement for the
test then the modified heat loss method as described above cannot be applied.

M odified loss Method A-2

The analysis of the composition of the gas can be used to calculate the heating value and the
density, till, no measurement of gasflow or analysis of thewood fuel is needed aslong as
thewood and air mass flow can be determined accur ately.

Modified loss M ethod A-3

If it isnot possible to accurately measur e the wood feed to the gasifier then either the gas
flow (A-3) should be measured or the analysis of thewood (A-4) should be determined. This
makes the measur ement of theair flow superfluous because the analysis of the gas will
reveal the nitrogen content. The only sour ce of nitrogen isthe nitrogen in the air. Small
corrections can be madefor nitrogen in thewood fuel. From thisthe fuel feed can be
calculated (correcting for condensed water) and using a measured LHV for thewood, the
heat input can be calculated. Alternatively, asall losses are known aswell asthe output the
input can be calculated.



Modified loss M ethod A-4

If the analysis of the wood and the composition of the gas are known then it is possible to
calculate the cold gas efficiency without measuring the wood fuel and gas mass/volume flow.
A carbon and nitrogen balance can be used to calculate the specific gas production (Nm¥kg)
and the specific air consumption (Nm*Nm?®). Because normally inert material (sand,
dolomite or other) ischarged to the system, thereisno proportional relation for the ash
withdrawn. If the amount of total ash is, however, small compared to thetotal wood fuel
feed, the ratio measured ash (weighed) to design value wood feed may be used in the
formula. Normally thiswill bethe case. Other minor carbon losses (tars) or additions
(recycle gas, flue gas, dolomite) can be dealt with in the same manner.

The accuracy depends on the amount of inert material (or other material) fed to the gasifier
and the carbon content of the bed and filter ash. The advantageisthat neither the fuel feed
nor the gasflow needsto be measured. Both measurements can be difficult, have low
accuracy and/or have higher risk. Thelast two methods may be useful when it is expected
that large amountsof air areleaking into the gasifier in an uncontrolled manner.

In thefollowing table the 4 methods are compared (for the major contributors) with the
Direct Method of analysis, B-1.

M ethod M ethod M ethod M ethod Direct
A-1 A-2 A-3 A-4 B-1
Wood fuel F,LHV F,LHV (LHV)Y LHV, F,LHV
Comp.
Air F, T F, T T T P, T
Ash (bed/filter) | F, c(or F, c(or F, c(or F,c -
LHV) LHV) LHV)
Gas T T, Comp. F, T,Comp. | T, Comp. F T,
Comp.
Radiated heat Qth Qth Qth -
Recovered heat Qin Qtn Qtn -
Rejected heat Qin Qin Qtn -
# 5 6 6(5) 5 5
measur enents?

input can also be calculated as output + losses

assuming Qy, and T arerelatively smple except for radiation heat losses
air flow can also be calculated from nitrogen balance

F =massflow, LHV =lower heating value, T = temperature, ¢ = carbon content,
Comp.= composition, Qy, = absor bed heat

Without the assessment of the accuracy of each proposed method it is not possible to select
the preferable method. It also dependson thelocal situation in the plant and the accur acy of
fixed instrumentation used for normal operation.

If one of theMethods A-4 or B-1isselected it isadvisable to accumulate theinformation
needed to measur e the heat loss. Thiswill allow a check on the accuracy of the energy



balance. The same appliesto the analysis of the wood, although not needed for Methods A-3
and A-4 it can be used to establish the elemental balance.

If the capacity (load) of the gasifier issubject to testing, for Method A-4 additional
measur ement of wood fuel massflow, air flow or gasflow arerequired.

In stead of making a choicefor either one of the methods described above it may also be
possible to use amix of al 3 or 4 of them and thereby increasing the accuracy of the test
result. We will therefore assumethat the only parameter that cannot be measured directly
isthewood fuel feed to the gasifier. All other major parameters can be measured or
analyzed, including gasflow and gas analysis. The advantage of thismethod isthat it can be
expected that the accuracy of the final result will be higher. In fact, by doing so, thewhole
set of measured values and analysis can be used and the calculated results should have
minimum errors.

It isnow possibleto trace back thewood fuel feed by using mass-, energy- and carbon
balances, thiswill result in 3 valuesfor thewood fuel feed. A simple arithmetical mean
valueis probably not accurate enough and an over simplification. If it ispossible to assign
weighting factor sto each calculated wood fuel feed, taking into account the accuracy of the
particular procedurethen a better balance could be obtained.

Without proof it isassumed that the inver se of the accuracy (error asrange) can be used as
weighting factor, seethetablefor an illustration of the proposal.

Method used Value, kg/s Error, +/- % Weighting factor | Contribution
M ass balance 5.87 3.8 13.15 77.19
Energy balance 6.21 5.1 9.80 60.85
Carbon balance 5.52 2.4 20.83 114.98
Direct measurement |[5.73 7.8 6.41 36.73
Total: 5.77 50.19 289.75

The numbers have no real meaning and also the accuracy attached to each method is only
for illustration. The arithmetical average for the wood fuel flow would be 5.83, a difference
of only 1.1%. Thisisnot much but in reality, using real number sthe differ ence may become
larger.

The basic assumptionsthat have been madefor the proposal are:

that multiple calculationswill increase the accuracy of thefinal result

that weighting factor s can be determined in a controlled way using fixed procedur es, part of
the standard

that it isnot possible or difficult to select a single method with superior accuracy

If all of these assumptions cannot be proven then it may not be worthwhileto spend this
extra effort. For the moment we will, however, assumethat thisisindeed the caseand a
procedure will be developed for calculating the efficiency of alarge biomassfuelled gasifier
using the proposed method.

General commentson parameters and measur ements




With respect to the previous suggestions and guidelines the application for the acceptance
test protocols can be commented asfollows:

Wood fuel

Before atest can start there should be sufficient fuel availablefor thetest period and the
quality (species, heating value, moistur e content, ash content, chemical analysis and
physical propertiesetc.) should beto the satisfaction of both the supplier of the system and
the purchaser or itsrepresentatives. Thisrequires, amongst others, agreed procedureson
how to sample and analyze the fuels.

The analysis of the wood and the deter mination, for instance, of the heating value and
chemical componentsarerelatively easy and standar dized proceduresthat can be executed
“off line” in commercial laboratories. Often these parameter s ar e subject to agreed
acceptance criteria which makesit necessary to measurethem, either asa condition for the
test (LHV within range or sizewithin range) or as a necessary parameter for evaluation of
thefinal result (heating value).

Currently a CEN Workshop has started to develop biomass standar dsfor application in
wood fuelled power plants. An inventory has been made of available existing standardsin
the European Countriesand awork program will beinitiated in March 2000. Thefir st
meeting took placein Stuttgart in March 1999, the second in Stockholm in September 1999.

The CEN Workshop issupported by the FAIR and Ther mie programs of the European
Commission and on a National level mirror committees have been established which will
provide information and assist in the development of standardsfor testing and
characterization of biomassfuels.

For an overview of standards seethe Best Practice List [14], | EA participation in thiswork
iswithin the Task...

Of particular interest isa correct procedureto take samples of thefuel, it is obviousthat
samplesthat do not represent thewood fuel feed cannot be used for determination of
efficiency. The samples should betaken at regular intervalsand as close to the feed point as
possible. The weight of the sampleis determined by the aver age size of the fuel, according to
one reference (for coal):

Average particle size 10 mm 30 mm 50 mm 80 mm >80 mm
Ash content, % <13 25 <13 25 <11 25 |<9 25 |<5 25
Total raw sample

weight, kg 20 45 40 90 40 150 |40 210 (40 310
Individual sample

weight, kg 0.5 1 1.6 2.5 4

Actually the influence of ash content will not be very large for wood becausethisis expected
to be below 5%. Thetotal raw sample weight should be reduced to the laboratory sample
i.e. by a series of mixing, quartering and again mixing of opposite quarters. If possible use
should be made of standar ds developed for sampling and reduction of the sample size of
wood. Theweight of thefinal laboratory sample can be 1-5 kg. This sample should be stored
in air tight containers, preferably filled with inert gas, marked with date, timeand a



referencetothetest or identification number. One can also consider to store an identical
fuel sample asaback up and in case of any disputes.

Sometimesit may not be possible to sample directly upstream of thewood fuel feeders, in
thiscasethe alternative will beto sample at theinlet of theintermediate storage binsfor
wood fuel, or even further upstream. Depending on the size of these bins and the expected
test period, the sampling may even start beforethe actual test in order to make surethat the
fuel feed from storage during the test can be represented by the samples.

The continuous deter mination of fuel massfeed to the gasifier isnormally less accur ate for
solid fuels, sometimes on line deter mination of the massflow has been omitted for this
reason. M easur ement by weight is accurate, however, and in case the weight of several
batches of fuel can be measured it isnot an advantage that determination of fuel feed can be
omitted. For smaller systemswithout instrumentsfor measuring fuel feed (i.e. weighing
belts) Methods A-3 and A-4 have an advantage.

Air

The gasification air isusually supplied by one or more compressor s providing for ced dr aft
or, for smaller gasifierswith induced draft fanslocated down stream of the gasifier in the
cold and clean part of the system. In order to increase the efficiency of the system the air
can be preheated with waste heat generated within the system or with external energy. It
will depend on the definition of the system and the envelope boundary to be considered.
Apparatusisconsidered to be outside the envelope boundary when it requires an outside
sour ce of heat or wherethe heat exchanged is not returned to the gasification system [7].

Heat credits are defined as those amounts of heat added to the envelope of the system other
than the chemical heat in thefuel. In casetheair pre-heater isan integral part of the system
the actual energy supplied to the air need not to be considered, only the enthalpy of the air
entering the air pre-heater and the added ener gy from power conversion in the compressor.

The air flow to the gasifier can be measured without too much problems, temperatureislow
even with air pre-heat, the composition is exactly known and various standar dized and
accur ate measur ement devices and procedures are available. The only reason whereit
would be advantageousthat not to measuretheair flow iswhen it can be expected that
some air can enter the system in an uncontrolled manner.

Thismay happen when cooling air isapplied to start-up burnersor sealing air to fuel feed
systemsor of the gasifier isoperated with a pressure lower than the ambient. When these
guantities of (unmeasured) air are expected to be small then the design valuefor the
additional “ parasitic” air may be used.

There should be, however, proof that thisisthe case, i.e. by measuring a pressur e difference
and using graphsfor air leakage.

Ash
The ash comprises of several components:

ash asan integral part of the fuel
inert materials (sand) collected simultaneoudly with the fuel



bed material (sand)

chemicals (dolomite, limestone) used in certain applicationsi.e. for cracking of tarsor
absor ption of trace componentslike chlorides

unreacted carbon

The ash is probably collected at different locationsin the system, as coar se bottom ash in
the gasifier and asfine dust in the gas cleaning section (ceramic, bag house or other type of
filter). Thefilter ash can contain a high percentage of carbon and this should be treated asa
loss, unless some type of recycling isused i.e. returning the ash to the gasifier or incinerate
the ash and return the heat to the system. In particular the flyash with its high carbon
content and small particlesisconsidered toignite and oxidize easily. Samples should be
stored immediately in gastight containersfilled with nitrogen.

The determination of total weight during thetest can be accomplished by collecting and
weighing all the ash removed during the test or part of thetest. Normally thereareno
measur ement devicesthat give an actual value for the massflow of ash generated within
and removed from the system.

The accumulation of any kind of solidsin the system should be prevented, thisrequiresa
careful and accur ate deter mination of starting and stopping conditions (i.e. pressure drop
in fluid bed). Handling of containersin inaccessible areas may be difficult but not
impossible.

Deter mination of the heating value and/or carbon contentsisrelatively easy, although one
should consider that hydrogen may till be present in the ash. Sometimes, in case of very
low carbon content one could consider to add material with known heating value to the ash
sample and calculate the heating value of the mixture. Asfor thewood fuel, samplingisan
important condition for thefinal accuracy of the result. Samples should betaken at regular
intervalsand the weight reduced in sizei.e. by quartering several times until a laboratory
sample of 1-5 kg isleft. In particular for thefinefilter ash it isimperativeto storethe
samplein containersfilled with nitrogen in order to avoid oxidation.

For calculation of the sensible heat lossit can be assumed that the ash hasthe temperature
of the gas at the location whereit isremoved. Thiswill be more accurate than measuring
exit temperatures and deter mination of any loss by cooling the ash to air or water.

Gas

The composition (with calculated LHV) of the gasisthe major deliverable of the gasifier
and probably subject to agreed acceptance criteriain the contract. Not needing to know the
composition (A-1) istherefore normally not an advantage. The gasflow ismore difficult to
measurethan air (unusual composition, toxic gasand explosion risk) but neverthelessit is
possible and larger systemswill use a measurement device which allows a continuous
registration of the gasflow. I n case these devices are used for the determination of the flow
during the test, they should be calibrated and certificates should be available as part of the
report.

Probably smaller systems can benefit from procedures not needing to measur e the gas flow.

For sampling and analysis of gases and trace componentswiddy accepted standar ds should
be used. Gas can be sampled and analyzed after the gas cleaning but if evidence of the



performance of the gas cleaning system should be collected aswell, also sampling upstream
of the gas cleaning system isrequired. This may become necessary when the removal
efficiency has been limited to a range of inlet concentrations of certain specieslike
ammonia, chlorides, tarsetc.

The upstream reconstruction of gas composition from downstr eam sampling and analysisis
troublesome, inaccur ate and should be avoided. If evidenceis needed of the quality of the
gasat certain locationsin the system, all efforts should be madeto take direct

measur ements. In case of extreme conditionsi.e. high gastemperature upstream of a
ceramic particlefilter thismay not always betechnically possible or safe. In these
circumstances alter natives should be proposed and agreed between the supplier and
purchaser of the equipment or hisrepresentative.

When the heating values of the gasisnot measured directly, tables with heating values of
the various components should be used to calculate the heating value. These tables should
be from reliable sour ce and agreed to by all parties. Particular care should be given to the
use of proper reference conditionsin the table (pressure and temperature) with respect to
the actual pressure and temperature at the point of gas sampling. When necessary,
corrections should be made.

Radiation heat loss

For thetesting of steam boilersthe heat loss by radiation is not measured but instead
standard graphs are used. For gasifiersthese graphsare not available and calculation of
total (relevant) outside surface, outside temperature of the vessel(s) and the ambient
temper ature aswell asthe atmospheric conditions (i.e. wind velocity) arerequired. It
representsa certain effort but this can be done and one would probably beinterested in
estimating heat loss by radiation anyway.

A measurement protocol for thetotal outside surface of the gasification system within the
system boundary envelope should be part of thefinal report. Thewhole system should be
divided into a number of logical subsectionsi.e. according to size and expected temperature
of the outside surface. At the start of atest, in the middleand at theend it isadvised to
record the surface temperatures of the various sections with suitable meansi.e.
thermographic methods or optical pyrometers. The procedure and formulae used for the
calculation of the heat loss should follow standar d technical practices.

Recovered heat

In modern large biomass gasifiersi.e. circulating fluid bed gasifiers, the gasis produced at a
relatively high temperature. In most cases, the gas hasto be cooled down to atemperature
level whereit can be used in the downstream equipment. When gasifiersare used for
electric power production, the sensible heat in the gas can be used in the thermal system as
a useful byproduct.

When inlet and outlet enthalpies of the water, steam or air aswell asthe massflow are
known the calculation is not difficult. When the flow of water or air isnot measured during
normal operation, temporary instrumentsare required.



Rejected heat

Thisrequiresthe determination of cooling water flow and itsinlet and outlet temperatures.
Normally it should not be a problem to measur e although not alwaysthe mass flow of
cooling water ismeasured so periodic measurement instruments are needed. On the other
hand, thethermal lossfrom cooling water will not be extremely large and errors madein
the determination are unlikely to have a lar ge effect on the outcome of the test.

Accuracy

The calculation of the efficiency should be accurate. The protocol for the acceptance test
should contain clear procedureson how to calculatethe error in the outcome of the
calculation based on the accuracy of the instruments used and the calculation procedure
followed and illustrated with examples



Summary of Gas Properties

Component MW MV Density | Density | LHV? LHV?
kg/km | Nm¥kmo | 2 Y MJ/Nm*® | MJ/m®
ol I kg/m® | kg/Nm®
M ethane CH,4 16.043 | 22.3600 | 0.6785 | 0.717 35.882 33.95
Ethane C,He | 30.070 | 22.1875 1.272 1.355 64.353 60.43
Ethene C,H,; | 28.054 | 222431 1.195 1.261 59.476 55.96
Propane CsHg | 44.097 | 21.9297 1.865 2.011 93.207 86.42
Propene CsHg | 42.080 | 21.9895 1.814 1.914 87.607 81.45
Carbon dioxide CO, 44.010 | 22.2461 1.861 1.977
Carbon CO 28.011 | 22.3991 1.185 1.250 12.634 11.97
monoxide
Hydrogen H, 2.016 | 22.4354 | 0.083 0.090 10.779 10.22
Nitrogen N, 28.013 | 22.4037 1.185 1.250
Oxygen 0, 31.998 | 22.3919 1.353 1.429
Water vapour H-,0O 18.015 | 21.629 0.762 0.833
Carbonylsulfide | COS | 60.070 | 22.0884 2.581 2.723 24.844
Hydrogen H.S 34.076 | 22.1881 1.456 1.536 23.377 21.82
sulphide
Hydrogen HCN | 27.026 | 22.062 1.161 1.225 29.080
cyanide”
Ammonia® NH; 17.032 | 22.091 0.738 0.771 14.404
Benzene CeHe | 78.115 | 20.5 3.304 3.810 154.608 | 134.05
Toluene C/Hg | 92142 | 205 3.897 4.495 183.994 | 159.54
Xylene CgHypo | 106.16 | 20.5 5.179 213.474
7

at 101.325 kPa and 273.15K (0°C)

at 101.325 kPa and 2883.15 K (15°C)

starting and final conditions 25°C and 101.325 kPa, Handbook Natural Gases, Nederlandse
Gasunie NV, 1980 [12]

starting and final conditions 15°C and 101.325 kPa, Technical Data on Fuels, 7' edition,
1977 [11]

Dubbels Tachenbuch der Machinenbau 1987 [13]

The numerical valuesfor lower heating valuein thetable are at constant pressure, although
the actual determination takes place at constant volume. The differencein the last two
columnsis because of a different referencetemperature (for the m®) and a different

refer ence temper aturefor the determination of the heating value.

For example:
15°, MJ/m?® 15° , MJ/Nm? 25°, MJ/Nm?® 25°, MJ/Nm?
Techn. Dataon  Calculation Calculation Gasunie[12]
Fud [11] m®->Nm® 15°C -> 25°C

Methane 33.95 35.816 35.86 35.882




For every kMol methane one kMol carbon dioxide isformed and two kM ols of water
vapour. In other words, combustion in oxygen of 22.36 Nm® methane resultsin 22.2461 Nm?®
carbon dioxide (1.656 kJ/Nm3K) and 43.258 Nm® water vapour (1.495 kJ/Nm*K).

The correction for the 10°C differencein temperatureistherefore: 368.4 kJ for CO, and
646.7 kJ for H,0O and for 22.36 Nm® methane. Per Nm® methane the correction istherefore

45.4kJ, the LHV at 25°C should belower than at 15°C so thefinal valueis
35.816+0.0454=35.861 MJ/Nm?®, the differenceis only 0.06% when compared to the
reported value at a different reference temperature.

The zer o pressur e specific enthalpy of the gases forming the majority of fuel gas produced

by biomass gasifiers can be taken by inter polation from the following table (ref [11]).

298.15 |300 [400 |[500 600 700 800 900 1000 [1100 |1200
0O, 2712 [273.0 13658 [461.4 |560.3 |661.9 |766.2 |872.6 |980.8 |1190.5(1201.4
N, 309.5 [311.4 |4155 (5205 |627.0 |7356 |846.6 [959.9 |1075.7]|1193.4(1312.8
Air 2086 [300.5 |401.3 ({5034 |607.4 |713.7 |8224 [933.4 |1046.5]|1161.5|1278.2
CO |309.6 |[3115 [415.8 |521.3 |628.8 |[738.8 [851.4 |966.5 |1083.91203.3|1324.5
H, 4200 4227 |5668 [7118 |8571 10028 | 11493 [ 12969 | 14459 | 15967 | 17493
CO, |2128 |[2143 [303.8 |401.5 |506.1 |[616.2 |731.0 [849.7 |971.7 [1096.4|1223.4
H,O [549.6 [553.1 |741.2 |933.9 [1132.3 |1337.0|1548.3[1766.5|1901.7|2224.0 | 1263.2
CH, [6245 |628.6 [865.7 |1137.0 |1445.6 |1790.8|2170.3|2581.6 | 3021.9 [ 3488.3 |3978.4
C,H, [374.8 |377.6 [548.7 |754.7 9921 [1256.7|1544.7]|1853.1|2179.6 [2521.6|2877.4
CoHe [394.9 (3982 [594.4 1833.3 [1111.8 [1425.5|1770.3|2142.5|2539.3 | 2957.1 | 3393.7
CsHg |333.2 [336.4 [527.2 | 762.9 [1037.1 |1346.4]1685.1 | 2049.5 | 2435.7 | 2841.8 | 3265.9

Temperaturesin Kelvin
Enthalpy h in kJ/kg rounded to 1 decimal and with datum h=0 at 0 deg K

The effect of pressureon the enthalpy isnot very large, according to [13] page D26 the
effect for the gases considered is between 0 (Hydrogen) and 0.028 kJ/Nm?* (C,H, at 0°C) per
bar increase of the pressure. Theincrease becomeslessfor higher temperatures.

For themajor constituents, increase of specific heat capacity in kJ/Nm?® per bar:

Components

Temperature Nitrogen Carbon Monoxide Carbon Dioxide Methane
0°C 0.003 0.003 0.022 0.007
100°C 0.002 0.002 0.013 0.006
200°C 0.001 0.001 0.008 0.000

For Nitrogen at 200°C thisisabout 0.08 % increase per bar and for Carbon Dioxide 0.4 %
increase per bar. For system pressures normally applied for pressurized gasification, ~20
bar, theincrease can be 0.13% assuming nitrogen content 45% and CO,content 15% and
assuming therest toincrease as CO.




Moreaccurate dataisrequired in casethetest protocol isused for a pressurized gasifier.
Although, the pressure effect may be discar ded as concluded from this example.
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Annexes

Generic performance, mass- and energy balance of atypical 20 MW, gasification unit.

Proposal for revised text of test protocol using ANSI PTC 16 asbasis



ANNEX 1
Generic performance of typical 20 MW, gasification unit

Theinformation and performance provided in the following tablesisfor comparison only
and hasonly a mild relationship with some existing gasification process.

The numbers can be used to judge the effect of measur ement strategy. Following advise
given by Horazak and Archer elsewhere[6] it should be considered to develop a standard
and more detailed computerized system performance model for the gasification processthat
can emulate the effects of measur ement strategy and thereby improve the overall accuracy
of thetest.

Horazak and Archer [6] list applications of such model for the PTC47 committee:

IHlustration of calculations of variously defined performance factors (input, output and
effectiveness) for the overall plant and for its component systemsfrom measured or

measur able conditions

Calculation of uncertainty associated with each of these perfor mance factor s based on
methods recommended in other related standards (i.e. PTC19.1) and on data for systematic
uncertainty for each of the measured quantitiesinvolved

Evaluation of the sensitivity of plant performance parametersto each input
Recommendation of practical measurement methods for each input and output variable
Assessment of the energy balance method for calculating the heat input to the plant based
on balances around the fuel gasifier, including perhaps components of heat recovery
equipment. Direct measurements of the flow and heat of combustion of gasifier fuel may be
difficult and uncertain. Measuring the fuel gas product and ener gy output and losses from
the gasifier may provide a more accur ate estimate of the heat input to the gasifier and thus
to the plant.

| nput of mass and energy:

INPUT: Kals % of total KWth % of total
Wood fuel, 10% m.c. (1) 3.35 43.3 54,015 97.4

Air 3.93 50.8 963 1.7

Sand (1) 0.14 1.8 1.8 0.0

Inert gas(3) 0.04 0.5 0.8 0.0
Syngasto filter 0.08 1.0 497 0.9

Solid additions (4) 0.2 2.6 2.4 0.0

Total massflow in 7.74 100 55,480 100

1 L ower heating valuewood fuel: 18.2 MJ/kg (dry)

2. Air preheated to: 250°C

3. Inert gasisfor used for purging of thefilters

4, Materialsat ambient temperature

Output of mass and enerqgy:

OUTPUT: Kals % of total KWth % of total
Fuelgasexit cleaning |6.8 84.7 41,592 74.4




Bottom ash 0.18 2.2 130.7 0.2
Filter ash 0.16 2.0 2,706 4.8
Condensed water 0.89 11.1 2,309 4.1
Total mass flow out: 8.03 100

Evaporator 6,483 11.6
Coolers 1,454 2.6
Heat loss 980 1.8
Sensible heat in gas 250 0.5
Total energy flow out 55,904 100

NB:

Inert solidsto gasifier:

Actual ash in wood
Sand in, total

Solid additionsin, total
Total inert material

Inert material discharged from gasifier:

Total solids discharged

kg/s 0.05
kg/ls 0.4
kg/s 0.19
kg/ls 0.38
kg/ls 0.34

The carbon content in the ash isroughly 20-30 %.

Composition of thefuelgas:

Evapor ator s are assumed to supply dry saturated steam

Per centage of total

131
36.2
50.7

Per centage of total

100

Component Vol % after cleaning | Component Vol % after cleaning
CO 21.0 H,O 34

H, 13.6 N, 41.8

CH, 4.9 NH3 0.03

CoHe 1.8 H,S 0.03

CO, 134 HCI 0.03

Minor components: BTX & tar 1-2 g/Nm®

Density: 1.151 kg/Nm?®

LHV: 7.04  MJNm®

Carbon content: 0.179 kg/Nm®

Nitrogen content: 0522 kg/Nm®

Carbon balance:

Input

Wood 335 Kkg/s 43.4 % carbon 131 kgls
Fuelgas 0.08 Kkg/s 0.01 Kkg/s
Total in: 132 kgls

Output




Fuelgas 591 Nm¥s 0.179 kg/Nm®

Residues 035 kg/s 25% 0.09
Total out: 1.15
Unaccounted for: 0.17

1.06
kgls
kgls
kgls

kgls

The 0.17 kg/sisroughly 13% of theinput, partly the missing carbon will bein thetars.

Nitrogen balance:

Input

Wood 3.35 Kkgls 0.07 % Nitrogen 0.002
Fuelgas 0.08 Nm%¥s 0.522 kg/Nm®

Air 312 Nm¥s 79 % 3.08
Total in: 3.132
Output

Syngas 591 Nm%s 0.522 kg/Nm® 3.09
Ammoniain gas PM kgls PM
Ammoniaremoved ? kgls ?
Total out: 3.09
Unaccounted for: -0.04

Wood input with 10% moisture, nitrogen content based on dry material.

kgls
0.05

kgls

kgls
kgls
kgls
kgls
kgls

kgls



Ener gy balance

An overview ener gy balance can now be used to close the circle and calculate arough
estimate of the electrical efficiency. The calculation ismadefor illustration purpose only
and actually is beyond the scope of the work.

Energy availablein syngas: 41,592 kWth
Assumed gross electrical efficiency gasturbine: 27 %

Electricity generated by gasturbine 11,230 kWe
Energy available for steam plant 37,388 kWth
Assumed gross electrical efficiency steam plant 37 %

Electricity generated by steam plant 13,834 kWe
Internal plant power consumption 4,750 kWe
Nett power generated 20,314 kWe
Heat input by fuel 50,752 kWth
Net electrical plant efficiency 40.0 %

For the calculation of the energy input by the fudl it has been assumed that thewood arrives
at the plant with a moisture content of 35% and that this moisture can beremoved to afinal
10% by using waste heat from the plant in a dryer. The massflow of wood to the plant with

35% moistureistherefore 4.64 kg/swith lower heating value 10.94 kJ/kg

At thispoint one should appreciate that the actual heat input in the gasifier is higher, 54
MWth because of the use of low grade waste heat to dry thewood. If this energy is not
available then it should be supplied from an external sour ce with associated reduction in
overall efficiency.

The efficiency of the gasifier can be calculated according to the various definitions:

Heat input by fuel (LHV) 54,015 kWth
Heat credits 1,465 kWth
Heat input 55,480 kWth
Heat in fuelgas(LHV) 41,592 kWth
Sensible heat in gas 250 kWth
Useful heat in steam/water 7,937 kWth
Cold gas efficiency, Neold 74.97 %
Hot gas efficiency, Nnat 75.42 %
Overall efficiency, Noveral 89.72 %



Dr aft test protocol using partsof ASME ANSI PTC 16 - 1974

SECTION O, INTRODUCTION

This codefor conducting tests of Large Biomass Fuelled Gasifiersisintended primarily for
tests of those gasifier swhose gasisto be used for power, heating or chemical purposes. A
Large Biomass Fuelled Gasifier is here defined as any unit which generates primarily CO
or H, continuoudy from biomass fuels. Units such asthefixed-bed, fluid-bed, entrained or
pulverised types, all operating at about atmospheric pressure or higher, areincluded.

0.1 Theterm "fuel," asherein used, includes only biomass defined asfuel consisting for
alarge part of woody and herbaceous material.

0.2 In testing a L arge Biomass Fuelled Gasifier sthe auxiliary apparatus must be
included in many cases, as being essential parts of the unit. If a completetest of the Large
Biomass Fuelled Gasifiersisdesired, separate records should be made of the amounts of
fuel, water, power, and labour required to operate the producer and each of itsauxiliaries.

SECTION 1, OBJECT AND SCOPE

11 The purpose of this codeisto establish rulesfor conducting teststo determinethe
operating char acterigtics of Large Biomass Fuelled Gasifiers. All continuoustypes of Large
Biomass Fuelled Gasifiersareto beincluded with afuel capacity larger than 10 MWth,
such asthose using fluidized beds, pulverised fuels, fixed beds and those using oxygen
and/or recycled CO2»

1.2 Possible objectives for which atest may be carried out may he one or more of the
following

The maximum capacity of the Large Biomass Fuelled Gasifier and each of itsauxiliaries
The efficiency of the Gasifier in making gas and the performance of each of its components
The ability of the Gasifier to use a specific fuel

The ability of the Gasifier to respond to varying loads

The quantity, quality, and cleanliness of the gas

The results obtained by using different kinds and sizes of fuelsand using them in different
ways

The amounts and costs of labour and power required to operatethethe Gasifier and its
auxiliaries

Thereliability of the Gasifier and of its component parts

The causes of faulty operation of the producer or itsauxiliaries

The efficiency of recovery of by-products, such asNH3.

13 Analysis of performance of auxiliariesis not usually contemplated, although their
consumption of fud, utilities, labour and such itemsas contributeto the cost of their
operation will be accounted for. It should be clearly stated in the objectives of the test which
producers and what auxiliary equipment areto beincluded. In some cases only
performance data on the producer itsef may be desired.

SECTION 2, DESCRIPTION AND DEFINITION OF TERMS



Description and Definition of Terms. The following table definesthe units and termswhich
areused.

TO BE COMPLETED LATER INCLUDING DIAGRAM WITH BOUNDARY
ENVELOPE

SECTION 3, GUIDING PRINCIPLES and TEST CONDITIONS

31 Beforethetest, the parties concer ned shall reach a definite agreement on the
following items:

Object of test

Sour ce and selection of fuel

Selection of instruments

Method of calibration of instruments

Limits of permissible error

Intent of contract or specificationsif ambiguities or omissions appear evident

Adjustment of equipment for continuous commer cial oper ation and method of operating
equipment under test, including that of any auxiliary equipment, the performance of which
may influence thetest result

M ethods of maintaining constant oper ating conditions as closely as possible to those
specified

Organisation of personnel, including designation of engineer in responsible char ge of test
Number of copies of original datarequired

Method of determining duration of operation under test conditions beforetest readings are
started

Duration of test runs

Frequency of observations

Values of correctionsfor deviations of test conditions from those specified and provision for
rgecting inconsistent readings

Methods of computing results (Section 5 of this code)

Preparation of final report

Cost of tests

Agreement in writing must be made regarding allowable deviations that may occur during
testing, owing to unforeseen circumstances.

Should seriousinconsistenciesin the observed data be detected during arun, or during the
computation of results, therun shall bergected in whole or in part. A run that has been
rejected shall berepeated, if necessary, to attain the objectives of the test.

Preparation for Tests.

Thedimensions of the Gasification system and of each of its componentsindividual pieces of
equipment, and auxiliaries together with the physical condition of each, should be carefully
determined and recorded. The testing appliances should then beinstalled and the
preparationsfor making the test completed, including the provision of an adequate number
of suitably prepared log books and other supplieswhich may be needed for the different
pieces of components, equipment, and auxiliaries. Tests should be made for leaks. Leaks
should be stopped, but if thisisimpracticable, agreement should be reached on their



importance and suitable allowances should be made for them in thefinal results. The use of
photographs of the assembled equipment isrecommended.

Starting and Stopping. The conditions regarding the temperature of the Gasifier and its
contents, and the quantity and quality of thelatter, should be as nearly as possible the same
throughout the test, and particularly so at the beginning and at theend. Asfar asmay be
reasonably possible, there should be no clinker on thewallsor in the Gasifier at the
beginning and the end of thetest. To securethe desired equality of conditions, the starting
and stopping should occur at the conclusion of the times of regular cleaning, and they
should bein operation for a period of not lessthan eight hour s by the same regular working
conditions as areintended to characterisethetest asa whole. Unlessthe conditions of the
fuel bed at the beginning and end of a test can be so accurately determined, and possible
differencesin level allowed for, that the error in determining the net weight of fuel used
during the test shall not exceed two per cent, thetests should be abandoned as valueless,
unlessalarger allowable error has been previously agreed upon.

Requirements asto Adjustment of Equipment and Methods of Operation. For acceptance
tests, the equipment manufacturer or supplier shall have reasonable opportunity to ex-
amine the equipment, to correct defects, and to render the equipment suitable, in higher
judgement, to under go test. He/she may make such reasonable preliminary test runs as
deemed necessary for this purpose. The manufacturer, however, is not ther eby empower ed
to alter or adjust equipment or conditionsin such away that contract or other stipulations
arealtered or voided. The manufacturer may not make adjustmentsto the equipment for
test purposesthat may prevent immediate continuous and reliable operation at all
capacitiesor outputs and under all specified operating conditions. Observations during
preliminary test runs should be carried through to the calculation of resultsasan overall
check of procedure, layout and organisation. If mutually agreed, a preiminary test may be
considered an acceptancetest, provided it has complied with all the necessary requirements
of this code. Preliminary test runswith log records serve to determineif the equipment isin
a satisfactory condition to under go test, to check instruments and methods of measurement,
and to train personne.

Requirementsfor Duration of Tests.

Full-Time and Complete Tests: The duration, both of efficiency and capacity full-time tests
of a gasifier, isa matter upon which there should he prior agreement between the parties
concer ned.

Short-Time or Spot Tests: The use of short-timetestsor spot testsis sometimesrequired in
order to determine the capacity of the producer, the quality of the gas, and certain other
specificitems. The data generally required in such a test depend to some extent on the
purpose of thetest, but the usual procedureisto collect gasand fuel samplesover a suitable
period of time. An analysis of the gas sample and an ultimate analysis of the fuel provide
sufficient information to enable the calculation to be made of the amounts of air and steam
needed to gasify the biomass, and also the quantity of gas produced per kg of biomass.
Generally this procedur e neglectsthe carbon lossesin the ash, soot and tar, but, if desired,
thesefactors can be accounted for. However, sincethey are difficult to obtain they probably
would not be determined in short-timetests. For more complete tests, such items of
measurement as may be appropriate for the purposerequired may be selected, by
agreement, from Sections 5 and 6.

SECTION 4, INSTRUMENTSAND METHODS OF MEASUREMENT



The necessary instruments and rulesfor making measurementsare prescribed herein. Ref-
erenceswill be madeto Test Codes, Supplements on Instrumentsand Apparatus
(hereinafter referred toasl & A), and to other publications describing methods and
apparatuswhich can be used in testing gas producer s under this code.

Thefollowing check list, not necessarily complete, isprovided toindicate the instruments
and measur ementsthat will most generally berequired. An exact list for any given test will
depend upon the specific objectivesfor which thetest isbeing made.

Input quantity measurement: Fuel weighing devices, flow meters, etc

Output quantity measurements. Scales, weigh tanks, flow meters, etc

Temperature measur ements: Gas, steam, air, liquids, and solids. Thermometers,
thermocouples, pyrometers, etc

Pressure measurements. Gas, air, and liquids. Manometers, pressure gages, etc

Gas and vapour analysisand quality determinations. For flue gases, feed gases, steam
quality

Calorimeters. Both sampling and continuous

Apparatusfor dust, tar, and soot deter minations

Instrumentsfor power measurements



SECTION 5, COMPUTATION OF RESULTS

Thefilled in tableswill become an integral part of the report aswell as additional sheets
needed to calculate intermediateresultsi.e. heating value and density of the gas.

Wood fuel
No. Description Unit Value
5.1 Moisture content asreceived %
5.2 Ah content on dry basis %
5.3 Carbon content on dry basis %
54 Hydr ogen content on dry basis %
5.5 Oxygen content on dry basis %
5.6 Nitrogen content on dry basis %
5.7 Chloride content on dry basis %
5.8 Sulphur content on dry basis %
5.9 Temperature of thewood as char ged °C
5.10 L ower heating value of thewood asreceived | kJ/kg
5.11 Screen analysis
5.12 Bulk density of the wood kg/m?
5.13 Fusion temperatur e of the ash in reducing °C
conditions:
. Initial deformation
. Softening point
. Fluid point
General:

Sampling, preparation of the laboratory sample and analysis should take place according to
widely accepted standardsfor biomass.

5.9 When thefuel isat atmospheric temperatureit will sufficeto use thistemperature.
Otherwise the fuel temperature should be measured by suitable thermometry. Thiswill
depend to a large extent on the method of feeding the fuel.



Dry (freefrom droplets) and clean fuel gas

No. Description Unit Value
5.14 Pressure at sample point bar.a
5.15 Temperature at sample point °C
5.16 Measured flow (at actual conditions) m/s
5.17 Measured flow (at 0°C and 1013.25 mbar) Nm?s
5.18 Flow recycled to the gasifier (at actual m/s
conditions)
5.19 Flow recycled to the gasifier (at 0°C and Nm?¥s
1013.25 mbar)
5.20 Net flow of fuel gas (at actual conditions) m/s
=5.16-5.18
5.21 Net flow of fuel gas (at 0°C and 1013.25 Nm?¥/s
mbar)
=5.17-5.19
5.22 Net flow corrected to standard conditions m/s
(15°C and 1013.25 mbar)
5.23 Carbon Monoxide: ~ CO %
5.24 Hydr ogen: H» %
5.25 M ethane: CH, %
5.26 Ethane; C,Hsg %
5.27 Carbon Dioxide: CO, %
5.28 Water vapour: H,O %
5.29 Nitrogen: N, %
5.30 Ammonia; NH; %
5.31 Hydrogen Cyanide:. HCN %
5.32 Hydrogen Sulphide  H,S %
5.33 Carbonyl Sulphidee COS %
5.34 Benzene: CeHs mg/m°®
5.35 Toluene: C/Hs mg/m®
5.36 Xylene: CgH 1o mg/m®
5.37 Tarsin mg per m® at 15°C and 1013.25 mbar | mg/m®
5.38 L ower heating value of tars mJ/kg
5.39 Carbon content of tars ka/kg
5.40 Hydrogen content of tars ka/kg
5.41 Particulate content of the gasin mg per m® at | mg/m®
15°C and 1013.25 mbar
5.42 Carbon content of particulates ka/kg
5.43 Calculated density of fuel gas(at 15°C and | kg/m®
1013.25 mbar)
5.44 Calculated Lower Heating Value, LHV (at mJ/m?®
15°C and 1013.25 mbar)
5.45 Calculated Lower Heating Value, LHV (at mJ/Nm?*
0°C and 1013.25 mbar)
5.46 Calculated M olecular weight kg/kmol




Carbon content of dry and clean syngas

No. Description Unit Value

5.47 Carbon Monoxide. ~ CO kg/Nm?
=(5.23/22.40)x12/100

5.48 M ethane: CH, kg/Nm?®
=(5.25/22.36)x12/100

5.49 Ethane: C,Hs kg/Nm?
=(5.26/22.19)x24/100

5.50 Carbon Dioxide: Cco, kg/Nm?®
=(5.27/22.25)x12/100

5.51 Hydrogen Cyanide: HCN kg/Nm?®
=(5.31/22.34)x12/100

5.52 Carbonyl Sulphide: COS kg/Nm?®
=(5.33/22.064)x12/100

5.53 Benzene: CeHs kg/Nm?
=(5.34/20.5)x72/100

5.54 Toluene: C/Hg kg/Nm?®
=(5.35/20.5)x84/100

5.55 Xylene: CsHo kg/Nm?®
=(5.36/20.5)x96/100

5.56 Tars kg/m?
=(5.37x5.37)/1,000,000

5.57 Particulates kg/m?
=(5.41x5.40)/1,000,000

5.58 Total carbon in the syngas kg/m?
=Sum(5.47 — 5.55)x0.948+5.56+5.57

5.59 Mass flow carbon in net flow of syngas kg/s
=5.55x5.22

Nitrogen content of dry and clean syngas

No. Description Unit Value

5.60 Nitr ogen: N, kg/Nm?®
=(5.29/22.4)x28/100

5.61 Ammonia: NH; kg/Nm?®
=(5.30/22.1)x14/100

5.62 Hydrogen Cyanide: HCN kg/Nm?®
=(5.31/22.6)x14/100

5.63 Total nitrogen in fuel gas kg/Nm?
=Sum(5.60 — 5.62)

5.64 Mass flow nitrogen in fuel gas kg/s

=5.63x5.22x0.948




Gasesto gasifier

No. Description Unit Value
5.65 Volume flow nitrogen in fuel gas Nm?¥s
=(5.60x5.22x0.948/1.2504)
5.66 Nitrogen input asinert gas Nm?%s
5.67 Nitrogen input by air Nm?¥s
=(5.65 — 6.66)
5.68 Dry air flow Nm?¥s
=(5.67/0.79)
5.69 Massflow dry air kg/s
=(5.66x1.293)
5.70 Temperaturedry air °C
5.71 Pressuredry air bara
5.72 Enthalpy dry air above 15°C kJ/kg
5.73 Temperature nitrogen °C
5.74 Pressure nitrogen bara
5.75 Enthalpy of nitrogen above 15°C kJ/kg
5.76 Recycled syngas m3/s
5.77 Temperaturerecycled fuel gas °C
5.78 Pressurerecycled fud gas bara
5.79 Enthalpy recycled fuel gasabove 15°C kJ/kg
5.80 Steam to gasifier kgls
5.81 Temperature steam °C
5.82 Pressur e steam bara
5.83 Enthalpy steam above 15°C kJ/kg
5.84 Carbon Dioxideto gasifier ka/s
5.85 Temperature carbon dioxide °C
5.86 Pressur e carbon dioxide bara
5.87 Enthalpy carbon dioxide above 15°C kJ/kg

510 Itisassumed that thefuel bound nitrogen will not be converted to gaseous hitrogen

The gaseous materials, other than steam, which arefed to the gasifier may enter the
reaction zone separately or combined, but each flow must be measured separ ately.
Standard orifice or displacement flow meters are recommended. It ismost important to
totalize accurately the flow data for thewholerun, if thisis not achieved by the instrument.
Obtain the temperature, pressure, and humidity of the gas at the point of measurement to
enablelater calculation to standard, dry basis. Temperatures areto betaken at the point of
entry into the gasifier or boundary envelope. If flows have been combined, the temperature
of the combined flow will suffice. In the analyses, all constituents amounting to morethan 1
per cent by volume should be noted. The analysis of air by volumeistaken as 79% N, and
21 per cent O, except in the case of contamination or dilution. The " humidity" isthe
moisture content of the gases at the point of entry. Humidities taken upstream from this
point might beinvalid because of condensation of moistur e due to cooling or compr ession.
No moisture should be added to the steam flow (such aswater for desuperheating) beyond
the point of flow measurement. If thereisany possibility of condensation in the lines
between the point of flow measur ement and the producer, a trap-out device should be
provided at the producer to measure the condensate.



Inert solidsto gasifier

No. Description Unit Value
5.88 Sand kals
5.89 Temperature °C
5.90 Solid additions calcined raw kg/s
material
5.91 Temperature °C




Gascleaning

No. Description Unit Value

5.92 Dry and clean fuel gas(at 0°C and 1013.25 |Nm?/s
mbar)
=5.17

5.93 Density (at 0°C and 1013.25 mbar) kg/Nm?®
=(5.43x1.0549)

5.94 Massflow dry and clean fuel gas kg/s
=(5.92x5.93)

5.95 NaOH addition to scrubber kg/s

5.96 H,S0O, addition to scrubber kg/s

5.97 M ake up water to scrubber kals

5.98 Pressure of make up water bar

5.99 Temperature of make up water °C

5.100 Enthalpy of make up water above 15°C kJ/kg

5.101 Discharged water from scrubber kgls

5.102 Pressur e of discharged water bar

5.103 Temperature of discharged water °C

5.104 Enthalpy of discharged water above 15°C kJ/kg

5.105 Tar content of dischar ged water ka/kg

5.106 Carbon content of tars ka/kg

5.107 Carbon lossin dischar ged water kg/s
=(5.101x5.105x5.106)

5.108 Ammonia content in discharged water ka/kg

5.109 Nitrogen lossin dischar ged water kg/s
=(5.101x5.108x0.822)

5.110 Additional chemicalsto scrubber kg/s
=(5.95+5.96)

5111 Nett water removed from scrubber kg/s
=(5.101-5.97)

5.112 Additional water in raw gasinlet scrubber kg/s
=(5.111-5.110)

5113 Massflow raw gasinlet scrubber kg/s
=(5.94+5.112)

5.114 Cooling water flow kgls

5.115 Inlet pressure cooling water bar

5.116 Inlet temperatur e cooling water °C

5.117 Inlet enthalpy cooling water kJ/kg

5.118 Outlet pressure cooling water bar

5.119 Outlet temperatur e cooling water °C

5.120 Outlet enthalpy cooling water kJ/kg

5.121 Energy removed by cooling water kw

=(5.120-5.117)x5.114




Gasfiltration

No. Description Unit Value

5.122 Outlet massflow fuel gas kg/s
=5.113

5.123 Outlet temperaturefuel gas °C
Outlet pressurefud gas bar

5.124 Removed particles kgls

5.125 Inlet massflow fudl gas + particles kg/s
=(5.122+5.124)

5.126 Outlet temperaturefuel gas °C

5.127 Outlet pressurefue gas bar

5.128 Carbon content removed ash %

5.129 L ower heating value of the removed ash kJ/kg

5.124 The ash withdrawn may be of a very heter ogeneous nature and care must be taken
to obtain arepresentative sample. It will be assumed that only carbon (no volatiles) is
present in therefusein addition to inorganic matter. The carbon can be analysed by
standard combustion procedure. For the bulk density determination, dry 1 kg of a

thor oughly mixed and repr esentative sample of the ash. (Do not grind or crush any of the
material.) Then load into a calibrated volumetric container, and shake down or tamp
gently. Note volume and expressthe dry bulk density askg per cubic meter. " Moisture" in
ash isdifficult to obtain and liable to be misleading. It isthe nature of this material to lose
moisture rapidly when exposed to the atmosphere. Thus material sampled at the plant
might lose appreciable quantities of moisturein handling prior to the actual analysis. Thus,
wet weights of ash and moisture analyses are not to be used to compute the dry weight.

Heat recovery

Boiler

No. Description Unit Value
5.130 Inlet massflow fuel gas kals
5.131 Inlet temperaturefuel gas °C
5.132 Inlet pressurefuel gas bar
5.133 Inlet enthalpy fud gas kJ/kg
5.134 Outlet temperaturefuel gas °C
5.135 Outlet pressurefue gas bar
5.136 Outlet enthalpy fuel gas kJ/kg
5.137 Inlet mass flow feed water kals
5.138 Inlet temperature feed water °C
5.139 Inlet pressurefeed water bar
5.140 Inlet enthalpy feed water kJ/kg
5.141 Outlet temperature steam °C
5.142 Outlet pressure steam bar
5.143 Outlet enthalpy steam kJ/kg
5.144 Energy absorbed in steam kwW

Cooler 1




No. Description Unit Value
5.145 Inlet massflow fudl gas kgls
5.146 Inlet temperaturefuel gas °C
5.147 Inlet pressurefuel gas bar
5.148 Inlet enthalpy fud gas kJ/kg
5.149 Outlet temperaturefuel gas °C
5.150 Outlet pressurefue gas bar
5.151 Outlet enthalpy fuel gas kJ/kg
5.152 Inlet mass flow feed water kgls
5.153 Inlet temperatur e feed water °C
5.154 Inlet pressurefeed water bar
5.155 Inlet enthalpy feed water kJ/kg
5.156 Outlet temperatur e steam/water °C
5.157 Outlet pressure steam/water bar
5.158 Outlet enthalpy steam/water kJ/kg
5.159 Energy absorbed in steam/water kw
Cooler 2

No. Description Unit Value
5.160 Inlet massflow fuel gas kals
5.161 Inlet temperaturefuel gas °C
5.162 Inlet pressurefuel gas bar
5.163 Inlet enthalpy fud gas kJ/kg
5.164 Outlet temperaturefuel gas °C
5.165 Outlet pressurefud gas bar
5.166 Outlet enthalpy fuel gas kJ/kg
5.167 Inlet mass flow feed water kgls
5.168 Inlet temperature feed water °C
5.169 Inlet pressurefeed water bar
5.170 Inlet enthalpy feed water kJ/kg
5.171 Outlet temperatur e steam/water °C
5.172 Outlet pressur e steam/water bar
5.173 Outlet enthalpy steam/water kJ/kg
5.174 Energy absorbed in steam/water kw




Heat lossto the environment by convection & radiation

No. Description Unit Value

5.175 Average external air temperature °C

5176 |Surfacearea section 1 m?

5.177 Averagetemperature surfacearea 1 °C

5.178 Heat transfer coefficient, convection & W/mK
radiation

5.179 Heat loss surface section 1 kw
=(5.177-5.175)x5.176x5.178

5180 |Surface area section 2 m?

5.181 Averagetemperature surfacearea 2 °C

5.182 Heat transfer coefficient, convection & W/mK
radiation

5.183 Heat loss surface section 2 kW
=(5.181-5.175)x5.180x5.182

5184 |Surface area section 3 m?

5.185 Averagetemperature surfacearea 3 °C

5.186 Heat transfer coefficient, convection & W/m°K
radiation

5.187 Heat loss surface section 3 kW
=(5.185-5.175)x5.184x5.186

5188 |Surface area section 4 m?

5.189 Averagetemperature surfacearea 4 °C

5.190 Heat transfer coefficient, convection & W/m?K
radiation

5.191 Heat loss surface section 4 kW
=(5.189-5.175)x5.188x5.190

5.192 Total heat loss by convection and radiation | kW
=(5.179+5.183+5.187+5.191)

M ass balance

No. Description Unit Value

5.193 Gasesto gasifier kg/s
=(5.69+5.66x1.2504+5.76x5.43+5.80+5.84)

5.194 Inert solidsto gasifier kg/s
=(5.88+5.90)

5.195 Filter ash removal kg/s
=5.124

5.196 Bottom ash removal kals

5.197 Discharged water from scrubber kg/s
=5.101

5.198 Dry and clean fuel gas after scrubber kg/s
(upstream of take of recycling gas)
=(5.17x5.43)x1.0549

5.199 Calculated wood fuel flow (wet) kg/s
=(5.198+5.195+5.196+5.197-5.193-5.194)







Energy balancefor 15°C referencetemperature

No. Description Unit Value

5.200 Sensible heat in gasesto gasifier kw
=(5.72x5.69+5.75x5.66x1.2504+5.79x5.76x5.4
3+5.83x5.80+5.87x5.84)

5.201 Chemical heat in recycled fuel gas kw
=(5.79x5.44)

5.202 Sensible heat in inertsfeed to gasifier kW
=(5.88x(5.89-15)XCpsand+5.90x%(5.91- 15)XC 14q)

5.203 Heat input by air preheater kW

5.204 Heat input by make up scrubber water kw
=(5.97x5.100)
5.205 Heat input by air compr essor kW
5.206 Total heat input besides wood fuel kw
=(5.200+5.201+5.202+5.203+5.204+5.205)
5.207 Chemical heat in dry and clean fuel gas kw
5.208 Sensible heat in dry and clean fuel gas kW
5.209 Sensible heat lossin discharged water from | kW
scrubber
=(5.101x5.104)

5.210 Chemical heat loss by tarsin dischar ged kW
water
=(5.105x5.101x5.38)

5.211 Energy removed by cooling water in kW
scrubber
=5.121

5.212 Sensible heat in filter ash kW
=(5.125%(5.126-15)XCpast)

5.213 Chemical energy in filterash kw
=(5.125x5.129)

5.214 Sensible heat in bottom ash kW
=(5.196x(850-15)XCpasn)

5.215 Chemical energy in bottom ash kW

5.216 Useful energy in water/steam kw
=(5.144+5.159+5.174)

5.217 Total heat loss by radiation & convection kw
=5.192

5.218 Total heat output kw
=(5.207+5.208+5.209+5.210+5.211+5.212
+5.213+5.214+5.215+5.216+2.217)

5.219 Heat input by wood fuel kw
=(5.218-5.206)

5.220 Calculated wet wood fud feed kg/s

=(5.219/5.10)




5.202 For the heat capacity of sand Cpeng isegual to 0.84 kJ/kg°C and the heat capacity of
the solid additions C,q¢ isequal to 0.97 kJ/kg°C and for calcined solid additions 0.84
kJ/kg°C (approximate values) for temperatures below 200°C.

5.204 The energy input by the air compressor can be deter mined by measuring the power
consumption and using the efficiency cor rections supplied with the electric motor. If the
temper atur e can be measured accur ately downstream of the compressor and air pre-heater
it is possible to calculate directly the heat absorbed which can be used to replace the sum of
201 and 204.

5.212 Theheat capacity of thefilter ash Cp.s iSequal to 0.84 kJ/kg°C for temperatures
below 200°C

Carbon balance

No. Description Unit Value

5.221 Carbon in fuel gas kg/s
=5.59

5.222 Carbon in dischar ged water kg/s
=5.107

5.223 Carbon in filter ash kg/s
=(5.124x5.128)/100

5.224 Carbon in bottom ash kg/s
=(5.196x...)/100

5.225 Total carbon flow out kg/s
=(5.221+5.222+5.223+5.224)

5.226 Carbon in recycled fuel gas kg/s
=(5.58x5.22)

5.227 Carbon in added CO, kg/s
=(5.84/44)x12

5.228 Carbon in solid additions (CO) kg/s
=(5.90x0.48)

5.229 Carbon in besideswood fuel kg/s
=(5.226+5.227+5.228)

5.230 Carbon in wood fue kg/s
=(5.225-5.229)

5.231 Calculated dry wood fud feed kg/s
=(5.230x100)/5.3

5.232 Calculated wet wood fuel feed kg/s
=(100x5.231)/(100-5.1)




Calculation of weighed mass flow wood fuel feed

No. Description Unit Value

5.233 M ass flow wood accor ding to massbalance | kg/s

5.234 Weighing factor mass balance -

5.235 M ass flow wood accor ding to ener gy balance | kg/s

5.236 Weighing factor ener gy balance -

5.237 M ass flow wood accor ding to carbon balance | kg/s

5.238 Weighing factor carbon balance -

5.239 M ass flow wood accor ding to dir ect ka/s
measur ement

5.240 Weighing factor direct measur ement -

5.241 Sum(mass flow)xweighting factor kg/s
=(5.233x5.234+5.235x5.236+5.237x5.238+
5.239x5.240)

5.242 Sum(weighting factor) -
=(5.234+5.236+5.238+5.240)

5.243 Weighted average for mass flow kg/s
=(5.241/5.242)

Efficiency

No. Description Unit Value

5.244 Potential heat input wood fuel kWth
=(5.243x5.10)

5.245 Sensible heat input wood fuel kWth
=(5.243x(5.9-15)x0.2.72

5.246 Heat credits kWth
=5.206

5.247 Heat input kWth
=(5.244+5.245+5.246)

5.248 Potential heat output fuel gas kWth
=5.207

5.249 Sensible heat output fuel gas kWth
=5.208

5.250 Useful heat in steam/water kWth
=(5.144+5.159+5.174)

5.251 Cold gas€fficiency %
=(5.248/5.257)

5.252 Hot gas efficiency %
=(5.248+5.249)/5.257

5.252 Overall efficiency %
=(5.248+5.249+5.250)/5.257

Accuracy




SECTION 6, REPORT OF TEST RESULTS

General information

Period of test:
Start: Month
Day
Y ear
Time
End Month
Day
Y ear
Time
L ocation:

Type and size of the gasifier
Dates of completion of of installation:

Name and address:

Owner Name

Address

Street and number
City

Post Code
Country
Telephone
Telefax

Builder Name

Address

Street and number
City

Post Code
Country
Telephone
Telefax

B. Summary of data
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