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Abstract

The purpose of this research was to investigatéethsibility of installing gasification
based combined heat and power plants in the Neva@@&avood processing industry.

This is in accordance with Objective Four of th&BS Consortium.

This thesis builds on previous work on ObjectiveuiF¢Rutherford, 2006) where
integration into MDF (Medium Density Fibreboard) svavestigated. The previous
research identified the most suitable form of caretiheat and power was a BIG-GE
(Biomass Integrated Gasification Gas Engine) pmcesie to both lower capital
investment and overall breakeven electricity praoidmccost. This technology has
therefore been adopted, and the investigation bBas barried further in this research

to incorporate integration into sawmills and LVLafhinated Veneer Lumber) plants.

It is recognised, however, especially when revignomerseas successes and failures,
that the base economics are only one factor ifighsibility of a plant. The research,
therefore, has moved further to investigate Newlateh policy, the power market,
lower capital alternatives and novel methods afgnation.

The conclusion of the study is gasification basechlmined heat and power plants in
the New Zealand wood processing industry can balemubetter in economic terms
than other forms of renewable generation, howetrer, application is very niche.
Lower capital cost alternatives, stable and lovequtibiomass feed and a favourable
power market in regards to distributed generat®okay to the viability of such a

plant.

Government policy is favourable towards biomasdfigaton due to the target of
90% electrical generation by renewable resource®0@p. Distributed generation is
also encouraged in the Government’s forward styatédpwever, the technology has
advanced further overseas due to capital grantsaapdemium paid for ‘green’
electricity. While the technology may be econonic its own right, active
government support would lower the perceived risbreasing the likelihood of an

investor taking interest in an initial project.
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1 Introduction and Background

The purpose of this research was to investigatéetdsibility of installing gasification

based heat and power plants in the New Zealand womzessing industry.

New Zealand’s wood harvest is currently 20 milliof of round wood per year (Cox,
2008). Around 20%, or 4-5 million }rper year, ends up as wood residues (sawdust,
bark or chips) during processing. Wood residueauseently accounts for around 25
PetaJoules (PJ) of New Zealand’s 750 PJ of prireagrgy supply. However, only
about two thirds of the wood processing residuesid for energy and much of the
remainder is sent to landfill. Forest logging gemes a further 4 million Fhof
residues per year and, unlike wood processing uesidlttle of this is utilised.
Considering these two sources of wood waste tiseneore than 5 million (50 PJ)
available per year for additional energy generati®ging, 2008).

The wood processing industry is an intensive udebaih heat and electricity
(approximately 50 PJ per year) while producing tigaalvailable and cheap fuel as
residue. Both the quantity of residues availabié #he heat and power requirements
for the wood processing industry provide drivenstfe study of a gasification based

combined heat and power plant.

This research meets the requirements of Objectoug Bf the BIGAS consortium
(FRST Research Contract UOCX0402). The task af dhjective was to develop a
model for use in the process design of a pilotesgakification plant and to undertake

economic feasibility studies for this technology.

This particular research is one section in theystfdyasification at the University of
Canterbury. The overall study includes a pilotescgsification plant constructed and
run at the university as well as studies of enatggnand and waste production at
associated wood processing plants. The overallysgibroken into four objectives
(Pang & Li, 2006)



* Objective 1 Evaluate the current state of gasification teébgyp and recommend
a gasification technology best suited for developinire New Zealand

* Objective 2 Technical development of selected gasificatiaht®logy

* Objective 3 Quantify availability and cost of wood fuel andamtify energy
demand in the wood processing sector

* Objective 4 Develop a model for the selected technology && n the design of
a pilot gasification plant and develop economicsieidity studies for this

technology

1.1 Previous Research
Previous research on Objective Four was perfornyedialok Rutherford (Rutherford,

2006). This included development of a chemicalildyium model for a FICFB
(Fast Internally Circulating Fluidised Bed) gagifias well as economic feasibility
studies for a gasification based energy plant iM&# (Medium Density Fibreboard)
mill application. The study included scenarios for

* BIGCC (Biomass Integrated Gasification CombinedI€yc

* BIG-GT (Gasifier - Gas Turbine/Boiler plants)

* BIG-GE (Gasifier - Gas Engine/Boiler plants)

» Gasifier - Boiler plants

The conclusion from this previous study was that BdiG-GE process was the most
economic, both from a payback on capital investmmtspective and also initial
capital investment requirements. This processthaefore been the focus for this

thesis.

1.2 Explanation and arrangement of thesis
The thesis is broken up into several sections @dclihich culminate to asses the

feasibility of a gasification plant in a New Zeatbwood processing setting. While
traditional economic analysis techniques have hessd as a base, the research also
moves beyond a simple economic study of gasifiogpilant to explore both indirect
economic and non-economic factors which influence wider feasibility of the
technology. It should be noted this thesis is temitunder the assumption that the



reader has a base knowledge of gasification. dkdpaund reading is required then
there are several previous theses from within &A% Consortium which would be

helpful (Brown, 2006; Bull, 2008; Rutherford, 200&r books that will give an

appropriate overview (Ahrenfeldt & Knoef, 2005; Hign & Burgt, 2003).

The literature survey (Section 2) reviews both sgstul and unsuccessful plants in
an attempt to gauge what parameters could makana gliccessful in a New Zealand
context. The literature survey reflects the appnotx this thesis in that the basic
economics, efficiencies, and technical parametertler plants are not reviewed or
at least are not the focus of the review. Ratherliterature survey moves beyond
pure technology and economics to establish widasaes for the feasibility or lack

thereof.

The environment for bioenergy in New Zealand isestigated (Section 3), in terms
of the wood and power situation, and how biomassfigation fits within the New

Zealand energy strategy. This is partly to prowite sources of information for the
base economic study, as well as a response toutmess and failure review of

overseas plants.

A base economic study (Sections 4-6) is performeBI&G-GE scenarios for sawmills
and LVL mills. The results are compared to presiawrk on MDF (Rutherford,
2006). The methods of modelling and costing tlaafsl have been included. Capital
cost breakdowns, breakeven electricity prices, iBeiyg analyses and plant
efficiencies have been calculated for each scernariallow comparison and give
insights into potential ways to improve the econmsnmainly in terms of capital cost

and operating cost reduction.

Conjecture is often made as to what the actualradga of a gasification system is
over a traditional combustion based combined hedt@ower plant. Therefore, a
direct comparison has been made between the twodbgies (Section 7) for plants
producing the same heat and power. Results acgteebin terms of economics and

operating efficiencies.



Previous work (Rutherford, 2006) developed a chahequilibrium model to predict

gas composition for a FICFB gasifier for use in shedy. The model, however, did

not predict the composition with sufficient accwyratherefore modifications have

been made to the model (Section 8) in an attemgioser match the gas composition

of the pilot scale FICFB gasifier at the UniversifyCanterbury.

1.2.1 Optimisation chapters (Sections 9-11)
Moving beyond the base economic study, investigatiooere made into potential

ways of increasing the feasibility beyond the basenario. The areas investigated

were

Capital item alternatives. In an attempt to reduce the capital cost oflihse
economic scenario alternatives to the main cajigals were investigated based
on either different unit operations to perform th@me task, or the cost and
suitability of second hand equipment.

Power market Having the combined heat and power plant givemik
flexibility in the way it can utilise the power nia@t. Investigation is made into
different ways of configuring a mill to optimiseetiprofit from a daily fluctuating
electricity spot price. Investigation is also madi® the differing average prices
throughout the country in conjunction with the woossource availability in
various regions to establish if there are areasifstgntly more suitable to target
for embedded generation.

Novel approaches Gasification is more flexible than traditionansbustion in
regards to potential plant configurations. Themefoovel approaches to reduce
capital, operating cost and complexity of a gaatfan plant have been

investigated for the sawmill and LVL scenario.

1.2.2 Case Studies (Sections 12-13)
The culmination of the research is to perform cstselies which are split into two

applications, an actual case study and an ideatiasel study.

The actual case study uses data from a sawmillisensg increasing capacity and

installing a kiln drying system. Capital and opigrg costs have been used based on



the base economic study, however, different confiions of size, and also a ‘safe

demonstration’ arrangement are investigated to gispread of profit vs. risk.

The idealised case study incorporates what is dersil to be realistic aspects of the
optimisation chapters such as capital item altereatand novel configuration to

establish the feasibility of a plant if an optingstcenario were to be realised.



2 Review of Successful and Unsuccessful Gasificati®tants

The intention of this chapter is to review a numbémverseas gasification based
plants. While economics are an important compooétite feasibility of installing a
plant they are only one factor. Many other extermiduences affect the likelihood of
a gasification plant being installed such as théigal climate, public perception, and
perceived risk by investors. An analysis of bathcessful and unsuccessful plants is
performed in an attempt to gauge what causes a prakeeak scenario beyond pure
economics. The technical details of the plants mot be examined in detail as the

success or failure for the most part is outsidangf particular style or design of plant.

2.1 Successful example — Guessing, Austria
The most comparable example to the plant desighisnstudy is that of the Guessing

plant in Austria. The Guessing plant incorporatddCFB gasifier which formed the
basis for the design of the laboratory scale pkinthe University of Canterbury,
which in turn formed the basis of the plant modeiie this study. The plant has an
electrical output of 2 MWand a heat output in the form of district heatoigd.5
MW,

2.1.1 Background of the Plant
The Guessing plant was commissioned in January p86fbauer, Rauch, Bosch et

al., 2002). The gasifier was the first part todmenmissioned with the gas engine
commissioned after 1500 hours of operating thefigasatnd gas cleaning system.
Since that time the availability of the plant hasreased to respectable levels of
approximately 90% for the gasifier and 85% for ¢jas engine by 2006 (TUV, 2008)
as can be seen in Figure 1. During the initiaftstp there were control system
tuning problems, the reason being there was noamte point due to this being the
first full scale plant of this design. It took twoonths before stable operation was
possible (Hofbauer, Rauch, Bosch et al., 2002),dvew given the novel aspect of

the technology this could be considered a vergfeatiory commissioning time.
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Figure 1: Operating hours of Guessing Plant. (TUV2008)

2.1.2 Lead-up to Commissioning
While post start-up information is useful, the legdto the plant being commissioned

is most interesting as it presents the base for tlubyproject was able to go ahead,

and then once it was built why it has operated es&fally.

The concept began with the mayor of Guessing aheérotisionary people who
wanted to supply the energy needs of Guessing mgwable fuels only (Hofbauer,
Rauch, Bosch et al., 2002). The region was venyr pmd had high unemployment
(Pfeifer, 2008) however 40% of the region was cesldry wood (Hofbauer, Rauch,
Bosch et al., 2002). This plant is therefore amiye part of a string of projects in the
area. There is now a district heating system,gaidi fuels plant, as well as the
gasification plant. The area is therefore now $a8dpl00% by renewable energy
(Hofbauer, Rauch, Bosch et al., 2002) which hasiterk significant employment
(Pfeifer, 2008).

In the year 2000 a network called Renet-Austria w@sted to support the design,
construction, and commissioning of the plant. Tembers were the manufacturers
of the plant — AE Energietechnik, and Jenbacher,alwner of the plant (a private
investor), and the Vienna University of Technolog¥he work of the network is



funded by the government and two federal statesustria (Hofbauer, Rauch, Bosch
et al., 2002).

The basic economics of the plant can be seen iteTablt can be seen a considerable
amount of the plant cost was offset by governmentling. Also, the price received
for electricity generated is at a premium rate tué being ‘green’ electricity and is

guaranteed for a number of years.

Table 1: Basic economics of Guessing plant (Bolh&terdenkampf et al., 2002)

Investment cost 10 M Euro

Funding (EU, National) 6 M Euro

Operation cost per year 10-15 % of investment costs
Price for heat into grid 2.0 c/kWh

Price for electricity 12.3 c/kWh

2.1.3 Conclusions as to the success of the Guessing plant
From the reports written on the Guessing plantait be indirectly concluded there

were many factors that fell in line to make the plant a sscce

* There was a favourable political climate as the onayas the main instigator
of the project. This could be considered in revéosa typical scenario where
the governing bodies need to be convinced about a texjynot idea.

* The plant provided employment and helped lift tbeal economy which
would likely provide a very positive public percipt rather than the typical
negative response when a new industry arrives in an area.

* The involvement of a large existing energy engimgecompany to design
and build the plant in conjunction with the univgrsresearch is seen as
pivotal. While the university has the concepts amdlerstanding of the
functionality of the gasification system, the enecgynpany has the expertise
in actual energy plant design and construction. s agtovides an excellent
synergy.

 Government funding of a considerable fraction oé tplant drastically
improves the economics from the plant owners petsge This also reduces
the perceived risk for the investor resulting igraater likelihood of investing
in a new technology (Meijer et al., 2007).



* The premium paid for the green electricity improvke economics further
making the plant economic to run and reduces investmént ris

* Any issues during construction, commissioning, ané@rafwon have been
relatively minor. The plant has performed to dessgecifications. This is
likely a result of the synergy of the combined Iskét of the energy company
and the university.

2.2 Succefssful example - Harboore, Denmark (IEA Bioengy, 2004)
The plant was built in 1993 by Babcock and Wilcoglyhd (BWV) as a 4 MW

woodchip fuelled updraft gasifier to provide distriheating. The technology is based
on a 1 MW, test facility at the Kyndby Power Plant. The gasifier sasmised from
early 1994 to 1996. By 2000 a tar cleaning systead heen developed using
condensers followed by a wet electrostatic pre&ipit Initial work on tar cracking
via catalysts proved unsuccessful. In 2000 two deimer engines were installed rated
at 650 kW and 770 kW.

A reverse osmosis system for removing water soltdsleomponents was installed in
2000, however this proved to be a failure. In 2BY2V developed a proprietary
water cleanup system. Since 1994 the gasifier bas In operation for more than
70,000 hours, and the engines have been run forapmately 8000 hours. The ash
discharged has a total organic carbon of less 1th&#) and is used as a fertiliser for
the feedstock plantations. The wastewater dischargedss © the quality of potable
water. The Municipality of Harboore believe thistgm to be a success because it is
renewable, as well as having favourable economiat @mvironmental impact

compared to state of the art grate fired plants.

2.2.1 Conclusions from Harboore Denmark
* The technology was developed by Babcock and Wilkokund which is a

large reputable company which allows sufficientmp of new technology
development.
* The project was based on results from a smallde geat facility therefore

experience of the technology was already available.



* The development of the plant was staged. Theigasias first installed and
run for district heating, followed by the enginedeta This allowed
optimisation of the gasifier, allowing a satisfactory biase¢he gas engines.

* The plant is simple compared with, for example, BIGCC systems

« The plant did have technical problems but theseewevercome with
appropriate solutions developed. This is assumeadilple due to the staged
development, and the involvement of the large amukerenced technology
developer.

» The customer believes the technology is superior economics and

environmental performance to traditional combustion da¢ants.

2.3 Unsuccessful Projects
Unsurprisingly, detailed information on projects ttleve failed is not as readily

available as that from successful operations. Aflwverview, however, of a few
plants with the apparent reasons for failure hasnbmvestigated. More failed
projects than successful projects were examinedasoa pessimistic view, rather
several needed to be examined to establish comhameis for failure and to gather

enough information to compare against successful plants

The following two projects are plants that were oaissioned but subsequently shut

down.

2.3.1 Espenhain, Germany
The information for this plant is found in the Haodk of Biomass Gasification

(Ahrenfeldt & Knoef, 2005).

The system comprised of three ‘Juch’ co-currentfigas and a CAT engine genset
sized at 850 kW The fuel for the plant was demolition wood. THhanp started in
July 1997, although guaranteed power could not behed. In fact only 50 % of
expected load was achieved. The company subseguantinto financial difficulties
and went bankrupt. Despite several modificatiomghie plant it never performed
well. In 1999 a new project with an independenteagsh institute began and

performed R&D on gas cleaning but without success.
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2.3.2 Boizenburg, Germany
The information for this plant is again found inettHandbook of Biomass

Gasification (Ahrenfeldt & Knoef, 2005).

The system consists of a CHP plant producing 3 MW three Jenbacher engines.
The gasification process used an updraft steaméaification agent as the basis but
involved a complex three stage process. The plast put into operation in 1999,
however there were technical problems. There wege tar levels to the engine >1
g/m® as well as poor char quality, high water vapouthi® gas, and low gas quality.

In spite of plans to improve the plant it was mothballed irD200

The following two projects are summarised from tbaper The influence of
perceived uncertainty on entrepreneurial action emerging renewable energy
technology; biomass gasification projects in thehgdands (Meijer et al., 2007).
The reason being there is very little availabl®@infation in literature on such project
failures. Interestingly the majority of referenceshe paper in relation to the project
reviews were interviews with people involved inding a lack of published

information.

2.3.3 NH project (Meijer et al., 2007)
The project began in 1993 as a collaboration wWithgrovince of North Holland, and

several energy companies announcing they wouldl lthé first large scale biomass
gasification plant in the Netherlands. In the yathges the entrepreneurs involved
were concerned over the uncertainty in relationtite availability and price of
biomass, and also the technology not yet being provén 1998 there was a
liberalisation of the energy market. This turnede tBnergy companies into
competitors and changed their focus to lowering productists and making low risk
investments. At many stages the project partnesagdeed within the consortium.
Opinions differed on which technological configioat was best, and which
technology supplier to select. The various entmegues were too diverse to
collectively undertake the project. In 1998 theisiea was made to abort the project

influenced by a combination of perceived uncertaintiescaminished motivation.
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2.3.4 Amer project (Meijer et al., 2007)
The Amer project started out similar to the NH pobjin that it was a collaboration

with several energy companies, together with a bssmsupplier. In 1995 they
announced to build a large scale gasifier nearxastieg coal fired power plant. In

this time the energy sector had high expectatiobsuta gasification and little

perceived risk with the technology. It was assutmiedhass gasification would be a
modification of the already proven technology oflcgasification. However, the
wood supplier withdrew from the project due to eetmarkets for their wood

elsewhere. The project stalled until a new longhterood contract with a supplier
was obtained. A German technology developer wad tséuild the gasifier. The

developer had never built biomass gasifiers befamly, coal, although they were very
confident in being able to develop a gasifier to am wood. In 1999 construction of
the plant began.

During commissioning there were many technical |enois and stable operation of
the plant was not possible. The differing procebsracteristics compared to
operating on coal had been underestimated. Evemghe poor performance of the
plant the energy company Essent became very metiviat make the project work
given the amount of time and money that had alrdagsn invested. The energy
company Essent itself became actively involvedh@ technological development.
Essent took over maintenance and operation of ldré pnd ceased the contract with
the German technology developer. In 2005 the plaas finally operational.

However, the government announced a new emissiomstHat incorporated the

gasifier which would make the system economicalyeasible. While exemption

from this law was applied for and promised by togegnment, the exemption never
materialised and the law came into effect in Decam®005. The gasifier was

subsequently shut down.

2.3.5 ARBRE plant.
The ARBRE plant was an atmospheric gasifier combinek @tant with a net output

of 8BMW, (Waldheim, 2006). The project was instigated in3L88th an EU call for

gasification plant proposals. The plant constarctiegan in the spring of 1998, and
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the plant went into liquidation in July 2002 (Pdaret al., 2008). There are several
reasons as to the demise of the ARBRE project dnetporganisational, financial and
technical factors. As with other failed plants streview there were several parties
involved in a joint venture, with different motivaftis for involvement. The main
company that initiated and financed the projecthdiéw for commercial strategy
reasons. Another crippling hurdle was the bankruptcy ofuitmkey contractor which
increased the construction time. The third main issue whsitet problems with the
plant. The plant was a complex BIGCC based procé@é® plant attempted to link
components that had been tested individually btitascan integrated system. There
were conflicting opinions of the actual technicgdgibility of the plant (Piterou et al.,
2008). Other references suggest some problems asodee lowest cost option was
often chosen which resulted in re-engineering (\ailoh, 2006). As well as the
development of the plant, a supply chain of shastion crops was set up with local
farmers. This is seen as providing an extra carapbn to the overall project.
Commissioning of the plant was never completed|apadation followed. A key to
the failure may have been the lack of suitable tsgyuand oversight of the plant
(Piterou et al., 2008). If this were in place manythe organisational and technical

issues may have been controllable.

2.4 Conclusions as to the failures of the gasificatioplants
* A major factor in the failure of the plants washmical difficulties. It is

suspected a major reason for the technical ditiesilwas a lack of research,
and therefore lack of understanding and underestmaof the issues

surrounding biomass gasification. The differencethiese cases to the
successful Guessing plant was the collaboratiowdsst the university who

had performed significant research in the area tla@@nergy company which
understood plant design allowing relatively troubteee construction,

commissioning, and ongoing operation.

* In the case of the Espenhain plant, the investort wankrupt. Very few
projects are without technical issues and the dgwed companies need to be
large enough to absorb unforeseen start-up costs (Ahdde&f Knoef, 2005).

* For those scenarios mainly based in the Nether|atidse were a lot of

different parties involved. Within these partieerth were differences of
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opinion and varying levels of motivation. This cadist the very least delays
in the project. This shows that projects with npléiinvestors can hamper
progress and divergence within the investor group cantéepubject failure.

» External policy changes can have a significantcgffeln the Netherlands
examples, including the liberalisation of the eledly market and changes in
environmental laws crippled plants both in the start-upcgredational phase.

* The more complex plants encountered more problelins better to keep a

plant relatively simple.

2.5 Varnamo plant
This plant is included after the conclusions of theccessful and unsuccessful

scenarios as it somewhat doesn'’t fit into eithéegary. The Varnamo plant is a
pressurised IGCC plant designed to generate & i 9 MW, of heat for district
heating (VVBGC, 2008). The Varnamo plant is diffiet to most in that it was set up
very much as a research facility to prove the tetdgy, rather than being a
commercial venture, and is run by a non-profit conmypgWaldheim, 2006).
Interestingly the plant was shut down in 2000 ortbe demonstration and
development program was complete as the electicityheat sales did not cover the
operating costs of the plant (VVBGC, 2008). Thenplavas restarted after
reorganisation and further funding under the CHRASG(Clean Hydrogen-rich
Synthesis gas) project. However in December 20@7Wwedish Energy Agency
made a decision not to release any further fundorgthe rebuild of the plant
(CHRISGAS, 2008). The reason being as quoted fremCHRISGAS intermediate
report (CHRISGAS, 2008)

“It has not been possible to get industries to cdrtirmselves fully and invest money
into the project; this being viewed by STEM as pdime way to move forward to
commercialise the technology and develop the know-éxpected to result from the
project”

Currently effort is being made to resolve the fitiag situation to allow the rebuild
and demonstration work to continue (CHRISGAS, 2008).

14



2.6 Overall learnings from overseas comparisons
Comparing successful operations to the failed ptsjthe following overall learnings

can be established and carried forward when consgléhe feasibility of a biomass

gasification plant in the New Zealand scenario

In an ideal scenario involve a political figure tthiaas a high level of
motivation to push the project forward, in a locatiovhere there will be
significant public support. If a plant would botis¢ local economy of an area
it is much more likely to gain external support ar the very least less
opposition.

Have a very good understanding of government pafiaggards to all aspects
of plant operation and economics and be aware pfpatential changes to
policy and how they will affect the feasibility of the plant.

Minimise the number of groups with an invested resé in a project. The
groups involved should be an investor, a significant engimpeompany with
relevant experience in the field that is capabldesgigning and constructing a
plant, and a university or research environment taat answer technical
guestions in order to avoid underestimations gprssgs in the commissioning
phase.

Lock in a stable biomass supply at an agreed price.

Significant government support in both the capitalestment, and ongoing
operating costs/revenues such as a premium fon gileetricity will lower the
perceived uncertainties with a plant increasing likelihood of an investor
taking interest in a project.

While it is important to limit capital cost, this@hld not be at the expense of
quality or functionality of the plant.

Do not be overly ambitious in regards to plant gesiLarger, more complex

systems have larger, more complex problems to resolve.
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3 The New Zealand Environment for Bioenergy

3.1 The Wood Scenario
The wood scenario in terms of availability and eris one of much conjecture.

While there have been several studies and rep08as, (2008; Hall & Gifford, 2007,
J. Li, 2008; Weir, 2008) the opinions as to the awdity and price of suitable
residues is varied.

For the base economic study the work performed nje€ive 3 is used as the
reference point. This is in keeping with the oviepabject flow and also consistency
of comparison as this was the basis used by Ruitte(R006). Figure 2 shows the
estimated biomass cost supply for the CanterburyidReand forms the basis for

estimation of the wood feed cost for an energy plant in andhar LVL setting.
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Figure 2: Biomass supply cost for the Canterbury rgion in oven dried tonnes (odt). (J. Li, 2008)

In the case of the LVL and sawmill setting approiety half of the biomass feed to
the energy plant is comprised of residues assumbd of little or no value. It should
be noted the residues from a sawmill or LVL milhcupply enough biomass to meet
their own energy needs (J. Li, 2008), however bexafishe high opportunity value
of some of these products such as sawmill chip more sensible to sell this product
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and import lower value residues. The residues megofor the sawmill and LVL
scenario have an approximate cumulative cost ofdd2@esulting in an approximate

biomass feed cost of $10/odt for the scenarios.

Rather than attempt to justify wood cost in regdadthe varying studies, the results
section includes a sensitivity analysis (Sectionl§.af which wood cost is one of the
factors. The reader can therefore extrapolatestmsitivity analysis to suit what they
believe is an appropriate wood cost to their séenarThe cost in this section

therefore can be considered a base, rather than an absalug:.

One also has to consider that although there ageage figures as to the cost of
residues, one would not build a plant based on geefigures. A plant would likely
be built in a niche scenario where there is a feafole wood resource. For example it
would be logical to build a plant in an area owtsid the economic working zone of a
pulp mill in order to avoid competing for residu@#/eir, 2008). This will be
discussed in further detail in section 10.1 where the wopglg is compared with the

power price by location.

3.2 The Basic Power Scenario
The electricity price used in the modelling is lshsa information sourced from the

New Zealand Energy Data File 2007 (Dang & New ZealMinistry of Economic
Development, 2007). For the base modelling scertheéqrices are averages in the
New Zealand context. Section 10 in the optimisatomponent of the thesis will
investigate variations from average in the poweceprbased on both location and
time of day.

The average price paid by the wood processing tnglus New Zealand for
electricity in 2006 was 10.46 c/kWh. This is thecprused for the economic analysis
in this report. Also of importance is the buying gslling price of the electricity.
The wood processing industry in 2006 had an avelingecharge of 1.44 ¢/kWh and
this has been taken as the difference betweenutehgsing and selling price. This
figure is an assumption as the actual selling proeld be settled on a case by case
basis, depending on the deal between the mill aacetiergy company. The price
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difference has an effect on the economics whemnat@lectricity generation exceeds

demand and the plant begins selling electricity back ¢trqgtid.

3.2.1 Future electricity price predictions
Of importance to the study are future electriciticgs. Figure 3 and Figure 4 show

the historical electricity prices. Figure 3 is theminal power price which is the
actual price paid in ¢/kWh while Figure 4 is thalrprice which has been corrected
based on the consumer price index to give a maistie interpretation of how the
power prices have actually moved. Although the dikpice of industrial electricity
(Figure 3) has consistently increased over the B@stiears the real price once
corrected has been relatively stable (Figure 4)enBhe effects of deregulation in the
late 1980’s have not had a significant effect. 8iapproximately 2001 there has
been a slight upwards trend in the industrial el@ty price. This may be due to
technological constraints coming into effect sushranning out of generation and
transmission capacity (Bodger, 2007), but it wouldribky to extrapolate this slight
upwards trend for the life of an energy plant dmsis for the economic study. It is,
however, expected electricity prices will at the wégast remain stable with the
likelihood of increases. Therefore a conservatstarate of the electricity price for
this economic study would be to use the 2006 fiqagethe continuous projection,
with the understanding that the economics of anggnplant in this study are only

going to improve with any electricity price increases.

Also likely to affect electricity prices within theext two decades is the New Zealand
governments target of 90% renewable electricity 2025 (Ministry of Economic
Development, 2007b). As a general rule renewabsedanergy plants are more
expensive than fossil fuel based energy plants. reThdll also be the cost of
displacing and retiring fossil fuel plants whichcims a large investment. These

factors increase the likelihood of power price rises.
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Figure 3: Historical electricity prices in New Zealand (Nomiral). (Ministry of Economic
Development, 2007a)

Calendar Year 2006 prices in cents/KWh

L N s s B B B A A B s B By By B B
1980 1982 1984 1986 1988 1930 1992 1994 1996 1998 2000 2002 2004 2006

Residentiall  —— Commercial’ Industrial®

! Residential prices include GST
2 Commercial and industrial prices exclude GST

Figure 4: Historical electricity prices in New Zeahnd (Real). (Dang et al., 2007)

3.2.2 Distributed Generation
Currently distributed generation is not recognisedely in New Zealand. There are

however a surprising number of distributed genesatostalled mainly as back-up
generation. Distributed generation in New Zealaxdamewhat of a niche market
(CAENZ, 2003). The economics are dependent on many factams/nmdluenced by
the location of the installed generation. The fselirce and value, and the grid
constraints and associated energy contracts neée #nalysed on a case by case
basis.
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For the scenarios in this thesis the energy plalhbe situated in a mill supplying the
power required by that mill. Even though the engalgyt is able to supply the power
requirements there is still the need to be conndetitethe grid as a backup if the
energy plant fails. Under a normal scenario a psgs a line charge based on the
peak load they draw. This is to cover capital amihtenance of the lines feeding the
user. The issue with the scenarios in this papisaiswhile still connected to the grid
there is still the liability for this cost whethpower is being drawn through the lines
or not. This obviously has a large influence ongbenomics. However, if there are
grid constraints the associated lines company nuayecto an agreement with the
generator to reduce this line charge, as localildiged generation may allow them to
defer capital investment for that area (Bodger, 200ihis is an example of a niche
market that would make the gasification plant mesesible. This scenario however
is not particularly common place and can be thppting hurdle for a distributed
generation project. The government strategy (Mipisf Economic Development,
2007b) makes mention of continuing work to remowelue barriers to small scale
generation and encourage development. What thelactols are to promote this,
however, is unclear at least in the current envitent. Unless there is a relaxation or
compensation in regards to the line charge it l&kely there will be many economic
opportunities for distributed generation in New [&ed other than niche opportunities
where the grid constraints allow for a favouralbbatcact because the generator has
helped a lines company defer investment. For thpgses of this study the line
charge has not been included in the calculatiorestduhe potential for variability.
One needs to assess how the line charge in alartecenario would add or detract

from the economics.

3.3 Technology fit with government energy strategy
The current government strategy is to work towaedegation by 90% renewables by

the year 2025 (Ministry of Economic Development, 2800 The technology fits into
this strategy for a number of reasons
* The process is renewable so doesn’t contradict thighoverall goal. Carbon

released in the generation of energy is balancethéycarbon sequestered
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during the growth phase of the biomass. The protedkerefore carbon
neutral.

* The technology has the potential to provide extralegment and support in a
local area, particularly remote areas with high unemployme

* The CHP technology is very good base load. Otheewable technologies
such as hydro and wind are dependent on natureamt be relied upon to
produce whenever needed. The CHP technology ddesuffer from outside
influences to the same extent making the technotpapyd base load. One
could argue that combined heat and power from bssngasification is not
THE technology rather it is a technology that isnptementary to other forms
of renewable electricity generation. In other wordseu shouldn’t put all

your eggs in one basket'.

Gasification also has the potential for more thasmisined heat and power
applications. There is the potential for productadriquid fuels from the producer
gas via the Fischer-Tropsch process. Installingctimabined heat and power plants
allows initial development and experience of thesifgmtion technology. This
experience provides a base for the developmentqgafdl fuels from gasification.
Government has announced the ‘Biofuels Sales Qlwigeof 3.4% of annual petrol
and diesel sales by 2012 (Ministry of Economic Depment, 2007b). Gasification
has the potential to contribute towards this targeasification is therefore somewhat
unique in that it can provide renewable heat, powed, liquid fuel all of which are
complementary to the government’s forward strategy.

Also raised in the strategy as an issue is vismgdact. The strategy states some
people believe wind farms have more impact on the@renment than gas fired
thermal plants (Ministry of Economic Development02B). Gasification in a mill
setting has very low visual impact. If installedwhat is already an industrial site it
is likely the public majority would not even reaian energy plant had been installed.
A further benefit of the mill site in this respest the fuel feed is in most cases
predominantly, if not completely, provided as a dasi from production. This
minimises the necessity for extra transport of l@emto the site meaning very little

extra truck loading on the roads. In the UK a sumvkthe public in an area where a
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gasification power plant was proposed showed vegative feelings towards such a
plant with the biggest concern being the extra loadinguoks on the road (Upham &

Shackley, 2007). Gasification at an industrial weodcessing site for the scale of
plant discussed in this paper does not have thigjsas any extra truck movements
necessary for supplying biomass would be a smaditifsn compared to the already

existing truck movements to the site.

The New Zealand Energy Strategy (Ministry of Ecoro®evelopment, 2007b) also
comments that for industry there is the potentiagteatly reduce emissions from
industrial processes by improving efficiency, switghto lower carbon fuel sources
‘from coal to gas or bioenergy’ and increasing cwgation. Gasification fits well

with this goal as, if wide spread cogeneration isoenaged, there likely isn’t enough
large scale plants that could afford steam cycles tb the economies of scale
required. Investment in smaller BIG-GE processgmientially more feasible for the

majority of smaller operators.
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4 Base Economic Study Methodology

4.1 Introduction
The purpose of this section is to create a model to pre@iedbnomic feasibility of a

combined heat and power plant based on a BIG-GEmys both a sawmill and
LVL mill. The methodology for creating the modslreviewed which is then applied
in Section 5 and 6 to predict capital and operatiogts. Results are discussed and
comparison is made between the sawmill and LVL reods well as MDF from

previous research (Rutherford, 2006).

4.2 Overall Model
The model developed to study economic feasibilggsua combination of Excel and

HYSYS (heat and mass balance software).

Sawmill or LVL
Energy Model
Chemical .
Input/Output o v o o Economic
Workbook Equilibrium Model Hysys Model Workbook
Workbook

4

Figure 5: Flow diagram of economic modelling of gaScation plant

As seen in Figure 5 the model can be broken upfouo Excel workbooks, and one
HYSYS model. The purpose, functionality and basis€fach section is described
below.

4.2.1 Input/Output Workbook
The Input/Output workbook is the main interface tbe combined model. It is a

means of collating the necessary information inirggle sheet to feed to other

workbooks in the model, as well as reporting back final tesul
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4.2.2 Chemical Equilibrium Model
The chemical equilibrium model will not be explorgdgreat detail in this report.

The reason is that the model was originally devatdiopy Rutherford and is described
in detail in his thesis (Rutherford, 2006). A braitline however is included for
completeness. The chemical equilibrium model iddusepredict gas composition

and quantity from a gasifier based on user inputted paeasnet

The model is based on the reaction
NWoodCH(H/C)O(O/C) + NStearrH zo = NGaS[XlCH4 + choz + X3CO+ X4H 2t X5H zo] + NCharC
1)

From this equation there are six unknowns that iedat solved for. Dalton’s law
and mass balances provide equations for four outl@owns while using the CO

shift reaction, and the steam methane reformingticeathe final two unknowns can

be found.
CO Shift: CQ+H, =« CO+HO 2
Steam Methane Reforming: GH H,O = CO + 3h 3)

To solve these equations it is necessary to haxaduge for an equilibrium constant.
The constants are a function of temperature, whghn turn a function of
composition therefore the model must be solvedhiinegly. The model uses Excel

solver for convergence.

The model is based on several assumptions, chemagalibrium being the most
obvious one. However there are several other agsamspwith the more important
ones listed
» Uniform temperature in both the gasification and combnstolumns.
* Temperature at which the reactions take place isaleqo the gasifier
temperature.
* The reactions modelled are representative of thetimns that are actually

taking place in the gasifier.
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The model was applied by Rutherford both in the FBGgasifier which has been
constructed and tested at the University of Cantgriland an updraft gasifier which
has been built by Page McCrae Engineering Ltd@ywood mill. It was found that

the model predicts the compositions of updraftfgasi more accurately than that of
FICFB gasifiers. The reason for this is that thsifgation reactions in the FICFB

have not reached equilibrium.

There is potential to develop the model furthetrjoand account for the deviation
from equilibrium, however for the purposes of thiasé economic study this
development is not included. This is because tifferdnce in the heating values
between the actual and the predicted producer gasesimal (Rutherford, 2006)
and for an economic study the difference becomsignificant. Also at the time of
the economic study not enough consistent data ftloenlab scale gasifier was
available to make valid modifications to the edurilim model. Further discussion of

equilibrium model modifications can be found in Section 8

The main inputs for the chemical equilibrium modsl defined by the user are as
follows

» Air preheat temperature

« Steam preheat temperature

» Char circulation fraction to circulating fluidised bEcFB)

» Bubbling fluidised bed (BFB) temperature

 CFB temperature

The chemical equilibrium workbook has a workshewtiihg the Excel models to the
HYSYS model. The outputs of gas composition, flowwadl as other important
parameters are imported into HYSYS to allow progasslelling of the entire energy
plant.

4.2.3 Energy Demand Models
For the economic modelling two energy demand modedse used, one for the

sawmill, the other for the LVL study. The energy @&wmh models were built under

Objective 3 of the BIGAS consortium (J. Li et al., BD8o will also not be examined
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in detail here. The importance of the energy moutetkis context are the necessary

inputs and outputs to allow the broader model to function.

Inputs

The energy demand models rely on inputs from the user fooltbeving

Sawmill

Production (n¥day)

Log small end diameter (mm)

Timber width (mm)

Timber drying temperaturéQ)

Sawmill energy factor (somewhat of a rating of dige or advancement of the
mill and whether the timber is planed or rough)

Milling time per day (h)

LVL
« Production (rYy)
* Plant operating time of the LVL press both hr/day and gags/
« LVL density (kg/n?)
* Log conditioning method — either vats or drive in chamber
* Heat source in press — either electricity or steam
Outputs

The outputs of the model are critical for the ssscef the broader modelling of the

gasification plant. The important outputs of the model afelksvs

Sawmill

Log input required (rfiday)

Wood waste generated (kg/day) -Shiving
-Chip
-Sawdust
-Bark

On production electrical load (MW)
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» Off production electrical requirement (MW)

* Thermal energy requirement (MW)

» Steam requirement (kg/h)

* Electricity requirement (MW)

* Wood waste generated (kg/h) -Dry
-Green
-Bark

4.2.4 HYSYS modelling
The HYSYS model is used to solve for heat and nflasgs in a candidate flow

diagram. HYSYS also assists in the economic costewion of the model as it is

used to size many of the unit operations.

It is possible to link between Excel and HYSYS whadlows it to function within the
broader model. The main inputs to the HYSYS model are

» Gas composition

* Gas flow

* (Gas temperature

* Engine efficiencies

* Engine power required

e Steam required and steam loss

» Gasifier air and steam preheat requirements

The model assists in sizing much of the equipmanh @s heat exchangers and the

boiler, and calculates flow rates of various working flurd¢hie process.

The heat exchanger sizing yields a UA (productedthransfer coefficient and heat
exchanger area). From data in literature of heasfer coefficients (U — kW/fK)
for each of the applications, an area can be gextefat the heat exchangers which
can be used in economic correlations to calculese cThe boiler is sized in terms of
kW output and this can be used directly with correlationsiio g capital cost.
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4.2.5 Economic Modelling
The economic model is the most important workbaokhe broader model. The

economic model predicts the capital cost of thetpbesed on the sizing parameters
from the other workbooks. From the capital cost atiter parameters an operating
cost is calculated. This enables a cash flow aizalpsbe performed using NPV

techniques to determine if the plant is economically basi

4.2.5.1 Capital Cost
The capital cost of the plant has been generatad frarious sources. Wherever

possible available costs from manufacturers haven besed, otherwise costing
relationships have been predominantly based on piatduced by the Society of
Chemical Engineers New Zealand (SCENZ) (Bouman lgt 2005) and from
Chemical Engineering Process Design and Econorilikgll & Vasudevan, 2004).
The costing relationship of the main equipment gamdiscussed with each item in
section 5.1. The cost was estimated based on anfizaale cost multiplied by an
installation factor specific to the individual itemThe installation factor is also
discussed with each main plant item in section 5.1.

4.2.5.2 Operating Cost
The operating costs for the plant were calculateed@gminantly based on the

guidelines of Ulrich and Vasudevan (2004). Wherssfile actual estimated costs
were used rather than simple relationships in tamgdt to improve the accuracy of
the operating cost prediction. Important or siguaifit items in the plant operating

cost have been discussed below.

4.2.5.3 Maintenance Costs
A simple approach to maintenance costs has beelogedobased on a percentage of

the fixed capital (total excluding working capitaljvestment spent per annum on
maintenance. In this case 2% was used (Ulrich &udagan, 2004). It should be
noted this is at the lower end of the maintenarost percentage range, however, it
was deemed appropriate for the following reasons.
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* While the plant is technically novel in its totglithe majority of the
equipment is fairly common such as the feed syskemter, heat exchangers,
and gas engine.

* The gas engine is a significant part of the captat and Jenbacher claim

long service intervals and maintenance friendly desgif Jenbacher, 2005).

The overall maintenance figure is slightly highempared to previous work by

Rutherford, but it is deemed appropriate for the selectethsoe

4.2.5.4 Operating Labour
For operating labour it was estimated the plantldioweed two full time operators,

one operator predominantly dealing with the front ef the plant ensuring wood
supply to the gasifier, and another running the figaisiengine, and boiler. In a
sawmill situation it is common for the kiln operato operate the boiler, therefore,
there would be extra backup assistance when negesaéso because an LVL plant
is a 24 hr operation, it is possible extra assistance weuivilable if required.

Common shift patterns are either a spare man p#r sha spare shift. The extra
person or shift is required to fill holidays, traigi or sickness. The shift pattern
chosen is that of a four on four off 12 hour shiith a spare shift. This requires four
main shifts and a spare shift totalling 10 opegatorhis is more efficient than a spare
man scenario which would require 12 operators. &pes are paid $20 per hour. A
simple gas engine/gas boiler system has labour cost agearaaer a BIGCC process
because of the steam pressures involved. BIGCGgses have high steam pressure
requiring operators to hold a first class statignamgine drivers certificate (EECA,
2007). Operators with this qualification are sougfier and therefore command a

higher salary.
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5 The Plant Design

The purpose of this section is to outline the ptiegign, and then to review the main
plant items including, in some cases, alternativethdége designs selected. Costing

relationships will be incorporated in the discussion ohewnain plant item.

The following flow diagram (Figure 6) represents firocess that has been modelled.
This process is a BIG-GE arrangement. Note thaetieegy plant flow diagrams for
sawmills and LVL plants are the same. This is bseedhbey both have requirements
only for steam and electricity albeit in differerdtios. The MDF plant studied
previously varied from this as it had thermal aildahot air requirements and the
detail of the MDF energy plant can be found elsewhere @Riattd, 2006).
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Figure 6: The BIG-GE process modelled in this study
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5.1 Main Plant ltems

5.1.1 Feed Handling
The feed handling for a biomass gasification predssan area that is often not seen

as a key part of the process. In typical flow daags found in literature wood is
shown entering the gasifier with few details priorthis point, however, the feed
handling is a very challenging part of the proce3$e reliability of a gasification
process can be greatly affected by how well the handjisigis produces a consistent
feed and is the Achilles heel of many plants. Bissna inherently difficult to handle
because it can vary in density, particle size, antsture content. Depending on the
source or method of hogging or size reduction tieenass may flow poorly and be
very stringy (Ahrenfeldt & Knoef, 2005). This makeé®we feed handling section a
major consideration of any gasification plant. IKocamakes it very difficult to
allocate a capital cost in a general economic stldgause the complexity and
therefore cost of any feed handling system is atfan of the type of material, and
the location. For example, a stand alone site usegie wood from landings would
need much more equipment for processing than a dawmere it is likely size
reduction equipment and storage is already in place, atéeadimited extent.

For the purposes of this investigation, approximmtiaf cost developed from
personal communications between Rutherford and hBsgter Engineering
(Rutherford, 2006) have been used to economicallgainthe process. The feed
handling system is based on generalisations of w@ild be required to feed

systems of varying size and takes into account feed cors/agdrstorage.

Costing Relationship
From approximate costs by Brightwater Engineeriog feed handling systems of

various capacity the following relationship was formed

060

Installed Cost ($NZ3 4x10°m (4)

Where mis biomass flow in rihr
Note that this is the total installed cost of tleed handling system therefore an
installation factor is not applied.
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5.1.2 Drying
The drying step in a gasification plant is a sigaift unit operation in terms of both

the influence on the process, and the associatathicepst. The moisture content of
biomass from either sawmills or LVL mills has thatgntial to be quite high. For the
modelling process green wood moisture content le@s mssumed to be 120% dry
weight basis. This is a high value but it has bselected to be conservative in
equipment sizing. Because the majority of the wasted feeding the gasifier is

green wood the drying process is critical for eéfit operation of the gasifier. High

moisture content will lower the gasification temgaere increasing the production of
tars, and give an overall lower quality producer gesl conversion efficiency

(Brammer & Bridgwater, 1999).

There are several types of dryer that may be daitfs an integrated gasification
plant (Brammer & Bridgwater, 1999)

» Batch through-circulation

» Continuous through-circulation

» Direct rotary

e Indirect rotary

* Fluid bed

* Pneumatic conveying

The two systems considered as most suitable foptinpose of this base study are
that of batch through-circulation and direct rotas/they represent either end of the

suitability vs. capital cost spectrum.

Batch through-circulation dryers in the contexbaimass gasification are commonly
in the form of bin dryers. This involves a bin wahperforated base through which
hot gases are passed (Figure 7). The advantagdssafystem are that they have
efficient heat and mass transfer, high capacityability to use low grade heat, and
simplicity hence lower capital cost. The main disadage of this system is the
variation in moisture content produced throughduwt bed, which will transfer

moisture content fluctuations through to the gasifiln spite of this disadvantage this
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method of drying can be found in some establishadifigation plants and is
particularly suitable for small scale operationsuf@ion, 2006). It is suspected the
main reason for choosing the batch through cirmdatmethod, despite its
disadvantages, is the lower capital cost compared to oftiens.

L & ¥ A iy

Biomags

Perforated
floor

Figure 7: Example of a perforated floor bin dryer. (Brammer & Bridgwater, 1999)

The direct rotary dryer is the most common systemxisting large scale gasification
plants (Brammer & Bridgwater, 1999). It is a welldenstood technology and is
therefore considered a low risk drying option. Thain advantage of this system
over a batch process is the consistency of moistargent, whereas the primary

disadvantage is the higher capital cost.

The dryer itself is a cylindrical shell inclinedigditly to allow travel of material
through the dryer during rotation. In the case gaaification plant flue/combustion
gases can be used as the drying medium and aredpdmeugh the dryer in either a
co-current or counter-current flow arrangement. In tfi@der lifting flights are used
to lift the biomass and then cascade it through dhgng gasses. The general

arrangement can be seen in Figure 8 and Figure 9.
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Figure 8: Example of a rotary cascade dryer. (Brammer & Bridgwater, 1999)

Figure 9: Flow pattern of material inside a rotary cascade dryer. (Brammer & Bridgwater,

1999)

For the following reasons the method of drying @msas best suited to this study, is

the direct rotary system.

It is well understood, common for bigger gasificatijplants, and sizing and
pricing information is available.

The uniform moisture content achievable with a direotary drier is

considered very important for the operation of the gasifie

The previous study into gasification plant at MDRIsn(Rutherford, 2006)

used this type of drying. Because the sawmill aMl Lmodels will be

directly compared against the MDF mill similar drgi technology is

incorporated into the plant.

It is a typical approach in initial design or castdies to start with the best

technology for the required task, and then make essions based on budget

constraints as they are deemed necessary. Onceotifeasible plant out of MDF,

35



sawmills, or LVL plants is selected, further studyymaveal where concessions are
possible to make a gasification plant more econaltyiviable. It is very likely the
drying system would be one area of compromise due togh#isant capital cost and
availability of much cheaper alternatives, if theadlvantages of those alternatives

can be managed.

Costing Relationship

The costing relationship for the rotary drum drgbtained from literature (Brammer
& Bridgwater, 2002) is represented below. This & itiethod used in previous work
(Rutherford, 2006)

MPIC (k$NZ) =15+ H 0971_0479, 11.0]3 + krm 5)
X X AT
Where MPIC is the main plant item cost
X is the mean biomass moisture content (%)
Q is the heat transferred to the biomass (kW)
AT is the mean temperature difference between the gas anddsi¢@)
k is a constant of 93.2

The installation factor selected for this drying system is 2

This relationship was recognised, however, as progidiery high capital cost at
higher biomass moisture contents. Communicatioh Wegw Zealand manufacturers
(Fernando, 2008) provided a much lower capital evgt is approximated by the
relationship below.

Installed Cost ($NZ) =35x10° x+ 35x10° (6)

Where x is the total moisture removed during drying (t/hr)

5.1.3 Gasifier — FICFB
The type of gasifier chosen for the study is a BCdasifier. The reasons for

selecting this type of gasifier for the study asdalows:
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* A FICFB gasifier produces a gas with a higher ¢atovalue than traditional
air blown gasifiers which makes the producer gasensuitable for use in a
combustion engine.

* There is an example in Austria where a pilot saageneration plant has
operated successfully for over 4 years with thgetpf gasifier (Rauch et al.,
2004).

* There is a laboratory scale 100kW gasifier runningthe University of
Canterbury Chemical Engineering Department, theeeftata and experience
is available for this gasifier design.

The main disadvantage of this type of gasifiertsscomplexity, which adds capital

cost and operational challenges, but the advantageseen to outweigh these.

The gasifier as shown in Figure 10 is made up af twain columns, the CFB
(Circulating Fluidised Bed), and the BFB (BubbliRigidised Bed).

'7 Flue Gas |

Product Gag

Sand carrying
Heat

_ Additional
Fuel

: |

carrying Char

Agr Steam

Figure 10: Layout of FICFB gasifier. (Rutherford, 2006)

Sand is circulated through the CFB where it is é@&dty combustion of char, and if
necessary also by supplementary gas. The sandsa@h®rCFB cyclone where the
combustion gases are separated and the hot sandntanthe BFB. The BFB is

where the gasification reactions take place. Wigotkd into the column near the
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bottom, and superheated steam is injected fronsdhenn base to aid the gasification
reactions and fluidise the bed. Char and bed maafews through the chute back to
the CFB to repeat the cycle.

Costing Relationship

The costing relationship used for the gasifier wes method developed previously
(Rutherford, 2006). This was chosen primarily hseathe gasifier is such a novel
part of the plant and solid costing data is notilalsée. It is also less likely the

consistency for comparison would exist if the gasifcosting was performed

independent of previous research.

Columns
Steel $NZ :(39523r + 963Hr(o'9749_0'0518Df) @)
Refracto ry $NZ :;]-_g M hotface + i_g M coldface (8)

Where D, is the diameter of the reactor (m)
H. is the height of the reactor (m)

M is the mass of hot face refractory required (kg)

hotface

M is the mass of cold face refractory required (kg)

coldface

Installation factor 6

Cyclones

Cyclone ($NZ) =2330q,..>** 9)

cyc

Where qcyc is the is the volumetric flow through the cyclofectored for the

refractory lining (n¥/s)

Installation factor 6

Blowers
Blower ($NZ) =771q,, + 24x10° (10)
Pressure Correction factorG2164in(R,,,..) + 1 (11)
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Where qai, is the volumetric flow of air provided by the blem(nt/s)
P

blower

is the blower operating pressure (kPa)

Installation factor 3

Gas Burners
$NZ 12,000 each

Installation factor 2

5.1.4 Gas Cleaning
The major challenge with gasifiers is to clean tw®ducer gas by removing

particulates and tars. This is especially a probléhen the gas is to be used in an
engine. In this study a two-stage cleanup is ewsesisting of a filtration stage and a
scrubbing stage. This is similar to that at thee€zing plant and also to that used in
the previous study (Rutherford, 2006).

For the filtration stage a bag filter is used. tAe Guessing plant the bag filter
removed 99% of the particulates and between 2@%0 8f the tar (Hofbauer, Rauch,
Loeffler et al., 2002). The use of the bag filiervery simple from an economic

modelling perspective as correlations are readigjlable.

The second stage of cleaning is a scrubber usimglibsel as the scrubbing liquid.
Liquid from the scrubber is purged off and burnthe CFB. This means there are no
liquid wastes from the gas cleaning stage. Thibésarrangement used at Guessing

where it achieves 98-99% removal of the tar (HoflsaRauch, Loeffler et al., 2002).
Cooling of the producer gas prior to the bag filkengs the temperature to 150-
180°C. Cooling in the scrubber itself yields a gasapproximately 48C which is

suitable to feed the gas engine (Rauch et al.,)2004

Currently progress on Objective 2 in the BIGAS Gmtism is underway with a more

novel design towards gas cleaning using a scrubdoiclgregeneration system. This is
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in early stages of development and testing, theeefwill not be used as the basis for

this study.

Costing Relationship

Two separate costing relationships were used ®b#y filter and the scrubber. Both
were calculated based on equations fitted to gcapldata (Ulrich & Vasudevan,
2004).

Bag filter
06622
MPIC ($NZ) = 23355 (12)
Scrubber
05973
MPIC ($NZ) = 22199 (13)

Whereq is the mass flow of gas (¥s)

The installation factor used was 4 for the bagfiind 6 for the scrubber.

5.1.5 Heat Exchangers
In general the heat exchangers selected for the plare of shell and tube type. The

reason for selecting this type is they are consillethe most suitable for the
application, while the capital cost is reasonabtemcompared to other types such as
plate heat exchangers (Bouman et al., 2005). &neyy far the most common heat
exchanger configuration (Smith, 2005) and dependimghe particular design can be
used in most applications (Ulrich & Vasudevan, 200%hey are generally accepted

as being easy to maintain and clean and so agicalahoice for the plant.

Costing Relationship
The costing data (Bouman et al., 2005) is baseldeah exchanger area. The HYSYS
model produced provides a UA for the heat exchang¥ialues from literature for U

were obtained Table 2 for each scenario to allowran to be calculated.
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Table 2: Heat Exchanger heat transfer coefficientflJ). (Douglas, 1988)

Heat Exchanger U (W/m%K)
BFB steam superheater 56.8
BFB steam generator 78.5
Waste gas steam generator 78.5
Engine cooling external exchanger 284
CFB air preheater 56.8

The costing relationship for heat exchangers is shidy is

MPIC ($NZ) =15300A°%%° (14)
Where A is the heat exchanger ared)(m

The installation factor used for heat exchangers 2va

5.1.6 Boiler
The producer gas generated in the gasifier canuipet bvithin a typical gas fired

boiler. The advantage of this is twofold. Thesealready a large base of existing
technology and experience, and a gas fired baderonsiderably cheaper than an
equivalent sized solid fuel boiler (Bouman et 2005). This helps offset some of the
cost of a gasification front end. In fact it isdely agreed there are potential
economic advantages to a gasifier/gas boiler systena direct replacement to a
conventional solid fuel boiler. This, however, udwnly apply to a simple gasifier

such as an updraft. The simplicity lends itselfawer cost and improved reliability

while tar content and gas heating value are nsuoh a concern in a boiler. There is

no particular advantage to using a FICFB gasifiea boiler only application.

In the case where steam supply is absolutely afitet very high operational
efficiencies and the reliability of the gasifier iguestionable during early
development, a gas backup for the boiler would bedifficult. However, for the
purpose of this study the gasifier is assumed teebable and a gas backup has not

been incorporated into the capital cost.

Costing Relationship
The costing relationship (Bouman et al., 2005) basea gas fired boiler is

MPIC ($NZ) =532Q%% (15)
Where Q is the heating duty of the boiler (kW)
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Installation factor 2

5.1.7 Gas Engine
The gas engine selected for the process is a Jembangine. The reasons for

selecting this type of engine are

* There are Jenbacher engines specifically desigmegbseous fuels with lower
heating value.

» There are a variety of Jenbacher engine sizes anfigarations available to
suit the applications within this study.

» Specific examples are available of successful liasian of Jenbacher engines
in gasification plants (Hofbauer, Rauch, Boschl ¢2802).

» It was the engine used in the MDF study previo(Rlytherford, 2006) so will
serve as a useful comparison.

» Jenbacher engines have high energy conversionegiiz for a gas engine.

Jenbacher engines employ lean burn technology wthere is an excess of air over
stoichiometric requirements. This technology \sehligher efficiencies and lower
emissions. Typical efficiencies for Jenbacher eagiare 42 % electrical efficiency
and 43 % thermal efficiency giving an overall enetgilisation efficiency of 85 %

(GE Jenbacher, 2006). This overall efficiency beiealised, relies on having a use
for the thermal energy. Some of this energy is ¢pade heat which has limited value

in a sawmill or LVL plant.

The disadvantage of the Jenbacher engine is igls tapital cost. This is partly due
to the small demand in the market. However asipusly stated the normal practice
is to initially price the best equipment availalsled make concessions from there.
The alternatives are either a specific low calorifalue gas engine from a lower
priced manufacturer, or the budget option of aaiengine either dual fuelled or
converted to spark ignition. The latter is a dal#eoption for a simple demonstration
plant where a manufacturing process is not crificihked to the reliability of the

engine.
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Costing Relationship

Rutherford used the following costing relationsimphis calculations (Rutherford,
2006). Because it is such a large capital coss#imee relationship has been used for
consistency allowing suitable comparison.

MPIC ($NZ) =839P, (16)

Where P, is the engine electrical output (kW)

The installation factor for the engine is 2.

5.1.8 Air Cooler
Low grade heat is a by-product of the process fusimg a gas engine. In certain

applications there is a sink for this heat such district heating schemes.
Unfortunately, except for heating boiler makeupevdhere is not a complete use for
this heat in the process and other means of cofdintpe engine are necessary.

The main options for cooling are either an air eoar a closed or open water cooler.
There are advantages and disadvantages of botlgemelally the non economic
factors are balanced and the decision is made stin(0trich & Vasudevan, 2004). In
this case an air cooler is chosen, because thdwdistages, such as a larger footprint
and noise, are not of significant concern givenirthietended placement at an

industrial site.

Costing Relationship
The cooler capital cost was calculated based oagasation fitted to graphical data
from Gerrard (2000).

MPIC ($NZ) = 6929n(659x102Q) - 3028 (17)

Where Q is the heat load of the cooler (kW)
An installation factor of 2 was applied.
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6 Results and Discussion for Base Economic Study

6.1.1 Capital Cost
From the correlations and estimates outlined ini@@d.1 capital costs have been

estimated for sawmills and LVL plants. It is diffit to directly compare capital costs
as each plant has different heat and power reqemesrtherefore capital costs vary.
However, it is beneficial to use a case study okaargy plant that will meet both
heat and power requirements of a typical sized sthvamd LVL plant and compare
the total capital costs. This will give an instamdication of the likelihood of a mill

being able to invest in a plant.

For the initial capital and cash flow analysis émergy plants have been sized to meet
the thermal and electricity demands of the assediatood processing plant. The
reasons for sizing in this manner are
» Previous research (Rutherford, 2006) indicated tiiatis the most economic
in an MDF setting, therefore it would likely follosuit for sawmills and LVL
plants.
* ltis logical and likely that a mill would size #pt to be energy self sufficient
but not invest further capital for surplus genenati
» It is easier to show the breakdown of capital isirgle case study for each

scenario.

6.1.2 Operating Cost
While capital cost of the plants serves as a udaflitator it needs to be combined

with the operating cost to truly gauge if it is romically viable.

In calculating operating cost the question arost ashether the energy plant should
be considered as a separate business entitye Hribrgy plant was not considered a
separate business entity the taxation on the ergagy would be affected, depending
on how the rest of the mill was performing econatlyc Because this will differ on

a case by case basis it is more appropriate to tineaenergy plant as a separate

business entity, taxed in its own right.
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Using a typical profit and loss statement apprqaele example in Table 36 Appendix
A) for calculating the value of the plant, the reve is calculated as the saving from
not purchasing steam and electricity. The valuestehm is taken as $8/GJ (East
Harbour Management Services, 2005) and the codtladtricity as 10.46 c/kWh
(Dang & New Zealand Ministry of Economic Developmie?007). The electricity
price was based on the average price paid by thelvpoocessing industry for the
2006 March year. The costs of running the plastumed as the operating expense

allowing a profit to be generated for use in cdstvfanalysis.

6.1.3 Sawmill
The size of the sawmill chosen for comparison 8,000 n¥/yr of sawn timber. The

energy model is based on 300%day (8 hour milling, 24 hour drying) but an
availability of 95% is assumed. This could be cdeied a larger than typical

sawmill, but it is unrealistic to think a smallevanill could afford the capital cost of

a cogeneration plant. The sawmill energy modenfi©bjective 3 (J. Li, 2007) as

described in section 2.1.3 was used to provideetiergy values. For this size of
sawmill the thermal requirement is 7.8 MW. Thectieity requirement depends on
whether the mill is on production at the time. this case it is assumed that the
sawmill runs for 8 hours a day while the drying swontinuously. On production

electrical load is 1421 kW. Capital cost breakdsvior the scenario are shown in
Table 3 and Figure 11.

Table 3: Capital cost of a Gasifier — Gas Engine/Bler process in a sawmill

Capital Item Cost ($N2)
Biomass Drying 1,295,630
Feed Handling 1,403,030
Gasifier 1,592,574
Gas Cleaning 188,354

Gas Engine 2,457,768
Boiler 1,102,458
Misc. 138,219

Contingency and Fee 1,472,046
Working Capital 965,008

Total 10,615,085
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Figure 11: Capital cost of Gasifier — Gas Engine/Bler process in a sawmill

Notable is the higher drying cost fraction for te@awmill compared to the other

scenarios. The reason being the assumed moistunent of the wood supply.

Unlike the LVL or MDF processes which have somedivood waste it is assumed

the sawmill has only green waste feeding the enplgyt with an assumed moisture

content of 120%. Drying this to 25% in a rotarymir drier is capital intensive as

sizing and costing is based on the quantity of iaeoved.

Although capital cost is a worthwhile indicator e€onomics the cash flow and

payback potential of a plant gives a better insigtd its viability. Figure 12 shows

the cash flow analysis for the sawmill at varyingcdunt factors.

20

15

10

-10

Cumulative Annual Cash Flow (SNZ million)

-15

r

—&— Undiscounted(i=0)

0\’123456789

—— Discounted (i=0.1)

Discounted (i=0.15)

A\l
\gv;;'.“/’-’*

Time (vears)

Figure 12: Cash flow analysis of sawmill energy ptet showing capital payback period
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The cash flow profile for this size of plant is nmsitive based on current electricity
prices. At a discount factor of 0.1 the plant mepays back the capital, and is
therefore a poor investment in this size and pleanfiguration in the current
economic environment. There is, however, a defiatonomy of scale in increasing
the size of the energy plant (Figure 13). The yrigpbased on varying the electrical
generation while keeping the thermal generationston to meet the mill
requirements. The wood feed and gasifier size iaceeased with the surplus
producer gas fed to an upsized engine to increbsstrieal generation while still
providing the same thermal output. The breakev&eps the electricity value that
returns zero NPV (Net Present Value) at 30 yeath widiscount factor of 0.1. At
around 2000 to 3000 kWe generation capacity thakeneen price is approaching the
price of electricity used in the modelling. Howewe30 year payback is very long
and represents the expected lifetime of the plafnherefore, the breakeven price
needs to be significantly below the current eletiriprice of 10.46 c/kWh to be
considered a worthwhile economic venture. Whemrtetal generation meets the
mill requirement of 1421 kW the breakeven eledlyigirice is 11.6 c/kWh.
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Figure 13: Electricity price required for sawmill energy plant to break even based on a 30 year
payback period

a7



6.1.4 LVL
The size of the LVL plant chosen is 80,00&/ynof production. This is typical of a

New Zealand LVL plant (J. Li & Pang, 2006). The IL\plant differs from the
sawmill in that it is a continuous operation angdi¢glly runs 23 hours per day and
330 days per year (J. Li & Pang, 2006).

The thermal and electrical demand compared to ptamfurate differs between LVL
plants due to differences in log conditioning amesg heating. In this case the capital
cost will be compared for mill LVL A and mill LVL B

Mill LVL A uses hot water vats and drive in chambeass the log conditioning method
and electrical heating in the press. The therwad Ifor this mill is 10 MW and the
electrical load is 5118 kW.

Mill LVL B uses drive in chests with a hot waterap as the log conditioning method
and steam heating of the press. The thermal loathfs mill is 11.9 MW and the
electrical load is 3469 kW.

The capital cost breakdown of LVL A and LVL B istboed in Table 4 and Figure
14 and Figure 15. Figures show the capital cosbissiderably higher for LVL A
than LVL B even though the two mills have the sgmeduction capacity. This is
due to the generation capacity necessary to supplyextra electrical needs of the
mill. Electrical energy is significantly more exp@ve to provide than thermal
energy, which is demonstrated in Figure 14 andreidib with the gas engine being
41% of LVL A’s capital compared to 33% for LVL B.In addition because the
electrical energy cannot be generated as effigieaaglthe thermal energy there is the
need for higher feed rates for LVL A which in tuimcreases the drying and feed
handling costs. The only areas in which LVL A faasadvantage over LVL B in
terms of capital items is in the cost of the bodee to less thermal requirements, and
the miscellaneous section which includes heat exgdra for recovering more

thermal load.
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Table 4: Capital cost breakdown of Gasifier — Gas Bgine/Boiler process for LVL mills

Capital Item LVL Mill A (8NZ)  LVL mill B ($N2)
Biomass Drying 1,500,002 1,392,272
Feed Handling 1,976,602 1,899,477
Gasifier 1,901,985 1,838,438
Gas Cleaning 595,039 456,122
Gas Engine 8,719,494 5,932,065
Boiler 1,444,026 1,648,116
Misc. 158,529 161,884
Contingency and Fee 2,933,222 2,399,107
Working Capital 1,922,890 1,572,748
Total 21,151,787 17,300,229

Biomass Drying

7% Feed Handling
9%

Working Capital
9%

Contingency and

Fee
14% Gasifier
Misc. 9%
1% .
Gas Cleaning
Boiler 3%

%

Gas Engine
41%

Figure 14: Capital cost of Gasifier — Gas Engine/Bler process in LVL Mill A
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Figure 15: Capital cost of Gasifier — Gas Engine/Bler process in LVL Mill B
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In spite of the extra capital cost and the ineéindies of LVL A the cash flow profiles
for both mills are similar and have a breakeveapgroximately 19 years for LVL A
and 17 years for LVL B. This is achieved due t fifict that although the investment
is larger for LVL A the value added from greateeattical generation assists in

offsetting the additional capital.
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Figure 16: Cash flow analysis of LVL Mill A energyplant showing capital payback period
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Figure 17: Cash flow analysis of LVL Mill B energyplant showing capital payback period

Graphs of breakeven electricity cost (Figure 18 &mglre 19) yield some very
interesting results. The graphs do not show a&y@conomy of scale relationship as

with the sawmill (Figure 13), rather the breakey®ite increases with increasing
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electrical generation capacity. The gradient duesever fall away rapidly showing
an economy of scale relationship taking over. Nietés the change in the trend after
the point at which the mills electrical demand istm After this point any surplus
electricity is sold at the lower selling price, whiattributes to the small rise in
breakeven cost. This confirms that a logical gjiZor a CHP plant in a mill is where
the electrical demands are just met. The graphiallicates it is economic to invest
only in thermal generation, however the electrgpaheration breakeven price is still
below the average purchase price of 10.46 c/kWihisovorthwhile for a mill to also

invest in electrical generation capacity.

The variations in the LVL breakeven graphs compaoethat of the sawmill (Figure

13) are also due to the different electrical regmients of the mills. The sawmill only
requires peak electrical load for eight hours dutwenty-four each day. This allows
the majority of the electricity to be sold, thenefoin the sawmill scenario there is no

obvious variation in the trend at the point whegalpload is met.
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Figure 18: Electricity price required for LVL Mill A energy plant to break even based on a 30
year payback period

LVL B has a slightly different profile than LVL A ith a much flatter graph with the
notable similarity being the change around the tpwimere the electrical demands for
the plant are met. The difference between thermis arises because LVL B has a
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higher thermal demand than LVL A. Therefore befalectrical generation is
considered there is more economy of scale in thetplTherefore the breakeven price
is not nearly as high in the lower electrical gatien range. The breakeven
electricity cost of 7.9 c/kWh for LVL B is lower &m for the sawmill and LVL A

scenarios.
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Figure 19: Electricity price required for LVL Mill B energy plant to break even based on a 30
year payback period
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6.1.5 Comparison to MDF

For means of comparison the data from Rutherfordi{&ford, 2006) for capital cost
of a plant that will meet a typical MDF mill heahd electrical demand has been
included. The plant produces 120,008ynof MDF and requires 19 MW of thermal
energy and 4.79 MW of electrical energy. The @pmbst breakdown is shown in
Table 5 and Figure 20 below.

Table 5: Capital cost of Gasifier - Gas Engine/Badr process in a MDF plant

Capital Item Cost ($N2)
Biomass Drying 2,036,201
Feed Handling 2,173,866
Gasifier 2,288,560
Gas Cleaning 321,561
Gas Engine 7,059,154
Boiler 4,562,235
Misc. 131,773
Contingency and Fee 3,343,203
Working Capital 2,191,655
Total 24,108,208

Working Biomass

Capital Drying

9% 9%

Contingency Feed Handling

and Fee
0,
14% 9%
Gasifier
Misc. e 9%
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. Gas Cleaning
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Figure 20: Capital cost of Gasifier — Gas Engine/Bler process in a MDF plant
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Figure 21: Cash flow analysis of MDF energy plantt®wing capital payback period

From Table 5 and Figure 20 and Figure 21 it casd®n the MDF mill is by far the
most economic. This is primarily due to the amoafnprocess heat the energy plant
is ‘selling’ for a given capital cost compared ke tother three scenarios. The MDF
plant has a need for hot gases in the tube dfibere is little capital cost in delivering
this thermal requirement in comparison to stearoalgh the energy supplied was
valued at $8/GJ as for steam. Therefore, the aapiist for an MDF energy centre
providing 19 MW of thermal energy is not signifitgnmore than one providing 10
MW of thermal energy. This gives an obvious adagat from an economic

perspective — effectively being able to ‘sell mpreduct’ for the same investment.

The breakeven profile (Figure 22) for MDF (Ruthedfo2006) is comparable to the
LVL mills in terms of the trend being contrary txpected economy of scale
relationships. Because of the value generated trmmtube drier heat the graph is
even more distinct. In fact from the graph it ceconcluded that for this scenario
the most economic approach may actually be tomestt the thermal demands of the
plant. This opens another issue in the choiceasffigr style. In this case a simpler
updraft would be more suitable as it has lower tehmiost while still achieving the

same result. This will not be investigated furtlherthis section but is noted for

completeness.
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Figure 22: Electricity price required for MDF energy plant to break even based on a 30 year
payback period. (Rutherford, 2006)
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6.2 Base Economic Study Comparisons

6.2.1 Sensitivity Analysis
Figure 23 to Figure 26 show the effect on NPV gieacentage change from the base

case for the capital cost, electricity price and Wood cost. The graphs have been
compared together in this section so the effectditbérent thermal and electrical
requirements can be clearly seen. The base casmadh is that the electrical and

thermal needs for the associated mill are metsmudsed previously in Section 6.
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Figure 23: Sensitivity analysis for sawmill energylant
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Figure 24: Sensitivity analysis for LVL Mill A energy plant
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Figure 25: Sensitivity analysis for LVL Mill B energy plant
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Figure 26: Sensitivity analysis for MDF energy plah(Rutherford, 2006)

All the graphs show similar trends in relation e tvood price. Wood price has the

least effect on the economics of the plant and daange significantly without

affecting the economics by an appreciable amounshould be noted there is the

potential for the wood cost to vary significantlgpnding on the base assumptions of

mill location and residue availability. The capitast and electricity price, however,

do have a significant effect.

Notable, is that gavmill is not as sensitive to
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electricity price changes as the other plants dubd sawmill’'s lower requirement of

1.4 MW of electrical generation compared to ové\& for the LVL A mill.

The sensitivity of the economics to the electrigtice is beneficial and encouraging.
Based on the reasoning in section 3.2.1 it is vatikely power prices will fall so this
sensitivity will not have a negative effect on glaeonomics, rather a very positive

impact if the power prices do in fact rise.

6.2.2 Plant Efficiency
As with the sensitivity analysis the plant effictéegs have been grouped to allow easy

comparison and are shown in Figure 27 to Figure 3be efficiency is based on
either the electrical output or thermal and eleatrioutput over the gross calorific
value of the wood entering. For efficiency anayshe electrical generation is

increased while the thermal energy provided tantiileremains constant.

The common trend for all graphs is that with getienacapacity increase there is an
increase in electrical efficiency, but a decreastwial efficiency (electrical + thermal
efficiency). The increase in electrical efficienagcurs due to the fact that as the gas
engine increases in size it receives a greatetidraof the gas generated in the
gasifier. The total efficiency decreases with @aging generation capacity due to the
difference between the conversion efficiencies bé tthermal and electrical
components in the plant. Electricity cannot beegated as efficiently as steam and
with increasing electrical generation the fractibring produced at this lower

conversion efficiency increases thus lowering therall efficiency.
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Figure 27: Sawmill energy plant fuel efficiency shaing electrical efficiency and total efficiency
(electrical + thermal) vs. electrical generation
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Figure 28: LVL A energy plant fuel efficiency showng electrical efficiency and total efficiency
(electrical + thermal) vs. electrical generation
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Figure 30: MDF energy plant electrical efficiency & generation capacity. (Rutherford, 2006)

6.2.3 Comparison to other gasification based installat®n
For completeness this section compares the costirpeoutput to literature. Care,

however, must be taken when reading into the coisgnas as efficiency and cost per

unit output depends significantly on the split be¢w heat and power. Most existing

plants are designed with power generation predamiyan mind with the heat
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generated being a by-product. Literature tendeetiect this with total plant costs
being quoted as a price per kWe (Ahrenfeldt & Kn@f05). The scenarios in this
thesis depend both on heat and power in varyingsrahore so than many other

contexts.
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Figure 31: Typical total installed capital cost ofa gasifier + gas engine plant based on cost per
kWe. (Ahrenfeldt & Knoef, 2005)

Figure 31 is an example of reported figures inrditere. For an approximate
comparison a plant generating 5 MWe as in the LVIse&nario would cost 3800
Euro/kWe which in turn is € 19 m. This is in compan to the LVL A cost
calculated in this study of $NZ 21.1 m. The LVLs&enario has additional cost
related to the heat generation, although not sobally above an electrical
generation focussed plant, as such a plant selisi¢o process the heat generated. It
is noted that when the cost per kWe from literatigreonverted from Euro to $NZ
there is disparity between the costs predictechenstudy. The New Zealand plant
being lower cost is justified by the relative co$tbuilding such a plant in the two
locations. Unless the New Zealand plant is mastiyprised of European equipment
it is likely the plant could be built relatively eaper than in the European context.
For example the rotary drum drier was originalliced using European data and the
capital cost was approximately 2.5 times the cdsbme manufactured in New

Zealand. Itis expected many other items in tla@tplvould follow suit.
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6.3 Conclusions of Base Economic Study

It can be concluded that the most economic scensriioe MDF plant, followed by
LVL Mill B then Mill A respectively, with the sawrtlibeing the least economic. The
reasons for this order of economic feasibility are

* The sawmill has a higher drying requirement forl@mass used by the plant
which has an effect on capital. Also because tegadl requirements for heat
and power are lower there are no advantages g#ioedeconomies of scale
compared to the other plants.

 LVL Mill A and B are economically similar. They germ better than the
sawmill mainly due to economies of scale but alsoabise having dry wood
feed stock reduces the drying requirement.

» The MDF plant is the most economic attributed maitd the revenue
generated from waste heat supplying the tube dsileich carries little capital
cost. Without this factor it is likely it would beo more economic than the
LVL models.

While current economic conditions show the resfatghe MDF and LVL mills to be
relatively competitive with other technologies, tiiéure economic environment will
likely only serve to increase the feasibility oéttechnology. While caution needs to
be taken in predicting future electricity prices ttechnological constraints on the
New Zealand electricity network, and the targef0% generation by renewables by
2025 (Ministry of Economic Development, 2007b) cates that it is likely the power
prices will at the very least remain constant if nee. As seen in section 4.4.1 the
economics are very sensitive to electricity pritesrefore any rise will have a very
positive effect on the economics. In addition gnsgicant advantage to the
technology is that being renewable it is in linethwihe government’s forward

strategy.

As a comparison the planned renewable generatiojeqis for New Zealand are
primarily based around geothermal, hydro, and wirkigure 32 gives future price
predictions of generation in New Zealand includihgse three sources. Gasification

compares well with a breakeven price ranging freB13tc/kWh for MDF and LVL,
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with sawmills following behind at 11.6 c/kWh. Theaph also indicates that the cost

of renewables is predicted to increase in line witra capacity.
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Figure 32: New plant generation costs assumed in ba case to 2015. (Ministry of Economic
Development, 2006)

The economics of the plant are predictably veryedélent on capital cost. From the
capital cost breakdown the gas engine makes upnsiderable percentage of the
overall cost, particularly in LVL A where it repests 41% of total capital. The
drying and feed handling areas are also recogrésethigh cost items that have
potential alternatives. The cost of these itens® dlas a flow on effect as the
contingency and fee and working capital are based percentage of the base capital
cost. Therefore, from these conclusions the thesiisarget optimisation of the areas
that will be most economically beneficial. Capitaist alternatives and localised
power prices are considered in Sections 9 and diientively, while novel methods of

integration to further reduce capital and operatiogt are investigated in Section 11.
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7 Comparison to Existing Combustion Based Technology

Of considerable interest is the comparison betwgesification based combined heat
and power and the traditional combustion/boilealistaurbine CHP process for heat
and electricity generation. While much conjectisrenade about the advantages and
disadvantages of each it is not common to find r@ctlieconomic comparison
especially in the New Zealand wood processing itrgluontext. Literature suggests
(Thumann & Mehta, 2001) that the practical lowaniti of steam turbine based
cogeneration is 1000 kW. The sawmill scenaridia study is not far above this, but
rather than simply assume the steam based cogemenail not be appropriate
technology it is better to perform a directly comgide economic study. Therefore,
in this section several different arrangements miditional combustion based

combined heat and power plants will be investigated

The comparisons made are

» Scaling of an Energy for Industry study (Energy hodustry, 2005) to provide
thermal output close to sawmill requirements, andeacess of electricity. A
gasification plant is sized to the same electrimadput for comparison. The
reason for performing this investigation is it &k comparison with feasibility
studies from other parties and highlights differibgse assumptions. This
scenario will be discussed in more detail due ¢olthise assumption differences.

* A 60 bar steam process with an extracting steafnirter This represents the
higher end of efficiency but also the higher end capital cost as will be
discussed.

* A 40 bar steam process with an extracting stearbinter This system
incorporates lower capital cost due to the loweyast pressures but suffers
somewhat in efficiency.

* A 30 bar steam process analysed with both an dxtgaand a fully condensing
steam turbine. This process was investigated lasvar capital cost but lower
efficiency alternative but also because the futhtpaensing scenario is similar in
design to the Blue Mountain Lumber Sawmill cogetieraplant currently in
operation (BANZ, 2007).
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7.1 Energy for Industry Comparison
Energy For Industry has compiled a report in codjiom with EECA evaluating

opportunities for distributed electricity generation New Zealand (Energy for
Industry, 2005). One of the processes studiedeseas a useful comparison as it
produces electricity and also steam at a pressansistent with that of the sawmill
based gasification scenario. The system is based ao boiler and

extraction/condensing steam turbine as shown inrEig3.

Boiler

10 bar Steam Q Condenser

Figure 33: Basic flow schematic of extraction/condesing steam turbine

The basic system specifications for the combudimsed plant are —
* Boiler 40 MW
52.4 t/h steam
60 bar steam pressure
* Turbine 8.3 MW electrical generation
25 t/h steam exiting turbine for plant use
10 bar steam exit pressure
e Capital Cost $31.88 M

The scale, however, is larger than that requiredhieysawmill, mainly in terms of
electricity generation. The system will rely hdgwn being able to sell significant
amounts of power onto the grid. The requiremehteesawmill scenario used in the
gasification analysis are-

» Electrical demand 1421 kW

e Thermal demand 7786 kW (13.9 T/hr steam approxiypat

The plant needs to be scaled down to be a direttpadson to the gasification
system. The first scenario analysed will be tovéalhe scale of the plant to
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approximate the steam flow rate required by thensidiw Therefore the plant
specifications will be as follows
* Boller 20 MW
26.2 t/h steam
60 bar steam pressure
* Turbine 4.15 MW electrical generation
12.5 t/h steam exiting turbine for plant use

10 bar steam exit pressure

Correlations for capital cost vs. scale need terbployed to estimate the new capital
cost. Power law estimating has been used basédjwation 18 (Gerrard, 2000).

Capital Cost=C, (Séj (18)

r
Where Gis the reference or original capital cost
S is the new dimension in this case taken as kW
S is the reference or old dimension

n is the scale exponent

For this scenario the typical value for n of 0.@used. While this factor does seem a
very generic application of the 6/10 rule (Gerrd2@00) it is considered appropriate
for this scenario. Full plants are typically inetlorder of 0.66 (Gerrard, 2000)
therefore slight variations within this band haie effect on the comparisons in this
chapter given the accuracy level of capital cosdmtion. The kW output of the
boiler and the turbine have both been halved. Adwe capital cost is therefore $NZ
21 m.

7.1.1 Operating Cost
The Energy for Industry study performed base esémaf operating costs and

revenues based on values for steam, electricitypardass as follows
» Biomass feed $2/GJ
» Steam value $16/T
* Electricity value 8 c/kWh
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There were also labour and maintenance charges.mBmtenance will be applied as
a percentage of the capital cost, while the labail remain the same as the
operational requirements are not expected to chauge though the plant is halved

in size.

For the purposes of comparison the values for bssmateam, and electricity as
applied to the gasification scenario will be apglierhey are as follows

e Biomass feed $10 per dry tonne ($0.5/GJ)

e Steam Value $8/GJ ($16/T)

* Electricity value 10.46 c/kWh used on site, 9.0&/h sold

The gross calorific value of wood is taken as 20Jkg to convert between $/T and
$/GJ. It can be seen there is a large differencthé base assumption of the wood
cost. The EFI study used $40/T for the wood. Wthis may be an average cost it is
unlikely someone would venture to build an enerdgnp under this scenario,
therefore the lower value is assumed to be suitable is likely a case study would
only be performed at a plant that does not havgraficant market for its residues.

Both scenarios have independently assumed an bwNigjeof 95% or 8322 hours
running per year. The operating costs and reveargeesalculated for the combustion
based scenario which allows a cash flow analysietperformed (Figure 34).
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Figure 34: Cash Flow Analysis of Combustion baseddgeneration Plant

67



As a comparison to the combustion based scenagas#ication plant has been
modelled that meets the heat needs of the proagisaléo generates 4.15 MW of
electrical energy to match the combustion basedtpldhe economics of this are
shown in Table 6 and Figure 35.

Table 6: Capital cost of gasification based compason to combustion technology

Capital Item Cost ($NZz)
Biomass Drying 1,714,580
Feed Handling 1,747,730
Gasifier 1,981,363
Gas Cleaning 435,589

Gas Engine 7,083,587
Boiler 1,103,858
Misc. 147,740

Contingency and Fee 2,558,601
Working Capital 1,677,305
Total 18,450,353
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Figure 35: Cash flow analysis of gasification planvith 4.15 MW of electrical generation
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Table 7: Comparison of economics between combusti@nd gasification scenarios

Economic Parameter Combustion  Gasification
Capital Cost ($NZm) 21 18.5
Operating Cost ($NZm per annum) 14 2.4
Revenue ($NZm per annum) 4.9 4.9
Annual Profit After Tax ($NZm per annum) 0.92 0.45
Cash Flow ($NZm per annum) 3.0 2.3
Return On Investment (based on cash flow) (%) 14.4 124
Breakeven Electricity Price (c/kWh) 7.8 10.3

Table 7 shows a direct comparison between the ecmn@arameters of both
scenarios. While the capital cost for the comlomstplant appears considerably
higher, the actual difference is only 10 %. Giwbat the method of estimation
employed in this thesis typically carries an eobt 30 % it could be said the capital
cost differences between the two plants are nédgighnd a decision to build either

design of plant would depend on factors other tharcapital cost in this scenario.

The greatest disparity between the two scenariotha@soperating cost, with the

combustion based scenario being nearly half thtéhegasification scenario. Part of
this difference is from the $512,000 per annum igi®el use in the tar scrubber but a
significant proportion of the difference is a protiof different assumptions made in
the operating costs.

The gasification plant includes a more detailedyamaof the labour and maintenance
component, however, this may have caused the tohts/e been overestimated. Itis
unlikely labour costs would be significantly high@r the gasification system.
Although it is a more complicated system the siizéhe boiler required and the steam
pressures make the gasification system more fabtira he greatest consideration is
whether the gasification plant can be controlledl vemough to enable limited
operator input. This would allow job sharing betwedther personal such as the kiln
operator. According to regulations (Department Laboour, 2004) there is the
possibility that the system in the gasificationreré may be able to be controlled by
a ‘responsible person’ rather than a qualified afmer as may be necessary for the
combustion based CHP system. The boiler in thebestion system would likely
remain within the same hazard category as pridrteing scaled down so it is likely

there is still the requirement for the same lefahonitoring even though the boiler is
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half the size (Standards Australia, 2005). Thssifies the same labour cost as before
the plant was scaled. It is assumed the high pregwoilers in this study are installed

and certified as attended boilers (Blower, 2008).

In the gasification system two operators were alied to run the plant. Comparing
real life scenarios and other comparisons thisccbel considered an overestimation.
At the most it should take only one operator totearthe plant, or simply job sharing

with the kiln operator would potentially make i560.8 of a person, as the boiler is
easier to set up as a limited attendance boilar. the gasification scenario the

overhead calculated may also be excessive being mdicative of a standalone site.

The maintenance is another area of difference.thik case the gasification based
maintenance is cheaper. This recognises the @lifter between the difficulties of
maintenance of the two plants. While the gasiicaplant is novel in concept, the
majority of the equipment for servicing is not. domparison the combustion based
cogeneration system utilises high pressure boWstess requiring more rigorous
maintenance regimes due mainly to the more contpliceontrol systems necessary

to operate such a boiler safely (Blower, 2008).
Of interest to the comparison is the relative éficies of both plants. Table 8 shows
the efficiencies of the combustion and gasificagoenarios generating the same heat

and power outputs.

Table 8: Comparison of efficiency between combustioand gasification

Combustion Gasification
Wood Feed Power (MW) 33.4 22.9
Electrical Efficiency (%) 12.4 18.1
Thermal Efficiency (%) 21.0 34.0
Total Efficiency (%) 33.4 52.1

Table 8 shows the gasification plant requires igesd to generate equivalent heat
and power, resulting in much higher overall plaifitencies. While the combustion

plant is more economic in this analysis (primadlye to the base assumptions made
in operating costs), the gasification scenario dthsantages in terms of wood supply

cost. The scenario where this would be most beiaéfis if there is an increasing
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cumulative cost to supply wood to the plant. Tikitikely to be a situation in many
plants as the cheap feedstocks such as sawdusbmasemed first. Therefore the

combustion scenario is likely to have a higher®6od feed cost.

7.2 60 bar steam and extracting steam turbine process
The first scenario analysed consists of a boileimg superheated steam to 60 barg

and 450°C. The steam turbine has a steam pass out presli@ barg and also
partially condenses to allow generation of the meglamount of electricity. The
sawmill is sized consistent with the rest of thesik so it requires 7.8 MW steam and

1.4 MW of electrical generation.

In performing the analysis several assumptionstbde made

* It is assumed the shaft work available for eleatrigeneration from the steam
turbine is 75% of the ideal isentropic scenario.

» The electrical conversion efficiency from shaft W 85%.

* The steam that condenses does so to 0.1 bara

» The efficiency of the boiler in raising steam is¥%6®f the fuel input due to the
assumed high moisture content of the biomass

* No biomass drying

» The feed handling system carries the same cap#dlas that of the gasification

scenario

Because of the boiler pressures involved the bodea field erected type which
carries significantly more cost than a packagedebdUIrich & Vasudevan, 2004).

The boiler cost correlation used is that for a ¢wad boiler due to the solids handling
necessity of the biomass (Ulrich & Vasudevan, 200@)e capital cost for the system
is shown in Table 9.
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Table 9: Capital cost estimate for 60 bar scenario

Capital Item Cost ($N2)
Feed Handling 1,661,972
Boiler 12,359,897
Steam Turbine 1,260,000
Contingency and Fee 2,292,280
Working Capital 1,757,415
Total 19,331,564

It can be seen in Table 9 the combustion basedepsaat SNZ 19.3 m is considerably
more expensive than the gasification process at BNE m. This much higher cost is
attributed predominately to the boiler. This irad&s that high pressure boilers at

such small scale carry very poor economies of scale

In order to calculate the operating costs with aeppate comparability to the
gasification scenario the same assumptions are rmaddhe same cost factors are
applied. Therefore operating labour, maintenaeerheads and other parameters
are all applied in the same manner. The breakelestricity cost in this scenario is
25 c/kWh. The overall efficiency of this processAl.9% (compared to 58% for the
gasification scenario). The high breakeven eleityrcost reflects the significant cost
of the high pressure boiler pushing the overallitehwosts much higher than the
gasification and other combustion scenarios. Inpexumlix A profit and loss
statements are shown for both the gasificationawedmbustion scenario to show in

detail the cost differences.

7.3 40 bar steam and extracting steam turbine process
The second scenario is that of a boiler generathdparg steam at 480 for use in

the steam turbine. The advantage of this scemarigpposed to the previous 60 barg
scenario is a packaged boiler can be used ratlr @hsite erected boiler. The

difference in capital cost is significant. Tab@shows the capital cost breakdown.
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Table 10: Capital cost estimate for 40 bar scenario

Capital Item Cost ($N2)
Feed Handling 1,711,910
Boiler 4,421,657
Steam Turbine 1,260,000
Contingency and Fee 1,109,035
Working Capital 850,260

Total 9,352,861

While lowering the pressure and temperature ofpfeeess has a detrimental effect
on efficiency (reduced to 40.8%) the capital saviag outweighs any efficiency

disadvantage.

Applying the same assumptions towards operatintsagises a breakeven electricity
price of 9.8 c/kWh. This is lower than the gasition scenario (11.6 c/kwWh). The
reason for this is twofold. Firstly the capital stois slightly lower than the
gasification scenario, and secondly the combustiased plant does not have the
expense of biodiesel. The gasification system do@sever, gain on the combustion
based scenarios (especially in the lower presstgterss) in terms of wood cost due
to the efficiency.

7.4 30 bar steam and extracting/fully condensing proces
The third process is broken into two scenariose fitst is an extracting turbine with

partial condensing to allow sufficient generatiohhe second is a fully condensing
turbine where all the steam entering the turbineeduced to 0.1 bara as shown in

Figure 36.

Boiler

e Condenser

Condensate

Process Steam to
» Desuperheating and
Pressure Reduction

Figure 36: Fully condensing turbine flow diagram

73



This fully condensing scenario is investigated lbseait is similar to Blue Mountain
Lumber’s cogeneration plant (BANZ, 2007) and seressa useful ‘real world’

comparison. The estimated capital costs for tleedeenarios are shown in Table 11.

Table 11: Capital cost estimate of 30 bar scenarios

Capital Item Cost ($NZz)
Extracting Fully Condensing

Feed Handling 1,757,890 1,987,770
Boiler 3,349,215 3,845,527
Steam Turbine 1,260,000 1,260,000
Contingency and Fee 955,066 1,063,994
Working Capital 732,217 815,729
Total 8,054,388 8,973,020

From the operating cost analysis the breakeventreligg price of the extracting
scenario is 7.9 c/kWh with an efficiency of 39.1%ese the fully condensing
scenario is 10 c/kWh with an efficiency of 31.8%he fully condensing scenario is

by far the least efficient of all the scenarios.

7.5 Sensitivity Analysis Comparison
Because of the difference in efficiency between gasification and combustion

scenarios a sensitivity analysis has been perforaredhe wood cost between all

scenarios and is shown in Figure 37.
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Figure 37: Sensitivity analysis for change in wooger tonne price for gasification and
combustion scenarios
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The combustion plants are all less efficient tHandasification scenario (hence more
biomass requirement) therefore wood cost has dagretiect on the economics. The
sensitivity analysis shows that if the wood costev® increase significantly more
than 60 % the NPV of some of the combustion plamtsild be similar to the
gasification scenario. What the analysis doesaKetinto account, however, is the
cumulative additional cost of having to use higkalue feedstocks due to higher
wood usage. Because the lowest value feedstockfdvibe used first the plant that
consumes the least wood for a given output duehtigtzer efficiency would have the
lower overall $/tonne wood cost. This is an adagatfor the gasification scenario
and could work towards offsetting the slightly peoeconomics. For clarity an
example is shown in Figure 38 of the cumulativet aifsbiomass. The example
assumes there is 10,000 odt/annum of sawdust bieitd no value which is used
first, followed by 4,000 odt/annum of bark at $1d/020,000 odt/annum of chip at
$25/odt with the remainder being imported woodhe mill at $40/odt. The wood
use for the gasification scenario is plotted ondhaph, as is the 30 bar condensing
turbine combustion scenario. It can be seen maRkample the requirement for extra

wood for the combustion scenario nearly doublessbed cost per tonne.
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Figure 38: Example of effect of cumulative biomassse with varying cost of feed components
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7.6 Conclusions of comparison to combustion based conm@d heat and power

Based on this study the gasification system isastconomic as the combustion
based scenarios. This is attributed to, in pae,assumptions that formed the basis of
the study. It is possible that due to the moreaitbet capital costing of the
gasification process, by comparison the estimatae@tombustion based process may
be somewhat light on capital cost. It is, howeeapected any difference would not
be significant and it is assumed the analysisasaiiigh enough for this general study.
The gasification scenario does have the significahtantage of greater efficiency
hence reducing the wood feed requirements. Asdtateviously if the wood price
per tonne increased with greater biomass usagehvidilikely, the gasification plant
could equal the economics of some of the combudiased scenarios. Rather than
conclude the gasification scenario is poor in ecoige compared to the combustion
scenarios this analysis creates a driver to fimelocapital cost alternatives and novel
opportunities to take advantage of the flexibilitfiygasification. Including some of
these alternatives, which are examined in lateti@ge; makes the gasification
scenarios comparable to or better than the ecomomfca combustion based
cogeneration plant. Another advantage of the gasibn system is the potential for
liquid fuels which is a current and very topicaiver for the development of the
gasification technology. A combined heat, powerd &quid fuels plant is a very
effective way of utilising the available energy.
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8 Chemical Equilibrium Model Modification

Previous research (Rutherford, 2006) developeceanatal equilibrium model for use
in the economic modelling of the gasification p&antThe model was accurate in
predicting the producer gas composition when adbejaten updraft gasifier, however
the model was not accurate when compared to FIGEHication. One should refer
to Rutherford’s thesis as the equilibrium modellisgctions provide a basis for

reading this section.

The equilibrium model over predicts hydrogen andbca monoxide and under
predicts carbon dioxide and methane (Rutherfor@62@ased on the original results
from the CAPE (Chemical and Process Engineeringnivesity of Canterbury)

FICFB gasifier. However at that time data fromyomVo runs was available.

The CAPE gasifier had considerable downtime whil@as rebuilt and rewired amid
safety concerns. However, in the latter half 002@&nd through 2008 there have

been numerous runs of the gasifier which have getlsdequate data for analysis.

8.1 Improving the accuracy of the equilibrium model praliction
Further runs on the gasifier show the trend is isb@st in regards to the over

prediction of hydrogen and carbon monoxide, anceupdediction of carbon dioxide

and methane. Of interest also, is the very higlistuee content (approximately 50
mol%) that is certainly not in line with the egbiium model, and the presence of
higher hydrocarbons (ethane and ethene) whichareamsidered in the model.

It is apparent the gasifier is not reaching equiiiim at the gasification temperature
measured. There are two potential reasons for this
* The gasification temperature measured is not reptatve of the actual
temperature at which the reactions are taking place

* The reactions are kinetically limited

Due to the nature of fluidised beds which providesre heat distribution, the

significant number of temperature probes in thefigageading similar temperatures
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and examples in literature of similar behaviourir{®et al., 2007), kinetic limitation

is the more accurate assumption.

Workers in the literature take several approacleallbcate for this difference to
equilibrium to create what is often termed a ‘quasi ‘phenomenological’

equilibrium model. A common and simple method asatlow for an ‘approach’

temperature (Dupont et al.,, 2007; Prins et al.,7200This involves solving the
chemical equilibrium model at a lower temperaturefgfed to as a ‘quasi’
equilibrium temperature) to represent the gasificatreactions not reaching
equilibrium. Equations 21 and 22 show the relaiop between temperature,

equilibrium constants and composition which forimes basis of the model.

CO Shift: CQ+H, =« CO+HO (19)
Steam Methane Reforming: GHH,O = CO +3h (20)

The iterative nature of the model solves for a lkedased on

0
Ink:—AG

(21)

The k value is then used to calculate the compostbased on

X
k=[>x" ]{Pﬂ} (22)

Work by Li (2004) found this approach temperaturdé 250C below the measured
gasification temperature. Other work (Prins et 2007) has split these approach
temperatures into the various reactions. Intarghtj it has shown that for gasifier
operating temperatures in the range of 740-&@1€he much lower ‘quasi’ equilibrium
temperatures appear to be independent of procegsetature in this range (Prins et
al., 2007). This appears to be an indirect medrstating that with variation in the
gasification temperature (within reason) there eyvlittle variability in the gas
composition produced. This is very representativéhe CAPE gasifier as the gas
composition varies little with variations in tempgirre (in the normal operational

range of 680 to 750C). In fact it can be said the gas compositiosdsewhat
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independent of most process conditions such asrgedand steam to biomass ratio

when operating in the normal temperature range.

To demonstrate the effects of an approach temperdhe equilibrium model has
been solved for a range of temperatures lower tipical gasification temperature
(around 720°C) and is shown in Figure 39. It should be notet the experimental

data is not plotted or compared with the modellathdintil Section 8.1.3 (shown in
Table 12). This is because until the componenatian corrections are developed in

Sections 8.1.1 to 8.1.2 comparison is somewhat imgi@ss.
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Figure 39: Demonstration of the effects of varyingyasification temperature in the equilibrium
model

As Figure 39 shows, lowering of the gasificatiomperature in the model has a
significant effect on the gas composition. Modglia lower temperature assists to
reduce the over prediction of hydrogen and carbamnaride, and the under
prediction of methane and carbon dioxide. While th an improvement in prediction
the molar fractions of the individual componentswiconsiderable deviation from
the experimental data. For example in the experiaielata there is a higher fraction

of carbon monoxide than hydrogen. This may becattilie that the CO shift reaction
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is tending closer towards equilibrium than the steaethane reaction due to differing

kinetic limitations of the two reactions.

The temperatures have, therefore, been split imotwo reactions in order to take
account of the differing kinetic limitations. As axample the model has been solved
for a range of ‘quasi’ equilibrium temperatureswewver, there is a 208C offset

(approach temperature) between the CO shift antianetreforming reactions and is
shown in Figure 40.
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Figure 40: Variation of equilibrium model temperature with the methane formation reaction
having a 200C approach to equilibrium

Figure 40 shows that certain components in the tgasd closer towards the
experimental data. However, the model is stilhgigantly different from the actual
data both in terms of moisture content and highgirdcarbon production. An
understanding of the mechanisms and a method éotkase parameters into account

is necessary before optimisation of the ‘quasi’idgum temperatures.

8.1.1 Higher hydrocarbon production
While the model does not account for any longeilirchgdrocarbons than methane,

the actual plant data shows production of ethamkeetimene. In the data used in this
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analysis the average fraction of ethane and etivs0.74 mol% and 4.27 mol%

respectively (dry basis).

The question is how to allocate for the productbmhese longer chain hydrocarbons
without having to build significant extra complexihto the equilibrium model. Two
options are considered.

* Remove the quantity of carbon and hydrogen in tharee and ethene from
the initial biomass into the gasifier. This wouddfectively increase the
steam/biomass ratio, and likely have little othiéeat other than the results of
a higher steam/biomass ratio.

» Consider the ethane and ethene as a replacememtetbane. The reactants
that would have formed methane have partly formedgér chain
hydrocarbons instead as a result of incompletekorgmf pyrolysis products
(X. T. Li et al., 2004).

It is considered that the second option is a faremmealistic representation. Based on
the typical fraction of ethane and ethene the prodauld be considered to beHs 3
overall. An appropriate assumption is that thiskesaup 5% molar volume of
producer gas as this has been consistent acrossenest gasification tests.

To approximate within reasonable accuracy it issabered that the ethane/ethene mix
replaces methane in a 2:1 ratio. For exampleeifefuilibrium model predicts 25 %
methane, the adjusted model will give 15 % metramk5 % ethane/ethene. For the
hydrogen component, a conversion of 10% methane2oethane/ethane mix will
give a hydrogen surplus of 9.25%. This hydrogenesg will be added to the
hydrogen component solved by the equilibrium moddie effect of this is the model

will need to solve for a low hydrogen content.

8.1.2 High moisture content
There is a large discrepancy between the moistantent of the producer gas as

predicted by the equilibrium model (<10% molar vok) compared to that measured

on actual gasifier runs (typically 50% molar voluporemore).
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It is suspected a significant amount of steam éensystem used mainly for fluidisation
of the BFB is not taking part in the gasificatiazactions due to kinetic limitations
and is bypassing to the producer gas. This wouldeffect lower the real
steam/biomass ratio in the equilibrium calculationBigure 41 gives a graphical

representation of the suggested water flows irgésfication column.

Producer Gas

Gasification am bypass

Gasification HER

Column
Biomass +
moisture

£

Chute Steam
Fluidising Steam

Figure 41: Visual representation of steam bypassingasification reactions

Because of this observation, the steam/biomass aatcalculated based on steam and
moisture entering the gasifier should not be tak®the quantity of steam taking part
in the reactions. The steam/biomass ratio in tbdeh rather, has been considered a
variable open to change in order to optimise predgas composition prediction.
Figure 42 shows the effect of a change in steamm@ss ratio. Of particular interest
is the crossover of carbon monoxide and hydrogactibns at lower steam/biomass
ratios. This is consistent with experimental datgporting the assumption the
steam/biomass ratio taking part in reactions islotlian that predicted by steam and

biomass flows entering the gasifier.
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Figure 42: Modelled producer gas composition as aifiction of variation in steam/biomass ratio
based on original equilibrium model at 726C

8.1.3 Optimisation of the model to reflect experimentadtd

The factors discussed above need to be combinedtidised to reach an accurate
prediction of the producer gas composition. Unifoately because of the
functionality of the model using macros and solirefExcel, iterations need to be
performed manually to find the optimum parameteifhe sum of squared errors
between the lab data and the modelled data wasassad indication of the accuracy
of the prediction. The experimental data used asmparison was the average of
several runs of data. As a base to gauge the imaprent of the model, the
experimental data is compared with the equilibrionodel solved at 72Q for both
reactions with a steam/biomass ratio of 0.3. Thasetypical parameters for the
gasifier operation. The higher hydrocarbon adjesthwould have been included in
the model to aid comparison but this drove the em@hcomponent negative therefore
the higher hydrocarbon component is set to 0%.uleare shown in Table 12 which
includes a sum of squared error calculation for garability and the calorific value
of the actual and predicted producer gas. *Nefers to gas volume at ‘normal’
conditions taken to be atmospheric pressure af@.20he sum of squared error is
calculated as shown in Equation 23.

Sum of squared error E(xmi -x,;)° (23)

i=1
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Where X, is the modelled component
Xai IS the actual component

Table 12: Comparison of experimental to unmodifiednodel producer gas results
Mol Fraction (%)

Component Actual Modelled
CH, 14.6 +0.5 4.4
CO 36.7 +1.4 40.3
CO, 18.7 +15 6.0
H, 24.7 +1.8 49.4
Ethane/Ethene 5.2 +0.4 0.0
Sum squared error 920
Calorific value MJ/Nm? 14.2 11.0

Table 12 shows the sum of squared errors is 920ter Ananipulation of the

parameters the optimum results achieved are showhable 13. This includes
allocation for higher hydrocarbons, split reactiguasi’ equilibrium temperatures and
modified steam/biomass ratio.

Table 13: Comparison of experimental to optimised mdel producer gas results
Mol Fraction (%)

Component Actual Modelled
CH, 14.6 +0.5 18.5
CO 36.7 +1.4 34.8
CO, 18.7 +15 151
H, 24.7 +1.8 26.9
Ethane/Ethene 5.2 +0.4 4.8
Sum squared error 36.7
Calorific value MJ/Nm? 14.2 15.2

Table 13 shows the sum of squared error has bekrced to 36.7. Encouraging is
the small difference in overall calorific valuetbe two predictions of only 7%. This
calorific value appears high but it excludes ddatifrom nitrogen and helium. The

parameters at which this occurred are shown ineTab|

Table 14: Parameters for optimised model

CO shift 'quasi' equilibrium temperature (°C) 700
Steam methane 'quasi' equilibrium temperature (°C) 560
Steam to biomass ratio 0.07
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The results show the ‘quasi’ equilibrium temperatof the CO shift reaction to be
700°C. This temperature indicates the CO shift reactias reached or at least is
close to equilibrium, while the steam methane rafog reaction at 56C is far from
equilibrium. This is consistent with literaturey@ont et al., 2007) in which the water
gas shift reaction (the reverse of the CO shiftagserted as being at equilibrium at
800 to 1008C while the steam methane reaction is kineticattyted. The steam to
biomass ratio of 0.07 indicates, as expected, atikitimitation reducing the steam
taking part in the reaction, leading to high maistcontents in the producer gas.

8.2 Gas Production Rate
Of equal importance to composition is the gas petdn rate. This is because the

composition and hence calorific value of the fued pf multiplied by the flow rate of

the gas gives the energy available for use frongtsafier. Of particular relevance is
how the equilibrium model used in the base econmtudy compares in terms of
predicting energy available from the gas for thenbmed heat and power plant,
compared to use of the experimental producer gés dBased on the modelling
conditions in the economic study the energy inghreducer gas is equivalent to 22.5
MJ per kg of dry wood fed to the gasifier. By caripon the experimental data gives
a value of 23.3 MJ of gas per kg of dry wood feékhis is only a 3% difference,

which in terms of the overall expected error in #gwnomic study is very minor.

This gives confidence that the use of the equuibrimodel in the base economic
study is a fair representation of actual perfornea@een if the gas composition is not

particularly accurate.

However, as the model has been further developega® composition since the base
study it is important to compare the effect the elepments have had on gas
production rate. As the model is pulled furtheclkdrom equilibrium using the
‘quasi’ equilibrium temperatures the gas productiate decreases. At the conditions
where the gas composition is predicted most acelyrahe gas output is equivalent to
16.2 MJ of gas per kg of dry wood feed. This i83lbwer than the experimental
results. The further the model is from equilibriuime lower the overall gas
production rate. Unless this is corrected for, ahginal equilibrium model is in fact
more accurate than the developed model in ternsvefall energy production. As
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with the other ‘quasi’ equilibrium model factors adjustment can be made by
comparing with experimental data. The simplesthoétis to directly apply the
average gas production rate from the experimera. dWhile this may appear very
simplistic the average is consistent with a gasipetion of 1.7 + 0.2 Nrhper kg of
dry wood feed over the range sampled. Applying tlaw rate, although empirical, is

an accurate method of predicting the gas productts

8.3 Conclusions of the chemical equilibrium modelling rodification
When performing modification of the equilibrium neddto improve composition

prediction the ultimate goal of the modelling mbstkept in mind. While initially the
intention is to provide an accurate model for ti&PE gasifier the broader aim is to
generate a model that assists in process desigiioiw predictable scale up of the
technology. The model has moved from being a cetalyl theoretical prediction of
the gases to a model which contains a significanbempirical relationships based
on the gasifier. While there are examples in dit@re of other ‘phenomenological’
models to suit individual gasifier operations (X.LT et al., 2004), this method is also
criticised as being very ‘dead end’ and restridtethe studied system (Dupont et al.,
2007). However, experimental results on the CARBifier show the operating
parameters have little effect on gas compositioth iams more a factor of the plant
design. It is important, therefore, to compare thedelled data with a different
gasifier of the same design outside of the pawdicidboratory gasifier used as the
basis to validate the model’'s ability to predictmmsition. Results from the Vienna
University of Technology 100 kW gasifier (TUV, 2008 mpared to modelled data is
shown in Table 15.

Table 15: Comparison of modelled data to the Vienn&niversity of Technology 100 kW gasifier
operating at 850C (TUV, 2008)
Mol Fraction (%)

Component Modelled TUV 100kW
CH, 9.7 10.2
cO 26.7 27.1
CO; 18.1 21.0
H> 40.6 38.9
Ethane/Ethene 4.8 2.8
Sum squared error 15.4
Calorific value MJ/Nm? 12.8 11.8
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The modelling conditions for the Table 15 datasdrewn in Table 16.

Table 16: Parameters for model compared to the TUM.00 kW gasifier

CO shift 'quasi' equilibrium temperature (°C) 750
Steam methane 'quasi' equilibrium temperature (°C) 570
Steam to biomass ratio 0.4

As can be seen in Table 16 the parameters havedhemged from those used for the
CAPE FICFB gasifier. The temperature of the COtgf@iaction was increased to
750°C to take into account the normal operating regbri’50-906C for the TUV
gasifier. The steam/methane reaction was set 8fC5assuming the kinetic
limitations still apply. The steam/biomass ratiasnincreased due to research by the
TUV suggesting water conversion increases with easing temperature (TUV,
2008). The difference between the heating valdethe modelled vs. actual TUV

gasifier is 8.5%.

In conclusion the modified equilibrium model allogignificantly increased accuracy
of prediction of the gas composition of FICFB g&sdg compared to a pure
equilibrium model. More important is the predictiof calorific value of the gas to
within 7% accuracy. However, sensible applicattdrmodel parameters including
‘quasi’ equilibrium temperatures and steam to bissneatio is necessary to yield

accurate prediction.
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9 Capital Item Alternatives and Economic Effects

9.1 Introduction
One of the greatest difficulties in the justificatiof a gasification based plant is the

necessity for high cost capital items. Initialhythe economic modelling higher range
equipment was selected for use, as is normal famital study. However, the cost of
certain capital items is very high and it was cadeld there may be room to make
concessions. The question, however, is whethercteh of lower capital cost
equipment for the same tasks will affect reliapiind stability of operation to a point
where it would have been better to spend more maongglly. The old adage ‘The
bitterness of poor quality is remembered long affter sweetness of a good price’
needs to be kept in mind when selecting alternsitimed examples can be found
where using lower priced equipment results in tedifor re-engineering (Waldheim,
2006).

The main capital items that need to be reviewedlastified in the base economic
study are the

* Feed handling

* Biomass dryer

+ Gas engine generator set

9.2 Feed Handling
The feed handling component in the basic studylesed on some very general rule

of thumb correlations. They are, however, potdgtimore applicable to a greenfield
site where there is no existing waste material hiagd One needs to assume within a
sawmill or LVL plant that there are either two sasas
* An existing fuel feed and storage system if thare@n existing combustion
based energy plant.
* An existing system for moving around and storingnass for it to be on-sold

or sent to landfill.
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By this rationale there is already a certain amainiseful equipment in an existing
plant. Also the correlations provided by the miatehandling specialist company
may prove to be more expensive than other compémaan also provide materials
handling equipment. However, because of the hiogld of inconsistencies between
mills in terms of existing plant, and the long teexperience of the company making
the cost estimates the feed handling cost willbgomodified. If the price predicted is
higher than what the system could actually be bfolt then this provides a

conservative economic buffer in estimating captat for the overall system.

9.3 Biomass Dryer
For the initial costings in the base economic stadgtary drum dryer was employed.

The rotary drum dryer was chosen as it is a swtalld effective means of drying

biomass to a consistent moisture content. Sebpetiternatives is not seen as simple
as the gas engine. With an engine the basic ptexiare the same and the
alternatives are simply to find different manufaets and engines of different ages.
The drying method differs from this in that diffatetechnologies are available, as
well as various manufacturers of the same techiologonsideration is made,

however, of the balance between reduction in chpitst and the negative effects on

the plant operation.

There are several alternatives when investigatilagvar cost method of drying.
* Find a low cost manufacturer of rotary drum dryers
* Find a suitable second hand rotary drum dryer
» Use a semi batch type dryer typical within the igiadustry
» Use a bin dryer
» Another more cost effective continuous method

* An original novel method

A rationalisation of this list is necessary forther investigation.
* Pure batch drying such as bin drying should beirlited. While this may be
a low capital cost method the effects on the opmrafrom variations in
moisture content are considered to be too riskyhil&\the actual effects are
not quantified, for the purposes of this study éemms prudent to avoid
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installing any equipment that will make operatioh @ new and novel
technology more difficult.

» Trying to look for low cost manufacturers of themrsaequipment is somewhat
fruitless. The rotary drum dryer can be boughtdarery good price in New
Zealand when compared with Europe. It is unlikelsignificantly lower cost
manufacturer could be found that doesn’t sacrificid quality.

* Thoughts should be given to alternative continumethods that will still

produce an even moisture content.

Therefore the types of dryer that will be investaghfurther are
* A suitable second hand rotary drum dryer

* An adaption of a dryer as used in the grain ingustr

9.3.1 Second Hand Rotary Drum Dryer
Because the equipment is fairly specialised it mait be common to find second hand

rotary drum dryers. A search has been made amgea ldcated that can be used as a
comparison (Asset Disposals Ltd, 2008). The drizgexyever, is only designed for
250-500 kg/hr. For example the sawmill scenariedseto process 2.8 T/hr of dry
biomass. Therefore the dryer would need to becxqpiately 6 times the size. The
cost of the dryer is $AUD 46,000 plus $AUD 2000pghing. This total converted to
$NZ is approximately $NZ 58,000. For general corigo@ a power law scale up
factor of 0.6 is applied to the dryer to obtainagproximate price for a scale suitable
for the sawmill scenario. The resultant bare medust is $NZ 170,000. Because
this price is considerably lower than the new nptdirum dryer it is not sensible to
apply an installation factor as the work requiredifstalling the second hand dryer is
comparable with the new dryer. The new dryer ifatan cost is around $300,000
(Fernando, 2008) making the installed second hayet $NZ 470,000.

While this is a reasonable capital cost and a neetliorth pursuing for economic
reasons the only second hand rotary drum dryefablaithat could be found needed
to be scaled up considerably for this analysis,fiooing a lack of second hand

availability.
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9.3.2 Multi-Deck Turbo Dryer
An alternative drying system quoted by a New Zedlaranufacturer is a multi-deck

turbo dryer (Openshaw Plant Machinery Ltd, 2008he dryer itself is a second hand
unit, with all new peripheral equipment. The drgensists of three decks with each
deck having four sweep arms fitted with paddlesraosfer the material being dried
across the deck area. A schematic of a multi diegér is shown in Figure 43. This

is not identical to the dryer investigated but giv@ visual representation of the

functionality.

Figure 43: A schematic of a Multi-deck Dryer

The dryer provides continuous movement of the natdreing dried which is
beneficial for high moisture content materials.eThyer is designed to process 1750
kg/hr of dried material. For the benefit of thigsidy it will be assumed that two
drying units will be needed as the sawmill scenageds 2800kg/hr of dried biomass,
as well as an extra conveyor feeding and dischgrfiom the extra dryer. The
guoted prices for the remainder of the equipmefitheiincreased by a scaling factor
of 0.6. It should be noted the equipment is praedantly designed to process
sawdust, which is likely to be a major componentte biomass feed. Details of

specifications and costs of the equipment can biedon Appendix B.

It is unlikely the hammer mill is a necessity buillvbe left in the quote to be
conservative, as it may help even particle sized fi® the gasifier especially if chip

or hogged forest residues are a potential feedstothke heating system has been
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scaled back as it is assumed hot gas will provigehteat for drying rather than any
form of burner and heat exchange. The pricinglierdryer system modified to suit

the scenarios in this thesis is included in Tafle 1

Table 17: Estimated capital costs for multi-deck taoo dryer

Item Price Size Increase Upsized Cost Quantity Total Cost
$NZ by factor $NZ $NZ
Intake hopper 6,580 2 9,973 1 9,973
Transfer belt conveyor 11,370 1 11,370 2 22,740
Multi deck turbo dryer 48,425 1 48,425 2 96,850
Rotary valve 4,080 1 4,080 2 8,160
Receiving cyclone 9,725 2 14,740 1 14,740
Cyclone fan 17,160 2 26,010 1 26,010
Discharge conveyor 7,580 1 7,580 2 15,160
Hammermill 8,160 2 12,368 1 12,368
Receiving hopper 7,110 2 10,777 1 10,777
Filter collector 5,000 2 7,579 1 7,579

Total 224,357
Including installation factor of 2 448,714

Table 17 shows the total capital cost for the itedladrying system is $NZ 449,000.
In comparison the sawmilling scenario in this tedsid a drying cost of $NZ 1.3 m.
This is a significant saving and more than halvesdrying capital cost. Because the
total capital of the overall plant includes a cogéncy and fee as well as working
capital based on a fraction of the installed plenst the savings are even more
significant. The overall capital investment reduié®m $NZ 10.6 m to $NZ 9.52 m.
In turn the breakeven electricity price reducesnfrbl.6 c/kWh to 9.93 c/kWh. This
brings the breakeven price to below the price paicelectricity on the grid of 10.46
c/kwh.
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9.4 Gas Engine Generator Set
The gas engine genset is the most critical arearaalternative to be found. In the

case of LVL A mill the gas engine genset makes 1 4f the total capital cost of
the energy plant. Currently the choice of engiaeegator set is a Jenbacher. Whilst

they are very good engines the cost is very high.

There are several alternatives to a high capitstl engine generator set.

* Find an alternative lower priced engine manufactared buy a gas specific
engine generator set brand new.

* Find a second hand gas engine generator set wigHoxe hours.

* Find a second hand gas engine generator set vwgthhours and factor in a
rebuild cost.

* Source a brand new diesel engine generator set@mncert to spark ignition
or dual fuel.

* Source a second hand diesel engine generatordebanert to spark ignition

or dual fuel.

The suggested alternatives above range from whaixpected to be the most
expensive but more ideal scenario, to what is exepet be the cheapest alternative,

but also the least practical and potentially tlzesieeliable.

Rationalisation to a shortlist of the most apprafgriscenarios to investigate yields
* A second hand gas engine with low hours.

* A second hand gas engine with high hours and iectudcebuild cost.

The reasons for this rationalisation are as follows
» If a brand new engine was to be purchased it ikeiglan engine could be
bought at a price significantly less than that lné £xpensive high quality
option that still had suitable attributes. Forrard new engine to be much
cheaper than another brand new engine there wduldsé certainly have to
be a significant quality difference.
* A major reason for purchasing a new engine wouldheewarranty package

included with the engine. However, because thenengould be running on
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producer gas rather than natural gas it is vemslyjikhe engine manufacturer
will not honour a warranty package (Hedley, 2008his makes a low hour
second hand engine more appealing if it can be ltoag a significantly
cheaper price.

* Engines with high hours can be very much cheapan tither scenarios. It
may be the case that the installation is somewhatpooof of concept. In this
case it is likely the engine will run suitably f@diong enough time to prove the
energy plant system. After a proving period thgiea could be rebuilt to
continue to run. If not, a large investment hatsheen initially outlaid.

* The converted or dual fuel diesel engine may beitatde choice for a small
scale plant investigating the feasibility of gamifgas engine combinations but
is unlikely to be as efficient and reliable as & ggecific engine for a
commercial energy plant. It also adds an extrapdimation to an already

novel process of having to modify and tune an engin

While academic research should not typically rety web references a canvas of
second hand industrial equipment sites gives arcatidn of the market and has
yielded a number of suitable gas engines at a rahgperating hours and sizes. Due
to the large number available it should not beidift to find a suitable engine within

given constraints of size and operating hours. |elfaB shows engines with low or no
hours bought from second hand retailers while TdBleshows engines with higher

operating hours.

Table 18: No or low hour natural gas engine gensefsom second hand industrial retailer
Manufacturer and Model Run hours Rating (MW) Cost ($NZ) Cost per unit ($NZ/kW)

MTU 16Vv4000L61 0 13 660,000 508
Cummins  QSV91 0 1.75 871,795 498
Caterpiller ~ G3520C 5,000 2 576,923 288

Average 431

Table 19: High hour natural gas engine gensets frormecond hand industrial retailer
Manufacturer and Model Run hours Rating (MW) Cost ($NZ) Cost per unit ($NZ/kW)

Jenbacher J620GS 32,000 2.72 600,000 221
Nigata 12V26HX-G 44,000 1.90 179,487 94
Nigata 16V26HX-G 44,800 2.50 350,000 140
Waukesha 12V-AT25GL 61,000 1.9 280,000 147

Average 152
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From Table 18 and Table 19 it can be seen theaesignificant cost saving in using
this type of engine in comparison to the $NZ 839 k& used for pricing of the
Jenbacher engine.

There however is the need to consider the derafiige engines as they are designed

for natural gas. This will push the effective cpst kW higher.

9.4.1 Calculation of engine derating
The intention of the following section is to laytasimple step by step process for

derating a natural gas engine for producer gasilevdrsmall amount of literature can
be found on this topic (Dasappa, 2001) it is sonawdifficult to follow. This section
takes relevant aspects of the derating method fitemature (Dasappa, 2001) and is
applied to the parameters in this thesis. The atetlachieves very good
comparability to experimental results (Dasappa,12@thich is a significant driver to

apply the method in this thesis.

When derating a gas engine there are several \esiabat need to be taken into
account. They are as follows

» Compression ratio

* The energy density of the fuel/air mix in the cylén

* Change in moles between the reactants and products

» Adiabatic flame temperature and its effect on pa@ssure in the cylinder

Compression ratio

The compression ratio needs to be taken into a¢dmeaause the ratio may need to be
lowered to prevent knocking, based on the combustivaracteristics of the fuel.
However, in this case it is assumed the gas engineady have a lower compression.
This is partly because of the knock resistancetdiimns of natural gas, and the
engines being spark ignited not requiring high caeagion for compression ignition.
It is assumed the compression ratio will not needo¢ lowered any further to

accommodate a producer gas feed.
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Energy density factor (E)

The energy density describes the calorific valuethad air/fuel mix within the
cylinder. The stoichiometric air/fuel ratio hassmnificant effect on the energy
density. Table 20 shows the calorific value of greducer gas, as well as that of
natural gas (CkJ.

Table 20: Calorific value of producer gas based oohemical equilibrium model

Producer Gas Mol Fraction HHV (MJ/m?)
Mol Frac CH, 0.0013 34.39
Mol Frac CO 0.2685 10.98
Mol Frac H, 0.4904 10.97
HHV of producer gas 8.37

The calorific value of natural gas is considerabigher than that of producer gas,
however, for stoichiometric combustion of naturasgthe air/fuel ratio is 9.52
compared to 2.14 for producer gas. This indicHtere is significantly more dilution
of natural gas in the cylinder compared to produgas. Table 21 summarises the

energy density for natural gas and producer gas.

Table 21: Summary of air/fuel (A/F) ratio and energ density for natural gas and producer gas at
varying levels of excess air

Stoichiometric 5% excess air 15% excess air
A/F ratio Energy density A/Fratio Energy density A/Fratio Energy density
(MJI/m?) (MJ/m?) (MJ/m?3)
Natural gas 9.52 3.27 10 3.13 10.95 2.88
Producer gas 2.14 2.97 2.24 2.88 2.09 2.71
Energy density factor 0.91 0.92 0.94

Mole change factor (M)

When certain fuels combust the number of molesroélyct can be different to the
number of moles of reactant. In the case of nhiyma the ratio is 1:1. However
producer gas can be less. Table 22 shows thelatdecuof the mol change factor
based on producer gas fractions from the chemapaliberium model as used in the
economic modelling in this thesis. It can be seased on the producer gas fractions
used there is a reduction in moles of 14% fromrdaetants to the products. This has

an effect on the peak pressure inside the cylinddrtherefore power.
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Table 22: Calculation of mole change factor usingnedicted producer gas fractions from
chemical equilibrium model

Mol Fraction Mol flow in Mol flow out Reaction
Mol Frac CH, 0.0013 0.0013 0.0000 CH4 + 20, = CO, + 2H,0
Mol Frac CO 0.2685 0.2685 0.0000 CO +0.50, = CO,
Mol Frac CO, 0.0911 0.0911 0.3609
Mol Frac H, 0.4904 0.4904 0.0000 Hz +0.50, = H,0
Mol Frac H,O 0.1487 0.4930
Stoic. O, 0.3821
N 1.4373 1.4373 Products/Reactants (M)
Total entering 2.6706 Total leaving 2.2912 0.86

Adiabatic Flame Temperature (T;)

Based on ideal gas laws the flame temperatureafiéict the peak pressure achieved
in the cylinder, in turn affecting the power outputo calculate the temperature a
reactor was used in HYSYS to model the combusteattions for both natural gas
(methane) and producer gas. The feed to the reaet® either methane or producer
gas excluding the water fraction, and air at stocl@tric ratio or excess. Table 23
shows the results at various levels of excess lican be seen the adiabatic flame
temperature of the producer gas is in fact highantnatural gas resulting in an

effective increase in engine power over naturaltge®d on the temperature factor.

Table 23: Adiabatic flame temperature comparisonsdr natural gas and producer gas
Temperature (K)

Stoichiometric 5% Excess Air 15% Excess Air
Natural Gas 2296 2232 2114
Producer Gas 2409 2355 2254
Temperature Factor 1.05 1.06 1.07

Overall Engine Derating Calculation
From the above factors the power for an engineingnan producer gas rather than
natural gas can be calculated.

POowWeproducer gas= POWEHatural gasX Er X Mg X T¢ (24)

Therefore for an engine running on 5% excess air

Poweproducer gas= POWEHkatural gas* 0.833 (25)

And for and engine running on 15% excess air

Powef)roducer gas— I:)Oweﬁatural gas>< 0.861 (26)
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Utilising the data from Table 18 and Table 19 tlstger kW of second hand gas
engines running on producer gas is shown in Table 2

Table 24: Comparison of average capital cost of seed hand engines when derating factors

applied
Non derated Derating Basis
5% excess air 15% excess air
Low hour engine average cost ($NZ/kW) 431 518 501
High hour engine average cost ($NZ/kW) 152 183 177

The producer gas composition used in the deratatgutations is based on results
from the chemical equilibrium model. This is inefpgng with the rest of the thesis.
For comparison, however, it is thought prudentdlzulate the derating based on the
producer gas compositions from the CAPE laborasoale FICFB gasifier. A typical

composition of gas is shown in Table 25.

Table 25: Producer gas compositions and heating va of CAPE lab scale FICFB gasifier

Producer Gas Mol Fraction HHV (MJ/m?)
Mol Frac CH, 0.1400 34.39
Mol Frac CO 0.3470 10.98
Mol Frac H, 0.2350 10.97
Mol Frac C,H, 0.0420 49.80
Mol Frac C,Hg 0.0072 58.40
HHV of producer gas 11.20

Table 25 shows the heating value of the producsrig&igher, therefore one would
expect the derating to be less. This, howevenga®o be incorrect because when the
calculations are applied, the derating of the emgs more. The main factor
influencing the extra derating is the energy denisittor. While the producer gas is
higher in heating value there is also a much highierrequirement for complete
combustion. This has the effect of diluting thedarcer gas so the overall energy
density of the charge to the engine is significalgss. The capital cost of the derated
engines as shown in Table 24 has been recalcuiatdde lab gasifier producer gas
composition and is shown in Table 26.
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Table 26: Recalculated second hand engine capitadsts based on CAPE lab scale FICFB gasifier
producer gas composition

Non derated Derating Basis
5% excess air 15% excess air
Low hour engine average cost ($NZ/kW) 431 584 574
High hour engine average cost ($NZ/kW) 152 206 202

9.4.2 Economics of incorporating a second hand gas enginmgo the base
scenario

As with the drying alternative section the new gagine price will be added to the
sawmill model to consider the overall economic @feof a reduced gas engine cost.
An excess air of 5% will be used as in literatuns is indicated as typical for a gas
engine (Dasappa, 2001). The Jenbacher engindeianaburn engine with a much
higher air/fuel ratio (GE Jenbacher, 2005). Ikthiere to be taken into account the
derating of an engine running on producer gas wbelgignificantly less. However,
because the engines in comparison may not be lean b is considered a

conservative option to use 5% excess air.

Also to be conservative in cost estimates, thetogyebased on the experimental
producer gas data will be used (Table 26). Whiig is not consistent with the thesis
it is deemed appropriate so not to underestimated#rating of the gas engine in a

real scenario.

The engine size for the sawmill is 1421 kW resgltin a base engine cost of $NZ
829,000. An installation factor of 2 is used giyian installed engine cost of $NZ
1.66 m. Once the influence on working capital a@htingency and fee is
incorporated the overall capital cost reduces f@@MZ 10.6 m to $NZ 9.67 m. The
breakeven electricity price reduces from 11.6 t@ TdkWh.
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10 Power Market Opportunities

In the base economic study in this thesis an aeepyver price of 10.46 c/kWh

(Dang & New Zealand Ministry of Economic Developme007) has been used.
Section 3.2 reviewed the long term trends of thevgyoprice and discussed future
predictions, however, this will be an average othbtime and location. The power
price varies within both of these parameters amutefiore an investigation will be

made into whether there are any opportunities tdigore the gasification plants or
associated mills within this study to best takeaadage of the New Zealand power

market.

Having internal generation allows a mill to playetipower market based on the
assumption that the mill buys electricity on thetsmarket. While any mill could
potentially play the market by choosing when tomien not to operate, the internal
generation gives a mill more strings to its bovpwing more flexibility and profit

potential.

The power price has peaks and dips throughoutiaalygay depending primarily on
demand. The peaks are normally based around lastakhd dinner time but this is
not absolute. Live five minute power prices areeefy available from

www.electricityinfo.co.nzso anyone can monitor the current New Zealandreliyg

price. There is not, however, significant histatidata on this website. Data for this
study was obtained directly from the electricitynouission via their centralised

dataset (Electricity Commission, 2008).

Within the power market, each day is broken up #8drading periods. An average
of each of these trading periods for a year isutated to give an average daily spread
in the power price. The average spot price fohe#ahese half hour periods for an

example node is shown in Figure 44.
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Figure 44: Average trading period price in 2007 forOTA2201

From Figure 44 it can be seen there are distinabg® where the power price is
higher. This opens up options for different sigée to take advantage of this price
fluctuation in a sawmill based CHP arrangementalliicases it is assumed the output
from the gas engine is kept constant, rather thanyivg load, to match market
opportunities. This is set as the base case, @nservative approach, in order to

allow a steady state operation of the gasifierassbciated energy plant.

Different approaches can be taken to reap the herwfthe fluctuating prices, each
having specific advantages and disadvantages tipicased on the profit potential

vs. the practicality of taking downtime.

In this case the sawmill has been chosen over YHedr MDF plants. The reason
being the sawmill scenario only mills logs and #fere uses peak power for 8 hours
per day. The remaining 16 hours only use eletyrfor drying. The advantage arises
from the fact that because the drying requirem&@4i hours the energy plant always
needs to be running which means electricity alwegs the potential to be generated.
There is the ability to move the 8 hours of millittgoughout the day to best take
advantage of the power price. Using the case ekettample mill size in this thesis,
there is an electrical demand of 1421 kW for 8 bquer day, with the remaining 16
hours only requiring 362 kW. This allows an excemgacity of 1059 kW of power to
be sold onto the grid. The MDF and LVL differ ihat any downtime to take

advantage of power prices directly impacts on petidn. Therefore the profit
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potential of the mill selling their product needs lie factored into any advantage
gained on the power market by taking downtime. MiDE LVL will therefore not be

considered in this case as the benefit is notyik@be as significant as for a sawmill.

The different scenarios considered to take advantdghe power price fluctuations
are

* The mill keeps an eye on the power price and gpopgduction when the price
hits a specified value. Production is sporadicedasn price throughout the
day until the days production is met. The advamtafjthis scenario is the
profit potential from playing the power market isaxmmised. The
disadvantage is the practicality and productiornt obghis strategy. Starting
and stopping a plant on a continual basis is diffjand spreading the milling
throughout potentially a whole day necessitatesaeghifts which carries a
significant cost.

* The mill selects what is estimated to be the most effective 8 hour period
for that day, and mills continuously within thatng. The disadvantages of
this system is it requires an estimate of the Bdsburs to run which may not
eventuate as being the most accurate, and it atpares a very flexible shift
which is impractical.

* The mill performs historical research as to whishthe most cost effective
time to run for an 8 hour period, and then adhethis scenario. This still has
time of use benefits but removes some of the injwalities of variations in
run time. The disadvantage is the production tisnkkely to be outside of
natural work hours.

* The final scenario is status quo for productionirigm where the mills reaps
the benefits of insulation from power price peaklhe disadvantage is that
when there is no production and power is being,siblés generally in the

lower price ranges.

The first two scenarios are recognised as being wmepractical but are included to
show the range of options to maximise profit.
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The third scenario of choosing an eight hour prddacperiod that doesn’t vary day

to day has been selected as the most appropriate.

The centralised dataset was analysed to produbedvetage power prices for each of
the main eleven nodes and an average of each dftluily trading periods to give
an average daily trend of the power price movemémsexample shows in Figure
44). The analysis was performed for all of 200tAwas deemed appropriate to use at
least a years worth of data as power price vahiesighout the seasons therefore any
shorter period of analysis would skew resultsis licknowledged that there are year
to year differences in power price and analysisederal years of data would improve
accuracy of analysis further, however, the quardgitylata to analyse is significant,
and is not warranted for this general study.

Analysis of each node gives a general overviewhef firice in that area, which is
superior in specific case studies in comparisoan@verage price for New Zealand.
To check the validity of using the 220 kV nodesrggresentative of the wider area
the node HLY2201 was compared to KAWO0111. Thiansll kV node in Kawerau

compared to the 220 kV node in Huntly. Overlayithg average trading periods
yielded the same trend, and the average annuat pvas very similar, therefore

excluding any significant disruptions to the getieraor network it can be assumed

the main 220 kV nodes are suitable for analysihefgeneral area.

For each of the nodes each of the 48 trading peneele averaged to give a daily
profile of the power price for that node. Fromsthiiwas possible to select the period
with the lowest 16 trading periods in a row. Tiisntended to be the 8 hours the mill
has to run to take maximum advantage of the poveeket. From the analysis of the
2007 data this period was consistently through nmmasies from 10:30pm until

6:30am. Therefore the data has been split in® &hnour period and the remaining
16 hour period, with each period averaged to gneeprice during that period. The
results are summarised in Table 27 for the Norgnts nodes and Table 28 for the

South Island nodes.
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Table 27: Power price analysis for North Island mai nodes

Node HAY2201 SFD2201 TUI1101 WKM2201 HLY2201 OTA2201
Average Price ($/MWh) 51.9 49.8 51.5 50.7 50.8 52.3
8 hour low price average ($/MWh) 46.0 43.6 45.1 43.9 435 44.1
16 hour high price average ($/MWh) 54.9 52.9 54.7 54.1 54.4 56.3
Low price deviation from average % -11.4 -12.5 -12.4 -134 -14.3 -15.6
High price deviation from average % 5.7 6.2 6.2 6.7 7.1 7.8
Price deviation from average for high price ($/MWh) 3.0 3.1 3.2 34 3.6 4.1
Saving by selling power on peak compared to average ($/annum) 17,448 18,227 18,760 19,970 21,303 23,887
North Island average saving ($/annum) 19,933
North Island avearage power price ($/MWh) 51.2

Table 28: Power price analysis for South Island mai nodes

Node INV2201 HWB2201 BEN2201 1SL2201 STK2201
Average Price ($/MWh) 51.9 51.1 50.8 54.2 55.9
8 hour low price average ($/MWh) 49.3 48.7 47.6 49.8 51.3
16 hour high price average ($/MWh) 53.2 52.3 524 56.4 58.2
Low price deviation from average % -5.0 -4.7 -6.2 -8.1 -8.1
High price deviation from average % 25 2.4 3.1 4.1 4.1
Price deviation from average for high price ($/MWh) 13 1.2 1.6 2.2 2.3
Saving by selling power on peak compared to average ($/annum) 7,619 7,056 9,316 12,934 13,349
South Island average saving ($/annum) 10,055
South Island average power price ($/MWh) 52.8

The price deviation from average to the higher a@@rtperiod is where the potential
savings are to be achieved. This is the periodevtiee power is being sold, as only
the drying component of the mill is operating asttime. Multiplying this power
sold per year by the electricity price differenoeatrerage in the 16 hour period yields
a saving per year of operating in this configuratid@ he results are shown in Table 27
and Table 28. On average the North Island site® tlae most variation in power
price throughout the day and therefore the greateshgs, however, with the largest
saving being just $23,800 per year at the OTA220den it is in no way worth
converting a sawmill to run at night. The levelsalving simply does not justify the
operational and personnel difficulties associateth wunning the majority of the

operation of a sawmill outside normal work hours.

If the conclusion is that the night operating secen& unsuitable then the opposite
becomes ideal in terms of the movement of the pgsiee. In the case where a mill
is operating during the day and then selling powhile only drying at night, the
ultimate scenario is one where the power price smgdall significantly during the
night. From the nodes in Table 28 it shows thetlstsland on average now becomes
the more appropriate scenario. The combinatiomigher average price and less

variation in power price throughout the day is msugable.
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10.1 Location of wood resource in relation to power marlet
Of interest is how the variations in power priceotighout New Zealand compare to

the available wood resource. The ideal justifmatior a gasification based energy

centre at a mill is where the localised power prigethe highest, and there is
substantial forestry activity in that area.

Figure 45 has been created to show the comparistmebn the localised wood
resource and the power price.

600,000 57

O Forest Area (Ha) + 56

500,000 m Power Price - 55
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Power Price ($/MWh)
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Figure 45: Wood resource by region compared to estiated power price for the region.
(Electricity Commission, 2008; Ministry of Agriculture and Forestry, 2006)

Figure 45 has the wood resource ordered from nrest planted to the least. The
estimated power price for that particular regios baen overlaid. The power price
for each area was estimated by selecting the nedeest the area, or averaging nodes

around the area where it wasn’t so clearly defipeagraphically.

The intention of the graph was to match a geogcabhiegion where there is a
substantial quantity of wood alongside a high popraze. From the graph there isn'’t
any particular obvious situation that would makédest®on of a location for a
gasification plant simple. The Nelson/Marlborougdgion contains a moderate

amount of wood, along with the highest power pricewever, the LVL and MDF
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mill at Nelson Pine would likely use significant aniities of the residues from

sawmills thus pushing up the residue price.

The East Cape and Coromandel are two areas thautsiele the economic working
circle of pulp mills and MDF, therefore significanésidues exist (Weir, 2008).
However, the power prices for these areas basedaim nodes (taken to be the East
Coast and Central North Island respectively) ateanmong the highest. Although the
power price does not line up favourably with theodoscenario, these areas are
potentially the best location. The small differencn power price would be

significantly offset by obtaining a moderately gticand stable wood supply.

Because the East Cape and Coromandel are recogrsgeatential areas in terms of
wood availability it was deemed sensible to dribvweh to more localised nodes in
these areas to determine if there were obvioussas&digher power prices due to
constraints. Table 29 shows the average powee foircJuly 2007 of several nodes in
these general areas. Northland nodes were al$adett as there is high forestry

activity and a relatively high power price.

Table 29: Average power price for selected nodesrfduly 2007

Node Location Average Price ($/MWh)
DARO0111 Dargaville - Northland 66.7
TKHO0111 Te Kaha - Eastern Bay of Plenty/East Cape 65.6
MPEO331 Maungatapere - Northland 65.4
MTOO0331 Maungaturoto - Northland 65.4
MDNO0141 Marsden Point - Northland 64.4
KPUO661 Kopu - Lower Coromandel 62.8
WKOO0331 Lower Coromandel 62.4
WAIO111l Waiotahi - Eastern Bay of Plenty 62.1

Average 64.3

Once again, as with comparison to the main nottesetisn’t a significant difference
in average power prices in these regions. Theageeprice of the main nodes in the
upper North Island for the same period was 60.3V8HM The prices are slightly
higher than the average of the main nodes up t® %0at the DAR0111 node.
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10.2 Conclusions
Unfortunately this study of the power market didt nealise any significant

opportunities for a gasification based combined hed power distributed generation
scenario. The power price does not vary enoudteethroughout the day or from
location to location to warrant recommending aipalar area due to power market

opportunities.

From this higher level analysis it is concludedtttageting an area with suitable
wood availability is more critical than targetingvper markets. However, this study
did not take into account specific scenarios. &hare potentially case specific
scenarios where if a mill were to expand there wdug network constraints that
could make for favourable conditions for embeddedegation. An example is the
Red Stag Timber sawmill in the Rotorua area (EECB07) where the mill needs
more power to run than the transmission lines cavige. While the economic
details are commercially sensitive and thereforagfidential one could speculate that
they would have a more favourable deal with theditompany than an average
scenario as their embedded generation allows ties Icompany to defer capital
investment in that area. Finding other scenamothis position is a level of detail
beyond this thesis, however, this study forms dsbés a reader in the potential

scenario where they can realise the benefits etwork constraint.
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11 Novel Plant Integration

The intention of this section is to review potehtiaovel opportunities for

incorporation of gasification based combined heat power plants in both sawmills
and LVL mills. The often expressed advantage affgation over combustion is the
versatility a producer gas affords rather than pestt production. It was therefore the
intention of this section to investigate if the sagility can be taken advantage of in
novel ways to integrate the energy plant into tesoaiated mill to reduce capital

and/or operating cost.

11.1 Novel LVL plant integration
LVL has more opportunities for novel use of thehtemlogy compared to the sawmill

because of the variety of energy needs in the psockleat is needed in various areas
of the process, of varying grade. This leads ¢opbitential for a high efficiency plant

with less unit operations if some novel approa@regaken.

There are several needs for heat in a LVL mill
* log conditioning
* press heating

* veneer drying

Several suggestions were made as to novel LVL iatEm by a consultant in the
field (Burggraaf, 2008). Some of the suggestioesenmodelled in HYSYS to gauge
the actual performance. The flow diagram of thedeéd system can be seen in Figure
46.
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Figure 46: Schematic of proposed novel LVL plant itegration
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As can be seen in Figure 46 the main novel appesaate

 The use of the CFB and engine waste gas as théogdsomass drying, from
which the spent gas is used directly in a scrulligrthe log conditioning water

» Scrubbing the producer gas directly with log coioding water

» Direct firing of the veneer dryer with producer gas

The system in Figure 46 will only work for the LVA system as the press is
electrically heated. In the LVL B scenario eitikesmall boiler, or a thermal oil heater
would be necessary. However, the HYSYS modellidgndt focus on this area, as it
is an extra complication for what is likely littextra gain. Post HYSYS modelling,
the direct veneer drying was deemed to be a patBntroublesome configuration.
The direct coupling of the gasifier to the venesed leaves little buffer if the gasifier
has deviations from steady state. The boiler ammepressure required to perform the
duty does not carry a significant capital costye¢fare the potential problems are not

outweighed by the capital saving.
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Using the log conditioning stage as a thermal kesefor engine cooling was also
considered but it was concluded the engine codbntpo critical to be reliant on

another process and any subsequent fluctuations.

Scrubbing directly using the log conditioning wasets as a form of heat exchange
minimising the need for other heat recovery equipm@ncluding a boiler if
combined with the direct firing) therefore reduciogmplexity and cost. Another
benefit of scrubbing with the water is to avoid thee and therefore expense of
running a biodiesel/solvent scrubber. The effestess of water scrubbing was a
concern. It is suspected condensed but insolaltecould cause build-up problems
in the scrubbing system. However, literature seggéHan & Kim, 2008) that water
scrubbers are common and are an effective meareraving particulates, tars and
other contaminants, with a reduction to 20-40 nigtfitar and 10-20 mg/iof
particulates. By comparison the Guessing plantchvimcorporates a bag filter and
solvent scrubber has a tar concentration postalseckpanup system of 10-40 mg/m
(Hofbauer, Rauch, Bosch et al., 2002). This |l@fears has been running through the
gas engine successfully for a significant time gebvith no problems, therefore if the
same order of cleanup could be achieved via wateibbing then one could assume
the producer gas quality from such a plant is bletdor use directly in an engine
without the need for further cleanup (except po#digt more cooling to a suitable
temperature for the engine, and to condense excerssure). The other advantage of
using the log conditioning water directly is thaetlog conditioning process releases
contaminants into the water and so has to undeegdnment before disposal, therefore
addition of tars and particulates to the streanoislikely to be a problem (Burggraaf,
2008).

While the idea is good in principle, the HYSYS mb@esing Peng Robinson equation
of state) identified problems with the system. Ti&@n concern when scrubbing with
the log conditioning water is a significant quantif moisture is carried over in the
gas stream. Also, the hot gas does not providdetred of water heating expected.
This is due to the vapour pressure of the wateéhatscrubbing temperature. In the
producer gas scrubber the temperature in the seruisb58°C and the moisture

content of the gas is 17.7 mol%. This fractionwater in the gas is not overly

difficult to manage as the gas would need to béetbfurther for the engine, resulting

110



in water dropout. In the dryer gas scrubber, harethe temperature in the scrubber
(and resultant liquid) is 77C and the moisture content in the gas is 42 mol%the
scrubbing temperature increases the quantity ostw@ in the gas increases rapidly.
The temperature of the water feed i§B5o the water temperature actually decreases
through the scrubber. While this seems unusualttie balance of sensible heats of
the entry to exit streams in the scrubber thatyibls temperature drop. The heat of
the gas is being used to evaporate the water tontheé fraction of water vapour in
the gas stream thermodynamically predicted at ¢thebber temperature. In practice
it is unlikely this equilibrium point would be reaed, however, it is expected that at
the very least it wouldn’t provide much heatinga#it The system only serves to
create a moisture laden gas. If the purpose wasrtth the liquid only, the process
could be performed at a lower temperature miningighne water lost in the vapour.
However because the intention is to heat the watarfinal target temperature of 85
°C in the log conditioners the process is not sigtabThere is not the potential to
scrub directly at a cooler temperature, and thenaiker forms of heat recovery to
heat the water because the water recycled to thélser, from the log conditioning is
still very hot. This method would also add extoanplexity, which the novel method

intended to avoid.

Rather than dismiss the water scrubber concepttamative arrangement has been
used. It focuses solely on the top up water reguént of the log conditioning to
scrub the producer gas. As the logs pass throgHag conditioning stage they
absorb water, therefore there is a requirement makeup water to the log
conditioning stage. The main consideration is thid topup water be enough to scrub
the gas to the engine without heating up to a peimtre there will be an excess of
moisture carry over in the gas. A basic HYSYS nhawfethe isolated scrubbing
system was created as shown in Figure 47. Thélsioy system is considered to be
a spray scrubber chosen for its simplicity of desig Concerns over suitable

contacting can be addressed by recycling more voaiek to the scrubber.
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Figure 47: Simple flow diagram of water scrubbing

From the LVL energy model (J. Li & Pang, 2006) tkquirement of top up water is
14.8 L/min. However, the HYSYS model identifiecatla fraction of the scrubbing
water is carried out in the gas, requiring moreralevater feed to the scrubber (18.5
L/min). The temperature in the scrubber was 6C5which resulted in a water
carryover of 21.1 mol% gas fraction. It is acknegded this is slightly higher than in
the dual scrubber scenario and will need furtheliog and moisture removal for a
gas engine but this is not difficult, and coolingud also be necessary in a biodiesel

scrubbing system so doesn’t add extra complexityost.

Based on the gas flow rate of 6039/ it is necessary to have a recycle loop of
scrubbing water to enable sufficient contactindjapiid. The recycle stream has been
set so 3020 L/hr (50 L/min) enters the scrubbegit@ a liquid to gas ratio of 0.5
L/m*® (Perry & Green, 2008). The particular flow of shiecycle stream can be
increased to give better scrubbing if requiredhasparticular flow does not influence

the overall heat balance.

The system is of benefit as it allows the partedtng of the top up water. The other
advantage of this system as opposed to using thaldog conditioning water is that
there is not the level of contaminants that coaddse problems such as blockages in
the scrubber. The water is fresh apart from anlgbp of tars. There is, however, a
very high purge ratio as the flow leaving is 30 #4h@ flow into the scrubber. This is
compared with 1% purge ratio in the biodiesel systét is therefore, likely there will
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be little overall buildup of tar and contaminantncentration within the scrubber

recycle.

Of greatest interest is the overall economic effefctrunning the water scrubber
instead of the biodiesel scrubber. It could beueesl that the capital cost between
the water scrubber and the biodiesel scrubber woalgimilar. If anything the water
scrubber would be cheaper as the requirement tatidsel storage and then water
and biodiesel separation is eliminated. @ However, the interests of being
conservative and keeping the analysis simple @#ssumed the capital cost does not
change. The most obvious cost saving therefotteei®limination of biodiesel usage.
In the LVL B scenario as has been modelled forrtbeel LVL process the annual
cost of biodiesel is $503,000. This makes up §ezb1% of the total operating costs.
If this cost is eliminated the breakeven electyi@bst drops from 7.9 c/kWh to 6.3

c/kWh and the breakeven time from 17 years to btsye

11.2 Novel Sawmill Opportunities
The intention of this section is to investigate whavel opportunities are available

within a sawmill to make use of gasification teclugy that differs from a traditional

combined heat and power scenario.

11.2.1 Direct Kiln Drying
Gasification systems generally run very low pattatel emissions, therefore there

may be the potential for direct drying from the dmrstion of producer gas. The
advantages of this system is the reduction in rsacgsunit operations (mainly the
boiler) and therefore capital cost saving. Thighe most obvious and practical
scenario to take advantage of the differences legtwasification and combustion.

The choice of gasifier style comes into questidinthere were only the requirement
for thermal energy a fixed bed style gasifier wobkdmore suitable for the simplicity
and efficient use of the energy. However, as tieme of this thesis has been
combined heat and power a scenario will be invast) that will incorporate this.
The FICFB gasifier will be used as the basis bezahe higher calorific value

producer gas is more suitable for power generatiorhe challenge is, making
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sufficient use of the CFB stream. It is thoughpraypriate not to mix the CFB stream
into the gas going to the dryer as it is suspetitedcirculating fluidised bed would

result in more particulate carryover.

The scenario that is deemed to make the best udseddvailable heat is shown in

Figure 48.
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Figure 48: Gasification Direct Kiln Drying Process
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It can be seen in Figure 48 that heat from the &€f&m is utilised in biomass drying

and steam generation for the gasifier.

The system was modelled in HYSYS to see if theribistion of heat flows were
suitable, particularly around the CFB flue gas. wis assumed that the heat
requirement for the kiln drying supplied by the dagrner was the same heat

requirement as if using steam heated kilns.

From the HYSYS model the energy flows were welbbakd. Using the CFB gas to
generate the steam for gasification, and combiniveg resultant flue gas with the
engine flue gas, the resulting gas can be usedrfong. The gas temperature after

allowing for biomass drying energy is %0.
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A new capital cost has been calculated for theesyst The main change is the
elimination of the boiler, with a much smaller stegenerator being needed to supply
the steam for the gasifier. Table 30 outlinesrian capital items. The system is
sized as per the base economic study where ekdcgeneration meets internal

demand.

Table 30: Capital cost for sawmill based energy pta configured for direct kiln drying

Capital Item Cost ($N2)
Biomass Drying 1,295,630
Feed Handling 1,403,030
Gasifier 1,592,574
Gas Cleaning 291,367
Gas Engine 2,460,026
Steam Generator 120,647
Misc. 22,851
Contingency and Fee 1,293,503
Working Capital 847,963
Total 9,327,592

Table 30 show that the capital cost is predictede@NZ 9.3 m. This is a reduction

of $NZ 1.3 m from the original capital cost of $ND.6 m. The system reached a
suitable heat balance using the same wood feed Taterefore the operating costs of
the plant have not significantly changed. The ecoic model generated a breakeven
electricity price of 10.8 c/kWh.

11.2.2 Potential Problems to Overcome
Apart from analysing whether the FICFB gasifieredirdrying and producing power

is an efficient means of energy conversion theesadiher potential problems which
need to be overcome or mitigated for it to be dh@ption.

* Wil the gasifier always act correctly and in aalemanner that will allow
direct drying without discolouration or deposits?

* What will be the availability of this technology#or example, if the energy
plant runs at 95% availability but it has some shimviations from steady
state can this gas still be used for drying, hoterofwvould this happen, how
long will it take to come back to steady state arht is the resultant actual
availability? A boiler is somewhat of a reservair buffer if there are

interruptions, with direct drying there is nothing.
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Direct drying kilns are not as common as steam airvater heated kilns. Older
literature (Culpepper, 2000) suggests that direetfkilns are hard to control, have
ash deposition issues and if there is to be a nad® size set of kilns then steam
drying would be just as economic. There are plaitiiln manufacturers offering
direct drying as an option, however, the manufastudo tend to focus on steam/hot
water heated kilns as their core business whicdmisndicator from the industry of
which method is best practice. Direct fired kiba® more suitable when the wood
post the dryer is being planed as this removeashaleposits or discolouration on the

surface of the timber.

The conclusion is the capital reductions from didying are not significant enough
to justify dealing with the extra complications ttdirect drying may present. The
opportunities for lower capital cost alternatives the existing arrangement are

considered a better area to target due to theegreatings and lower risk.

116



12 Specific Case Study

The intention of this section is to apply the maoibeh real world scenario by selecting
a mill, and sizing and costing a gasification basechbined heat and power plant to
suit. In the analysis and selection of differepéi@ting scenarios and the associated
advantages and disadvantages of each, the placbrisidered to be the first
demonstration plant installed with the technologdlyerefore a different set of
assumptions into the reliability and risk of sucplant is considered compared to a

situation where the technology was well developed.

While the sawmill scenario was the least economithé base investigation a sawmill
has been chosen as the case study for a varietasbns

* There are more potential sites requiring a new gneentre in a sawmill
context than LVL or MDF. Therefore, the realislikelihood of finding a
sawmill application for the technology is far higltan that of an MDF or
LVL scenario.

* The specific case study is selected as the own#reo$awmill has expressed
significant interest in the technology. An acti&ed enthusiastic investor is
considered to be a key driver to the success tdra.p

* Because of the nature of the operation of the swwth a peak electrical
demand for an 8 hour period during milling, anadwaér electrical demand on
a continuous basis there is more potential to eanfiguration of an energy

plant to the most suitable for the scenario.
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Case Study Basis — Bay Lumber

Bay Lumber is a sawmill in Kerikeri, Northland. &leurrent production of the mill is
around 100 rfiday. The owner wants to expand the mill to aro4@d ni/day. This
is moving from a moderate sized sawmill to quitarge mill. Currently there is no
drying capacity at the mill and the owner is ingteel in a gasification system to
provide heat for the drying process and to geneigtetricity. Looking to the future
he is also interested in producing fuel to runrh@ving equipment.

The current sawdust production from the mill is 8¥nes per month of wet sawdust.
The sawdust is very wet so it will be assumed tleestare content is 100 % (dry

basis). A fourfold increase in production wouldrease the sawdust production to
2400 wet tonnes per month. This assumes in incigadise size of the mill there are

no conversion efficiency gains that impact on thedust production. The sawdust
currently does not have a specific market so isirasgl to have no value. In some
instances if it were dumped it could be assumebteaa negative value but to be

conservative in the study this is not taken atse.

The chip produced at the mill currently has an epwarket with a value of $30 per
tonne. While being ideal fuel for the plant, teisould not be used as the primary fuel

due to the high opportunity cost.

For this case study it has been assumed the savedil first material used for the
gasifier, with chip supplementing any shortfallheTamount of fuel used therefore

has a large influence on the $/tonne fuel feedscost

The current mill average electrical requirementpproximately 250 kw (40,000
kWh per month). This is for 100 %day of production and does not include any
drying component. By applying the model developgdLi (J. Li, 2007) for 400
m%/day production including drying the peak electri@guirement is 1677 kW and
the off peak requirement (i.e. electricity requifed drying only) is 482 kW. The
thermal requirement from the model for the dryied 0182 kW.
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For the first two scenarios it is assumed to follavetandard approach using steam

heated kilns and a gas engine for electricity gatien. Three scenarios have been

evaluated based on varying levels of risk for bthestment and affect on mill

availability and are described below.

12.1 Full system meeting all thermal and electrical neesl
The first scenario investigated is one that padsaliee base study in this thesis. The

system is designed so to provide for the completental and electrical needs of the

associated sawmill. There are both advantageslisadvantages to such a system in

a real world context. These are considered below

Advantages

The system takes the most advantage of economiescale of any of the
scenarios. There is more ‘revenue’ gained frompilaat for the level of capital
investment and complexity. The fixed operatingtgosf the plant such as
operating labour do not change with scale (witlgason) so the larger plant is
more economically viable.

There are no competing technologies on site. Bhiyy no means an admission
that other technologies are superior to gasificativowever, the technology is
new compared to combustion based processes therefdl require more
development and hence effort to reach an accepssdhelard of reliability. In a
scenario where both technologies were presenputidvallow the potential to fall
back on existing technology rather than pushing deeelopment of the new
technology to a level where it was accepted as eoafybe in reliability and ease

of use as that of the combustion based process.

Disadvantages

The second advantage could also be seen as aipbtesadvantage. While there
isn't the competing technology on site, the entiperation of the mill is hinged
on new technology under development. Realisticétigre will be a longer
commissioning time than with an already proven nedbgy. It is not acceptable
for a utility such as steam to be the bottlenecklie availability of a mill. Ways

around this will be necessary such as commissioanajoptimisation of the plant
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before a requirement of steam is realised. THies@®n a mill not having an
exceptionally tight timeframe on development.

» In this scenario a purchaser of excess exportetdriei¢y is required. It is not
necessarily guaranteed that there will be a wilpoigchaser of the electricity, and
the selling price is not an absolute.

» Higher biomass fuel usage resulting in higher weoodt due to the fraction of
chip required.

12.1.1 Modelling results
The capital and operating costs have been calcultde this scenario and the

important parameters are shown in Table 31.

Table 31: Economic data for full plant case study

Capital Item Cost ($N2)
Biomass Drying 1,558,970
Feed Handling 1,625,462
Gasifier 1,840,856
Gas Cleaning 205,852
Gas Engine 2,892,977
Boiler 1,367,522
Misc. 160,581
Contingency and Fee 1,737,400
Working Capital 1,138,962
Total 12,528,582
Wood Feed Rate (odkg/s) 1.01
Wood Cost ($/odt) 31
Fuel Power (MW) 20.3
Breakeven Electricity Cost (c/kWh) 13.4
Payback Time (years) never
Economics If Wood Cost Is Zero

Breakeven Electricity Cost (c/kWh) 6.7
Payback Time (years) 17

The most significant issue affecting the econonatghis scenario is the biomass
supply. Sawdust can only supply just under halthaf biomass requirements. The
remainder is chip priced at $30 per wet tonne whéchssumed to be $60 per odt

(based on 100% moisture content dry basis).
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12.2 Meeting base (off peak) load
The second scenario is a more conservative ovagrplioach. The plant is sized such

that all the thermal needs are met and the elatgeneration is sized to only provide
enough generation to offset the off peak elecyriciquirement (482 kW). This off
peak requirement is the electrical needs of thediying which operate continuously.

As with the previous scenario there are severahmaidges and disadvantages.

Advantages
* This is an ‘in between’ scenario. This scenarie tiee benefit of not having to
find a purchaser of excess electricity, while giffisetting a significant fraction of

the overall electricity use.

Disadvantages

» There are less economies of scale in this apprmacbmparison to the scenario
maximising electrical production.

* Because of the thermal requirements being suppbgdthe plant the mill
availability is still hinged off the reliability afhe energy plant.

* During the day while there is timber milling ancetbéfore at its peak electricity
requirement the mill is left open to purchase powehis is when the mill will
encounter the highest electricity spot price.

12.2.1 Modelling results
The capital and operating costs have been calcultde this scenario and the

important parameters are shown in Table 32.

The feasibility of this system is once again siigaifitly affected by the feed cost.
Because this system has less electrical requiretherfeed flows are lower therefore
the sawdust fraction of feed is higher reducing diierall feed cost per tonne. The
cost, however, is still very high. If, for exampB300 tonnes per month of sawdust
were produced instead of 2400 the electrical breatkeprice would drop to 11.5

c/kWh. The most extreme example is that if no westl cost could be realised the

breakeven electricity cost drops to a very low@iéVh.
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Table 32: Economic data for off peak plant case stly

Capital Item Cost ($N2)
Biomass Drying 1,379,420
Feed Handling 1,476,227
Gasifier 1,673,207
Gas Cleaning 83,330
Gas Engine 841,177
Boiler 1,362,755
Misc. 169,960
Contingency and Fee 1,257,494
Working Capital 824,357
Total 9,067,927
Wood Feed Rate (odkg/s) 0.86
Wood Cost ($/odt) 26.5
Fuel Power (MW) 17.3
Breakeven Electricity Cost (c/kWh) 19.6
Payback Time (years) never

Economics If Wood Cost Is Zero

Breakeven Electricity Cost (c/kWh) 2.6
Payback Time (years) 18

12.3 The ‘safe demonstration’ plant option-
The last scenario investigated is a more noveloaptn comparison to the base

scenario in this thesis, however, it is conside¢cele a safe way to prove a plant at a

demonstration scale.

There are boiler systems on the market currentlienv Zealand that consist of a
biomass burner with a secondary combustor (Maling908b). The hot gas from
the secondary combustor is fed to a boiler to garesteam. It is envisaged a gasifier
could be coupled to the system so that the prodgeesr enters the secondary
combustor area, and the heat from the CFB to thgd®mstream. Producer gas could
then be bypassed to a gas engine. The combugstens can be ramped up to offset
the removal of the producer gas maintaining coestst of steam supply to the mill.
The gasifier could be sized to produce enough gdsave an engine that meets the

base load needs of the mill. A schematic of thagess can be seen in Figure 49.
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Figure 49: ‘Safe demonstration scenario’ incorporaing combustion and gasification technologies

Gasifier

This scenario has a very different set of advarstaayel disadvantages compared to

the other scenarios and are somewhat a reverke @ilt plant scenario.

Advantages

» The availability of the mill is not dependent onethmeliability of the new
technology gasification system.

* There is less investment cost in the more novdinelogy aspect of the energy
plant. This is more likely to attract an inveskaen to prove the technology but

not willing to risk upsetting a whole mill’s prodiien.

Disadvantages

* The capital cost of the plant will be the highekalb the scenarios for the given
output. The likely way to make this technologyoaffable would be for the mill
to purchase the combustion system with the gatidicaystem and engine genset
built under a capital grant where the governmeltpseffset some of the capital

cost.
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* The system allows competing technologies on saeé dhe realistically simpler to
run at least in the early phase. There is the afsthe mill saying ‘we can’t be
bothered because we have got the steam we needamithustion’.

* There will potentially be sacrifices in efficien@s a simpler system with less

incorporation of heat recovery is the most sensablangement.

12.3.1 Modelling results
Modelling this process is not as simple as thersthé needs an assumed cost of the

combustion based plant and then a gasifier sizedeiet the electrical needs of the off

peak electrical load.

As a base the combustion plant including the festtlhing silos, burners and boilers

is estimated at $NZ 4m. This system incorporatied storage of 1600inand two

5 MW burner and boiler systems (Mallinson, 2008a).

Table 33 is an economic estimation for a gasifisteam that supplies about 50%

more gas than necessary to power a 482 kW enginsege It is based on

manipulation of the existing models.

Extrapolatiihg capital cost correlations to

such a low value may introduce errors but givesraer of magnitude idea of costs.

Table 33: Economic data for ‘safe demonstration’ @nt case study

Capital Item Cost ($NZ)
Biomass Drying 505,610
Feed Handling

Gasifier 672,000
Gas Cleaning 19,932
Gas Engine 841,176
Boiler

Misc. 78,000
Contingency and Fee 317,507
Working Capital 243,422
Total 2,677,647
Wood Feed Rate (odkg/s) 0.13
Wood Cost ($/odt) 26.5
Fuel Power (MW) 2.613
Breakeven Electricity Cost (c/kWh) 20.5
Payback Time (years) never
Economics If Wood Cost Is Zero

Breakeven Electricity Cost (c/kWh) 175

Payback Time (years)

never
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Note the price of the wood was taken at $26.5 péras with the previous scenario.
It is assumed the combustion system and the gabifigh receive the same blend of

wood feed.

It is difficult to estimate a payback on this scémaas the operating costs and
necessary wood flows on the combustor are unknolWowever if we consider the
gasifier separately with the only revenue streamdthat of the electrical generation
and the leftover gas providing a small amount efast generation, costs can be
approximated from the model. A breakeven pric@@b c/kWh is generated, and if
zero wood costs are incorporated the breakevewe prigps to 17.5 c/kWh. One of
the main cost factors influencing the economidal®ur. In other scenarios labour is
approximately $400,000 a year assuming two opeyaiorshift. In this case it has
been halved to $200,000 per annum assuming oneatopecan deal with the
gasifier/gas engine process. This may be an aveiason but for a demonstration
plant and the associated possible operationalsssiseconsidered a safe estimate.

12.4 Conclusions
Out of all the scenarios the most feasible situategardless of breakeven electricity

price is the third case study. There is realiificao way a developing technology
with an availability in the order of 70% can beedlupon as a continuous utility in a

manufacturing environment.

The economics of the plant are very dependent ewdlue of the feedstock. A more
accurate prediction of the quantity of sawdust nmsportant to gain a better

understanding of the cost of feedstock.
Capital cost in the final scenario is not excemlbnhigh but there are again cost

reductions possible in the drying and gas engieasar Certainly a cheaper alternative

engine should be employed in this case being a dstration plant.
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13 Idealised Case Studies

It is the intention of this section to perform eooric modelling of a plant that
incorporates realistic aspects of the optimisatibapters to gauge the viability of a

plant if an optimistic set of conditions were reati.

For a sawmill scenario the aspects that will bemalkto account are

* Lower capital cost alternatives

In the sawmill case it has been decided not to rpmate the novel aspects
researched, or any influence from power price. Adwel aspect of direct kiln drying
does not lower capital cost significantly compared the added operational
challenges, and unless a very specific scenarith@sen where there may be grid
constraints the power market does not play a sagmf role in changing economic

conditions.

For a LVL scenario the aspects that will be taken account are
* Lower capital cost alternatives

* Incorporation of a water scrubber rather than aib&el scrubber

As with the sawmill, fluctuations in the power mearkoth in terms of location and
time have not been incorporated due to the verylsfiact on economics. The most
economically favourable and technically feasiblehw novel techniques — the water
scrubber using log conditioning make-up water @uded in the study, as well as the

lower capital cost alternatives.

13.1 Sawmill Scenario
For the lower capital cost alternatives the gasrenthat will be used is a low hour

second hand engine generator set. This has maskedbenefits of a new engine
generator set, although not the price. The othpital item considered is the drying
section. The system priced will be a multi dealbtudryer. This has been designed

for sawdust, which is likely to be the predomintagdstock in a sawmill scenario. It
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is assumed the gas engine still holds the sameiesftiy of electricity and heat

production of the Jenbacher.

Table 34: Capital cost for sawmill energy plant inorporating lower capital cost main plant items

Capital Item Cost ($NZ)
Biomass Drying 448,714
Feed Handling 1,403,030
Gasifier 1,592,574
Gas Cleaning 188,354
Gas Engine 1,731,580
Boiler 1,102,458
Misc. 138,219
Contingency and Fee 1,188,887
Working Capital 779,382
Total 8,573,197

Table 34 shows the new capital cost with the radodn biomass drying and gas
engine, which also translates to a reduction inkimgr capital and contingency and
fee. This results in an overall reduction of calp@tost from $NZ 10.6 m to $NZ 8.6
m. The basic operating costs remain the saméibueduction in capital cost reduces
the breakeven electricity price from 11.6 c¢/kWh &b c/kWh. This is a very
encouraging result as it brings the breakeven ratagtprice lower than the average
price used in the study of 10.46 c/kWh resultingipositive NPV for the sawmill
scenario. The breakeven time for the energy plaintg the average electricity price
is 19 years which includes two years of construcaad commissioning, and a 10%

discount factor.
As the minor changes in electricity price, or amarges in wood price based on

region have not been incorporated, a sensitiviglyais (Figure 50) is performed to

allow the reader to apply data to a particular agen
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Figure 50: Sensitivity analysis for idealised sawriscenario

13.2 LVL Scenario
Again the lower capital cost items will be a lowun@econd hand engine, and a multi

deck turbo dryer. Although the feedstock may baemaried, the drying system

includes a hammer mill to reduce the size to prevad consistent supply to the
gasifier.

The gas engine is priced at 584 $NZ/kWh as withstemill scenario. In the capital

item alternatives section (Section 9) the dryingtem was sized and costed for the
sawmill scenario. To convert this to an LVL scemahe capital cost was scaled
based on the biomass feed rates, with a scalingrfat 0.6 applied. Breakdown of

capital costs can be seen in Table 35.

Table 35: Capital cost for LVL scenarios incorporatng lower capital cost main plant items

Capital Item Cost ($N2)
LVL A LVLB

Biomass Drying 632,514 607,794
Feed Handling 1,976,602 1,899,477
Gasifier 1,901,985 1,838,438
Gas Cleaning 595,039 456,122
Gas Engine 6,103,991 4,159,268
Boiler 1,444,025 1,648,116
Misc. 158,529 161,884
Contingency and Fee 2,306,283 1,938,798
Working Capital 1,511,897 1,270,990
Total 16,630,864 13,980,886
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Because the water scrubbing as described in the hdtel section is incorporated
(Section 11.1) the operating cost has been sigmifig reduced due to the elimination
of the biodiesel use. This reduction in the opegatost has a significant effect

because it is accrued annually.

13.2.1LVLA
Table 35 shows there is a significant reductiorcapital cost by using the lower

capital cost alternatives (from $NZ 21.1 m to $NZGLm). The large gain for the
LVL A scenario is due to the higher electrical gatien of 5.1 MW meaning the gas
engine was a significant component of the origioapital cost. Being able to
significantly reduce this cost greatly improves gm@nomics. The elimination of the
biodiesel has the most significant effect on opegatost in the LVL A scenario
again due to the higher electrical generation, lti@guin a higher flow of producer

gas needing scrubbed.

The resultant lowering of the capital and operatoasts brings the breakeven
electricity price down from 8.9 c/kWh to 5.0 c/kWithe savings also translate into a
reduced payback period (using the normal elegyriprice of 10.46 c/kWh) of 10

years. This includes a 2 year construction andne@sioning period, and a 10%

discount factor.

13.2.2LVLB
For LVL B Table 35 shows there has been a significaduction in capital cost (from

$NZ 17.3 m to $NZ 14.0 m). The most significanmgmnent of this is the second
hand gas engine reducing the installed enginefrmst $NZ 5.9 m to $NZ 4.2 m.

As with LVL A the drop in breakeven electricity peiis significant. The reduction in
capital and operating costs result in a loweringhefbreakeven electricity price from
7.9 c/kWh to 3.9 c/kWh. The new payback periothessame as the LVL A scenario
at 10 years.

A sensitivity analysis is included and shown ing51 and Figure 52 to allow the

reader to apply data in relation to electricitycpror wood cost.
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14 Final Conclusions and Recommendations

This thesis has investigated a number of areagderdo gauge the feasibility of

gasification plant in the New Zealand wood proagggsandustry. The intention was to

use traditional economic analysis as a base fopaoison, but move beyond the pure
economics to gauge a true feasibility for the tetbgy in the New Zealand context.

Results show that the technology in the base saniilar in economics to other
forms of renewable generation (see Figure 32), kewehe inclusion of lower priced
capital items and novel means of plant integratan improve economics beyond

most other forms of renewable electrical energy.

The application can be seen as very niche, inttit@twood supply, the technology,
the localised power scenario and local politicad goublic perception are all
influential factors. It can be concluded that fimglthe niche situation for such a
combined heat and power plant should be a signifidacus. This focus is
potentially as important as the technology develepinif commercial installations are
to be realised. Overseas comparisons back thisligian. A stable and positive
political climate, locked in biomass supply and remmical operating conditions are

key to the long term success of a gasificationtplan

New Zealand does have a distinct and likely stgloligtical stance on the need for
renewable generation, however, there currentlynatesignificant financial incentives
that will encourage potential investors to invest a new technology such as
gasification. While the government encourages boitbenergy and distributed
generation as being both renewable and efficieranmeof supplying power, there

currently is no significant proactive means to emage such investment.

If the government can implement solid policies eégards to distributed generation,
and the technology can be applied sensibly usingedocapital cost items a
gasification based combined heat and power plaréasible in the New Zealand

wood processing context.
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Appendix A — Financial Statements for Gasificatiorto Combustion
Comparison

Table 36: Profit and loss statement for gasificatio plant generating 7.8MW;, and 1.4MW,

Annual Use $/unit $lyr
Raw Materials
Wood 23668 Dry T/yr 10 236,678
Utilities
Diesel 111366.8 L 12 L 133,640
Labour
Process Operation 20800 hrs 20 hr 416,000
Supervision 15 % of operating labour 62,400
Administrative and General Overh 60 % of labour + maintenance 402,841
Maintenance 2 % of capital cost 193,002
Local taxes 1 % of capital cost 96,501
Insurance 1.5 % of capital cost 144,751
Operating Supplies 15 % of maintenance cost 28,950
Total Operating Costs ($NZ) 1,714,762
Revenue from sales
Savings from not purchasing electricity and surplus electricity sold 1,152,332
Savings from not purchasing steam 1,722,558
Net Annual Profit
Sales revenue 2,874,890
Less Operating Costs 1,714,762
Net Annual Profit after operating costs, before tax 1,160,127
Less depreciation on fixed capital 10 years straight line 1,061,509
Net annual profit after depreciation 98,619
Less tax 33 c¢/$ 32,544
Net Annual Profit after tax ($NZ) 66,075
Add back depreciation 1,061,509
Total Net Annual Cashflow ($NZ2) 1,127,583
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Table 37: Profit and loss statement for combustiobased plant operating at 60 bar and
generating 7.8 MW, and 1.4 MW,

$lyr
Raw Materials Wood price $/odt
Wood 10 314,019
Labour hrs per hr
Process Operation 20800 20 416,000
Supervision 15 % of op labour 62,400
Administrative and General Overhead 60 % of labour + maint 519,019
Maintenance 2 % of capital 386,631
Local taxes 1 % of capital 193,316
Insurance 1.5 % of capital 289,973
Operating Supplies 15 % of maintenance 57,995
Total Operating Costs ($NZ) 2,239,353
Revenue from sales
Savings from not purchasing electricity and surplus electricity sold 1,152,332
Savings from not purchasing steam 1,722,558
Net Annual Profit
Sales revenue 2,874,890
Less Operating Costs 2,239,353
Net Annual Profit after operating costs, before tax 635,537
Less depreciation on fixed capital 10 years straight line 1,933,156
Net annual profit after depreciation -1,297,619
Less tax 33 c/$ 0
Net Annual Profit after tax ($NZ) -1,297,619
Add back depreciation 1,933,156
Total Net Annual Cashflow ($N2) 635,537

137



Appendix B — Component List of Multi-Deck Turbo Drying System

The following is a breakdown of the main plant itefar the complete drying system

utilising a multi-deck turbo dryer (Openshaw PIitechinery Ltd, 2008).

Intake receiving hopper
Painted carbon steel
Capacity of 5m

Cost: $NZ 6580

Cleated transfer belt conveyer

Overall length: 7500mm

Overall width: 450mm

Drive from a 2.2 kW shaft mounted gear unit
Cost: $NZ 11,370

Used multi deck turbo dryer

Capacity: Up to 1750 kg/hr dried material
Stainless steel construction

7.5 kW gear drive for sweep arm assembly
Cost: $NZ 48,425

Rotary valve

Capacity up to 6 MTPH
2.0 kW gear drive

$NZ 4,080

Hot air heat exchanger set
Including fan

Cost: $NZ 35,790

Receiving cyclone and ancillary equipment

Fabricated from 2.0mm galvanised steel
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Stand enamelled carbon steel
Discharge fitted with rotary valve
Capacity 37,383 rithr

Cost: $NZ 9,725

Cyclone fan

Includes support frame, belt guard, rubber isotptimounts, silencer
Capacity 37,383 rithr

Cost: $NZ 17,160

Discharge transfer cleated belt conveyor
Overall length: 4500mm

Overall width: 450mm

2.2 kW shatft drive

Cost: $NZ 7,580

Hammermill

Capacity up to 3 MTPH
Motor 22 kW

Cost: $NZ 8,160

Receiving/Pack off hopper
Discharge rotary valve
Capacity: 5 MT

Cost: $NZ 7,110

Filter collector

Capacity: 6m, 720 cfm approx

1.1 kW exhaust fan

Filter socks cleaned via reverse pulse timed sd@leystem
Carbon steel enamel painted finish

Cost: $NZ 5,000
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