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RETROFIT OF POWER STATIONS FOR
GREENHOUSE GASEMISSION ABATEMENT
- CASE STUDIES

Background to the Study

The IEA Greenhouse Gas R& D Programme (IEA GHG) has assessed a wide range of technologies that
can be used to reduce greenhouse gas emissions from fossil fuel fired power stations. This assessment
work has so far concentrated mainly on technologies for application in new power stations, as these will
have the greatest impact in the long term. However, power stations often have long lives, so it may be
necessary and beneficia also to modify some existing power stations to reduce their emissions.

Examples of power station modifications resulting in lower emissions of greenhouse gases are:
Efficiency improvements, for example turbine improvements and combined heat and power
Switching to lower-carbon fuels, for example coa or oil to natural gas
Use of energy supplies from renewable sources, for example biomass

An dternative way of reducing the impact of existing power stations on the concentration of CO; in the
atmosphere is to plant or maintain trees, i.e. carbon sequestration in forestry.

This report presents case studies of actual power stations that have been modified in one of these ways.
Performance and cost information is presented for each power station, along with descriptions of the
station and the modifications that were made. There are many site-specific issues in each of the case
studies which will mean that they could not be directly reproduced at other power stations. However, the
case studies can be used to illustrate to eectricity utilities some options available for reducing emissions of
greenhouse gases from their existing power stations.

The individua case study reports were prepared by PB Kennedy and Donkin Limited in the United
Kingdom. An overview of the case studies was prepared by Mr S A Moore, a consultant on aternative
fuel technologies in the UK.

Approach Adopted

The contractor drew up alist of power stations where it was known that appropriate modifications had
been made. Contact was established with the operators to describe the purpose of the work and indicate
the datarequired. The information that the operators were able to supply was then reviewed and the list
of case studies was regularly revised to reflect organisations still interested in participating in the project.
Where insufficient information was provided, additional requests and site visits were made as appropriate.
Individual case study reports were prepared on eight plants. Cost and performance information for each
of the cases was calculated based on the actua plant conditions and also on a normalised basis using a
common set of assumptions, for example for fuel costs.

The draft case study reports were sent to the power station operators and their comments were included
in the final reports. An overview report, comparing the results of the individua cases was then prepared.



Theindividual case study reports were edited to exclude common sections, and are included as
appendices in this report.



Results

Descriptions of the cases and the main results are summarised in table 1. Table 1 includes the actual
costs of emissions reduction at the plants on alevelised basis at a 10% discount rate. Table 1 aso
includes costs adjusted to a normdised basis, which is similar for al of the cases studied. The percentage
CO; reductionsiin table 1 are derived from the actua fuel composition and plant efficiencies. CO,
reductions based on normalised fuel composition were also calculated and are given in the main report but
are excluded from table 1 because they are similar to the actual plant data. In the main report the
sengitivity to use of a 5% discount rate is examined and costs are also presented on a net present value
basis, as this may be of interest to some utilities.

Table 1 Case Descriptions and Results
Description L ocation CO, Emission reduction cost
reduction $/t CO,
% Actual Normalised
Efficiency improvements
Steam turbine refurbishment and improvement Germany 23 128 16.3
Utilisation of waste heat (combined heat and UK 6.0 -45.1 -24.2
power)
Switching to low carbon fuels
Refurbishment and substitution of fuel oil by gas UK 195 -36 -394
Replacement of coal and fuel oil by gas Hungary 39.7 36.9 214
Use of energy suppliesfrom renewable sour ces
Partial substitution of coal by straw Denmark 523 734 225
Partial substitution of coal by wood waste Finland 164 -6.3 30
Partial substitution of peat by wood waste Finland 396 18 22
Sequestration by forestry UK/Brazil 100.0 01 01

The cases cover awide range of CO, reductions. The efficiency improvement through refurbishment
achieves areatively small CO;, reduction. The inclusion of asmall fraction of combined heat and power
(CHP) in a power gtation to provide heat previoudy supplied by stand-aone boilers also provides a
reatively smal CO, reduction. The fuel substitution and sequestration cases give relatively large
percentage reductionsin emissions. The percentage reduction achieved by fuel substitution depends on
the degree of substitution- in some of the biomass cases only a small degree of substitution was achieved.

Some of the cases involve large costs for emission abatement (up to $73/tonne of CO,) but others involve
net savings (up to $45/tonne CO,). Substitution of oil or coal by natural gas in these studies shows a
saving or a cost, depending on the type of plant modification and the relative fuel costs. Substitution by
biomass shows net costs, the amount depending on the cost of biomass, which varies widely between the
cases. In some cases fud subgtitution avoids the need for other plant investment, for example installation
of flue gas desulphurisation (FGD) but thisis not taken into account in the assessments to minimise the
effects of site specific issues. The case involving sequestration by forestry has very small costs but other
studies by IEA GHG indicate that these low costs may not apply if sequestration was adopted on alarge
scale, because less favourable sites would have to be used. Thereisalso arisk that carbon sequestered
in forests will be emitted to the atmosphere a some time in the future, for example through natural
disasters such as forest fires.



Expert Group Comments

Draft versions of the individua case study reports were sent to the power station operators for comment.
Comments provided by the operators were included in the final reports. In some cases the operators
provided additional information or updated the information they had provided earlier to take account of
changes in plant operation. The case study reports were not sent to other external reviewers because the
plant operators were judged to be the best able to comment on them.

Main Conclusions

Power station retrofits are very site specific. The following conclusions are based on the limited number
of cases assessed in this study.

The power station refurbishment cases show small percentage reductionsin CO, emissions. Some of
these cases are self-financing, i.e. the fuel cost and other savings are sufficient to pay for the capita
cost of the refurbishment.

The case involving CHP replacement of an existing stand-alone power station and existing heat
bailers gives a sgnificant emission reduction and is salf-financing. However, this conclusion is partly
due to there being an existing demand for heat which is large and near to the power station.

The cases of substitution of coal or oil by natural gas show substantial emission reductions. 1n these
cases, this option is sdf-financing, unless coa prices are low.

Substitution by biomass can provide substantial emission reductions but the extent of substitution
depends on the availability of biomass and the type of plant modificationsto be made. The casesin
this study indicate that subgtitution by biomass would not be self-financing unless biomass was
available at very low or zero cost.

Forestry sequestration of carbon aways involves a net cost but, in the case considered in this study,
the cost islow. This option can completely offset the CO, emissions from a power station and is
available to any power station operator. However, asye, it is not possible to claim credit under
international agreements for the carbon sequestered. Thereis also arisk that the sequestered carbon
may be released due to natural events, such asforest fires. It is expected there will only be alimited
number of sites which could show sequestration at costs as low as the case studied here.

Recommendations

Members of the IEA Greenhouse Gas Programme are encouraged to disseminate the results of these
case studies to power generation utilities within their own countries.

Power utilities are encouraged to apply greenhouse gas emissions reduction techniques, such as those
described in this study, to their own power stations.

Power station operators and suppliers are invited to suggest other cases which would complement the
case studies described in this report.

For the future, these case studies should be incorporated into a workbook, which IEA GHG plansto
prepare to enable utility managers to carry out preliminary assessments of arange of retrofit



retrofit opportunities to be assessed using a common set of assumptions selected by the utility.



CONTENTS

Abbreviations and Units

1. INEFOAUCTION ..t 3
2. MEtNOAOIOQY ... 5
SEECHION Of CASES. ... ueiiiiiiiie ettt e e e s e e e e et e e e asae e e e s asreeeeennsaeeeeans 5
PrinCipal ParamMEterS. ... ...c.cvvieiiie e e e e e e e e e s s e e e e e e e e e aaas 5
CalCUIELION BPPIOBCIL. ...ttt et e e e s e e e et e e e e asneeeeaansreeeesnnsneeeeans 5
Presentation Of FESUITS........cceiiiiiie et e e e s e e e e e e e snse e e e e nnnreeeeennnes 6
3. Description and SUMMaAry Of CaSES......ccoiiciiiiiiiie e 7
Case 1 - Refurbishment and conversion from fuel oil to natural gas..........cccveveiviieeeeiicieeeenns 7
Case 2 - CO;, sequestration through afforestation.............ceeerveeeiieeeniee e 7
Case 3 - Partia substitution of hard coal by mixed biomass...........cccoovvveeiiieeiiiee i, 8
Case 4 - Partia subgtitution of hard coa by biomass gagification.............c.cocccvvvieeeeeeeeiccnnee, 8
Case 5 - Modification and partid subgtitution of peat and fuel oil by biomass...............cceee.. 9
Case 6 - Combined heat and power with Steam eXPOrt...........ceeeiveeiiieriiiee e 10
Case 7 - Conversion of fud oil plant to natural gas combined heat and power .............c..c....... 10
Case 8 - Refurbishment and steam turbine upgrading...........ccoooicciieiiee e, 11
4. DiSCUSSION Of tN@ FESUILS ...eiiiiiiieiie et e e e 13
Case-SPECITIC CONSIUEIBLIONS. ........eeieiiie ettt enaeas 13
[ L ot oY SRR 15
(€1 1 = 1o [0 0= LTSRS 16
SPECITIC COp BMISTONS ... .eeeieeiiiiieeeiiiiee e et e e e e astteeeessseeeeeassaeeeeassseeeeeansseeeeaanseneeeensnneenans 21
(O@ = 0= < 110110 = K= 22
ST o o od [ U =3 [0 o SRR 25
Appendices
1. Detailled DaSIS Of SHUAY........oiiiiiiiieiee ittt ettt b et nn e naeeenns 29
2. Resultsfor NPV-based @analySIS........couiiiiiieiiiiie et e e 3
3. Details of Case 1 - Refurbishment and conversion from fuel oil to natural gas.............ceeeueee. 37
4. Detalsof Case 2 - CO, sequestration through afforestation...........cccceeeevvveeeiiiiiee e, 59
5. Detailsof Case 3 - Partia substitution of hard coa by mixed biomass............cccccceeeeeeiiinnnne. 73
6. Detalsof Case4 - Partid subgtitution of hard coa by biomass gasification............ccccceeeeeee. 95
7. Detalsof Case 5 - Modification and partia substitution of pest and fuel oil by biomass........... 127
8. Detailsof Case 6 - Combined heat and power with steam export ...........cceeeevvveeeiviiieeeccnnnn. 151
9. Detailsof Case7 - Conversion of fud oil plant to natural gas combined heat and power ......... 169
10. Detailsof Case 8 - Refurbishment and steam turbine upgrading ............eeevvcveveeeniieeesccieeeenns 189
11. Normalised fuel analySiS and COSt Aata............ccerueeeiiiiieiiiee e 209



ABBREVIATIONS AND UNITS

CCGT Combined cycle gas turbine

CFB Circulating fluidised bed (combustor)
CHP Combined heat and power

FGD Flue gas desulphurisation

GJ Giggjoule (10%)

GWhe Gigawatt-hour (electricity)

GWhy, Gigawatt-hour (therma basis)

HFO Heavy fud ail

HHV Higher heating value

HP/IP/ILP High/intermediate/low pressure (steam)
HRSG Heat recovery steam generator
LHV Lower heating value

MJ Meggjoule (10°)

MW, Megawatt (electricity)

MW Megawaitt (thermal basis)

MWhe Megawatt-hour (electricity)

NPV Net present vaue

pf Pulverised fuel

te tonne



1. INTRODUCTION

Climate change is a key issue for the world at the start of the 21% century. Emissions from combustion
of fossl fuels are affecting the climate, with consequences which are, as yet, only poorly understood.
However, changes in global temperature, sea-level, water resources and other areas would affect the
lives of many people. In recognition of this, governments decided at an international convention held in
Kyoto in 1997 to limit emissions of carbon dioxide (CO,) and other greenhouse gases. The electricity
sector is the single largest emitter of CO, so it is likely that much of the burden for meeting the changes
agreed in Kyoto, and later restrictions, will fal on this industry.

Technologies for reducing emissions from power plant are under development but major changes in
generating technology are likely to be applied mainly in new plant. However, for many years to come,
the bulk of fuel use, and hence emissions, will take place in existing power plant. So it isaso relevant to
consider what could be done to reduce emissions from current fossil fuel fired power stations. The
work reported in this study is one of a number of projects carried out for the IEA Greenhouse Gas R& D
Programme, to investigate reduction of emissions from existing power plant. This study ams to
catalogue the experience of power plant owners and operators in making changes to their plant which
reduce greenhouse gas (particularly CO,) emissions. The case studies have been carried out by PB
Kennedy and Donkin Ltd and this report summary and analysis has been prepared by Mr S A Moore,
consultant. These case studies will provide information to the owners and operators of power stations,
illustrating practical experience of making retrofit changes which reduce emissions. The cases show a
range of opportunities, discuss some of the practical concerns and indicate the relative effectiveness of
the different measures.

The power stations described in this report have been modified or refurbished for commercia reasons
but with significant reductions in CO, emissions as a consequence. These modifications are described in
a series of case studies. They illustrate various options available for reducing CO, emissions from the
existing plant and provide comparisons of the costs and benefits on a uniform basis.

Seven of the case studies involve retrofit modifications to existing plant. An eighth study examines
afforestation as a means of offsetting CO, production from fossil fuel combustion, an approach which
can be applied to any plant and which has therefore been included for comparative purposes. Including
this one, the projects covered by the case studies fall into five generic categories:

Efficiency improvementsin boiler or turbine plant

Conversion to lower carbon content fuels

Partial substitution of fossil fuels by fuels from a renewable source
Efficiency improvement by ingtallation of combined heat and power plant
Offset of CO, emissions by afforestation

The full case studies are reproduced as Appendices to this report.

The authors wish to express their thanks to the following organisations, and their staff, for their willing
co-operation and assistance in preparation of these studies:

Premier Power Ltd.

AES

Midtkraft Energy

Lahti Energia Oy and Imatran Voima Oy
Metsa Serla



Entergy
Budapest Power Company
RWE Energie

The views expressed in this report are solely those of the authors. Although the data used has been
checked with the owners of the plant, the anadysis presented here is solely the responsibility of the
authors.



2. METHODOLOGY
Selection of Cases

Approaches were made to 14 organisations and companies which had recently undertaken retrofit or
other projects leading to a reduction in CO, emissions per unit of energy sent out. Of these, 10
expressed interest in participating, athough 2 subsequently withdrew.

Following initial responses and preliminary discussions with the potential participants, a more detailed
questionnaire was sent out to obtain the technical and economic information required for the study. This
information was supplemented as necessary by further discussions and site visits. In some cases the
participant was unable to provide all of the data required and the study contractor, PB Kennedy and
Donkin, supplemented the available information with estimated data. A draft of the report on each case
was reviewed by the owner of the plant before completion and any necessary changes made.

Principal parameters

The principal parameters used to define and evaluate each case study were the capital cost of the
project and the pre- and post-project values for:

Plant output

Load factor

Electricity and/or thermal energy sent out
Thermal efficiency

Fud mix and consumption

Fuel costs

Operating and maintenance costs
Greenhouse gas emissions

In practice, directly measured data on greenhouse gas emissions were generally unavailable. CO,
emissions were therefore estimated on the basis of fuel properties, except that biomass fuels were
assumed to produce no net emissions of CO,. Changes in the emissions of other greenhouse gases from
power stations, principaly CH4 and N,O, were assumed to be negligible for the purposes of this study.
Emissions associated with fuel supply were aso excluded from this study. These would include
emissions associated with coa mining, oil extraction and refining, biomass collection and fud transport,
including leakage of methane from naturd gas pipdines.

All cost data were converted from local currency to US $.

Calculation approach

The capital costs for each case were adjusted, where appropriate, to alow for the vaue of lost
production. No adjustment was made where modifications were completed within a scheduled
maintenance shut down period, since it was considered that in these circumstances there was no net loss
of production.

The adjusted capita costs were then converted to an annua levelised capital charge over the residua
lifetime of the plant. Capital charges were calculated for interest (discount) rates of 5% and 10%. No
allowance was made for inflation, i.e. the costs are in real terms. The annua capital charges were then



combined with any savings or increases in fuel, maintenance or other operating codts to give overal
annua costs. These costs were divided by the reduction in annua CO, emissions, to give a cost in
$/tonne of CO..

Costs were also calculated on a discounted Net Present Vaue (NPV) basis. This involved converting
the annual net operating costs or savings over the residua lifetime of the plant to a net present vaue
using a discount rate of 5% or 10%. The sum of the discounted net operating costs or savings was then
added to the capital cost and the total was divided by the tota CO, emission savings over the life of the
plant, to give a cost in $/tonne of CO..

Most of the case studies are site specific and their actual outcomes are strongly influenced by factors
such as the loca costs of fuel and the plant load factor. To enable direct comparison of the various
studies, the calculations were repeated on a normalised basis, using common assumptions in respect of
fuel quality, fue costs, plant lifetime and load factors. Details of these assumptions are given in the
tables of Section 4 and in Appendix 1.

Presentation of results

The annual cost or cost saving was compared to the changes in electricity sent out, thermal output and
CO; emissions to produce ‘ Figures of Merit’, as follows:

The levelised change in the cost of power sent out, expressed as $¥MWhe.
This represents the principal commercia evaluation criterion used for electricity generation projects.
It dlows for any changes in eectricity production due to thermal efficiency improvements.

The percentage reduction in overall CO, emissions.

The change in specific CO, emissions, expressed as tonne CO,/GWh, sent ouit.
For electricity generation projects, thisisthe principa technical criterion for the overal reduction in
greenhouse gas emissions.

The specific cost of CO, emission prevention, expressed as $/tonne CO, abated.
Thisisthe principa measure of the cost effectiveness of CO, abatement, obtained by dividing the
change in levelised costs by the change in specific emissions.

Figures of Merit were calculated for each case study on the basis of both the actual plant data and the
normalised assumptions, for both of the discount rates and both project evaluation methods. The
discussion in Section 4 is based on the calculated results for the annual levelised cost basis. Net present
value results are given in Appendix 2.

Detailed individua case study reports are given in Appendices 3 to 10.



3. DESCRIPTION AND SUMMARY OF CASES

Fuel cost and other operating data for many of the plants studied are highly site specific and may not be
reproducible at other locations. For this reason the summaries below give the estimated costs of CO,
abatement based on both the actual plant data and on a normalised basis. Details of the normalisation
methodology are given elsewhere in this report.

Case 1 - Refurbishment and conversion from fuel oil to natural gas

The Ballylumford power station, Northern Ireland, is operated by Premier Power Ltd and has a total
electrical output capacity of 1080 MW. The mgority of this capacity is provided by 3~ 120 MWeand 3
~ 200 MWe sets, completed in 1969 and 1974 respectively. These units are conventional reheat boiler
steamn turbine generators, originally operating on heavy fuel oil. Between 1994 and 1996 they were
converted to dua fuel operation with natura gas by fitting low NOy burners and modifying the boilersto
accommodate the different heat distribution. A more genera refurbishment of the steam turbines,
condensers, feedwater pump and boilers was carried out in paralel with the converson. The main
driver for the converson was a legidative requirement to reduce SO, emissions by 60% and NOy
emissions by 40%, reletive to 1980 levels, by 2003.

The conversion and refurbishment did not affect unit capacity or steam parameters, which remained at
125 bar for the 120 MWe units and 165 bar for the 200 MWe unit, both at 540°C. However, the
refurbishment increased the net cycle efficiency with fuel oil from 31.8% to 33.0% on net caorific
value, reaulting in a 3.6% reduction in CO, emissions per unit of eectricity sent out. The net cycle
efficiency with natural gas is 31.5%, leading to a 19.5% reduction in CO, emissions per unit of
electricity sent out relative to the pre-conversion fuel oil case. Relative to the refurbished fue oil case
the reduction in CO, emissions when firing with natural gasis 16.4%.

The capita cost of the modifications, based upon tender documentation, was $25.1 million for the
refurbishment work and a further $58.5 miillion for the conversion to dud firing. The work was carried
out during scheduled downtime and there was therefore no direct loss of output, although there was a
reduction in the plant utilisation factor due to a reduced call from the grid. The availability and rdiability
of al units was enhanced by the conversion and there have been savings on maintenance and labour
costs. The conversion also avoided the need to operate on low sulphur fuel oil or to fit a flue gas
desulphurisation (FGD) unit, with associated operating cost and efficiency pendties, athough these
ancillary benefits have been excluded in the economic evaluation.

Over a 16 year remnant plant lifetime, the refurbishment part of the project reduces operating expenses
so, here, cutting CO, emissions produces savings of between 9.9%/te CO, abated and 23.9 $/te,
depending upon the assumptions made in respect of funding and discount rates. For the combined
refurbishment and fuel conversion, the saving is in the range 2.8-8.6 $/te CO, abated. When calculated
on a normalised bass, these savings are increased to 15.0-30.4 $/te CO, and 22.542.5 $/ite CO,,
respectively.

Case 2 - CO;, sequestration through afforestation
This case study differs from the othersin that it does not involve any modification to generating plant or

any comparison with alternative configurations. Instead, the cost of offsetting CO, emissons by an
equivalent amount of CO, sequestration through afforestation is assessed.



AES operates a 230 MWe combined cycle gas turbine (CCGT) plant a Barry, United Kingdom, fired by
natural gas. The plant consists of a single train containing a gas turbine, heat recovery steam generator
(HRSG), steam turbine and condenser. It is AES policy to promote beneficial environmental and
sociological policies and the company therefore invited ‘tenders' for its participation in projects involving
carbon sequestration and land management. The selected project was the Banana Idland project in
Brazil, which is intended to sequester approximately 65 million tonnes of carbon over 30 year. Thisis
approximately the same duration as the power plant lifetime. The overdl scheme involves permanent
preservation of 200,000 ha of old growth forest, reforestation of 60,000 ha of degraded forest and 1,500
ha of agroforestry and tree-planting in municipdlities.

The total project cost for Banand Idand is estimated at $13 million over the 25 year period for which
AES will participate. The AES contribution will be gpproximately $1.0 million, which is 7.5% of the tota
cost, corresponding to the estimated emissions from the Barry power plant over the period. The project
can therefore be considered to result, on a net basis, in the complete elimination of the Barry plant CO,
emissions. Over the 25 year plant lifetime the cost of CO, emission abatement is estimated to lie in the
range 0.05-0.14 $/te CO, abated. As there is no modification to the plant in this case, the normalised
costs are the same as the actua project values.

Case 3 - Partial substitution of hard coal by straw

The Grenaa CHP plant, Denmark, is operated by the Midtkraft Energy Company and commenced
operation in 1992. It conssts of a 78 MW, circulating fluidised bed (CFB) boiler plant, originaly
designed to burn a mixture of hard coad and straw in approximately equa quantities, with in-bed
desulphurisation by limestone injection. The electrica export capacity is 17.8 MW, with a therma
export capacity of 60 MW in the form of 210°C process steam and 85°C digtrict heating. 1n 1998 the
plant was modified to allow other types of biomass to be used in pulverised form.

The case study considers the differences between the plant operating on coa aone and on a mixture of
48% coad and 52% straw on a thermal basis. The relevant capital cost is therefore that for the straw
unloading, storage and CFB delivery systems, assessed to be approximately $10.5 million. The increase
in operating and labour costs associated with the use of straw is estimated from data provided by the
plant operator to be approximately $0.8 million annualy. The delivered cost of straw to the plant has
historically been substantialy greater than that of coal on a cdorific value basis and additional fuel costs
resulting from the use of straw are estimated at $4.1 million annually.

On the assumption that biomass combustion produces no net CO, emissions, the overal reduction in
CO, emissions due to substitution of coa by straw is approximately 52.3%. Over a 25 year remnant
plant lifetime the actual cost of CO, abatement at this plant is estimated to lie in the range 28.8-73.4 $ite
CO, abated, depending upon the assumptions made in respect of funding and discount rates. When
reca culated on a normalised basis the cost range is 8.5-22.5 $/te abated.

Case 4 - Partial substitution of hard coal by biomass gasification

The Kymijarvi power station, Finland, is a CHP facility with an eectrical output capacity of 210 MW
and a digtrict heating thermal output of 240 MW. It is owned jointly by Lahti Energia Oy and Imatran
Voima Oy. The mgjority of the plant capacity is provided by a main 360 MWth boiler with reheat, a 80
MWsth heat recovery boiler, a139 MWe back pressure steam turbine and a 167 MWe condensing steam



turbine. The main boiler was originaly brought into operation firing heavy fud oil in 1976, but was
converted to cod firing in 1982. Supplementary natura gas firing was introduced in 1986. Between
1997 and 1998 the plant was modified by the ingtallation of a 70 MWth biomass gasifier, the product gas
from which is co-fired in the main boiler.

The case study considers the effects of displacing some of the coa fuel to the plant by biomass
gasification products, leaving the natura gas consumption unchanged. The gasfier is an amospheric
pressure CFB system, fuelled mainly by wood wastes but also by municipa plastic and cellulosic wastes
and by used automobile tyres. Steam conditions were unaffected by the conversion, remaining at 170
bar for the superheater and 40 bar for the reheater, both at 540°C. The overal thermal efficiency was
reduced dightly, from 31.3% to 31.1% on a net caorific vaue basis for eectricity and from 49.9% to
49.4% for district heating. Despite this, the overdl reduction in CO, emissions is estimated to have been
16.4%. Thisfigure is based on the assumption that there were no net emissions from the gasifier fuels.

The capital cost of the gasifier and associated equipment, based upon tender documentation, was $13.9
million. Some expenditure would in any case have been required to reduce sulphur and particulate
emissions to meet environmental regulations, athough this has not been taken into acount in the
caculations. Additiona operating costs associated with gasifier fuel handling have been broadly offset
by a reduction in maintenance requirements associated with fouling and corrosion caused by cod firing.
Thereis an annual fudl cost saving of gpproximately $2.5 million.

Over a 15 year remnant plant lifetime there is a reduction in operating expenses, to CO, abatement for
this project generates savings of 4.5-11.3 $/te CO, abated, depending upon the assumptions made in
respect of funding and discount rates. When calculated on a normalised basis, the range becomes a cost
of 3.0%/te to a saving of 1.6 $/te CO, abated. The costsin case 4 are more favourable than in case 3,
mainly because there is a high local cost of straw in case 3 and because some waste material, assumed
to be available at zero cogt, is used asfuel in case 4.

Case 5 - Modification and partial substitution of peat and fuel oil by biomass

The Smpele power dation, Finland, is a smdl industria power plant operated by Metsa Serla
Completed in 1976, it origindly condsted of a 100 MWth conventiona pulverised peat boiler, with
supplementary fuel oil burners, feeding an 18 MWe back pressure steam turbine and a 14 MWe
condensing turbine. In 1997 the boiler was modified to operate as a bubbling fluidised bed fired by pest,
bark, wood waste and paper production wastes, again supplemented by fuel oil. The main drivers for
the converson were the increasing unreliability of the peat handling systems and a requirement to
reduce emissions.

The conversion and associated refurbishment did not affect the electrical capacity or steam parameters,
which remained at 1135 bar and 535°C. When fired with peat and fud oil, the boiler operating
efficiency was increased from 85.3% to 89.3% on a net caorific value basis, while the eectrical cycle
generating efficiency was increased from 44.1% to 46.1%. This resulted in a reduction in CO,
emissions of approximately 4.4% on a like for like basis. When fired with peat and wood wastes, the
efficiency gain was reduced. However, on the assumption that the combustion of wastes produced no
net CO,, overdl emissions were reduced by approximately 39.6%.

The capital cost of the modification and fud conversion was approximately $12.4 million. Although
some expenditure on desulphurisation equipment would in any case have been required, no credit is
taken for thisin the study. The cost of lost dectrica output during installation is estimated to have been
approximately $1.0 million. There have been operating and maintenance cost savings, estimated at



approximately $0.4 million annually. When operating with bark and wastes, partialy displacing both pest
and fud oail, the annua fuel cost saving is estimated at approximately $1.1 million.

Over a 15 year remnant plant lifetime the actua cost of CO, abatement for the combined modification
and fuel conversion is estimated to lie between a cost of 1.8 $/te and a saving of 3.1 $/te CO, abated,
depending upon the assumptions made in respect of funding and discount rates. When caculated on a
normalised basis the range becomes a cost of 2.2 $/te to a saving of 2.7 $/te CO, abated.

Case 6 - Combined heat and power with steam export

The Sdtend power station, United Kingdom, is a combined gycle gas turbine (CCGT) CHP project
currently under construction. It will be operated by Entergy and is designed for a nomina power
generation capacity of 1200 MWe with a further 150 MWth output of steam to an adjacent chemicals
ste. It conssts of 3 © 400 MWe trains, each designed around a triple pressure steam cycle and
containing one gas turbine, one steam turbine, one generator, one waste heat recovery boiler, cooling
water and other ancillary systems. The case study compares the options of operating as a CHP plant
and of operating as a conventiona CCGT plant for maximum electrical output with no steam export. In
the second casg, it is assumed that the export steam is replaced by steam produced in an existing
separate boiler fired by heavy fuel oil (HFO). The two options have identical steam conditions for the
main steam cycle.

Abstraction of steam in the CHP option results in a reduction in net electrical output capacity from 1202
MWe to 1160 MWe, but avoids an annuad HFO consumption of approximately 109 kte. The overall net
thermal efficiency isincreased from 59.1% to 61.7% on a net calorific value basis. Taking into account
the subgtitution of HFO by natura gas, this results in a reduction in CO, emissions of approximately
6.0%.

The additional capital cost for the incorporation of steam export facilities in the CHP case is estimated at
$3.3 million. No credit is taken for the avoided capital cost of the HFO boiler, which is assumed to have
the same remnant lifetime as the process plant it feeds, or for any FGD equipment which otherwise
might have been needed. Maintenance and operating cost savings associated with the closure of the
HFO bailer are together estimated at approximately $0.3 million annualy. There is a loss of revenue of
gpproximately $6.8 million annually due to the reduced dectrica output. However, this is more than
offset by the subgtitution of HFO by natural gas, which results in an annual cost saving of approximately
$15.1 million.

This plant is not yet in operation and al data are therefore estimated. Neglecting the loss of revenue
due to the reduced power export, there is an expected net saving in the range 18.1-45.8 $/te CO,
abated. Taking this lost revenue into account, the net saving becomes 9.7-24.6 $/te CO, abated.
Clearly, these savings would be significantly greater if capital or refurbishment costs for the ancillary
HFO boiler were taken into account.

Case 7 - Conversion of fuel oil plant to natural gas combined heat and power
The Kedenfold power station in Hungary is operated by the Budapest Power Company. In 1993 the

operating plant consisted of four boilers operating on fue oil and five turbines with atota output capacity
of approximately 61 MWe. The plant also supplied steam to industrid and communal users in the area
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and hot water for digtrict heating. Between 1993 and 1996 one of the origina turbines was
decommissioned and a 136 MWe natura gas-fired gas turbine was ingaled, giving a tota output
capacity of 191 MWe. The four origina boilers were replaced by a heat recovery boiler rated at 165
te/h of steam at 400°C and 38 bar (the same steam conditions as previoudly), in order to be able to meet
the steam and district heating load. One of the main drivers for this conversion was the wish to
demondtrate a commitment to environmental improvement, as part of Hungary’'s application for EU
membership.

The capita cost of the conversion was approximately $113 million. However, this investment resulted in
a large increase in capacity, making a direct comparison of pre- and post-converson operating
economics invalid. The case study therefore assumes that the conversion effectively replaced three
existing power stations, each with an output close to the original Kelenfold output capacity of 61 MWe.
To avoid introducing undue distortion, the second and third stations are assumed to have run on a fuel
mix and at efficiencies typica of the overall Hungarian generating sector. On this basis, the eectricity
and heat generating efficiency was increased from 69.3% to 74.6%. Annual operating and maintenance
costs are estimated to have reduced by approximately $0.5 million in total, with an annua fuel cost
saving of $1.9 million, athough no direct information is available. No credit is taken for the avoided cost
of any refurbishment or FGD ingtdlation at existing plants which would otherwise have been necessary.
The cost of lost eectrical production during construction is neglected.

The conversion resulted in a reduction in CO, emissions which is estimated at approximately 39.7% on
the equal capacity basis described above, most of this abatement resulting from the fuel substitution.

Over a 25 year plant lifetime the actua cost of CO, abatement is estimated to lie in the range 11.4-36.9
$/te abated, depending upon the assumptions made in respect of funding and discount rates. On a
normalised basis the costs are lower and are estimated to lie in the range 4.2-21.4 $/te CO, abated.

Case 8 - Refurbishment and steam turbine upgrading

The Niederaussem power station, Germany, is operated by RWE ENERGIE and has a total electrica
output capacity of 2700 MW. The largest and most recent units, constructed and commissioned
between 1970 and 1974, are 2 © 600 MWe sets fired on local brown coal. Between 1996 and 1997,
these units were refurbished by fitting low NO burners and by replacing the HP and LP steam turbines.
This work was undertaken in response to a German governmental and state initiative to reduce CO,
emissions from brown cod utilisation.

Steam parameters were unaffected by the refurbishment, with conditions at the HP turbine entry
remaining a 162.8 bar and 525°C. However, the output capacity was increased from 564 MWe net to
589 MWe net due to the greater efficiency of the new turbines. Thisincreased efficiency was achieved
through the fitting stationary and moving turbine blades with new airfoil geometries, increasing the steam
exhaust flow section and reoptimising the blade sedls, shaft glands and inlet/exhaust sections.

The modifications resulted in an increase in the net cycle efficiency from 36.3% to 37.2% on net
caorific value, resulting in a 2.3% reduction in CO, emissions per unit of eectricity sent out. The capita
cost, based upon tender documentation, was $28.2 million. The work was carried out during scheduled
downtime and there was therefore no loss of output. There was no change in operating costs other than
the benefits associated with the reduced fuel requirement, which include a modest reduction in FGD
costs.
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Over a 15 year remnant lifetime the actual cost of CO, abatement for this project is estimated at 2.4
12.8 $/te abated, depending upon the assumptions made in respect of funding and discount rates. On a
normalised basis the cost range is 4.3-16.3 $/te CO, abated.

The figures above, and elsewhere in this report, are calculated on the assumption that the annua station
output was unaffected by the increase in capacity. An alternative approach is to assume a proportionate
increase in annual output. This resutsin an increased overall fuel consumption, such that there is an
increase in total annual CO, emissions from the station. Even so, CO, emissions per unit of eectricity
sent out would be reduced and on the normalised basis the CO, abatement shows a saving of 5.1 $te
CO, abated (levelised costs at 10% discount rate).
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4. DISCUSSION OF THE RESULTS

The main features of the 8 case studies are summarised in Table 1, below, for ease of comparison. The
principal study results are presented in Table 2 (two pages), which shows the results of the economic
evaluations (levelised basis) carried out on both the actual and normalised data. The comparable data on
NPV basisisgivenin Table A2.1in Appendix 2.

It is evident from Tables 1 and 2 that the case studies cover a wide range of plant types, thermal

efficiencies and service duties. Furthermore, the reasons why the plant owners made the modifications
vary grestly; athough financial motivation is important, in many cases, the drivers for change have been
more than purely financial. Some of the important factors which must be taken into consideration when
comparing the economic data are described in the first section below, before the effects of the main
changes are discussed. In the following sections the consequences are examined for plant efficiency,
generating costs, specific CO, emissions and CO, abatement costs.

Case-specific considerations

Casel

This relatively large conventional plant had at one time operated at base load but more recently, due to
the relatively high cost of HFO, had been operated as middle order capacity. The conversion of the
boilers to natural gas was carried out at the same time as a more generd refurbishment of the turbines
and boilers. The drivers for the refurbishment and conversion include both legidative requirements to
reduce non-greenhouse gas emissions and improved operating economics.

Case 2

Thisis asingle stream CCGT plant. No actual modification is involved. The study examines the costs
associated with the offsetting of plant CO, emissions by afforestation. This scheme is specifically aimed
at the reduction of greenhouse gas emissions and the drivers are non-legidative and non-financid.

Case 3

This rlatively smal plant was built in response to legislative requirements to increase the proportion of
CHP in the national energy mix and to increase the utilisation of biomass fuels. The modification
considered here is the addition of equipment to enable an increased proportion of the fuel required to be
obtained from local biomass and wastes. The driver can be considered to be primarily a response to
environmentd legidative requirements.

Case4

This is alarge CHP plant, with a substantia district heating output, fired by coad and natural gas. The
modification involves the ingtdlation of a biomass and waste gasifier to reduce the amount of coa used.
Biomass and waste were available locally at lower cost than coal and it would in any case have been
necessary to reduce non-greenhouse gas emissions to comply with new limits. The drivers for this
conversion can therefore be considered to be both economic and legidative.

Case 5

This is a modest CHP plant dedicated to the needs of a paper mill. The modification involves the
retirement of an HFO boiler and the replacement of a conventiona pulverised peat boiler with a bubbling
fluidised bed fired on peat, wood waste and paper waste. The peat boiler was reaching the end of its
useful life, and there was aso a legidative requirement to reduce non-greenhouse gas emissions. The
drivers for this conversion can therefore be considered to be both economic and legidative.
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Case description

Casel

Refurbishment and

Case 2

Sequestration

Case 3

Partial substitution of

Case4

Partial substitution of

conversion from HFO |  through forestation coal by straw coal by biomass
Before After Before After Before After Before After
Fuel type Fuel oil Gas Natural gas Hard coal Hard coal Gas Gas
Straw Hard coal Hard coal
Other Biomase
biomass Waste
Output capacity MWe 1080 1080 230 230 18 18 210 210
Annual output GWh(e) 3550 3550 1713 1713 72 72 653 653
GWh(th) 351 351 1042 1042
Net efficiency % LHV 31.8 315 48.0 48.0 88.1 88.1 49.9 49.4
Net CG, production ktely 3055 2459 748 0 159 76 596 498
Net CO, reduction % "1\, 195 100.0 52.3 16.4
Caset Case 6 Case 7 Case8
Case description Conversion from Combined heat and | Replacement of coa Refurbishment and
peat to wood wastes power installation | and HFO by gas CHP| turbine improvements
Before After Before After Before After Before After
Fuel type Peat Peat Natural gas Fuel ail Gas Brown coal
Fuel oil Wood Hard coal
waste Brown coal
Output capacity MWe 32 R 1202 1160 183 191 564 589
Annua output GWh(e) 115 115 8635 8635 803 803 4712 4712
GWh(th) 348 348 1096 1096 682 682
Net efficiency % LHV 44.1 45.2 59.1 61.7 69.3 74.6 36.3 37.2
Net CG, production ktely 242 146 3494 3286 686 414 4501 4396
Net CO, reduction % "1 39.6 6.0 39.7 2.3
Table 1 Summary of Cases
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Case 6

Thisisalarge CCGT plant, with arelatively small export of steam for process heat, which is currently
under construction. The case study compares this with the aternative of using a separate, existing,
HFO boailer for the exported steam. It can therefore be considered to be representative of the situation
a many large industrial complexes where existing steam producing plant is reaching the end of its life
expectancy. The drivers can be considered to be wholly financial.

Case7

This case differs from the others in that it involves a large increase in capacity, with a variety of small
boilers and turbines being replaced by a single combined cycle CHP plant. The difference in capacity is
accommodated for case study purposes by assuming that the new plant replaced three smaller plants
with a smilar total capacity. The main drivers for the new instalation were the need to increase
generating capacity and the increasng unreliability of the existing equipment, together with a political
requirement to demonstrate a commitment to environmental improvement. Note that the efficiency
figure given in Table 1 relates only to eectricity output. The overall thermal efficiency of the origina
plantsis unknown. That of the new plant is estimated to be 74.6% on the basis of LHV.

Case 8

This is a large base load plant operating on pulverised brown coa. The modifications involve the
replacement of the existing steam turbines to increase generating efficiency. The work was carried out
in response to a governmental initiative to reduce CO, emissions from brown cod utilisation. The main
driver can therefore be considered to be legidative requirements rather than financial benefits.

Plant efficiency

The changes in efficiency resulting from the modifications considered are generally small, some being
positive, some negative. Efficiency changes are discussed below in respect of the five generic classes
of modification covered by these case studies.

Efficiency improvements in boiler, steam or gas turbine plant

Case studies 1 and 8 are relevant. The overall effect of refurbishment and fuel substitution in Case 1is
to reduce thermal efficiency dightly, from 31.8% to 31.5% based on electricity sent out. However, this
masks an underlying improvement due to the refurbishment, which is estimated to give an efficiency of
33.0% on a like for like basis firing HFO. In Case 8, turbine refurbishment alone increased the overal
thermal efficiency from 36.3 % to 37.2%, with a corresponding increase in output capacity.

Conversion to lower carbon content fuels

Case studies 1 and 7 are relevant. As noted above, the effect in Case 1 of converting an existing boiler
from HFO to natural gas was to reduce the therma efficiency from 33.0% to 31.5% on the basis of
electricity sent out. This lower efficiency with natural gas is a result of a reduced boiler efficiency.

Thisislikely to be a common effect when boilers are smply refuelled, since they are unlikely to perform
optimally with the new fuel. In contrast, replacement of high carbon fuels by the installation of new gas
fired equipment in Case 7 increased the efficiency from 69.3% to 74.6% on the basis of electricity and
heat sent out. Again, thisislikely to be a generic effect.

Partial substitution of fossil fuels by biomass and waste

Case studies 3, 4 and 5 are relevant. Plant data for Case 3 indicate that the overall thermal efficiency
had been increasing steadily with time as a result of incremental improvements. It is therefore
impossible to make a like for like comparison and the assumption has been made that the increased
subgtitution of straw for coa which is the basis of the case study had no further effect on thermal
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efficiency. In Case 4, the overdl thermal efficiency is estimated to have reduced dightly, from 49.9%
to 49.4%. This was due to a reduction in boiler efficiency as a conseguence of replacing coa with fuel
gas from a biomass gasifier. In Case 5, the overdl thermal efficiency was increased from 44.1% to
45.2%. The improvement stems from the replacement of an ageing pf boiler by a bubbling fluidised bed
boiler, rather than from the fuel substitution. In contrast to Cases 1 and 4, the boiler internals were
extensively modified to optimise the performance of the new system.

Efficiency improvement by installation of CHP plant

Case studies 6 and 7 are relevant. In Case 6, the opportunity is taken to utilise waste heat from power
generation and the overall thermal efficiency is therefore increased, from 59.1% to 61.7%. In Case 7,
the available information is insufficient to alow the origina therma efficiency to be estimated with
confidence. However, the installation of integrated CHP plant instead of an ad hoc range of different
bailers and turbines is likely to have increased the overall therma efficiency, which is 74.6% for the
new plant. The overal therma efficiency of CHP plants is greatly affected by the balance between
electricity and heat export, which is the explanation for the lower efficiency in Case 6.

Offset of CO, emissions by afforestation
Case 2 is the only relevant case study. Since this case involves no actual modifications there is no
effect on plant efficiency. Thiswill be true for al similar offset schemes.

Generating costs

The effects of the modifications on generating and steam raising costs are shown in Table 2, a both
discount rates and using both the atual and the normalised data. However, whichever of these
methods is used, the rank-order of the results (from greatest saving to greatest cost) is more or less the
same, as shown in Table 3. The discussion below is therefore based largely on the costs resulting from
making the evaluation at 10% discount rate rate, on the basis of the normalised data.

Efficiency improvements in boiler, steam or gas turbine plant

The combination of refurbishment and fuel switching from HFO to natura gasin Case 1 has a highly
beneficia impact, reducing the cost of eectricity sent out by 6.83 ¥MWh (1 ¥GWh = 0.1 US
centskWh). Although the mgority of this cost saving arises from fuel switching, the refurbishment
aone is estimated to give a benefit of 0.79 ¥MWh. In Case 8, however, the efficiency improvement
obtained by turbine replacement is less cost effective in purely economic terms. In this case, the cost of
electricity sent out is increased by 0.42 $MWh if the annua output is assumed to be unchanged,

athough there is a small cost saving, approximately 0.05 $¥MWh, if the output is assumed to increase in
line with the additiona capacity. The capita cost of the refurbishment eement of the two cases is
similar when expressed as $annual MWh. The difference in the overall outcome stems from the lower
fuel costs for Case 8, where the annua fuel savings are no longer adequate to compensate for capita

charges.
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Casel Case?2 Case3 Case4

Case description Refurbishment and Sequestration Partial substitution of | Partial substitution of

conversion from HFO through forestation coa by straw coal by biomass
Capital cost M$ 83.6 1.0 105 13.9
Lost production M$ - - - -
Actual results
Remnant lifetime years 16 25 25 15
Utilisation factor % 43 & 62 58
CO; reduction ktelyr 597 748 83 98
Electricity output GWhlyr 3550 1713 72 653
Interest rate % 5 10 5 10 5 10 5 10
Capital charges M$/yr 7.7 10.7 0.1 0.1 0.7 1.2 13 1.8
Fuel savings MS$/yr 125 125 - - -4.1 -4.1 25 25
Other savings M$/yr 0.4 0.4 - - -0.8 -0.8 -0.1 -0.1
Net cost M$lyr -5.1 -2.2 0.1 0.1 5.7 6.1 -11 -0.6
Levelised cost (electricity) $/MWh(e) -1.44 -0.61 0.04 0.06 78.9 94.7 -1.69 -0.94
CO, reduction (electricity)  te/GWh(e) 168 436 1153 150
Cost of abatement $te CO, -8.6 -3.6 0.1 0.1 68.4 734 -11.3 -6.3
CO, reduction %", 195 100.0 523 16.4
Normalised results
Remnant lifetime years 15 25 25 15
Utilisation factor % 65 8 65 65
CO; reduction ktelyr 937 748 93 107
Electricity output GWhlyr 5415 1713 76 676
Interest rate % 5 10 5 10 5 10 5 10
Capital charges M$/yr 8.1 11.0 0.1 0.1 0.7 1.2 1.3 1.8
Fuel savings M$/yr 47.6 47.6 - - 0.0 0.0 1.6 1.6
Other savings M$lyr 0.4 0.4 - - -0.8 -0.8 -0.1 -0.1
Net cost M$lyr -39.9 -37.0 0.1 0.1 1.6 2.0 -0.2 0.3
Levelised cost (electricity)  $/MWh(e) -7.37 -6.83 0.04 0.06 21.9 27.7 -0.25 0.48
CO, reduction (electricity)  te/GWh(e) 174 436 1230 158
Cost of abatement $te CO, -42.5 -39.4 0.1 0.1 17.8 225 -1.6 3.0
CO; reduction %", 20.1 100.0 523 16.7

Table2  Actual and normalised plant results - annual levelised basis
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Case description

Capital cost
Lost production

Actual results
Remnant lifetime
Utilisation factor

CO, reduction
Electricity output

Interest rate

Capital charges
Fuel savings
Other savings
Net cost

Levelised cost (electricity)
COz reduction (electricity)
Cost of abatement

CO, reduction

Normalised results
Remnant lifetime
Utilisation factor

CO, reduction
Electricity output

Interest rate

Capital charges
Fuel savings
Other savings
Net cost

Levelised cost (€lectricity)
CO, reduction (electricity)

Cost of abatement
CO, reduction

M$
M$

years
%

ktelyr
GWhlyr

%

M$/yr
M$/yr
M$/yr
M$/yr

$'MWh(e)
te/GWh(e)
$te CO,
%"l

years
%

ktelyr
GWhlyr

%

M$/yr
M$/yr
M$/yr
MS$/yr

$/MWh(e)
te/GWh(e)
$te CO,

%"/,

Caseb

Conversion from
peat to wood wastes

124
10

15
65

96
115

13 1.8
11 11
0.4 0.4
-0.3 0.2

-2.56
833

-3.1 1.8
39.6

1.53

15
65

96
115

13 1.8
11 11
0.4 0.4
-0.3 0.2

-2.24
838
-2.7 2.2
39.6

1.85

Case6

Combined heat and
power installation

3.3

5
8
209
8635

0.2 0.4
95 95
0.3 03
96 9.4

111 -1.09

24

-4538

6.0

-45.1

R W

337

0.2 0.4
151 151
-6.5 -6.5
-83 -8.2

-0.96 -0.94

-24.6
9.3

-24.2

Case7

Replacement of coal
and HFO by gas CHP

113

25
48

272
803

8.0 125
1.9 1.9
0.5 0.5
5.6 10.1

7.00 125
339
20.7 36.9

39.7

25
65

337
1087

8.0 12.5
4.7 4.7
0.5 0.5
2.8 7.2

2.56 6.63
310
8.3 214

376

Case8

Refurbishment and
turbine improvements

28.2

15
91

118
4712

2.7 3.7
2.2 2.2
0.0 0.0
05 15

011 0.3
25

4.4 12.8
2.3

15
85

107
4200

2.7 3.7
19 1.9
0.0 0.0
0.8 18

0.18 0.42
26
7.1 16.3

2.3

Table 2 (continued)

Actual and normalised plant results - annual levelised basis
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Conversion to lower carbon content fuels

As noted above, the conversion from HFO to natura gas in Case 1 has a highly beneficia impact,
estimated at approximately 6.04 $MWh of the total saving for this case of 6.83 ¥MWh. This benefit
stems from the much lower cost of natural gas, 2.5 $GJ LHV compared with 3.4 $GJfor HFO. The
lower fuel cost is more than sufficient to compensate for the reduction in boiler efficiency which is
caused by the fuel switching. In marked contrast, however, the results for substituting HFO and coal
capacity by natural gas CHP in Case 7 indicate a substantial net cost of 6.63 ¥MWh. This disbenefit
stems from the fact that the cost of natural gas is only dightly lower than the average for the fuel mix
used on the origind plants. Although there is some additional cost saving due to the greater efficiency
of the CHP plant, the total annual fuel cost saving is insufficient to compensate for capital charges.

Partial substitution of fossil fuels by biomass and waste

The three case studies examined here give widely differing results. The subgtitution of coa by biomass
in Case 3 has very poor economics, since the cost of straw is greater than that of coa on a calorific
value basis. There is thus no compensation for capital charges and the total cost of the modification is
estimated to be equivaent to 27.7 $¥MWh of dectricity sent out. Case 3 hasareatively low proportion
of eectricity in its output mix, resulting in an efficiency from fue to eectricity of only 15%. However,
even alowing for this, the cot is till high. Case 5 gives a net cost of 1.85 ¥MWh, at a 10% discount
rate. Thisresult isvery sengitive to discount rate assumptions due to the high capital charge per unit of
output and becomes a net saving of 2.24 $MWh at a 5% discount rate. The main difference between
these two cases is that, in Case 5, the substituted peat is higher cost than the wastes used to replace it.
In Case 4, there are net costs estimated at 0.48 $MWh of eectricity sent out. The origina fuel, coal,
is reatively low cost and the fuel cost savings obtained by using wastes are therefore insufficient to
compensate for the capital charges. It should be borne in mind, however, that the total outputs from
the plants in Cases 3 and 5 are considerably smaller than the outputs for the other cases. This may
have adversely affected the economics, athough it is likely that biomass projects must of necessity be
smaller than many conventiond ingtalations due to limited fudl availability.

Efficiency improvement by installation of CHP plant

The results from Case 6 show that the installation of new power plant can offer additional cost savings
if the opportunity is taken to export heat for process or district heating purposes. This can be true even
where, as in Case 6, the heat duty is met by existing plant. The cost saving in this case is estimated at
0.94 ¥MWh. The savings arise from the avoided costs of the fuel that would otherwise be used in the
offgte boiler. Although there is some loss of dectricity output, this is mitigated to some extent by the
fact that the heat exported is lower grade than that required for electricity generation. Even where the
original plant utilises low cost fuels, the avoided fuel costs are likely to more than compensate for the
lost electricity output and for capital charges. In contrast, replacing existing CHP schemes with new
plants may not be cost effective if, as in Case 7, the origind fuel mix is relatively low cost. In such
cases, as discussed above, cost savings may be outweighed by capital charges. For Case 7, the
installation of new CHP plant leads to a cost increase of 6.63 $MWh electricity sent out. Even when
expressed on the basis of the total steam raised, with capital charges based on 5 % interest rates, there
isanet cost of 1.40 ¥MWh. These net costs would be reduced, but not eiminated, if the evaluation
had been carried out on the basis of the higher utilisation factors assumed for Case 6.
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Interest Case Case Case Case Case Case Case Case

Rate 1 2 3 4 5 6 7 8

Generating  Actua 5% 3 5 8 2 1 4 7 6

Cost Data 10% 3 4 8 2 6 1 7 5

Normalised 5% 1 5 8 4 2 3 7 6

Data 10% 1 3 8 5 6 2 7 4

CO, per GWh Actua 5 3 1 6 2 8 4 7

Reduction Normalised 5 3 1 6 2 7 4 8

%", Actual 5 1 2 6 = 7 3= 8

Normalised 5 1 2 6 3 7 4 8

CO, Actual 5% 3 5 8 2 4 1 7 6

Abatement Data 10% 3 4 8 2 5 1 7 6
Cost

(per tonne)  Normalised 5% 1 5 8 4 3 2 7 6

Data 10% 1 3 8 5 4 2 7 6

Note: Rankingsin bold indicate a cost saving

Table3 Ranking of caseswith respect to savingsor costsincurred - levelised basis




Offset of CO, emissions by afforestation

Investment in offset schemes incurs costs without direct financia benefits in terms of electricity
production costs. However, the expenditure involved may be low, as illustrated in Case 2 where the
cost is estimated at 0.06 ¥MWh sent out. Thisis avery low proportion of total generating costs. The
costs of this scheme are fixed and are unaffected by relative or absolute changesin fuel prices. Offset
schemes of this nature therefore appear to offer an abatement option that is likely to be attractive
where long term cost stability is an important consideration.

Specific CO, emissions

All of the modifications considered here resulted in reduced CO, emissions. The specific CO,
reductions in Table 2 are expressed as tonnes of CO, avoided per GWh of dectricity sent out. When
expressed in this way the results are unaffected by discount rates although they do not reflect other
factors, such as the capital investment required. There is some difference between the rankings, as
shown in Table 3, but the overdl effect is small. As with generating costs, therefore, the discussion
below is based largely on the evaluation of the normalised data at the 10% discount rate.

Efficiency improvements in boiler, steam or gas turbine plant

As would be expected, the refurbishment and turbine efficiency improvements in Case 8 show a
reduction in specific CO, emissions. The benefit is smal, however, and is estimated at 26 te/GWh if
the annual output remains unchanged or 9te/GWh if it is assumed to increase in line with capacity.
The reduction for Case 1 is somewhat greater, but the majority of the benefit here stems from the
simultaneous fuel switching from HFO to naturd gas. The contribution due to refurbishment is
estimated at only 31 te/GWh. In general, smple efficiency improvements cannot be expected to
deliver substantial reductions in specific CO, emissions, but may nevertheless be worthwhile.

Conversion to lower carbon content fuels

Cases 1 and 7 involve fud substitution by natural gas and both result in a substantia reduction in
specific fuel emissions, of 174 te/GWh and 310 te/GWh respectively. The difference between the
extent of the reductions in these two cases is mainly related to the origina fuel, which was HFO in
Case 1 and primarily cod in Case 7. Since HFO produces less CO, per unit of energy than cod, the
scope for emission reduction by fuel subgtitution is necessarily more limited. Nevertheless, it is clear
that fuel switching to natural gasis a highly effective means of reducing CO, emissions from existing
plants.

Partial substitution of fossil fuels by biomass and waste

The results from those cases which involve substitution by biomass and waste cover a very wide range,
from 1230 te/GWh for Case 3 to 838 te/GWh for Case 5 and only 158 te/GWh for Case 4. In part, this
stems from the different eectricity to total output ratios for the three plants, and the range is
considerably reduced when the results are expressed relative to steam raised. The main factor,
however, is the extent to which fossil fuel was displaced, which on a thermal basis varied from over
50% in Case 3 to approximately 10% in Case 4. The extent to which the capability to use biomass and
waste can be retrofitted to existing plants is aways likely to be site specific, but neverthelessit is clear
that this approach offers the potentia for very large reductions in specific emissions.

Efficiency improvement by installation of CHP plant
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The export of heat from a CCGT plant in Case 6 produces a reduction in specific CO, emissions of 39
te/lGWh electricity. Approximately 20% of this benefit effectively arises as a result of fuel switching
from HFO in the redundant process steam raising boiler to natural gas in the CCGT plant. The
majority, however, stems from the very high incrementa efficiency with which process steam can be
raised and exported from the CCGT steam cycle. It should be noted that the steam exported in this
case is a relatively small proportion of the total plant output. Greater absolute and specific emission
reductions might be obtainable if the steam export was increased.

The CHP plant in Case 7 effectively replaces a smilar plant. Although there is a substantia reduction
in specific emissions of CO,, this can be considered to arise solely from a combination of fuel switching
and the efficiency improvement obtained with new plant.

Offset of CO, emissions by afforestation

The afforestation scheme considered in Case 2 results, in effect, in the complete offsetting of the CO,
emissions. Since the scheme under consderation is a CCGT plant, this is equivaent to a reduction in
specific CO, emissions of 436 te/GWh. The area of forest required is 1140 ha/MW of installed
capacity. The specific reduction (te/GWh) and the area of forest required (ha/MW) would be higher if
gpplied to plants operating on higher carbon content fuels, such as oil or codl.

CO, abatement costs

CO, abatement costs are shown in Table 2. They are dependent upon discount rate assumptions and
in some cases the normalised results differ significantly from those calculated from the actua
operational data. However, when ranked from lowest cost (greatest benefit) to highest cost, the basis
of calculation again has little effect, as shown in Table 3. As previoudy, this discussion is therefore
based mainly upon the normalised results for a discount rate of 10%.

Efficiency improvements in boiler, steam or gas turbine plant

The results for Cases 1 and 8 illustrate a very wide range of outcomes from investment in efficiency
improvements. For Case 8, there is a significant net cost for CO, abatement, equivaent to 16.3 $/te
abated at 10 % discount rate, athough there would be a net saving of 5.1 $/te abated if the annua
output increased in proportion to the increase in capacity. For Case 1 thereis a substantial cost saving
overall, of 39.4 $/te abated. As previoudy noted, the mgjority of this saving results from fuel switching,
but the refurbishment element aone is estimated to yield a saving equivalent to 15.8 $/te CO, abated.
The difference between the outcomes for the two cases is attributable mainly to the costs of the fud to
the plant, with Case 1 using high cost HFO and Case 8 using low cost brown cod athough, in generd,
relative capital costs are also likely to be important.

Conversion to lower carbon content fuels

As noted above, the fuel switching element in Case 1 leads to a substantial net saving per unit of CO,
abated. In Case 7, however, there is a net cost of 21.4 $/te, making this case one of the two least
atractive. As discussed previoudy, the difference between the two cases is that the cost of the
original fuel in Case 8 is only dightly greater than that of natural gas, so that fuel cost savings are
insufficient to compensate for the cost of capital. It may ke possible to infer a general principle that
replacement of existing coal fired capacity by new natura gas capacity is unlikely to be cost effective
a internationa fuel prices. Nevertheless, in view of the considerable reduction in CO, emissons
obtainable it may be attractive on non-economic grounds or if it avoids the need for environmentally
related capital investment at the existing plant.
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Partial substitution of fossil fuels by biomass and waste

The three cases considered here which involve the replacement of fossil fuels by biomass and waste all
result at a 10% discount rate in a net cost per unit of CO, abated, the range being from 2.2 - 22.5 $/te
abated. At a 5% discount rate, Cases 4 and 5 give modest cost savings equivaent to 1.6 $/te and 2.7
$/te CO, abated, respectively. As discussed previoudy, the main cause of the differences between the
cases is the relative costs of the original fuel and the biomass and waste fudl. It is not clear if retrofit
biomass schemes are inherently less attractive than natural gas substitution

Efficiency improvement by installation of CHP plant

The CHP ingallation considered in Case 6 offers a substantial saving of 24.2 $/te CO, abated. In
contrast, there is a cost of $21.4/te abated associated with the replacement of existing CHP plant in
Case 7. The causes of this difference are discussed above and relate principally to relative fuel prices.
CHP may nevertheless be attractive on non-economic grounds or where a substantial environmentally
related investment would otherwise be necessary.

Offset of CO, emissions by afforestation

The afforestation scheme of Case 2 offers the complete offset of CO, emissons a the very low net
cost of 0.1 $/te CO, abated. This cost is unlikely to be affected substantially by unpredictable events
such as variations in the relative prices of fuels, although there is a risk that the sequestered carbon
may be logt, due for example to forest fires, disease or human activity. Emission offset by afforestation
has the advantage d being applicable to any plant, irrespective of type or fuel mix. However, there
will be alimited supply of suitable low cost schemes and there are doubts about whether credit can be
obtained for some schemes under international agreements.
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Figurel Variation of cost of abatement with extent of reduction

Figure 1 summarises the relationship between the cost of CO, emission abatement and the extent to
which emissions were reduced for the cases studied here. There is a genera trend for those
approaches which give the highest percentage reduction in emissions to have higher specific costs.
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Case 2, the offset of emissions by afforestation, does not follow this trend and offers the potentia for
the complete elimination of net emissions at a low cost. However, unlike the other cases it does not
involve plant modifications and is subject to the risks of loss of sequestered carbon and other concerns
noted previously. Case 2 has therefore not been included in figure 1.
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5.

CONCLUSIONS

Power gtation retrofits are very site specific. The following conclusions are based on the limited
number of cases assessed in this study.

Eff

Gel

iciency

The refurbishment of old plant can increase its thermd efficiency to a significant extent. Even
larger improvements can be obtained if old plant is retired completely and replaced with modern
equipment.

Fuel switching, of any type, is likely to reduce therma efficiency unless the boiler is smultaneoudy
modified to optimise performance with the new fudl.

nerating costs

Refurbishment and similar efficiency improvement modifications can provide cost savings per unit
of electricity sent out. However, the benefits decrease at lower fuel costs and refurbishment may
not be beneficial on purely economic criteria where fuel costs are low.

The cost effectiveness of fue switching to natural gas depends on the cost of the original fuel. This
must be significantly greater than that of natural gas in order to compensate for capital charges,

which may be substantidl.

The cost effectiveness of substituting biomass for fossil fuelsin exigting plantsis likely to be poor on
purely economic grounds unless the origind fue is high cost and the substituting biomassis available
a low cost. This conclusion may be influenced by the fact that two of the three biomass projects
considered here are at relatively small scae.

Installation of CHP plantsis likely to give substantial economic benefit where the opportunity can be
taken to export relatively low grade heat and to retire existing thermal plant. However, high capita

charges mean that the replacement of existing CHP plant by new gas fired capacity is only likely to
be economically viable where the origind fuel mix is high cost.

Offset schemes involving afforestation cannot be sdlf financing in respect of generating costs, but
appear to offer alow cost abatement option for which costs can be accurately defined in advance
and are independent of fuel price movements. However, the low costs of the case in this study may
not apply if such schemes were applied on alarge scale because less favourable sites would have to
be used. As yet it is not possible to claim credit for the carbon sequestered under international

agreements.

Specific CO, emissions

Efficiency improvements in existing power plant can make a contribution to reduced CO, emissions
but are not, in themsealves, likely to have a magor impact on emissions.

Fuel switching from high carbon to low carbon fuels will generaly have a significant impact on CO,
emissions. The benefit will naturaly be higher where the carbon content of the origind fud is
higher.

The greatest reduction in net emissions can be expected where it is possible to replace fossil fuels
by renewable fuels. However, the extent to which this is possible is likely to be highly case-
specific.

The utilisation of heat from existing power plants, or by analogy the replacement of purely eectricity
generating stations with CHP plant, can lead to reductions in CO, emissions. The extent of the
overal reduction will depend to a large extent on the baance between electricity and steam export,
but could in principa be comparable with fud switching, including the partial subgtitution of fossil

fuels by biomass.

Schemes involving afforestation have the potential to completely offset net emissions of CO, over
the plant operating lifetime. However, there is some risk that the sequestered carbon could
subsequently be released, for example as aresult of forest fires or disease in the trees.
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CO, abatement costs
The cost effectiveness of efficiency improvements to existing plant can vary over a wide range,
from substantial net savings to a net cost per tonne of CO, abated. For the examples of efficiency
improvement discussed here, the major influence on cost-effectiveness of the project is the cost of
fuel. The capital cost per unit of efficiency gain will aso in genera be an important factor.
Fuel switching can in some circumstances offer a very substantial net saving per unit of CO,
abated. Where the origina fuel costs are low, however, it may be unattractive on purely economic
grounds unless it would otherwise be necessary to make a substantial environmentally related
investment.
Biomass substitution is capable of offering cost savings per unit of CO, abated if the cost of capital
is low and the biomass fud is available at low or zero net cost. In other circumstances it may be
unattractive on purely economic grounds as a retrofit option. Despite this, it offers the advantage
that there are no net emissions from the biomass element of the fuel mix, except for emissons
associated with collection and transport of the biomass (which have not been considered here).
CHP offers substantial cost savings where the overall effect is to displace a high cost fuel. 1n other
circumstances, it may be less cost effective than some of the other options considered in this report.
Offset schemes involving afforestation offer a low cost option which is independent of relative fuel
prices but costs would probably increase substantialy if such schemes were applied on alarge
scale, because less favourable sites would have to be used. Offset schemes offer the additional
advantages of being able to reduce net emissions to zero, a target otherwise achievable only by
biomass fuelling of the options considered here, and of being applicable to any existing or new plant.

Overall conclusions

A wide variety of schemes that have resulted in reductions in greenhouse gas emissions have been
implemented by utilities. Some of these schemes were implemented for commercia reasons, to reduce
generating costs, and others were implemented specifically to reduce emissions. Schemes to reduce
greenhouse gas emissions from existing power stations are very site specific, so the range of options
avallable at any particular power station are likely to be limited.

Based on the limited number of cases evauated in this study, the most effective short term means of
reducing CO, emissions is fuel subgtitution by natural gas. This is likely to be sdf financing in many
stuations, the exception being subgtitution into existing stations fired by coa at current international
prices. Even here, environmenta pressures may favour the introduction of natural gas to avoid the
need for other capital expenditure.

Fuel subgtitution by biomass can greatly reduce CO, emissions and can, in principle, eiminate net
emissions entirely, except for those associated with collection and transport. However, the extent to
which substitution into existing plant is feasible is likely to be highly case dependent and there may only
be a limited number of suitable opportunities. It appears unlikely that retrofit schemes can be salf
financing except where the biomass fudl is available at very low or zero cost.

The introduction of combined heat and power schemes to replace separate eectricity and thermal plant
aso offers mgjor reductions in overall CO, emissions. Where the existing plant must in any case be
replaced due to age, or for other reasons, CHP schemes are likely to be highly cost effective on both
conventional economic and abatement cost criteria.  Similar benefits are likely to be obtained in
stuations where it is possible to export heat at low cost from an existing power station.

The refurbishment of existing plant to improve efficiency is unlikely to meke a mgor reduction in CO,
emissions, but may certainly make a limited contribution. In some circumstances, it may be sdf
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financing on conventional economic criteria.  However, in comparison with some of the other
approaches considered here, it may not be the most effective use of capital.

Finaly, offset schemes involving afforestation can in principle result effectively in the complete
elimination of net CO, emissions and are applicable to any type of plant, whether new or aready in
operation. However, thereisarisk that the sequestered carbon may be released due to natural events,
such as forest fires, or human activity. The number of suitable schemes will also be limited and, as yet,
it isnot possible to claim credit for the carbon sequestration under international agreements.
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APPENDIX 1

Detailed basis of study
Economic evaluation conventions

The eight case studies considered here cover a wide range of generating plant types and capacities,
with the mgority being strongly influenced by loca factors other than economics. To facilitate
comparison in such cases, a standard set of economic assumptions was developed. The ‘normalised’
economic evauations for each case study are based on these assumptions. The following paragraphs
outline the most important and comment on some of the implications.

Plant size

The plants considered here vary considerably in size, from 18 MWe to 1200 MWe. As a genera
principle, the larger projects can be expected to have benefited to some extent from economies of
scale. However, retrofit projects are heavily constrained by existing equipment. Costs are therefore
highly case dependent and any estimate of costs at a different scale is likely to be unreliable. For this
reason the majority of projects have keen evaluated at their actual scale. The exception is Case 7,
where a single new-build CHP plant has been assumed to replace three much smaller power stations.

Plant lifetime

Four of the case studies involve retrofits and lifetime extensions to existing plant and a remnant plant
lifetime of 15 years has been assumed in these circumstances. For those cases which are essentialy
new building alifetime of 25 years has been assumed.

Capital costs, fees and contingencies

For the mgjority of case studies the capital cost estimate has been based upon tender prices. No
separate account has been taken of fees, planning costs or general contingency allowances. No credit
has been taken for avoided capital costs such as, for example, the cost of installing FGD equipment that
would have been necessary in the absence of the modification in question.

Location

The case studies originate from a range of European countries and locations, and construction costs
can be expected to have been influenced accordingly. For the actual cost caculations, location factors
should have been captured by the use of tender prices for capital costs. It would be desirable for the
normalised calculations to use capital, maintenance and other operating costs brought to a common
location basis, but in practice this is not possible for disparate projects and has not been attempted here.

Design and construction period
No explicit allowance has been made for the cost of capital during design and construction.

Commissioning and working capital

No explicit alowance has been made for the cost of commissioning or for working capita. An
associated cost for retrofit projects is the value of the production lost as consequence of plant
disruptions. In the majority of the case studies considered here there were no such disruptions, since
the necessary modifications were made during scheduled shut down and maintenance periods. The
exception is Case 5, where the cost of lost production has effectively been treated as an addition to the
capital cost.

29



Plant output

In general, annual plant output data are derived from actua operating results. No alowance has been
made for the avoided loss of output which might have been incurred by aternative schemes. Minor
changes in plant capacity and output are automaticaly taken into account by the evauation approach,
which expresses the results in terms of costs or benefits per unit of eectricity or heat sent out. An
exception to this is Case 8, where the main evaluation does not take credit for the increase in output
due to turbine efficiency improvements. Comment on the effect of thisis made in the text.

Load factor

The majority of the plants considered here operate at intermediate load factors. For these plants, the
load factor assumed for normalisation purposes was 65%. This figure should in principle be achievable
for dl the plants considered here, athough it is in some cases substantialy higher than the actua

operating load factor. For the remaining cases, involving new CCGT capacity or large scale base load
plant, aload factor of 85% has been assumed. The load factor has been applied to the rated capacity
to obtain the annual production.

Inflation
All costs are treated in real terms.

Currency

All costs have been converted to US$ at the following rates, applicable for 1998.
1$=0.60UK £

1$ = 5.03 Finnish Mk

1$ = 6.29 Danish Kr

1$ = 1.61 German DM

Decommissioning
No alowance has been made for decommissioning or other end-of -life costs.

Taxation and insurance

Taxation regimes are location specific and taxation has therefore been neglected for the purpose of
these case studies. Insurance costs are assumed to be included within the capital cost and have not
otherwise been taken into account.

Maintenance costs

In those cases where routine or breakdown maintenance requirements were identified as having been
affected by the modifications under consideration, alowance has been made for the change in
maintenance costs. Such adjustments have been made on a case by case basis in accordance with
actual plant experience. No alowance has been made for avoided maintenance costs which might
otherwise have been incurred. As noted above, no attempt has been made to normalise maintenance
and related costs to a common location basis.

Labour costs
Changes in labour costs have been dealt with on a case by case bass in a manner smilar to
mai ntenance costs.

Effluent, emissions and solids disposal

All plants have been assumed to have effluent and aerial emission treatment facilities sufficient to meet
the requirements of current EU Directives. Any changes in waste disposal costs have been taken into
account. No account has been taken of avoided disposal costs which might have arisen from
aternative schemes.



Calorific value
All efficiency cdculations are based upon Lower Heating Vaues (LHV).

Fuel costs and properties

For the actua plant calculations, analytical data and costs applicable to local conditions have been used.
For the normalised caculations, however, anaytica data applicable to internationally traded fuels have
been used, where possible, with costs based on UK conditions. The exceptions are brown coal, peat
and wood wastes, for which no UK data are available. Vauesfor brown coal are therefore based on
typical mainland European data, while those for peat and wood wastes are based on Finnish
experience. The values adopted are shown in Table A1.1.

Calculation of levelised costs

The methodology used for the estimation of levelised costs was as follows:
The capital cost of the modification under study was determined, generaly on the basis of contract
documentation. This cost was then increased by the value of any production lost during installation.
The enhanced capital cost was converted into an annua capital charge using the standard formula
for a mortgage type loan repayment:

Annual charge = capital cost” 1" (1-1)/(1" -1)

where n = the plant lifetime in years, | = 1+i and i = the annual interest rate, expressed in decimal
form.

The net annual value of al savings or costs, arising for example from changes in maintenance
requirements or from fuel substitution, was determined.

This figure was added to the annual capita charge to give an overal net annua cost or saving.

The annua cost or saving was then divided by the annua production of eectricity to derive the
‘figures of merit’.
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Carbon
Hydrogen
Oxygen
Nitrogen
Sulphur
Ash
Moisture

HHV
LHV

CO, produced

% wiw db
% wiw db
% wiw db
% wiw db
% wiw db
% wiw db
% wiw ar

MJkg
MJkg

ka/kg fuel

$GJI

Natural
Gas

73.0

51.3
46.3

2.68

2.50

Fuel
Qil

84.0

2.6

43.0
40.5

3.08

3.40

Hard
Coa

75.6
5.6

11
111
10.0

27.0
255

2.49

2.00

Brown
Cod

63.2
4.7
22.3
14
14
15.2
54.0

11.0
9.0

1.00

1.98

Peat

55.C
5.5
30.5
17
0.3
7.0
48.0

9.8

1.04

2.90

Straw
(as fired)

43.8
6.0
41.6
0.7
0.5
6.9
16.0

14.0

161
(Note 1)

2.03

Wood
Wastes

52.5
6.0
40.0
04
0.0
11
53.5

7.9

0.89
(Note 1)

2.32

Note1:  These values represent CO, produced by combustion. For study purposes, the convention that renewable
biomass fuel's generate no net emissions of CO,, has been adopted.

TableAl.1

Summary of standar dised fuel properties
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APPENDIX 2

Results for NPV-based analysis
Table A2.1 (two pages) presents the results from analyses carried out on a Net Present Value basis.

The methodology used for the NPV caculation was as follows:-

The net annua value of al savings and additional costs, arising for example from changesin
mai ntenance requirements or from fuel substitution, was determined.

The discounted lifetime vaue of this annua cash flow was caculated by multiplying by the
appropriate NPV factor, calculated from the equation:

NPV of savings= Annua saving = (1-R")/(1-R)

where n = the plant lifetime, in years, R = 1/(1+r) and r = the annua discount rate, expressed in
decimal form.

This figure was added to the capita cost of the modification, including the value of any lost
production, to give the overal NPV.

The NPV was then divided by the lifetime production of electricity to derive the *figures of
merit’.

The main effect of expressing the results on an NPV basis, rather than on an annual levelised basis, is
to reduce the magnitude of both the overall costs and benefits when expressed on the basis of $/te CO,
abated. This effect is more pronounced at higher interest/discount rates. There are some instances
where the relative ranking between two case studies is reversed in the two approaches. However, the
discussion and conclusions in the main body of the report remain generally valid for the NPV approach.
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Casel Case?2 Case3 Case4

Case description Refurbishment and Sequestration Partial substitution of | Partial substitution of

conversion from HFO through forestation coal by straw coal by biomass
Capital cost M$ 83.6 1.0 105 13.9
Lost production M$ - - - -
Actual results
Remnant lifetime years 16 25 25 15
Utilisation factor % 43 & 62 58
CO, reduction ktefyr 597 748 83 98
Electricity output GWhlyr 3550 1713 72 653
Interest rate % 5 10 5 10 5 10 5 10
Fuel savings M$lyr 125 125 - - -4.1 -4.1 25 25
Other savings M$/yr 0.4 0.4 - - -0.8 -0.8 -0.1 -0.1
Discounted lifetime saving M$ 146 111 - - -73.0 -49.3 26.6 20.5
Overal NPV M$ 62.5 26.9 -1.0 -1.0 -83.6 -59.8 12.7 6.5
Levelised cost (electricity) $/MWh(e) -1.10 -0.47 0.02 0.02 46.4 33.2 -1.30 -0.67
CO; reduction (electricity)  te/GWh(e) 168 436 1153 150
Cost of abatement $te CO, -6.6 -2.8 0.1 0.1 40.3 28.8 -8.7 -4.5
CO, reduction % "1, 195 100.0 523 16.4
Normalised results
Remnant lifetime years 15 25 25 15
Utilisation factor % 65 & 65 65
CO, reduction ktefyr 937 748 93 80
Electricity output GWhlyr 5415 1713 76 676
Interest rate % 5 10 5 10 5 10 5 10
Fuel savings M$/yr 47.6 47.6 - - 0.0 0.0 1.6 1.6
Other savings M$/yr 0.4 0.4 - - -0.8 -0.8 -0.1 -0.1
Discounted lifetime saving M$ 523 401 -12.3 -8.3 164 12.6
Overal NPV M$ 439 318 -1.0 -1.0 -22.8 -18.8 25 -1.3
Levelised cost (electricity) $/MWh(e) -5.41 -3.91 0.02 0.02 12.7 105 -0.25 0.13
CO; reduction (electricity)  te/GWh(e) 174 436 1230 158
Cost of abatement $te CO, -31.2 -22.5 01 0.1 10.3 85 -1.6 0.8
CO, reduction %", 20.1 100.0 523 16.7

TableA2.1  Actual and normalised plant results- NPV basis




Case description

Capital cost
Lost production

Actual reqlts
Remnant lifetime
Utilisation factor

CO, reduction
Electricity output

Interest rate

Fuel savings
Other savings

M$
M$

years
%

ktelyr
GWhlyr

%

MS$/yr
M$/yr

Discounted lifetime saving M$

Overal NPV

Levelised cost (electricity)
CO; reduction (electricity)
Cost of abatement

CO, reduction

M$

$'MWh(e)
te/lGWh(e)
$te CO,

%",

Normalised results

Remnant lifetime
Utilisation factor

CO, reduction
Electricity output

Interest rate

Fuel savings
Other savings

years
%

ktelyr
GWhlyr

%

M$/yr
M$/yr

Discounted lifetime saving M$

Overal NPV

Levelised cost (€lectricity)
CO, reduction (electricity)

Cost of abatement

CO, reduction

M$

$/MWh(e)
te/lGWh(e)
$ite CO,

%"/,

Caseb

Conversion from

peat to wood wastes

124
10

15
65

96
115

11 11
0.4 0.4
17.3 13.3
39 -0.1

-2.25 0.08
833
-2.7 0.1

39.6

15
65

96
115

11 11
0.4 0.4
16.9 13.0
35 -0.4

-2.02 0.25
838
-2.4 0.3

39.6

Case6

Combined heat and

power installation

3.3

5

8
209
8635

95 9.5
0.3 0.3
144.8 97.7
1415 94.4

-0.66 -0.44

24
-27.1
6.0

-18.1

R

337

151 151
-6.5 -6.5
126.1 85.1
122.7 81.7

-0.57 -0.38

-14.6

Case7

Replacement of coal
and HFO by gas CHP

113

25
48

272
803

1.9 1.9
0.5 0.5
355 239
-77.5 -89.1

3.86 4.43
339
11.4 131

39.7

25
65

337
1087

5 10

4.7 4.7
0.5 0.5
77.5 52.3
-35.5 -60.7

131 2.23
310
4.2 7.2

37.6

Case8

Refurbishment and
turbine improvements

28.2

15
91

118
4712

2.2 2.2
0.0 0.0
239 18.4
-4.3 -9.8

0.06 0.14
25
2.4 5.5

2.3

15
85

107
4200

19 1.9
0.0 0.0
214 16.4
-6.8 -11.8

011 0.19
26
4.3 7.3

2.3

Table A2.1 (continued)
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11
12
13
14
15
1.6
1.7
1.8
1.9
1.10
111

21
2.2
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SECTION 1
PLANT DESCRIPTION

1.

11

1.2

PLANT DESCRIPTION
General

The Bdlylumford Gas Converson Project involves the conversion of 3 x 120 MWe
units and 3 x 200 MWe units from operation on Heavy Fud Oil (HFO) to operation on
Natura Gas. The study concentrates upon the converson of the whole station.

Bdlylumford represents an eectrica capability of 1080 MWe including gas turbines, or
951 MWe excluding GTs, on the Northern Irdand grid whose tota generating
capability is 2340 MWe and includes 3 other mgor dations a Befast Wed,
Coolkeeragh and Kilroot.

Plant Prior to M odification

The origind power gation a Balylumford was commissoned by Northern Irdand
Electricity (NIE) and congtructed in two phases. The first phase (Phase 1) was
completed in 1969 and comprises of three conventiond reheet boiler steam turbine-
generator units, each with a maximum continuous rating of 120 MWe. The second
phase (Phase 2) was completed in 1974 and comprises of three units of 200 MWE
each MCR. The units operated on heavy fud oil and the design parameters are set out
in the following teble:

Desgn Voltage | Nomina Steam Pressure Nomina Steam
Temperature
120 MW | 13.8kV | 125 bar 540°C
(1825 ps) (1005°F)
200 MW | 15.0kV | 165 bar 540°C

The steam parameters and unit ratings have not been changed on account of the fuel
conversion. The steam turbine condensers are direct sea water cooled with ainlet CW
temperature range of 8°C to 15°C. The boilers were supplied by Babcock and Wilcox
and the steam turbines by GEC.

In addition to the conventiona steam plant the station is supplemented by 2 x 60 MWe
gas turbine units of aero-derivaive type burning didtillate oil.

Prior to the converson Balylumford power station used heavy fud oil with Sulphur
contents of up to 3%.
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SECTION 1
PLANT DESCRIPTION

1.3

A photograph and a diagram of the power station are included at the end of the report
to illustrate the visud impact of the station and the steam plant arrangement.

Brief History and Decision Process

The dectricity supply industry in Northern Irdland was privatised during 1992 and
1993.

Prior to 1992 a sngle state owned utility (Northern Irdland Electricity NIE) was
responsible for generation, tranamisson, digtribution and supply of dectricity within the
province.

After a period of preparation and consultation the transmisson and digtribution
company together with the four generating dations in Northern Irdland, of which
Balylumford was one, were sold by trade sde in 1992. The transmisson and
digtribution company was floated on the stock market in 1993.

Badlylumford Power Station (P.S.) is now owned and operated by Premier Power Ltd
(a British Gas Subsidiary) and the gation is the most important and largest generating
plant in NI supplying approximately 32% of the dectricity produced in the province in
1996.

The higtorical aspects associated with the project were related to the government’s
objective of introducing a natura gas supply into Northern Irdland and dso the desire to
privetise the dectricity supply industry. Balylumford P.S. represented a substantia
potential gas consumer and therefore asssted in the reinforcement of the case for the
provison of gas to the Province and in the fostering of competition in the primary fue
market. The converson aso had the benefit of substantialy reducing Sulphur emissons
in Northern Irdland and supporting the reductions required under the UNECE Sulphur
protocol.

The gas pipdine has been extended beyond Balylumford towards Belfast in an attempt
to encourage the take-up of gas by other users. The congruction of the pipeline
network to domestic and industrial consumers has been undertaken concurrently with
the power dation conversion and is phased to continue until 2003. In assessing the
case for the pipeline it was estimated that Balylumford P.S. would take gpproximatey
50% of the pipeline capacity, with 25% taken by a prospective CCGT and 25% by
downgtream consumers.  Premier Power is part owned by British Gas and as such
provides a guaranteed customer for the naturd gas supplied by them via the Transco
pipeline across the Irish Seafrom Scotland.



15

SECTION 1
PLANT DESCRIPTION

14

The convergon of the boilers at Balylumford from HFO to naturd gas was undertaken
between 1994 and 1996 during the overhaul periods which were 14 weeks for phase 1
units and 16 weeks for phase 2. Two units per year were converted.

The gas interconnection was completed in 1996 and gas was made available to the
plant in October of that year.

Although costs mentioned in section 1.6 represent a subgtantia invesment these would
be offset by the requirement to reduce SO, emissions by 60% before the year 2003
(see 3.8). Thiswould necessitate at least an investment of 50 to 80 M$ based upon the
most modern dry lime FGD systems currently avallable o dternative operation based
upon the more expensive low Sulphur HFO. More expengive limestone gypsum FGD
systems could increase thisto 130 M $.

M odification Details

The firgt unit a Balylumford was commissoned in 1968 and the last in 1976. With a
30 year design life thiswould indicate that the first unit would now be entering its period
of remnant life with the last being in 2006. Invedtigations of resdud/remnant life on
other UK cod and ail fired stations has extended operations for a further 10 years
beyond the origind design life. Thus taking this into congderaion together with the
reduced fatigue associated with HFO to gas conversions, a life expectancy between
2010 and 2012 should be achievable by dl units. Thisis verified by Ste daaindicating
unit retirements between 2013 and 2018 at current loading levels.

The converson consisted essentidly of the fitting of dud fue low NO, burners, with ail
and gas digtribution pipework and modification of the boilers as described below.

The furnaces are front wall fired and furnished with three burners in each of four panels.
The furnaces were intringcally smdl as built for the 200 MW ail fired units due to the
height restriction imposed by planning congraints associated with aigind consents
given for the development of a6 x 120 MWe dation. The gas combustion resultsin a
different heet distribution, particularly in the case of the low NOy burners with the result
that more heet transfer surface was required in the convective sections of the boiler. A
new platen superheater incorporating 9% Cr sted was provided and the steam
attemperators were redesigned accordingly and the wind box arrangements and the
buckstays strengthened. Operation on gas enabled a lower flue gas outlet temperature
to be utilised. Fouling and corrosion, and hence maintenance of the downstream
components of the gas path were less on account of the cleaner fud. The induced draft
(1.D) fan capacity was upgraded to accommodate the optimisation of air and gas flows
through the converted boiler when firing both fuds. A new distributed control system
(DCYS) incorporating a burner management and control system was installed to replace
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obsolete eectronic controls and a gas leakage detection system was provided for safety
reasons.

Greenhouse Gas Reduction

The carbon dioxide reduction is predominantly determined by the change in fud
consumption prior and post the gas conversion, taking into account the carbon content
of the fud, plant efficiency ad operating regime.  The results are given for the whole
gation burning natural gas and compared with operation on heavy fue oil. The amounts
of CO, generated by the combugtion of dl ‘normaised/paradigm’ sudy fuds is
addressed in Appendix 1 and since no discrepancies exist between these fuels and site
fuels (see sections 1.9.1 & 1.9.2.) no corrections are proposed.

The NOj reduction achieved as a result of fitting low NO dud fud burnersistaken to
be principdly a reduction in NO, since it is assumed that the N,O proportion is not
sgnificant. Experiments to measure N,O concentrations in flue gases on other plant
have proved unsuccessful and hence any change in the greenhouse gas NO is not
congdered in this case. It should be noted that low NOy burners would have been
fitted a Bdlylumford irrespective of the gas converson in order to comply with the
tighter emisson consents being gpplied by the Alkdi & Radiochemicd Inspectorate
(ARI).

Determination of capital costs

The capita costs have been based upon quotations received by Premier Power from
contractors.

An origind quotation of £50 million turn-key had been received to convert the PS to
gas but it had been decided by Premier Power Ltd to invite bids on an dternative basis
l.e. competitive desgn. From a fidd of 13 tenderers two were chosen for the find

stages, International Babcock & Wilcox with McDermott Engineering Europe and UK
Babcock Energy (now Mitsui Babcock). The contract was awarded to Internationa

Babcock & Wilcox in 1993 for the sum of £35 million. 35% of the work was financed
by a grant from the EU with £22.75 million being raised by Premier Power Ltd and
British Government (BG).

Refurbishment work carried out on the steam turbines, condensers, feedwater pump
and boilers during the same period was costed a £15 million.

41
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1.8

There were no gppreciable ddays or ggnificant difficulties dthough the initid outage
work on Phase 2 unit 4 boiler front had been underestimated, an additiond 4 days had
been required in the program before achieving full load. On subsequent units there had
been no deviation from the program on the part of the contractor.

It was possible to minimise outage to annua maintenance periods by completion of dl
work except tie in work whilst the units continued in operation.

Determination of Fuel, Operating and Maintenance Costs

In comparing net outputs between operation on oil and gas there were minor
differences in boiler efficiencies on the 200 MW units. These were detalled by the
station owners and are in Section 1.11.

Reduced fouling and corroson associated with gas firing have enabled savings on
maintenance to be achieved as aresult of the reduced HFO operationa hours.

There are labour savings associated with the reduction per shift of 2 personnd
asociated with the oil handling plant.

There are aso further savings equivaent to one person on day work associated with air
heater and oil handling plant maintenance.

The current plant utilisation is such that on phase 2 a unit output of 200 MW is now
frequently achieved and the average availability and rdiability of al units was enhanced
after the conversion.

Privatisation had led to a need to secure greater guaranteed availability whilst fulfilling a
requirement for two shifting. The converson to naturd gas was expedient to this need
and the periods between boiler inspections was increased to 3 years with the
incorporation of some minor changes to operating procedures. In 1997, 600 startups
were conducted which were amixture of cold, warm and hot regimes.

The data on estimated and actud operating fud consumptions, net output, utilisation and
the operating and maintenance costs are itemised under Section 2.

Changesto Non-Greenhouse Gas Emissions
The decison to fit some low NOy burners for the combustion of the HFO had been
taken by NIE prior to the change of ownership and gas converson. The cod for this

work would have amounted to £15 Million. However, the gas conversion entailed the
fitting of dud fud low NO, burners. Environmentd pressure from the EC had imposed

42
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a pre-requisite that by 2003 the SO, emissons were to be reduced by 60% and the
NOy emissions by 40% [based on 1980 levelg].

The environmenta requirements were stipulated by the ARI in accordance with the EC
large combustion plant directives such that low NO, burners were required to achieve
450 mg/Nme when firing oil and 350 mg/Nm? when firing gas with reference to 3% O,
in dry flue gas. The respective paticulate levels are 140 mg/Nm2 and 5Smg/Nme.
Phase 1 and 2 meet the criteria on gas athough Phase 2 does not quite meet NOy limits
on ail, dthough it was within the inspector’ s current requirements.

Site Fudl data
Naturd Gas

The specification for natural gas supplied to Balylumford Ste is in accordance with the
typical UK supply range data provided by Transco. A specific andyss has been
given by ste and this represents atypicd UK andyss from the St. Fergus gas termind
dated 1990 and does not require any correction factors. Therefore no correction is
proposed for the 3% discrepancy in cdorific vaue from the datum UK naturd gas
given in Appendix 1 and having a GCV of 51.3 MJkg (39.5 MINnT), NCV of 46.3
MJkg and containing 73% carbon by weight.

However the Northern Ireland area incurs additional transportation costs above typica
UK gas prices and thisiis reflected by the higher tariff given below:

NI supply including trangport costs 19p/therm 0 3.00 $/GJon NCV

This cost is representative of the main supply contract for the station, athough a number
of cheagper short term contracts are also in place,

Therefore the ‘normalised/paradigm’ caculations include a gas cost correction from
19.5 p/therm (3.00 $/GJ ) to 16 p/therm ( 2.5 $/GJ ) as well as a correction for the
difference in non availability periods from 55 daysin NI to 40 daysin mainland U K.

Heavy Fud Oil (HFO)

The dite specification for HFO is based upon a gross caorific vaue (GCV) of 42
MJkg and having an andys's comprising of 84% carbon and 3% Sulphur by weight.

The 2% vaidion in GCV between the ste and datum fuel given in Appendix 1 was
considered acceptable and within study tolerances especialy since carbon contents of
both fuds agreed. Therefore cal culations completed in section 2 involve no corrections
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to the proposed HFO CO, emisson and cogt factors identified for ‘normdised’ fudsin
Appendix 1.

Combustion Gases

The HFO ad NG fuds given previoudy in 19 agree cosdy with
‘normaised/paradigm’ data and so no changes are proposed to CO, combustion
figures under norma conditionsto give 3.08 kg and 2.68 kg of CO, respectively per kg
of fud.

Net Plant Efficiency and output information

Indication of the efficiency of plant at Balylumford prior to converson is obtained from
copies of the Electricity Supply Handbook between 1985 and 1990, where the cycle
efficiency of dl UK power gaions is given, and gives an average of 31.8% over this
period with an average load factor of 42.41% on HFO. Premier Power has provided
design data giving boiler HFO efficiencies of 88.5% and 88.8% for phase 1 and 2 units
respectively in support of these figures.

The conversion and refurbishment work carried out between 1994 and 1996 could be
expected to improve the efficiency figures for HFO firing by between 1 and 1.5% on
cycle efficiency to between 32.8% and 33.3%. These figures agree closdy with the
data provided by the operator on boiler and turbine efficiency ( see below ) and origind
performance test data. It appears reasonable to assume that post conversion cycle
efficiencies are 33% on HFO and 31.5% on NG.

Post converson unit output and test efficiencies are summarised below:

Phase 1 Phase 2
Net Gen'd output/unit 117MWe 200 MWe
Qil fired gross efficiency 88.4% 88.5%
Gasfired gross efficiency 85.5% 84.3%
Steam turbine efficiency 42.9 42.9

The following plant tabulation shows how the modification program had minima effect
on power generation from Ballylumford during the mid 1990’ s-

Y ear Utilisation Power Generation Load Factor %

% (GWhso) of 951 MWe
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1992 54.21 3056 36.7
1993 55.91 3516 42.2
1994 55.36 3495 42.0
1995 46.49 2846 34.2
1996 51.90 3329 40.0
1997 - 3640 43.7

Site utilisation data provided above gives an average figure of 52.8% for the 1992 to
1996 period and represents the amount of time that the plant is dispatched by the NI
grid company to produce electricity. The associated load factors given represent the
actud power generated per annum divided by the hours in a year and the declared
output cgpability of the sation.

Taking due condderation of the dte modification years unit loading within the station for
an average year during this period is estimated at 3550 GWhso or 42.6% load factor.

It is not possible to assess whether the reduced power outputs during 1995 and 1996
are as a result of converson work or as a result of conservatism by the Northern
Irdland grid company in its digpatching of Balylumford power station. and so no loss of
generation/revenue can be gpportioned to the modification.
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21 Reference Plant Calculations

Basad upon the assumptions discussed in section 1 estimations can be made regarding
pre and post conversion fuel consumptions and CO, emissions on an annud basis for

the gation as shown beow:

Fuel Pre conversion Post conversion
HFO| HFO NG
Annua net power export GWhy, 3550 3550 3550
Net cycle efficiency on NCV % 31.8 33.0 315
Annud hest in geam GWh 9645.3 | 9509.7 | 9529.4
Annud net hest input requirement GWh 11164 | 10758 11270
Annua fud consumption kte 992 956 895
Annud fud cost M$ 136.6 131.6 124.2
Annud fud saving M$ 0 5.0 12.5
Annud generation of CO, kte 3055 2943 2459
Annud reduction in CO, kte 0 1111 596.9

Thexe figures indicate 3.6% reduction of CO, emissons resulting from the plant
refurbishments carried out during conversons and a total 19.5% reduction of CO,
emissions resulting from the refurbishment and fud change to naturd gas. The terms of
supply agreements for natural gas to NI dlow for up to 55 days of interruption per
annum which effectively moderates post converson annua CO, emissons to around
80.5% of pre-converdon leves.

The capitd expenditure associated with the refurbishment and gas converson of the
station have been obtained and summarised in the table below:

Egimated cost of refurbishment 25.1M$
Egimated cost of fuel converson 58.5M$
Combined cost of refurbishment & converson 83.6M$

This represents a substantid investment in the station and had to be considered against
the future requirement for ingdlation of FGD before the year 2003 (see 1.8 ) or
aternative operation based upon the more expensive low Sulphur HFO.

Financid evauations contained in the following sections 2.1.1 to 2.1.4 are dl based on
the reference plant conditions above and the assumptions listed below:-
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. conversions and refurbishment work was largely carried out as part of annua
maintenance programs and no major additional loss of revenueis appropriate.

. operationd and maintenance costs excluding fuel and labour are unaltered.

. remnant life for cost evauations is taken as 16 years (1994 to 2010 or 1996 to

2012).

. annua discount rates assumed for through life NPV cdculations are 5% and
10%.

. |oan repayments based on annudl interest rates at 5% and 10%.

. labour savings from fuel converson are gpproximated to 8 people per annum or
£0.25m.

The following financid evauations indude refurbishment usng loan capita without
discounting (see 2.1.1), refurbishment and converdon using loan capitd  without
discounting (see 2.1.2), refurbishment using equity as capitad and discounting through life
to give NPV (see 2.1.3), and refurbishment and conversion using equity as capitd and
discounting through lifeto give NPV (see 2.1.4.).

Egtimated benefits of refurbishment on loan bass.

The following financid evauation of the sation refurbishment is carried out & reference
plant conditions using capital based on a mortgage type loan a 5 and 10 % interest rates

over the remnant life of the Sation.

Codt of refurbishment (C,)
Number of years remnant life (n)
Loan annud interest rete (i)
Loan factor {1" x (I-2)/(1"- 1)}
Annua loan repayment (A,
Annud fud saving (FS)

Net annud saving (FS-A))

CO; reduction per annum
GWhy, per annum
GWh steam per annum

(i) Leveisad saving/cost per GWhy,
(i) CO; reduction per GWhy,

(iif) CO, prevention saving

(iv) Levelised saving per eam

(v) CO;, reduction per GWh

0.0923
2.32
5.0
2.65

747.3
31.31
23.87
279.0
11.69

251
16
10

0.1278

3.21
5.0

1.79

111.7
3550
9509.7

495.9
31.31
15.84
185.1
11.69

M$
%

M$
M$
M$

Kte
GWhy,
GWh

$GWhy,
te/GWhy,
$/teCO,
$GWh
te/GWh

a7
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The following financid evauation of the ation refurbishment and converson is carried
out at reference plant conditions using capital based on a mortgage type loan a 5 and

10 % interest rates over the remnant life of the sation.

Number of years remnant life (n)
Loan annud interest rate (i)

Loan factor {1" x (I-1)/(1" - 1)}
Annud loan repayment (A r2)
Annuad fud saving (FS..)

Annud Labour saving (LS:+0)

Net annua saving (FS+ctL S ALr2)

CO; reduction per annum
GWhy, per annum
GWh steam per annum

() Leveisad saving/cost per GWhy,
(i) CO; reduction per GWh,

(i) CO, prevention saving

(iv) Levelised saving on deam

(v) CO; reduction per GWh

0.0923
7.71
12.48
0.36
513

1444.5
168.1
8.59
535.3
62.31

83.6
16
10

0.1278
10.69
12.48

0.36

2.16

596.9
3550
9579.4

607.4
168.1
3.61
225.1
62.31

M$
%

M$
M$
M$
M$

kte
GWh,
GWh

$GWh,
te/GWhy,
$/teCO;
$GWh
te/GWh

Estimated Benefits of Refurbishment on Capital from equity and NPV basis.

The following financid evauation of the station refurbishment is carried out at reference
plant conditions usng capital from company equity and discounting of savings/codts at
rates of 5 and 10 % per annum over the remnant life of the Sation.
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Cost of refurbishment (C)) 25.1 M$

Number of years remnant life (n) 16

CO, reduction per annum 111.7 kte
GWh, per aanum 3550 GWhy,
GWhy, over reference plant life 56800 GWh,
Annud hest in geam 9509.7 GWh
Through life heet in Seam 152155 GWh
Annud fud saving (FS) 5.0 M$
Annud discount rate (r) 5 10 %
Discount factor {(1-R")/(1- R)} 11.3797 8.6061
Disc'd saving over remnant life (DS)) 156.54 | 42.76 M$
NPV saving (DFS - C) 31.44 17.66 M$
(i) NPV levdised saving 553.6 311 $GWhy,
(i) CO, reduction per GWhy, 31.31 31.31 te/GWhy,
(iii) CO, prevention savings 17.68 9.93 $/teCO;
(iv) NPV levelised saving on steam 206.6 116.1 $GWh
(v) CO, reduction per GWh 11.69 11.69 te/GWh

214

Estimated Benefits of Fud Converson and Refurbishment using capital from equity and

NPV bass.

The following financid evauation of the sation refurbishment and conversion is carried
out a reference plant conditions using capita from company equity and discounting of
savings/cogts at rates of 5 and 10 % over the remnant life of the Sation.

49
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Cost of refurbishment (C..0) 83.6 M$
Number of years remnant life (n) 16

CO, reduction per annum 596.9 kte
GWh, per aanum 3550 GWhy,
GWhy, over reference plart life 56800 GWh,
Annud hest in geam 9579.4 GWh
Through life heet in Seam 153270 GWh
Annud fud saving (FS..0) 14.9 M$
Annud labour saving (LS+o) 0.36 M$
Totd annua saving/cost (FSi+c + LS+ 15.26 M$
Annua Discount rete (r) 5 10 %
Discount factor {(1- R")/ (1- R)} 11.3797 | 8.6061

Disc’'d saving over remnant life (DS 146.1 110.5 M$
NPV saving (DS - Crio) 62.54 26.92 M$
(i) NPV leveised saving 1101 473.9 $GWhy,
(i) CO, reduction per GWhy, 168.1 168.1 te/GWhy,
(iii) CO, prevention savings 6.55 2.82 $/teCO,
(iv) Levelised saving per GWh 408.0 175.6 $GWh
(v) CO; reduction per GWh 62.31 62.31 te/GWh
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2.2 Normalised Plant Calculations.

The ‘normdised’ or ‘paradigm’ project conditions on which the case study is evauated
are summarised below:-

conversions and refurbishment work was largely carried out as part of annua
maintenance programs and no mgjor additiond 10ss of revenue is appropriate.
operationa and maintenance costs excluding fud and labour are unaltered.

labour savings from fuel conversion are approximated to 8 people per annum or
£0.25m.

annua discount rates assumed for through life NPV cdculations are 5% and
10%.

loan repayments based on annual interest rates at 5% and 10%.

15 year life expectancy

65% plant loading utilisation factor corresponding to 5415 GWh,

typica UK mainland interruptions to NG supplies can be up to 40 days and cost
2.5%$ GJon NCV (16p/therm)

The above criteria enables the following generic table, smilar to that origindly provided
in section 2.1, to be reproduced giving the annua power, fued and CO, quantities based

upon ‘normaised’ plant conditions:

Pre conversion Post conversion
Fuel HFO HFO NG
Annud net power export GWhy, 5415 5415 5415
Net cycle efficiency % 31.8 33.0 315
Annud hest in geam GWh 14712.5 14505.6| 14611.9
Annud net heat input requirement GWh 17028 16409 17190
Annud fud consumption kte 1513 1458 1358
Annud fud cost M$ 208 201 161
Annud fud saving M$ 0 7.6 47.6
Annua generdtion of CO, kte 4659 4489 3722
Annua reduction in CO, kte 0 170 940

This gives amilar reductions of CO, emissons on a percentage bas's as those given in
4.1 i.e. 3.6% and 20.2% respectively. The lower potentid interruption to UK mainland
supplies means a margind ateration to the annua post converson CO, emissons a

79.9% rather than 80.5% of pre-converson levels.

51
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Edimated benefits of refurbishment on loan basis.

The following financid evadudion of the daion refurbishment is caried out a
‘normdised’ plant conditions using capita based on a mortgage type loan a 5 and 10 %

interest rates over the remnant life of the ation.

Cost of refurbishment (C,)
Number of years remnant life (n)
Loan annud interest rete (i)
Loan factor {1" x (I-2)/(1"- 1)}
Annua loan repayment (A",
Annud fud saving (FS")

Net annud saving (FS', -A")

CO; reduction per annum
GWhy, per annum
GWh steam per annum

Merit fig (i) leveised saving

Merit fig (ii) CO, reduction

Merit fig (iii) CO, prevention saving
Merit fig (iv) levelised saving on seam
Merit fig (v) CO, reduction on steam

0.0963
242
7.60
5.18

935.1
31.31
30.44
355.8
11.69

251
15
10

0.1315
3.3
7.6
4.3

170
5415
14505.6

790.2
31.31
25.24
295.0
11.69

M$
%

M$
M$
M$

kte
GWh,
GWh

$GWh,
te/GWhy,
$/teCO;
$GWh
te/GWh
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The following financid evauation of the gation refurbishment and conversion is carried
out a ‘normaised’ plant conditions using capital based on amortgage typeloan a 5 and
10 % interest rates over the remnant life of the station.

Cost of refurbishment & conversion (C,..)
Number of years remnant life (n)

Loan annud interest rete (i)

Loan factor {1" x (I-2)/(1"- 1)}

Annual loan repayment (A".,)

Annud fud saving (FS'+0)

Annud Labour saving (LS"+o)

Net annud saving (FS'.+L S A"ro)

CO, reduction per annum
GWh, per anum
GWh steam per annum

Merit fig (i) levdised saving

Merit fig (ii) CO, reduction

Merit fig (iii) CO, prevention saving
Merit fig (iv) levdised saving on seam
Merit fig (v) CO, reduction

0.0963
8.05
47.61
0.36
39.91

7371
173.5
42.48
2731.6
64.31

83.6
15
10

0.1315
10.99
47.6
0.36
36.98

940
5415
14611.9

6828.6
1735
39.35

2530.6
64.31

M$
%

M$
M$
M$
M$

Kte
GWhy,
GWh

$GWhy,
te/GWhy,
$ite CO,
$GWh
te/GWh




15

SECTION 2
RESULTS

Egtimated Benefits of Refurbishment on Capitd from equity and NPV basis.

The following financid evadudion of the daion refurbishment is caried out a
‘normdised’ plant conditions usng capital from company equity and discounting of
savings/costs &t rates of 5 and 10 % per annum over the remnant life of the Sation.

Codst of refurbishment (C,)
Number of years remnant life (n)
CO; reduction per annum
GWhy, per annum

GWh, over reference plant life
GWh steam per annum

GWh gteam over ref. Plant life

Annud fud saving (FS")

Annud Discount rate (1)

Discount factor {(1- R") / (1- R)}
Disc'd saving over remnant life (DS'))
NPV saving (DS'; - C))

Merit fig (i) NPV levdised saving

Merit fig (ii) CO, reduction

Merit fig (iii) CO, prevention saving

Meit fig (v) NPV levdised saving on steam
Merit fig (vi) CO, reduction

5
10.8986
82.3
57.2

704.2
31.31
22.43
264.3
11.69

251
15
170
5415
81225
14505.6
217584

7.5
10
8.3667
63.4
38.3

471.5
31.31
15.02
176.1
11.69

M$

kte
GWhy,
GWhy,
GWh
GWh

M$
%

M$
M$

$GWhy,
te/GWhy,
$/teCO;
$GWh
te/GWh
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224 Estimated Benefits of Fud Converson and Refurbishment using capital from equity and
NPV basis.

The following financid evauation of the Sation refurbishment and converson is carried
out a ‘normdised’ plant conditions using capital from company equity and discounting
of savings/costs a rates of 5 and 10 % over the remnant life of the station.

Cost of refurbishment (C,.) 83.6 M$
Number of years remnant life (n) 15

CO; reduction per annum 940 Kte
GWhy, per annum 5415 GWh,
GWh, over reference plant life 81225 GWhy,
GWh steam per annum 14611.9 GWh
GWh over reference plant life 219179 GWh
Annud fud saving (FS" +) 47.61 M$
Annud labour saving (LS " 1+ 0.36 M$
Totd annud saving (FS'.c + LS+ 47.97 M$
Annud Discount rate (1) 5 10 %
Discount factor {(1- R")/ (1- R)} 10.8986 8.3667

Disc'd saving over remnant life (DS';+.) 522.8 401.3 M$
NPV saving (DS"+c- Cr+o) 439.2 317.7 M$
Merit fig (i) NPV levelised saving 5407.1 3911.8 $GWhy,
Merit fig (ii) CO, reduction 1735 173.5 te/GWy,
Meit fig (iii) CO, prevention saving 31.16 2254 | $/teCO,
Meit fig (v) NPV levdised saving on steam 2003.8 1449.7 $GWh

Merit fig (vi) CO, reduction on steam 64.31 64.31 | te/GWh




15

SECTION 3
DISCUSSIONS AND CONCLUSIONS

DISCUSSIONS AND CONCLUSIONS

Based upon the merit ratings and the normalised values caculated in sections 2.2 & 2.3,
it is gpparent that sgnificant savings can be made from both plant refurbishment and fue
converson. The results have been incorporated into the following summary tables for
the 10% loan interest and 10% discount cases at both Reference and Normalised plant
conditions.

Summary Table a Reference Conditions (3550 GWh, per annum)

Case Refurbishment Refurbishment & Converson
L oan repayment/equity LR E-NPV LR E-NPV
Merit Figure units
0] $GWhy, 495.9 311 607.4 473.9
(i) te/GWhy, 31.31 31.31 168.1 168.1
(iii) $ite CO, 15.84 9.93 3.61 2.82

Summary Table at Normalised Conditions (5415 GWh, p.a.)

Case Refurbishment Refurbishment & Converson
L oan repayment/equity LR E-NPV LR E-NPV
Merit Figure units
0] $GWhy, 790.2 471.5 6828.6 3911.8
(i) te/ GWhy, 31.31 31.31 1735 173.5
(iii) $ite CO;, 25.24 15.02 39.35 22.54

An obvious comparison between the two financid evauation techniques shows the
equity & NPV evduations of merit figuresi and iii to be gpproximately 60 % of the loan
evauations of the same merit figures,

Merit figure (i) vadues show dgnificat financid savings par GWh, from both
refurbishment and refurbishment and fuel converson. The saving from refurbishment
and fud converson is gpproximately 2.6 times that from refurbishment done. When
compared with the respective capita invesments at a ratio of 1 : 3.3 this indicates that
refurbishment represents a dightly better propostion than joint refurbishment and
converson. However, at increased load factors associated with ‘normalised’ conditions
the ratio of saving from fud change increases to gpproximately 1 : 10 rather than 1 : 2.6.
This represents a greater saving from fuel conversion than refurbishment as a proportion
of the capitd invested. Indications are that the financid benefits obtained from
refurbishment and those from refurbishment and converson swing in favour of fue
conversion at between 45% and 55% load factor for this type of case study.
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As mentioned in the previous paragraph there is an gpparent lower financid benefit from
fud converson than from refurbishment when congdered at the ste reference leve.
Judtification for fuel converson becomes more favourable when consdered againgt the
additiona cogts of FGD or low Sulphur fud ail, which in this case study was considered
an externd influencing factor.

Meit figure (ii) vaues give the reduction in CO, per GWh of dectricity and shows
ggnificant improvements from gas converson and refurbishment rather  than
refurbishment aone, approximately 6 times that from refurbishment. These benefits are
aso unaffected by the changes in eectricity production since they are directly related to
dation efficiency.

Merit figure (iii) vaues show anincrease of 1 : 1.6 in the cogt per te CO, saved when
going from the refurbishment to the refurbishment and converson case.

Therefore drictly from a CO, point of view it would appear that refurbishment and
efficiency improvements are more beneficid than fossl fud conversons. This can
posshly be explaned by the fact that fue conversons quite often represent a
compromise on efficiency for the new fud in order to minimise cagpitd investment in
modifications.
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PLANT DESCRIPTION
General

AES is a worldwide private power producer and has been involved in a recent
combined cycle power gation development at Barry in South Wales.

The high efficiency associated with this type of modern power plant suggested that
technica modifications to the plant in order to reduce annual CO, emisson would be
both difficult and expendve. The AES executives hdd a sgnificant ideology that their
company should promote environmenta and sociological policies and this resulted in an
invedtigation of dternative schemes for forestation and the “off-setting” of CO,
emissons from the AES Barry plant.

Plant Prior to M odification

As mentioned above no physcd modification of the AES Bary power plant is
proposed and so detailed descriptions of the plant are not required for this case study.

The plant comprises a single power block conssting of a gas turbine, dua pressure
HRSG, geam turbine and condenser dl matching the brief technicd detals given
below:-

Gross GT output MWe 158.9

Gross ST output MWe 76.5

Rated Net plant output MWey, 229.6

Guaranteed Net Efficiency % 49.25

Norma Operating Net Efficiency % 48.0

Cycle Data HP LP
Steam Temperature °C 512 250
Steam Pressure bar 67.6 6.25

Brief History and Decision Process
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AES reviewed proposals for severd projects which had sociologica and environmentd
benefits associated with them. Each of these proposals had been received in response
to a‘bid specification’ established in a similar manner to those raised for mgjor turnkey
projects.

The *bid specification documents and ‘tender evaluation criterial were established by
Natural Resources International (NRI) at AES request.

The projects evaluated in response to the ‘bid specification’ were based world wide
and included the following examples-

Vanuau - UK foundation for the South Pacific, improvement of logging methods
for naturd forest on 6000 hawith remedia work in 230 ha

Argentinareforestation - ArgenINTA, commercid arm of the nationa Indtitute of
Agriculturd Technology ( INTA ), planting of 1000 Ha of tree plantationsin 3
locations over two years ( Chubut, Salta and Chaco ).

Honduras - Teguciagdpa, Zamorano Escuda Agricola Panamericana, planting of
700 ha of native species and improved protection and management of a further
8000 ha.

Mexico ( Proaft & Veracrus) - Tropica Forest Action Program, modest proposal
seeking only £ 128000 funds for a 20 ha plantation.

Uganda ( Busoga forestry ), new company with plansto plant up to 40000 hain
Uganda

Mexico ( Chigpas) - Universty of Edinburgh in association with Union de Credito
( farmers association ), Ecosur ( Federal Research Centre and Future Forests UK
), management of 2000 haand farm forestry on 180 ha.

Banand Idand (Brazil) — 30 year forestation and management project over an area
of rainforest occupying approximately 2.1 million ha and aimed a the sequedtration
of 65 million tonnes of carbon over the lifetime of the project.

A total of seven projects were evauated and the Banand Idand afforestation project
was chosen as the successful project to be sponsored. The close relationship of the
project to the control of CO, within the atmosphere and its multifaceted approach to
the subject matter, which included condderable locd investment, gave it digtinct
advantages during the evaluation. The project not only encompassed reforestation but
included:-

Educeationa programs within loca schools and communities.

Facilities for monitoring and policing deforestation activities and these would be
non-confrontational and non-aggressive methods.

Nursery facilities for replantation activities.

Research facilities for scientific evaluation of carbon sequedtration together with
development of various agroforestry ecology systems.
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1.6

1.7

M odification Details

As mentioned previoudy no modifications are proposed to the power plant and dl
environmenta benefits are associated directly with the afforestation project described in
these sections of the report.

Greenhouse Gas Reduction

The carbon dioxide reduction is directly associated with the reduction in rates of
deforestation together with levels of activities of reforestation. Project reports provided
have suggested the following sequestration data be used:-

M 280 te C per hectare over 30 yearsfor virgin/preserved forest
(i) 260 te C per hectare over 30 years for ecotourist forest

(i)  180te C per hectare over 30 years for regenerated forest

(iv) 120te C per hectare over 30 years for agroforestry

Determination of capital costs

The project costs have been based upon budget quotations received from AES
regarding the Banand Idand project.

Since the project is a non profit making scheme AES have established a charity fund
which will be utilised to finance their contributions/payments to the project through its
25 year life. The fund is to be established by sx biannua £100,000 donations from
AES over the first 3 years of the project. The tota cost of the 25 year project has
been estimated at 13M $ (£8M) of which AES donations will represent 7.5% of this
total. The remainder is provided by the Brazilian agencies of IBAMA and Naturatins
and other independent financiers. IBAMA and Naturatins contributions to the total
project are estimated a 8.65M $ (£5.25M) which is equivaent to 65% of the tota
cost.

Expenses incurred from on the ground activities in Brazil are to be paid from the AES
fund on abiannud badsis againg detailed invoices identifying individua activities. Actud
invoices and payments can then be monitored in accordance with origina project
budget forecasts and adjustments made for any annua over or under expenditure.

Determination of Fuel, Operating and M aintenance Costs
Since the power plant operations are unaffected by the afforestation project then two

entities can be handled completely ndependently i.e. fuel, operation and maintenance
cogts for the power plant remain congtant irrespective of events during afforestation.
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1.8

1.9

191

1.10

111

The capital costs and operating costs associated with planting, policing and other O &
M costs are assumed to be inclusive of the capitd expenditure in the first 3 yeer life of
the project during which the environment fund is established. The operating and
maintenance costs associated with the afforestation project are dl included with the
figures shown in Section 1.6.

Changesto Non-Greenhouse Gas Emissions
The foredtation project is primarily associated with the reduction of CO, from the

atmosphere by sequestration of carbon. Other non greenhouse such as SOy, NO, and
CO are assumed to be unaffected.

Site Fud data
Naturd Gas

The specification for naturd gas supplied to AES Barry Ste is in accordance with the
typica UK supply range data provided by Transco.

Therefore no correction is proposed from the datum UK natura gas having a GCV of
51.3 MJkg (39.5 MJINnT), NCV of 46.3 MJkg and containing 73% carbon by
weight.

Combustion Gases

The NG fues given previoudy in 1.9 agree closdy with * normalised/paradigm’ data and
S0 no changes are proposed to CO, combustion figures under norma conditionsto give
2.68 kg of CO, respectively per kg of fud.

Net Plant Efficiency and output information

Indication of the efficiency of plant a AES Barry is obtained from heat balance data
where the guaranteed cycle efficiency of the power gation is given as 49.25% and this
has recently been verified by performance test.

Actud operating efficiencies at the present should be between 47.5 and 48% based on
net output and net calorific value. No additiona account is taken of degradation effects
within the caculations since the operating efficiency used contains a margin of 1.25%
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from guarantee values and output changes balance each other with regard to CCGT
through life emissons

The AES Barry plant has been designed on a 25 year lifetime incorporating mixed
operating regimes of base loading, weekly cyding and 2 shifting.

It can be assumed that through the 25 year design life of the plant, its load factor is
going to be approximately 0.85.

The guaranteed net output of the plant is 229.6 MWe given in Section 1.2

Based upon the above load factor and net plant output, the average annua power
output of the plant is estimated at 1713 GWhy,.
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RESULTS
Reference Plant Calculations

Based upon the information avallable in Section 1, the annud and lifetime fud and
emissions data can be estimated in accordance with the table bel ow:-

Annual 25 year life
Fant efficiency on NCV % 48.0 48.0
Power export to grid GWh, 1713 42,825
Net heet input requirement GWh 3570 89,250
Fuel consumption kte 277 6,925
CO, generation kte 748 18,700

Data smilar to the above was the basis for the sdection of the forestation project.
According to forestation project publications the overdl project is estimated to give a
total carbon sequestration of 64.97 M te over 30 years.

Based upon the proportiona ‘buy in’ to the project representative of AES contributions
(7.5%, see section 1.6) this gives them an dlocated 4.87 M te carbon sequestration
againg the AES Barry plant. This can be converted to be equivaent to 17.86 M te of
CO, emissons usng a44/12 mass correction.

This figure agrees within a 5% accuracy of that estimated from the power plant which is
satisfactory for case study evauations. However, it may be prudent to utilise amedian
figure of 18.25 Mte CO, for the overdl case study life time sequestration.

The estimated cost of Bananal Idand project to AESis0.975 M$

Edtimated Benefits of Forestation Project on Loan Basis

Since the project fund for AES contributions is raised over the first 3 years of the
sequedtration project, this and the 25 year plant life period are consdered as the

possible loan periods for smilar projects and so the “figures of merit” for each are
evaluated and presented below:-

Merit Title 3years 25 years Period
Fg.

5% 10% 5% 10% IR
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0] Levelised saving on power -209.0 -228.9 -40.4 -62.8 $/GWhg,
(i) CO, reduction on power 4364 436.4 4364 4364 teCO,/GWhg,
(iii) CO, prevention saving -0.48 -052 -0.09 -0.14 $/teCO,
(iv) Levelised saving on steam -193.7 -212.1 -374 -58.1 $GWh
(v) CO, reduction on steam 4044 4044 4044 4044 teCO,/GWh

2.1.2 Estimated Benefits of Forestation Project Using Capita From Equity and NPV Basis

This has been evauated on two life time bases relating to the 3 years of contributions
by AES to establish a charity fund or dternatively over the 25 year remnant life of the
plant which represents an annua payment of the operator to cover sequestration of his
annua emissons of CO..

Manipulation of input data to the spreadsheet program being used for evauations
enabled the following results to be obtained:-

Merit Title 3years 25 years Period
Fig.

5% 10% 5% 10% IR
@ Levelised saving on power -190.3 -190.0 -22.8 -22.8 $/GWhg,
(i) CO, reduction on power 436.4 4364 436.4 436.4 teCO,/GWhg,
(iii) CO, prevention saving -0.44 -044 -0.05 -0.05 $/teCO,
(iv) Levelised saving on steam -176.3 -176.1 211 -21.2 $/GWh
(v) CO, reduction on steam 4044 4044 4044 4044 teCO,/GWh
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3.

DISCUSSIONS AND CONCLUSIONS

The magnitude of the “merit figures’ obtained for this sudy is sgnificantly different to
those obtained for the other case study results. The levelised saving (fig (i)) and the
CO, reduction per GWh, (fig (ii)) appear reversed compared to other studies and the
levelised saving is negative i.e. a cost. Therefore the CO, prevention saving not only
becomes anegativei.e. cost but is Sgnificantly smaler in magnitude.

There are two factors which can be atributed as causing these results:

This sudy is the only case study to effectively evauate the complete (100%)
reduction of CO.,.

It is the only case study not driven by financia benefits associated with fud cost
benefits.

These agpects will need to be evaduated further when it comes to comparing this sudy
againg othersin the overdl report.

The last merit figure (iii) becomes equivaent to approximately 0.19 $te C sequestered

which is amilar to the 0.05 to 0.20 $/te C being advised by various published papers
and isin close agreement with operators caculations.
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An example of Bananal |dand untouched forestry areas
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The Agroforestry Nurseries
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Brazilian location map for Bananal 1dand forestation project.
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Diagrammatic overview of the Bananal 1dand Sequestration project

Aim of the Project

e wvelens el
Fstablish an
Ellicient aid
Suspinahle Carhon
Sequestralion

Strategies

Figure 1: Overview of the Bananal |sland Carbon Sequestration Project

Objectives

[hreserye existong fvesls

'/ Forest
M lanagement ¢ L

Relvaestahion oned
rgznzralion of

secopelany [orests

Preamobin of agroforesin
and tree-planting schzimeas

Fvi [|IIII1UII|:I|

Establish svstams to monitor bl
el amdd atimosphenc Fachiv

avalem /
\\ A

|
Develop appropaate mathodologis T‘

fist it SR arbon se arasinal o J

b lomitoring pl==———¥
IE il
Fabuesalin 4 e

Ineresse emvirvnmmendal swsneress
proacting local understandue and
suppert Tor the BICST

Fneonimmpee M welive paricipritien of
[l eranmmminies i fhe
iy |"| tnkcitbabbon, evalinabiomn aal

aliovediseanersl ol Phasieed sachcsties




_ . Wil ovet Wld|aav|xH)| 48 3NG40 0H0035 QHY SHOISIA3Y ilva ON
0 SO S - — o INSSI Ws0d08d | 961250 ¥
3003 ._._._éa_ HIINONT R Q3T3Y | 95-£0-70| 8§
g 3 MmO d :
a NOOOIEDlm_.NMN 123r0Yd dH) AduvE === d73 QASIA3Y | 96-0i=+0 | 2
. —— % ——
al1 JI¥L2373 S3v == N 03503y [96-51-20| @
s HIENT INIMYHO 123roud ——————————
My T BRL VY IY3H 13N
A GBS BLL LNIND 13N —
M KBS Qo AMATIXNY
/M 01%BI8| (AH7) NOILIWNSNOD 134 W
3 LNdINO 550¥9
9 wyg — JWNSSIHd - ¥vE
7 - 3uNIVNE4N3L - 2
S/o% - M0l - W Wl
aN3937
_IJ e X049
: w gzg o
C QO 3 198 ol
; ©1SNVHA3 Hiv
40LV¥INID
_ IHBHNL
A zo_»m:m:ou\ e
5 o
_.%& ] o
.[ ME STE'ESI e Y
HIAEIIY < ~
LYSNITNDD
3
¥0SSIUANOD
“— s ST
r
o
>}
YISNIONOD
037002 a
i w 6L w L
uva 0L yva 629
J9r 3082
HOIYHINID
! INIHNL
MYALS

MH 0059 _\\\\\




15

APPENDIX 5

CASE 3

POWER STATION PARTIAL FUEL SUBSTITUTION

FROM BLACK COAL TO A COAL AND BIOMASSMIXTURE

1 PLANT DESCRIPTION 74

1.1 Genera 4

1.2 Plant Prior to Modification 74

1.3 Brief History and Decision Process 76

14 Modification Details 78

15 Greenhouse Gas Reduction 78

1.6 Determination of Capital Costs 79

1.7 Determination of Operating and Maintenance Costs 79

1.8 Changes to Non- Greenhouse Gas Emissions 79

19 Ste Fud Data 80

1.10 Combugtion Gases 81

111 Net Pant Efficiency and Output Information 81

2 RESULTS 84

21 Reference Plant Calculaions 84

2.2 Normaised Plant Calculations on a discounted loan basis 86

3 DISCUSSIONS AND CONCLUSIONS 89
Photographs & Cycle Diagram for Grenaa Power Station 91

51141/090rptmr 73

casereps/03/rev03



SECTION 1
PLANT DESCRIPTION

1.

11

1.2

PLANT DESCRIPTION
General

The Grenaa fud subdtitution project on Jutland involves the use of biomass fud in the
form of straw instead of bituminous black coa on a 78MW circulating fluidised ked
boiler which provides steam for power generation, district heating and process
purposes. The facility is essentidly a combined heat and power plant of advanced
design and the subgtitution of the primary fossl fud by the renewable fud has seadily
increased from 24% energy in 1992 to 52% in 1997 and corresponded to 61250
tonnes.

The gpproximate eectrica output was 20% of the energy exported, the digtrict heating
agmilar amount and the hest to industrial process 60%.

Plant Prior to Modification

Prior to the development of the Grenaa co-generation facility the dectricity, didrict
heeting and locd industrid plant steam requirements of the area were essentidly
provided by the eectrica grid network, a well development district heeting system and
the use of stand done boilers by the loca industrid concerns as a means of providing
their own individua steam requirements.

The didrict hesting facilities would require extensve enhancement during the 1990's,
and the locd energy intensive indudtries were planning a mgor expanson. These
factors together with ingtitutional and environmental factors provided the necessary
impetus for the establishment of the combined heat and power plant at Grenaa.

The dternative option would have been

- to continue to provide dectricity from the grid network, bascaly generated from
central cod fired power stations.
to extend the supply and distribution network of the didrict heeting system by
providing ail fired boilers to supplement an exigting sraw fired boiler of relaively
smal capacity, with the industrid consumers continuing to provide their own stand
aone boilers.

This dternative would require amgor investment in new cod fired plant.

CHP Pant Description:
The cod and biomass fired CHP Grenaa plant is a co-generation facility owned and

operated by the Midtkraft Energy Company, who aso built the plant, with commercia
operation commencing in January 1992.

51141/090rptmr 74
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In essence the plant includes the following main sysems:

a CFB-type hoiler plant for mixed-fud firing. The boiler is equipped with internd
desul phurization (limestone injection) and an eectrostatic precipitator.
aconventiona back-pressure steam turbine with process steam extraction.

a hot water storage vessel balancing the process steam and digtrict heat demands.
storage and pre-processing facilities for biomass and codl.

An ail-fired gand-by bailer.

A centrd plant control system and the necessary service and auxiliary systems.

The main plant parameters are given in the following teble:

Boiler capacity MW 78
Live steam, SH exist kg/s 29
bar 92
°C 505
Feedwater temperature °C 170
Flue gas stack temperature °C 120
Energy input %
: cod 40-100
draw 0-60
:normd mix 50:50
Emissons
:S0O, mg/MJ 100
‘NOy mg/MJ 150
:CO mg/MJ 200
‘Particles mg/Nn? 50
Net electric capacity MW, 17.8
Process steam Bar 8.3
°C 210
Didrict heat °C 85 to 50

The circulating fluidised bed boiler is of Ahlstrom Pyropower (how Foster Wheder
Energia) design and this concept was adopted due to its capability to accommodate a
multi-fuel mix and its favourable combugtion and environmental chraracteristics. The
boiler is designed for straw and coa ranges up to 60% and 100% respectively.

The controlled extraction back pressure steam turbine and the central plant control
sysems are of ABB (Asa Brown Boveri) desgn and manufacture.

51141/090rptmr 75
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The controlled passout provides the process steam and the low pressure steam from the
turbine L.P cylinder essentidly servesthe didtrict heating and plant requirements.

An indugtridized draw supply scheme will ensure proper fue quaity and cost
effectiveness.  Straw is ddivered on trucks carrying 24 Hesston-type bales, each of
450kg. The batch is unloaded by automeatic cranes, handling 12 baesin onelift. Baich
weight and qudity (moisture content) are monitored smultaneoudy during unloading,
and the batch islanded either at a storage position or & the fuel feed line to the bailer.

The bale weight and moisture content are prime quality @rameters, which relate to
processability as well as energy content and consequently to ddivery price. Both
parameters are dependent upon westher conditions during harvest, bale pressng and
interim storage. Quadity contral is fully computerized. The bales are processed in low
energy-consuming shredders and fed pneumatically into the boiler together with cod.

The fuel storage on Ste has sufficient capacity for 3 days continuous operation.

A wide range of imported steam cod is provided for the plart. Cod arrives on trucks
from the Arhus Cod Termind, 60km away. Cod is crushed to minus 10mm and fed to
the boiler by conventiona equipment.

A steam system diagram, photograph and plant layout drawing are given to illugtrate the
visud impact of the plant and its steam systems.

1.3 Brief History and Decision Process
Initid Condderations

Congderations garted in response to a nationa energy policy initiative in 1986, which
committed the Danish power companies to deploy part of their future power capacity
extenson in the form of locad CHP plants for combined didrict heat and power
generation. These plants, which might replace existing heat boilers, should be fired by
domedtic fuel (biomass, waste or naturd gas).

The city of Grenaa had a wel-developed district heating system and forecast an
increased heat demand of 370 TJa by 1995. This increased demand associated with
an exiging digric heating sysem encouraged Midtkraft to conduct studies in to
identifying Grenaa as a potential Ste for ingtallation of new CHP capacity in accordance
with the above 1986 initiative.

The studies identified an additiond market for process steam supply without regulatory
restraints on fuel choice. Danisco Paper, one of the larger consumers, was considering
plans for a new coa-fired process steam boiler plant (approximately 950 TJa) in
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conjunction with a mgor extendgon of ther production capacity for waste paper
recycling.

These preconditions, together with easy access to large quantities of surplus straw from
the nearby agricultura region, led to the adoption of the Grenaa CHP concept. The
combined generation of eectricity, didtrict heat, and process steam from a single cod
and draw-fired plant offered advantages regarding efficiency, economy and
environmenta impact as compared to separate generation.

Having completed feasbility studies, pilot testing, and contract negotiations on straw
supply and therma energy sdles, Midtkraft decided to launch the CHP Grenaa project
in November 1989.

It should be added that the contract with Danisco Paper includes the total process
steam supply for the company. Previous boilers at the company’s premises have been
taken over as stand-by capacity. Furthermore, Midtkraft has pursued the busness
policy of offering process steam supply on smilar conditions to other loca industries,
and aso amed towards a wider range of biomass utilization in the CHP plant by
including indudtrid residues on acommercid basis.

Congruction and Operating History

Congtruction of the CHP Grenaa plant and the associated transmission lines for heat
and process steam was executed during November 1989 till end December 1991.
Commercid operation started 2 January 1992, and has continued gpart from annua
mai ntenance periods of 2-3 weeks duration and unscheduled outages.

Scope of Work

The origind CHP Grenaa project included engineering, and commissoning of the
complete cogeneration plant a a virgin Ste in the Grenaa indudtria area — and of the
associated transmission lines to Danisco Paper and the existing district heet system.

Later tasks included boiler modifications to cope with the problems caused by straw
firing, the addition of a fud facility for other biomass in pulverized form, and the
extension of the process steam supply for two new customers.

Work Programme

Maor milestonesin plant construction and subsequent activities are as follows:

CHP Grenaa project decision November 1989

Start of site preparation April 1990

Start construction May 1990
51141/090rptmr 7
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Start commissioning November 1991
Plant operationa, supply of process steam January 1992

to Danisco Paper and didtrict heat

Maor boiler modification (evaporator wing wals) August 1993
Boiler loop seds replaced August 1996
Process steam supply for Danisco Didtillers June 1997
Fecility added for pulverized biomass January 1998
Process steam supply for Grenaa Dampveeveri July 1998

(textile manufacturer)
M odification Details

The origind Ahlstrém CFB boiler configuration is shown schematicdly in the diagram at
the end of this report. Air prehester and economizer are located in the vertica
convective boiler pass. Combustor water walls serve as evaporator. Steam
superheating to 505°C is provided in 3 stages. The superheaters, SH1 and 3, are
located in the overhead convective pass, whereas the second stage, SH2, is mounted
as panels penetrating the combustor freeboard. The particle recirculation loop includes
two pardld, hot cyclones and loop-sedls.

Operationd problems caused by the high chlorine and akaline content of the fired straw
have necesstated some boiler modifications over the years as described below.
Evaporator wing walls have been added to the combustor, and the loop-sedls have
been replaced by fluid-bed hesat exchangers of CHEX-type for find superhegting. An
up-to-date boiler section is shown at the end of this Appendix.

As seen from data provided in Section 1, plant capacity utilization has been raively
low during the first years of operation, which is due to a dower build-up of didrict heat
and process steam demand than predicted. The biomass share has grown steadily,
except in 1994, when a straw supply shortage occurred during Spring.  Overal plant
energy efficiency hasincreased from 73% (1992) to 88% (1997).

Operationa problems have mainly been associated with the boiler plant and caused by
the high chlorine and akdine content of the fired draw. During the early years
unsatisfactory process temperature control and subsequent build-up of fouling depodts
and superheater corrosion resulted in severa tube fallures and unscheduled stops for
boiler cleaning and repair.

The conditions were improved by a mgor heat surface modification during August 93.
Evaporator wings were added to the combustor rear-wall, and the find superheater and
part of SH1 were replaced.

A second mgor modification was made during the 1996 revision. The loop-seds were
replaced by externa fluid-bed heat exchangers with CHEX to account for fina
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1.7

superheating from 475 to 505°C. By this precaution deposits formation has been
Sabilized a alow leve, enabling full live steam temperature to be maintained.

Greenhouse Gas Reduction

The carbon dioxide reduction is determined by the changes in fuel and associated with
the cod subgtitution by biomass. Although the projected heat content of the cod and
biomass are smilar, the principa benefit with regard to greenhouse gas reduction is the
classfication of the straw as biofuel and hence zero CO, emisson fud. Thereaultsin
Section 2 are calculated for the whole station burning 100% coa and a representative
converson fud mixture. The amounts of CO, generated by the combugtion of al
‘normalised paradigm’ study fuels are addressed in Appendix 1.

Sections 1.9.1 to 1.9.4 address the discrepancies between the ‘normdised’ and ste
fudsin detall.

The NO reduction achieved as aresult of ingtdling the circulating fluidised bed boiler is
taken to be principally areduction in NO, sinceit is assumed that the N,O proportion is
not sgnificant. Experiments to measure N,O concentrations in flue gases on other plant
have proved unsuccessful and hence any change in the greenhouse gas NO is not
conddered in this case. Difficult to evauate is the CH, emissons that would have
resulted from continued storage and decomposition of the waste straw.

Determination of Capital Costs

Investment cogts in the CHP Grenaa project during 1989-1992 amounted to 390 M Dk
plus interest during construction 25 M Dk (current prices). Furthermore, Midtkraft has
invested gpproximately 15 M Dk in subsequent plant modifications.

However, in view of the fact that the case study is being assessed from the coa by
biomass subgtitution aspects, of particular significance is the capital cost of the straw
unloading, storage and delivery systems to the CFB boiler. These costs have been
assessed to be 66.2 M Dk approximately 10.52 M $.

Determination of Operating and Maintenance Costs

According to the 1997 account the plant operating and maintenance costs amounted to
22.5M Dk gpproximately 3.58 M $.

51141/090rptmr 79
casereps/03/rev03



15

SECTION 1
PLANT DESCRIPTION

The additiona operating and maintenance codts atributable to the utilisation of straw as
apartia fud subdtitute of coa was estimated using cost data from years 1995 to 1997.
These were analysed and on average found to be 5 M DK, equivaent to 0.805 M $ per
annum. This figure includes al maintenance, consumables and staff coss The actud

find costs are discussed in Section 1.9.

1.8 Changes to Non-Greenhouse Gas Emissions

The utilisation of the drculating fluidised bed boiler enables emission control to be
exercised by the inherently low combustion temperature (850°C) and in-bed
desulphurisation by limestone injection.

Emission levels a desgn maximum full load and energy input ratios of 50:50 cod/straw
are 100 mg/MJ SO,, 150 mg/MJINO, and 50 mg/Nn7 particulates. The substitution of
sraw instead of cod enables the sulphur content of the fuel input to be reduced, the
sulphur content of the cod being approximately 0.9% by weight and the straw 0.1%.
Hence the required quantity of limestone injected for the SOy reduction is aso reduced.

The plant adequately meets the EEC standards.
1.9 Site Fuel Data

Typicd fud data for the CHP Grenaa plant are summarised in the tables in Sections
1.9.1and 1.9.2.

Straw properties show large variations from year to year caused by the climatic
conditions during growth and the harvest season. The analysis provided in 1.9.2 isgiven
asatypica example for comparison with normalised fuels contained in Appendix 1.

Black cod is purchased by Miditkraft from the internationa spot market. The analysis
given beow is presented as typicd for supplies which may actudly originate from
Poland, Chile or South Africa

The following andyss data was provided by the plant owner Midtkraft and Kennedy
and Donkin extrapolated this on an empirica and theoretical basis to enable combustion
caculations to be conducted. The results of the fud investigation were discussed and
agreed with the plant operators and are summarised in 1.9.1 and 1.9.2 below and were
used in the “actual” case assessment.

191 Black Coal

As mentioned above the following table gives typicad Ste data for black coa associated
with Grenaa actud plant caculations.
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Carbon % by weight 59
Hydrogen % by weight 45
Oxygen % by weight 9.98
Nitrogen % by weight 1.0
Sulphur % by weight 0.9
Ash % by weight 13.8
Water % by weight 10.8
Chlorine % by weight 0.02
Net Cdorific Vaue MJkg 23.60

Actud fud prices for black cod provided by Midtkraft suggest an average purchase
price of 2.3 ¥GJ. Whilst the anadysis data concurs with range data given within
Appendix 1, the codt is Sgnificantly greater than the 2.0 $G/J assumed for ‘ normalised’
caculations

19.2 Straw

The following table gives atypica andysis for Danish straw which conforms to the range
data given by Appendix 1 except for the oxygen content. This minor differenceis
congdered to be inggnificant.

Carbon % by weight 38.11
Hydrogen % by weight 5.22
Oxygen % by weight 37.115
Nitrogen % by weight 0.605
Sulphur % by weight 0.10
Ash % by weight 4.50
Potassum % by weight 0.90
Chlorine % by weight 0.45
Water % by weight 13.0
Net Cdorific Vaue MJkg 14.8

According to the 1997 accounts the total fuel codts for the plant amounted to 50.7 M
Dk, approximately 8.06 M $. The cod price is essentidly determined by spot market
prices and it was found that during 1997 the costs experienced at the plant were such
that the cost per energy unit of baled straw was 3 times that of imported cod.

An adyss of the 1997 energy input data, see Section 1.11, and assuming that the
cdorific value and cost of the other biomass could be considered as straw (8% of the
totd biomass input) for the purposes of cdculation was 6.9 $¥GJ for sraw. This
equated to approximately £60 per tonne for the straw.
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The “normaised” case has been based on around a 2.03 $/GJ for straw as a typica
UK vdue, with the respective cdorific vaue of 14.0 MJkg and carbon content of
43.8%.

The high cost associated with Danish straw has a substantia influence regarding the
financid evauation of this case sudy in Section 2.

1.10 Combustion Gases
The analyses and detalls of the Ste fuels given previoudy in Section 1.9 agree closgly
with the normdised data in Appendix 1 which forms the bass of the
normalised/paradigm caculations.

The change in CO, emissons smply reflects the CO, reduction by substituting about
50% of the coa energy input with biomass.

111 Net Plant Efficiency and Output I nformation

The data regarding the CHP plant energy generation and fuel consumption is provided
in the following table, this data being provided by the plant owner.

Y ear 1992 | 1993 | 1994 | 1995 | 1996 | 1997
Process steam TJ 607 776 988 882 848 | 1005
Digtrict heat TJ 247 261 272 286 287 260
Net eectricity GWh 50 50 75 69 67 72
Coa 1000 tonnes 38 38 60 43 40 35
TJ 1083 952 | 1502 | 1047 938 825
Straw 1000 tonnes 24 34 25 43 49 56
TJ 340 475 346 605 701 832
Other biomass | 1000 tonnes 5
TJ 72
Biomassratio | % energy 24 33 19 37 43 52

The above table illudtrates the steady increase of the biomass contribution to the energy
input gpart from 1994 when a shortage of straw was experienced.

The CHP plant operationd record is summarised in the following table, this plant
utilisation data being furnished by the owner.

Y ear 1992 | 1993 | 1994 | 1995 | 1996 | 1997
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Operation Hours 7282 | 7212 8242| 7919 | 7082| 7310
Start/stop Number 31 32 14 16 23 24
Availability % 83 82 94 90 81 83

Boiller modifications were caried out during 1993 and 1996 and dightly lower
operating hours were observed during those years.

An andlyss of the energy generated and load demands indicates that the maximum
output was achieved during 1997 and in view of the fact that the process steam demand
is expected to increase further it has appeared relevant to adopt the 1997 data as the
bass for the comparison. Also the biomass ratio is gpproaching its consdered
optimum. The following table summarises the reference operating data provided by
Midtkraft for 1997.

1997 Operational Data on Annual and Average Load Basis

Operating Hours 7310
Availability on Annua Hours 83%
Process Steam 1005 TJ 38.2 MWth
Didrict Hest 260 TJ 9.8 MWth
Heat Load 1265 TJ 48.0 MWth
Heat Export Capability 1580 TJ 60 MWth
Net Electricity 72 GWh 9.85 MW
Electrica Capacity 17.8 MW
Net Totd Load 57.8 MW
Average Operating Load 57.85 = 74.4%
77.80

Fue Input  Coa 825TJ

Straw 832TJ

Other Biomass 72TJ
Totd Energy 1729 TJ 65.70 MWth
CHP Plant Efficiency on NCV 57.85 = 88.1%

65.70

Overdl Plant Load Factor =0.744 x 0.83
On Maximum Capeacity =61.8%

This information identifies that the reference plant conditions (0.618 load factor) are
exceedingly close to normalised conditions (0.65 load factor).

Assuming that the proportions of Power, process steam and didirict hesting, as well as
plant efficiency, are the same at 0.65 load factor as at 0.618 load factor gives the
following base data for normaised caculationsin section 2.2:
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Annua process steam production 293.66 GWh
Annud digtrict hest production 75.94 GWh
Annua net power export 75.73 GWhy,
51141/090rptmr &4
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2.1

RESULTS
Refer ence Plant Calculations

Based upon the information provided and discussed in Section 1, caculations can be
made to determine the figures of merit. The data and results for the actua plant
operating conditions are itemised below with the comparison evauated between coa
aone and mixed fudl operation.

Fuel Coa Cod + Biomass
Annud dectricity generation (GWhy,) 72 72
Efficiency of plant on NCV (%) 88 88
Annua process steam production (GWh) 279.2 279.2
Annud didrict heet production (GWh) 72.2 72.2
Total annua energy output (GWh) 423.4 423.4
Totd annua heet input requirement (T 1732 1732
Coa used as % hest input 100 47.7
Annud cod consumption (Kte) 73.39 35.01
Biomass used as % heat input 0 52.3
Annua biomass consumption (Kte) 0 61.21
Annud fud cost (M%) 3.95 8.08
Annud fud saving (M$) -4.13
Annua generation CO, (Kte) 0 75.74
Annud reductionin CO, (Kte) 158.78 83.04

0

The above analyss indicates approximately 50% reduction in CO, which is condstent
with the 50% substitution of the cod by biomass. There has been an increase in the fue
cost in excess of 4 M $ due to the fact that the straw is three times the coa cost per
unit of energy input.

The capita costs associated with the straw facilities and equipment together with the
increased operating and maintenance costs have been itemised in sections 1.6 and 1.7
and amount to 10.52 M $ and 0.805 M $ p.a. respectively.

211 Estimated Benefits of Fuel Substitution on Loan Basis
The following financid evauation of the effects of the fud subgtitution for the actud
reference plant conditions using capital based on a mortgage type loan basis at 5% and
10% annud interest rates and over a 25 year remnant plant life is detailed below.
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Cost of associated straw plant 10.52 M$
Number of years plant life (n) 25
Loan annud interest rete (i) 5 10 %
Loan factor [1" x (I-1)/(1" =1)] 0.0710 0.1102
Annud loan repayment 0.7464 1.1590 M$
Annud fud saving -4.1308| - 4.1308 M$
Annud O&M saving - 0.8050| - 0.8050 M$
Totd annud saving - 49358 | - 4.9358 M$
Net annud saving (ind. loan) -5.6822| - 6.0948 M$
CO, reduction per annum 83.04 Kte
GWhy, per annum (electricity) 72 GWhy,
GWh total energy output p.a. 423.4 GWh
(i) Levelised saving per unit power -78920 -84650 | $/GWh,
(i) CO, reduction per GWhy, 1153.3 1153.3| te/lGWhy,
(iii) Saving per tonne CO, - 68.43 - 7340| $/teCO;
(iv) Levdised saving unit energy output -13420.5 143949 | $/te CO;,
(v) CO; reduction per GWh 196.13 196.13 te/GWh

212

Estimated Benefits of Fud Substitution on NPV Basis

The falowing financid evadudion for the case of the fud subgtitution on the bads of
capital equity and discounting of the annua savings/codts at rates of 5% and 10% over

the remnant life of 25 yearsto express the results on a net present value basis.
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Cost of associated straw plant 10.52 M$
Fant life years (n) 25
CO, reduction per annum 83.04 Kte
Tota energy output p.a 423.4 Gwh
Through life energy output 10585 Gwh
Annud fud saving -4.1308| - 4.1308 M$
Annud O&M saving - 0.805 - 0.805 M$
Totd annud saving -49358| - 4.9358 M$
Annud discount rate (1) 5 10 %
Discount factor [(1-R")/)1-R)] 14.7986 9.9847
Discounted through life savings DS - 73.0436 | - 49.2830 M$
NPV savings (DS—Cy) - 83.5636 | - 59.8030 M$
(i) Leveised saving per unit power -46400 -33200 $GWhy,
(i) CO; reduction per GWhy, 1153.32 1153.32 te/GWhy,
(iii) Saving per tonne CO, -40.25 -28.81 $te/lCO,
(iv) Levelised NPV saving/energy output - 7895 | -5649.8 $GWh
(v) CO;, reduction per GWh 196.13 196.13 te/GWh

2.2

Normalised Plant Calculations

The current plant load factor during 1997 is 61.8% and data in the table below is
based upon 1997 information prorated to the normaised conditions of 65% load
factor. In determining the figures of merit the normaised fud prices of 2 ¥GJ for the
cod and 2.03 $/GJfor the straw have been employed.

Fuel Cod Cod + Biomass

Annud dectricity generation (GWh)s, 75.73 75.73
Efficiency of plant on NCV (%) 88 88
Annual process steam production (GWh) 293.66 293.66
Annud district heat production (GWh) 75.94 75.94
Total annua energy output (GWh) 445.33 445.33
Tota annua heat input requirement (TJ 1822 1822
Coa used as % hest input 100 47.7
Annua cod consumption (Kte) 71.44 34.08
Biomass used as % heat input 0 52.3
Annua Biomass consumption (Kte) 0 68.06
Annud fud cost (M$) 3.64 3.67
Annud fud saving (M$) 0 -0.03
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Annua generation CO,
Annua reduction in CO,

(Kte)
(Kte)

178.1

84.97
93.16

Since the normdised and reference plant conditions are so close no adjustments are
proposed to estimated annua O& M codts.
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Estimated Benefits of Fud Substitution on Loan Bass

The financid evaudion of the effects of the fue subdtitution for the normaised fuels
using capita based on a mortgage type loan basis at 5% and 10% annua interest rates

over 25 year plant lifeis given below.

Cost of associated straw plant
Number of years plant life (n)
Loan annud interest rate (1)
Loan factor [I"x (1-1)/(1"-1)]
Annud |oan repayment
Annud fud saving

Annud O&M saving

Tota annud saving

Net annua saving (inc. loan)
CO; reduction per annum
GWh, per annum (electricity)
GWh total energy output p.a

() Leveised saving unit energy output
(i) CO; reduction per GWh
(i) Saving per tonne CO;,

5
0.0710
0.7464

-0.02718
-0.805
-0.834

-1.58

-3728.4
209.2
-17.82

10.52
25
10

0.1102
1.1590
-0.02718
-0.805
-0.834

-1.99

93.16

75.73

445.33

-4702.8
209.2
-22.48

M$
%

M$
M$
M$
M$
M$
Kte
GWhy,
GWh

H¥GWh
te/GWh
$/teCO,
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Estimated Benefits of Fuel Substitution on NPV Basis

The financid evauation for the fud subgtitution case on the badis of capitd equity with
discounting of the annual savings/codts &t rates of 5% and 10% over the remnant life of
25 years in order to express the carbon dioxide prevention cost as a net present value

are itemised below.

Cost of associated straw plant
Pant life years (n)

CO; reduction per annum
Tota energy output p.a
Through life energy output

Annud fud saving

Annud O&M saving

Tota annud saving

Annud discount rate (r)

Discount factor [1-R"/(1-R)]
Discounted through life savings DS
NPV savings (DS — C))

(i) Levdised NPV saving/energy output
(i) CO; reduction per GWh
(i) Saving per tonne CO;

-0.02718
-0.805
-0.83218
5
14.7986
-12.3151
-22.8351

-2157
209.2
-10.31

10.52
25
88.58
423.4
10585

-0.02718
-0.805
-0.83218
10
9.9847
-8.3091
-18.8291

-1778.8
209.2
-8.50

M$

Kte
GWh
GWh

M$
M$
M$

%

M$
M$

F¥GWh
te/GWh
$/teCO,
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3. DISCUSSIONS AND CONCLUSIONS

The Midtkraft cogeneration plant at Grenaa is the firg plant of this type in Denmark and is
consdered to be at the forefront of innovation and development. The design of the CFB
bailer, particularly the present modified design entalling a partidly water walled furnace and
an externa bed heat exchanger incorporating superhester e ements are of particular interest.

The 1997 load schedule has been taken as the basis for conducting the assessment since it
represents a years complete st of data following the boiler modifications coincident with the
maximum efficiency and average output achieved by the plant to date, ie. 88% and 58MW

repectively.

In meeting this load the plant operated at gpproximately 75% of rated capacity and the
biomass throughput of 61250 tonnes was 55% of the energy input and close to the optimum
for theingdlation.

An increase in plant load would be dependent upon an increase in heat export since the
electrica output is aso determined by the process steam and didtrict heating loads, the
deam sysem configuration incorporating an extraction — back pressure steam turbine
generator. At the present time the thermal export represents about 80% of its design
capacity and the average eectrical load of 10MW is 55% of the generator rated capacity.

The utilisation of the CFB concept enables the use of limestone injection for controlling the
SO, emissions and the subdtitution of straw for cod aso promotes a reduction in the SO,
emisson.

The low furnace gas exit temperatures enable low levels of NOx to be achieved and the
electrogatic precipitators ensure low particle emissons. The emisson levels achieved are
wel within the EEC directives.

The modifications on the boiler have increased the projected life of the superheater elements
from 18 months to 6 years and reduced the fouling taking place. Some trids have taken
place to increase the energy input from straw above 60% and up to 70% or 80% but it was
found that thisled to unacceptable fouling and incomplete burn out.

The figures of merit are summarised in the following tables. It is to be noted that the capitd
cogts of 10.52 M $ and the annua O&M cogts of 0.805 M $ used in the assessment
concentrate upon those items of plant which have been inddled to enable the plant to
operate upon a biomass/cod mixture compared to cod only. A plant life of 25 years has
been taken since the plant is essantidly a new ingdlation. The plant operating hours of
7310 hours represented an availability of 83%.
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Actual Plant Reference Condition. Denmark

Interest and Discount Rates 5% 10%
Evauation Bas's Loan NPV Loan NPV
Merit Figure Units

(i) Leveised saving per unit power $GWh, -78920 | -46400 -84650 -33200
(i) CO, reduction per GWhg, te/lGWhy | 1153.32 | 115332 | 1153.32 | 1153.32
(iti) CO, prevention saving per tonne $/teCO; -68.4 -40.3 -734 -28.8
(iv) Levelised or NPV saving/energy $¥GWh -134205| -7895 | -14394.9 | -5649.8
output

(v) CO, reductio/GWh te/lGWh 1961 | 196.1 196.1 196.1
Normalised Conditions. UK Fue Price Bass

Interest and Discount Rates 5% 10%
Evauation Bas's Loan NPV Loan NPV
Merit Figure Units

() Leveised saving per unit power $GWh, -20864 | -12100 | -26311 -10000
(i) CO, reduction per GWhg, te/lGWh, 1230.2 | 12302 | 12302 | 12302
(iii) CO, prevention saving per tonne $/teCO; -16.96 -9.81 -21.39 -8.09
(iv) Levelised or NPV saving/energy $/GWh -3547.9 | -2053 | -44743 | -16925
output

(v) CO, reduction/GWh te/lGWh 209.2 209.2 209.2 209.2

The tablesillugtrate that the CO, prevention costs show more favourably by the net present vaue
method and at the normalised fuel prices agppropriate to the UK market.

Both reference and normaised calculations give a reduction in CO, emissons by approximatey

48%.
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1. External view of the Grenaa CHP plant.
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2. CFB Boiler section.
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3. Flowsheet for CHP digtribution system.
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4. Grenaa steam system diagram.
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SECTION 1
PLANT DESCRIPTION

1.

11

1.2

PLANT DESCRIPTION
General

The Grenaa fud subdtitution project on Jutland involves the use of biomass fud in the
form of straw instead of bituminous black coa on a 78MW circulating fluidised ked
boiler which provides steam for power generation, district heating and process
purposes. The facility is essentidly a combined heat and power plant of advanced
design and the subgtitution of the primary fossl fud by the renewable fud has seadily
increased from 24% energy in 1992 to 52% in 1997 and corresponded to 61250
tonnes.

The gpproximate eectrica output was 20% of the energy exported, the digtrict heating
agmilar amount and the hest to industrial process 60%.

Plant Prior to Modification

Prior to the development of the Grenaa co-generation facility the dectricity, didrict
heeting and locd industrid plant steam requirements of the area were essentidly
provided by the eectrica grid network, a well development district heeting system and
the use of stand done boilers by the loca industrid concerns as a means of providing
their own individua steam requirements.

The didrict hesting facilities would require extensve enhancement during the 1990's,
and the locd energy intensive indudtries were planning a mgor expanson. These
factors together with ingtitutional and environmental factors provided the necessary
impetus for the establishment of the combined heat and power plant at Grenaa.

The dternative option would have been

- to continue to provide dectricity from the grid network, bascaly generated from
central cod fired power stations.
to extend the supply and distribution network of the didrict heeting system by
providing ail fired boilers to supplement an exigting sraw fired boiler of relaively
smal capacity, with the industrid consumers continuing to provide their own stand
aone boilers.

This dternative would require amgor investment in new cod fired plant.

CHP Pant Description:
The cod and biomass fired CHP Grenaa plant is a co-generation facility owned and

operated by the Midtkraft Energy Company, who aso built the plant, with commercia
operation commencing in January 1992.
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In essence the plant includes the following main sysems:

a CFB-type hoiler plant for mixed-fud firing. The boiler is equipped with internd
desul phurization (limestone injection) and an eectrostatic precipitator.
aconventiona back-pressure steam turbine with process steam extraction.

a hot water storage vessel balancing the process steam and digtrict heat demands.
storage and pre-processing facilities for biomass and codl.

An ail-fired gand-by bailer.

A centrd plant control system and the necessary service and auxiliary systems.

The main plant parameters are given in the following teble:

Boiler capacity MW 78
Live steam, SH exist kg/s 29
bar 92
°C 505
Feedwater temperature °C 170
Flue gas stack temperature °C 120
Energy input %
: cod 40-100
draw 0-60
:normd mix 50:50
Emissons
:S0O, mg/MJ 100
‘NOy mg/MJ 150
:CO mg/MJ 200
‘Particles mg/Nn? 50
Net electric capacity MW, 17.8
Process steam Bar 8.3
°C 210
Didrict heat °C 85 to 50

The circulating fluidised bed boiler is of Ahlstrom Pyropower (how Foster Wheder
Energia) design and this concept was adopted due to its capability to accommodate a
multi-fuel mix and its favourable combugtion and environmental chraracteristics. The
boiler is designed for straw and coa ranges up to 60% and 100% respectively.

The controlled extraction back pressure steam turbine and the central plant control
sysems are of ABB (Asa Brown Boveri) desgn and manufacture.
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The controlled passout provides the process steam and the low pressure steam from the
turbine L.P cylinder essentidly servesthe didtrict heating and plant requirements.

An indugtridized draw supply scheme will ensure proper fue quaity and cost
effectiveness.  Straw is ddivered on trucks carrying 24 Hesston-type bales, each of
450kg. The batch is unloaded by automeatic cranes, handling 12 baesin onelift. Baich
weight and qudity (moisture content) are monitored smultaneoudy during unloading,
and the batch islanded either at a storage position or & the fuel feed line to the bailer.

The bale weight and moisture content are prime quality @rameters, which relate to
processability as well as energy content and consequently to ddivery price. Both
parameters are dependent upon westher conditions during harvest, bale pressng and
interim storage. Quadity contral is fully computerized. The bales are processed in low
energy-consuming shredders and fed pneumatically into the boiler together with cod.

The fuel storage on Ste has sufficient capacity for 3 days continuous operation.

A wide range of imported steam cod is provided for the plart. Cod arrives on trucks
from the Arhus Cod Termind, 60km away. Cod is crushed to minus 10mm and fed to
the boiler by conventiona equipment.

A steam system diagram, photograph and plant layout drawing are given to illugtrate the
visud impact of the plant and its steam systems.

1.3 Brief History and Decision Process
Initid Condderations

Congderations garted in response to a nationa energy policy initiative in 1986, which
committed the Danish power companies to deploy part of their future power capacity
extenson in the form of locad CHP plants for combined didrict heat and power
generation. These plants, which might replace existing heat boilers, should be fired by
domedtic fuel (biomass, waste or naturd gas).

The city of Grenaa had a wel-developed district heating system and forecast an
increased heat demand of 370 TJa by 1995. This increased demand associated with
an exiging digric heating sysem encouraged Midtkraft to conduct studies in to
identifying Grenaa as a potential Ste for ingtallation of new CHP capacity in accordance
with the above 1986 initiative.

The studies identified an additiond market for process steam supply without regulatory
restraints on fuel choice. Danisco Paper, one of the larger consumers, was considering
plans for a new coa-fired process steam boiler plant (approximately 950 TJa) in
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conjunction with a mgor extendgon of ther production capacity for waste paper
recycling.

These preconditions, together with easy access to large quantities of surplus straw from
the nearby agricultura region, led to the adoption of the Grenaa CHP concept. The
combined generation of eectricity, didtrict heat, and process steam from a single cod
and draw-fired plant offered advantages regarding efficiency, economy and
environmenta impact as compared to separate generation.

Having completed feasbility studies, pilot testing, and contract negotiations on straw
supply and therma energy sdles, Midtkraft decided to launch the CHP Grenaa project
in November 1989.

It should be added that the contract with Danisco Paper includes the total process
steam supply for the company. Previous boilers at the company’s premises have been
taken over as stand-by capacity. Furthermore, Midtkraft has pursued the busness
policy of offering process steam supply on smilar conditions to other loca industries,
and aso amed towards a wider range of biomass utilization in the CHP plant by
including indudtrid residues on acommercid basis.

Congruction and Operating History

Congtruction of the CHP Grenaa plant and the associated transmission lines for heat
and process steam was executed during November 1989 till end December 1991.
Commercid operation started 2 January 1992, and has continued gpart from annua
mai ntenance periods of 2-3 weeks duration and unscheduled outages.

Scope of Work

The origind CHP Grenaa project included engineering, and commissoning of the
complete cogeneration plant a a virgin Ste in the Grenaa indudtria area — and of the
associated transmission lines to Danisco Paper and the existing district heet system.

Later tasks included boiler modifications to cope with the problems caused by straw
firing, the addition of a fud facility for other biomass in pulverized form, and the
extension of the process steam supply for two new customers.

Work Programme

Maor milestonesin plant construction and subsequent activities are as follows:

CHP Grenaa project decision November 1989

Start of site preparation April 1990

Start construction May 1990
51141/090rptmr 7
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Start commissioning November 1991
Plant operationa, supply of process steam January 1992

to Danisco Paper and didtrict heat

Maor boiler modification (evaporator wing wals) August 1993
Boiler loop seds replaced August 1996
Process steam supply for Danisco Didtillers June 1997
Fecility added for pulverized biomass January 1998
Process steam supply for Grenaa Dampveeveri July 1998

(textile manufacturer)
M odification Details

The origind Ahlstrém CFB boiler configuration is shown schematicdly in the diagram at
the end of this report. Air prehester and economizer are located in the vertica
convective boiler pass. Combustor water walls serve as evaporator. Steam
superheating to 505°C is provided in 3 stages. The superheaters, SH1 and 3, are
located in the overhead convective pass, whereas the second stage, SH2, is mounted
as panels penetrating the combustor freeboard. The particle recirculation loop includes
two pardld, hot cyclones and loop-sedls.

Operationd problems caused by the high chlorine and akaline content of the fired straw
have necesstated some boiler modifications over the years as described below.
Evaporator wing walls have been added to the combustor, and the loop-sedls have
been replaced by fluid-bed hesat exchangers of CHEX-type for find superhegting. An
up-to-date boiler section is shown at the end of this Appendix.

As seen from data provided in Section 1, plant capacity utilization has been raively
low during the first years of operation, which is due to a dower build-up of didrict heat
and process steam demand than predicted. The biomass share has grown steadily,
except in 1994, when a straw supply shortage occurred during Spring.  Overal plant
energy efficiency hasincreased from 73% (1992) to 88% (1997).

Operationa problems have mainly been associated with the boiler plant and caused by
the high chlorine and akdine content of the fired draw. During the early years
unsatisfactory process temperature control and subsequent build-up of fouling depodts
and superheater corrosion resulted in severa tube fallures and unscheduled stops for
boiler cleaning and repair.

The conditions were improved by a mgor heat surface modification during August 93.
Evaporator wings were added to the combustor rear-wall, and the find superheater and
part of SH1 were replaced.

A second mgor modification was made during the 1996 revision. The loop-seds were
replaced by externa fluid-bed heat exchangers with CHEX to account for fina

51141/090rptmr 78
casereps/03/rev03



15

SECTION 1
PLANT DESCRIPTION

15

16

1.7

superheating from 475 to 505°C. By this precaution deposits formation has been
Sabilized a alow leve, enabling full live steam temperature to be maintained.

Greenhouse Gas Reduction

The carbon dioxide reduction is determined by the changes in fuel and associated with
the cod subgtitution by biomass. Although the projected heat content of the cod and
biomass are smilar, the principa benefit with regard to greenhouse gas reduction is the
classfication of the straw as biofuel and hence zero CO, emisson fud. Thereaultsin
Section 2 are calculated for the whole station burning 100% coa and a representative
converson fud mixture. The amounts of CO, generated by the combugtion of al
‘normalised paradigm’ study fuels are addressed in Appendix 1.

Sections 1.9.1 to 1.9.4 address the discrepancies between the ‘normdised’ and ste
fudsin detall.

The NO reduction achieved as aresult of ingtdling the circulating fluidised bed boiler is
taken to be principally areduction in NO, sinceit is assumed that the N,O proportion is
not sgnificant. Experiments to measure N,O concentrations in flue gases on other plant
have proved unsuccessful and hence any change in the greenhouse gas NO is not
conddered in this case. Difficult to evauate is the CH, emissons that would have
resulted from continued storage and decomposition of the waste straw.

Determination of Capital Costs

Investment cogts in the CHP Grenaa project during 1989-1992 amounted to 390 M Dk
plus interest during construction 25 M Dk (current prices). Furthermore, Midtkraft has
invested gpproximately 15 M Dk in subsequent plant modifications.

However, in view of the fact that the case study is being assessed from the coa by
biomass subgtitution aspects, of particular significance is the capital cost of the straw
unloading, storage and delivery systems to the CFB boiler. These costs have been
assessed to be 66.2 M Dk approximately 10.52 M $.

Determination of Operating and Maintenance Costs

According to the 1997 account the plant operating and maintenance costs amounted to
22.5M Dk gpproximately 3.58 M $.
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The additiona operating and maintenance codts atributable to the utilisation of straw as
apartia fud subdtitute of coa was estimated using cost data from years 1995 to 1997.
These were analysed and on average found to be 5 M DK, equivaent to 0.805 M $ per
annum. This figure includes al maintenance, consumables and staff coss The actud

find costs are discussed in Section 1.9.

1.8 Changes to Non-Greenhouse Gas Emissions

The utilisation of the drculating fluidised bed boiler enables emission control to be
exercised by the inherently low combustion temperature (850°C) and in-bed
desulphurisation by limestone injection.

Emission levels a desgn maximum full load and energy input ratios of 50:50 cod/straw
are 100 mg/MJ SO,, 150 mg/MJINO, and 50 mg/Nn7 particulates. The substitution of
sraw instead of cod enables the sulphur content of the fuel input to be reduced, the
sulphur content of the cod being approximately 0.9% by weight and the straw 0.1%.
Hence the required quantity of limestone injected for the SOy reduction is aso reduced.

The plant adequately meets the EEC standards.
1.9 Site Fuel Data

Typicd fud data for the CHP Grenaa plant are summarised in the tables in Sections
1.9.1and 1.9.2.

Straw properties show large variations from year to year caused by the climatic
conditions during growth and the harvest season. The analysis provided in 1.9.2 isgiven
asatypica example for comparison with normalised fuels contained in Appendix 1.

Black cod is purchased by Miditkraft from the internationa spot market. The analysis
given beow is presented as typicd for supplies which may actudly originate from
Poland, Chile or South Africa

The following andyss data was provided by the plant owner Midtkraft and Kennedy
and Donkin extrapolated this on an empirica and theoretical basis to enable combustion
caculations to be conducted. The results of the fud investigation were discussed and
agreed with the plant operators and are summarised in 1.9.1 and 1.9.2 below and were
used in the “actual” case assessment.

191 Black Coal

As mentioned above the following table gives typicad Ste data for black coa associated
with Grenaa actud plant caculations.
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Carbon % by weight 59
Hydrogen % by weight 45
Oxygen % by weight 9.98
Nitrogen % by weight 1.0
Sulphur % by weight 0.9
Ash % by weight 13.8
Water % by weight 10.8
Chlorine % by weight 0.02
Net Cdorific Vaue MJkg 23.60

Actud fud prices for black cod provided by Midtkraft suggest an average purchase
price of 2.3 ¥GJ. Whilst the anadysis data concurs with range data given within
Appendix 1, the codt is Sgnificantly greater than the 2.0 $G/J assumed for ‘ normalised’
caculations

19.2 Straw

The following table gives atypica andysis for Danish straw which conforms to the range
data given by Appendix 1 except for the oxygen content. This minor differenceis
congdered to be inggnificant.

Carbon % by weight 38.11
Hydrogen % by weight 5.22
Oxygen % by weight 37.115
Nitrogen % by weight 0.605
Sulphur % by weight 0.10
Ash % by weight 4.50
Potassum % by weight 0.90
Chlorine % by weight 0.45
Water % by weight 13.0
Net Cdorific Vaue MJkg 14.8

According to the 1997 accounts the total fuel codts for the plant amounted to 50.7 M
Dk, approximately 8.06 M $. The cod price is essentidly determined by spot market
prices and it was found that during 1997 the costs experienced at the plant were such
that the cost per energy unit of baled straw was 3 times that of imported cod.

An adyss of the 1997 energy input data, see Section 1.11, and assuming that the
cdorific value and cost of the other biomass could be considered as straw (8% of the
totd biomass input) for the purposes of cdculation was 6.9 $¥GJ for sraw. This
equated to approximately £60 per tonne for the straw.
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The “normaised” case has been based on around a 2.03 $/GJ for straw as a typica
UK vdue, with the respective cdorific vaue of 14.0 MJkg and carbon content of
43.8%.

The high cost associated with Danish straw has a substantia influence regarding the
financid evauation of this case sudy in Section 2.

1.10 Combustion Gases
The analyses and detalls of the Ste fuels given previoudy in Section 1.9 agree closgly
with the normdised data in Appendix 1 which forms the bass of the
normalised/paradigm caculations.

The change in CO, emissons smply reflects the CO, reduction by substituting about
50% of the coa energy input with biomass.

111 Net Plant Efficiency and Output I nformation

The data regarding the CHP plant energy generation and fuel consumption is provided
in the following table, this data being provided by the plant owner.

Y ear 1992 | 1993 | 1994 | 1995 | 1996 | 1997
Process steam TJ 607 776 988 882 848 | 1005
Digtrict heat TJ 247 261 272 286 287 260
Net eectricity GWh 50 50 75 69 67 72
Coa 1000 tonnes 38 38 60 43 40 35
TJ 1083 952 | 1502 | 1047 938 825
Straw 1000 tonnes 24 34 25 43 49 56
TJ 340 475 346 605 701 832
Other biomass | 1000 tonnes 5
TJ 72
Biomassratio | % energy 24 33 19 37 43 52

The above table illudtrates the steady increase of the biomass contribution to the energy
input gpart from 1994 when a shortage of straw was experienced.

The CHP plant operationd record is summarised in the following table, this plant
utilisation data being furnished by the owner.

Y ear 1992 | 1993 | 1994 | 1995 | 1996 | 1997

51141/090rptmr 82
casereps/03/rev03



15

SECTION 1

PLANT DESCRIPTION
Operation Hours 7282 | 7212 8242| 7919 | 7082| 7310
Start/stop Number 31 32 14 16 23 24
Availability % 83 82 94 90 81 83

Boiller modifications were caried out during 1993 and 1996 and dightly lower
operating hours were observed during those years.

An andlyss of the energy generated and load demands indicates that the maximum
output was achieved during 1997 and in view of the fact that the process steam demand
is expected to increase further it has appeared relevant to adopt the 1997 data as the
bass for the comparison. Also the biomass ratio is gpproaching its consdered
optimum. The following table summarises the reference operating data provided by
Midtkraft for 1997.

1997 Operational Data on Annual and Average Load Basis

Operating Hours 7310
Availability on Annua Hours 83%
Process Steam 1005 TJ 38.2 MWth
Didrict Hest 260 TJ 9.8 MWth
Heat Load 1265 TJ 48.0 MWth
Heat Export Capability 1580 TJ 60 MWth
Net Electricity 72 GWh 9.85 MW
Electrica Capacity 17.8 MW
Net Totd Load 57.8 MW
Average Operating Load 57.85 = 74.4%
77.80

Fue Input  Coa 825TJ

Straw 832TJ

Other Biomass 72TJ
Totd Energy 1729 TJ 65.70 MWth
CHP Plant Efficiency on NCV 57.85 = 88.1%

65.70

Overdl Plant Load Factor =0.744 x 0.83
On Maximum Capeacity =61.8%

This information identifies that the reference plant conditions (0.618 load factor) are
exceedingly close to normalised conditions (0.65 load factor).

Assuming that the proportions of Power, process steam and didirict hesting, as well as
plant efficiency, are the same at 0.65 load factor as at 0.618 load factor gives the
following base data for normaised caculationsin section 2.2:
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Annua process steam production 293.66 GWh
Annud digtrict hest production 75.94 GWh
Annua net power export 75.73 GWhy,
51141/090rptmr &4
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2.1

RESULTS
Refer ence Plant Calculations

Based upon the information provided and discussed in Section 1, caculations can be
made to determine the figures of merit. The data and results for the actua plant
operating conditions are itemised below with the comparison evauated between coa
aone and mixed fudl operation.

Fuel Coa Cod + Biomass
Annud dectricity generation (GWhy,) 72 72
Efficiency of plant on NCV (%) 88 88
Annua process steam production (GWh) 279.2 279.2
Annud didrict heet production (GWh) 72.2 72.2
Total annua energy output (GWh) 423.4 423.4
Totd annua heet input requirement (T 1732 1732
Coa used as % hest input 100 47.7
Annud cod consumption (Kte) 73.39 35.01
Biomass used as % heat input 0 52.3
Annua biomass consumption (Kte) 0 61.21
Annud fud cost (M%) 3.95 8.08
Annud fud saving (M$) -4.13
Annua generation CO, (Kte) 0 75.74
Annud reductionin CO, (Kte) 158.78 83.04

0

The above analyss indicates approximately 50% reduction in CO, which is condstent
with the 50% substitution of the cod by biomass. There has been an increase in the fue
cost in excess of 4 M $ due to the fact that the straw is three times the coa cost per
unit of energy input.

The capita costs associated with the straw facilities and equipment together with the
increased operating and maintenance costs have been itemised in sections 1.6 and 1.7
and amount to 10.52 M $ and 0.805 M $ p.a. respectively.

211 Estimated Benefits of Fuel Substitution on Loan Basis
The following financid evauation of the effects of the fud subgtitution for the actud
reference plant conditions using capital based on a mortgage type loan basis at 5% and
10% annud interest rates and over a 25 year remnant plant life is detailed below.
51141/090rptmr 85
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Cost of associated straw plant 10.52 M$
Number of years plant life (n) 25
Loan annud interest rete (i) 5 10 %
Loan factor [1" x (I-1)/(1" =1)] 0.0710 0.1102
Annud loan repayment 0.7464 1.1590 M$
Annud fud saving -4.1308| - 4.1308 M$
Annud O&M saving - 0.8050| - 0.8050 M$
Totd annud saving - 49358 | - 4.9358 M$
Net annud saving (ind. loan) -5.6822| - 6.0948 M$
CO, reduction per annum 83.04 Kte
GWhy, per annum (electricity) 72 GWhy,
GWh total energy output p.a. 423.4 GWh
(i) Levelised saving per unit power -78920 -84650 | $/GWh,
(i) CO, reduction per GWhy, 1153.3 1153.3| te/lGWhy,
(iii) Saving per tonne CO, - 68.43 - 7340| $/teCO;
(iv) Levdised saving unit energy output -13420.5 143949 | $/te CO;,
(v) CO; reduction per GWh 196.13 196.13 te/GWh

212

Estimated Benefits of Fud Substitution on NPV Basis

The falowing financid evadudion for the case of the fud subgtitution on the bads of
capital equity and discounting of the annua savings/codts at rates of 5% and 10% over

the remnant life of 25 yearsto express the results on a net present value basis.

51141/090rptmr
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Cost of associated straw plant 10.52 M$
Fant life years (n) 25
CO, reduction per annum 83.04 Kte
Tota energy output p.a 423.4 Gwh
Through life energy output 10585 Gwh
Annud fud saving -4.1308| - 4.1308 M$
Annud O&M saving - 0.805 - 0.805 M$
Totd annud saving -49358| - 4.9358 M$
Annud discount rate (1) 5 10 %
Discount factor [(1-R")/)1-R)] 14.7986 9.9847
Discounted through life savings DS - 73.0436 | - 49.2830 M$
NPV savings (DS—Cy) - 83.5636 | - 59.8030 M$
(i) Leveised saving per unit power -46400 -33200 $GWhy,
(i) CO; reduction per GWhy, 1153.32 1153.32 te/GWhy,
(iii) Saving per tonne CO, -40.25 -28.81 $te/lCO,
(iv) Levelised NPV saving/energy output - 7895 | -5649.8 $GWh
(v) CO;, reduction per GWh 196.13 196.13 te/GWh

2.2

Normalised Plant Calculations

The current plant load factor during 1997 is 61.8% and data in the table below is
based upon 1997 information prorated to the normaised conditions of 65% load
factor. In determining the figures of merit the normaised fud prices of 2 ¥GJ for the
cod and 2.03 $/GJfor the straw have been employed.

Fuel Cod Cod + Biomass

Annud dectricity generation (GWh)s, 75.73 75.73
Efficiency of plant on NCV (%) 88 88
Annual process steam production (GWh) 293.66 293.66
Annud district heat production (GWh) 75.94 75.94
Total annua energy output (GWh) 445.33 445.33
Tota annua heat input requirement (TJ 1822 1822
Coa used as % hest input 100 47.7
Annua cod consumption (Kte) 71.44 34.08
Biomass used as % heat input 0 52.3
Annua Biomass consumption (Kte) 0 68.06
Annud fud cost (M$) 3.64 3.67
Annud fud saving (M$) 0 -0.03
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Annua generation CO,
Annua reduction in CO,

(Kte)
(Kte)

178.1

84.97
93.16

Since the normdised and reference plant conditions are so close no adjustments are
proposed to estimated annua O& M codts.
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Estimated Benefits of Fud Substitution on Loan Bass

The financid evaudion of the effects of the fue subdtitution for the normaised fuels
using capita based on a mortgage type loan basis at 5% and 10% annua interest rates

over 25 year plant lifeis given below.

Cost of associated straw plant
Number of years plant life (n)
Loan annud interest rate (1)
Loan factor [I"x (1-1)/(1"-1)]
Annud |oan repayment
Annud fud saving

Annud O&M saving

Tota annud saving

Net annua saving (inc. loan)
CO; reduction per annum
GWh, per annum (electricity)
GWh total energy output p.a

() Leveised saving unit energy output
(i) CO; reduction per GWh
(i) Saving per tonne CO;,

5
0.0710
0.7464

-0.02718
-0.805
-0.834

-1.58

-3728.4
209.2
-17.82

10.52
25
10

0.1102
1.1590
-0.02718
-0.805
-0.834

-1.99

93.16

75.73

445.33

-4702.8
209.2
-22.48

M$
%

M$
M$
M$
M$
M$
Kte
GWhy,
GWh

H¥GWh
te/GWh
$/teCO,
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Estimated Benefits of Fuel Substitution on NPV Basis

The financid evauation for the fud subgtitution case on the badis of capitd equity with
discounting of the annual savings/codts &t rates of 5% and 10% over the remnant life of
25 years in order to express the carbon dioxide prevention cost as a net present value

are itemised below.

Cost of associated straw plant
Pant life years (n)

CO; reduction per annum
Tota energy output p.a
Through life energy output

Annud fud saving

Annud O&M saving

Tota annud saving

Annud discount rate (r)

Discount factor [1-R"/(1-R)]
Discounted through life savings DS
NPV savings (DS — C))

(i) Levdised NPV saving/energy output
(i) CO; reduction per GWh
(i) Saving per tonne CO;

-0.02718
-0.805
-0.83218
5
14.7986
-12.3151
-22.8351

-2157
209.2
-10.31

10.52
25
88.58
423.4
10585

-0.02718
-0.805
-0.83218
10
9.9847
-8.3091
-18.8291

-1778.8
209.2
-8.50

M$

Kte
GWh
GWh

M$
M$
M$

%

M$
M$

F¥GWh
te/GWh
$/teCO,
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DISCUSSIONS AND CONCLUSIONS

3. DISCUSSIONS AND CONCLUSIONS

The Midtkraft cogeneration plant at Grenaa is the firg plant of this type in Denmark and is
consdered to be at the forefront of innovation and development. The design of the CFB
bailer, particularly the present modified design entalling a partidly water walled furnace and
an externa bed heat exchanger incorporating superhester e ements are of particular interest.

The 1997 load schedule has been taken as the basis for conducting the assessment since it
represents a years complete st of data following the boiler modifications coincident with the
maximum efficiency and average output achieved by the plant to date, ie. 88% and 58MW

repectively.

In meeting this load the plant operated at gpproximately 75% of rated capacity and the
biomass throughput of 61250 tonnes was 55% of the energy input and close to the optimum
for theingdlation.

An increase in plant load would be dependent upon an increase in heat export since the
electrica output is aso determined by the process steam and didtrict heating loads, the
deam sysem configuration incorporating an extraction — back pressure steam turbine
generator. At the present time the thermal export represents about 80% of its design
capacity and the average eectrical load of 10MW is 55% of the generator rated capacity.

The utilisation of the CFB concept enables the use of limestone injection for controlling the
SO, emissions and the subdtitution of straw for cod aso promotes a reduction in the SO,
emisson.

The low furnace gas exit temperatures enable low levels of NOx to be achieved and the
electrogatic precipitators ensure low particle emissons. The emisson levels achieved are
wel within the EEC directives.

The modifications on the boiler have increased the projected life of the superheater elements
from 18 months to 6 years and reduced the fouling taking place. Some trids have taken
place to increase the energy input from straw above 60% and up to 70% or 80% but it was
found that thisled to unacceptable fouling and incomplete burn out.

The figures of merit are summarised in the following tables. It is to be noted that the capitd
cogts of 10.52 M $ and the annua O&M cogts of 0.805 M $ used in the assessment
concentrate upon those items of plant which have been inddled to enable the plant to
operate upon a biomass/cod mixture compared to cod only. A plant life of 25 years has
been taken since the plant is essantidly a new ingdlation. The plant operating hours of
7310 hours represented an availability of 83%.
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Actual Plant Reference Condition. Denmark

Interest and Discount Rates 5% 10%
Evauation Bas's Loan NPV Loan NPV
Merit Figure Units

(i) Leveised saving per unit power $GWh, -78920 | -46400 -84650 -33200
(i) CO, reduction per GWhg, te/lGWhy | 1153.32 | 115332 | 1153.32 | 1153.32
(iti) CO, prevention saving per tonne $/teCO; -68.4 -40.3 -734 -28.8
(iv) Levelised or NPV saving/energy $¥GWh -134205| -7895 | -14394.9 | -5649.8
output

(v) CO, reductio/GWh te/lGWh 1961 | 196.1 196.1 196.1
Normalised Conditions. UK Fue Price Bass

Interest and Discount Rates 5% 10%
Evauation Bas's Loan NPV Loan NPV
Merit Figure Units

() Leveised saving per unit power $GWh, -20864 | -12100 | -26311 -10000
(i) CO, reduction per GWhg, te/lGWh, 1230.2 | 12302 | 12302 | 12302
(iii) CO, prevention saving per tonne $/teCO; -16.96 -9.81 -21.39 -8.09
(iv) Levelised or NPV saving/energy $/GWh -3547.9 | -2053 | -44743 | -16925
output

(v) CO, reduction/GWh te/lGWh 209.2 209.2 209.2 209.2

The tablesillugtrate that the CO, prevention costs show more favourably by the net present vaue
method and at the normalised fuel prices agppropriate to the UK market.

Both reference and normaised calculations give a reduction in CO, emissons by approximatey

48%.
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PICTURES AND DRAWINGS

1. External view of the Grenaa CHP plant.
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PICTURES AND DRAWINGS

2. CFB Boiler section.
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PICTURES AND DRAWINGS

3. Flowsheet for CHP digtribution system.
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PICTURES AND DRAWINGS

4. Grenaa steam system diagram.
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PLANT DESCRIPTION
General

The Kymijarvi boiler converson project involves the modification of the 360MWt once
through Benson boiler to utilise the product gases from a circulating fluidized bed
gadfier. The study concentrates upon the effects that the converson has upon
emissions from the main boiler plant.

Kymijarvi represents a medium sized power and district heating facility of 210MWe
and 240MW1 on the centrd section of the Finnish National Grid. The plant is located
just outsde the city of Lahti and is jointly owned by Lahti Energia Oy and Imatran
Voima Oy under acompany caled Lahden Lampovoima

Plant Prior to Modification

The main boiler plant prior to modification comprised of a Verenigte Kessdwerke
GmbH once through Benson boiler with reheat. The boiler prior to modification was
designed to utilise naturd gas and black/hard cod fuels.

The Kymijarvi plant comprises the following items of equipment:

1 x 43 MWe gasturbine

1 x 80 MWt heat recovery boiler

1 x 70 MWt biomass gasifier

1 x 360 MWt main boiler with rehest

1 x 139 MWe back pressure steam turbine with pass out
1 x 167 MWe condensing steam turbine

Steam conditions associated with the main boiler and steam turbines are:

Superheater 540°C & 170 bar
Reheater - 540°C & 40 bar

Photographs and a diagram of the power dtation are included a the end of this
gppendix to illugrate the visud impact of the plant both prior and post conversion
modifications together with the configuration of the Site power & steam system(s).

Brief History and Decision Process

The origind power dation a Kymijarvi was designed to burn heavy fud oil and was
brought into commercia operation in April 1976.
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In 1979 a sudy was initiated on the possibility of converting the oil-fired boiler so that it
could aso operate on solid fuels.  Alternative studies considered the conversion of the
old boiler againgt the building of a new boiler plant based around the fuels being pesat or
cod. Converson of the old bailer turned out to be clearly more economica in terms of
overdl codts. Furthermore, it was found that pest was not a viable dternative as there
was not enough of it around Lahti. Thus the boiler was converted to achieve its rated
load, 125kg/s of steam with codl.

At the end of March 1982 the plant was shut down to carry out the disassembly and
ingtallation work needed for the conversion. Electricity was generated for the first time
with cod in October 1982. The shutdown for converson had thus lasted seven
months.

When the naturd gas network was extended to the Lahti area the decision was made to
build a gas turbine and heat recovery boiler plant next to the existing power station.
The feed water for the main boiler and the condensate are circulated in the heet
recovery boiler so that the steam needed for the feed water prehesting plant, and, in
part, for the condensate pre-heating plant can be passed through the whole turbine.

It was aso decided to supplement the main steam boiler with natural gas burners and
gas was firg used in the main steam boiler in August 1986. Commercia operation of
the gas turbine plant was started in October 1986.

The Finnish equivdent to the U.K. Environment Agency was aso gpplying pressure on
the dte to reduce its emissions of NOy, SO, and particulates from the Site.

Investigations in to the remnant life of the boiler showed the plant to be cgpable of
further 15 years of operation.

Smilar investigations on the steam turbines, and condenser aso indicated 15 years of
remnant life.

The continued escaation of fossl fud pricesin recent years encouraged areview of the
use of biomass fuds for potentid fuel subgtitution. It was these aspects and studiesinto
the use of biofuds which highlighted the potentid improvements possble by the
inddlation of a biomass gadfier. It is this latest converson involving biomass
gadfication that is the subject for this case study report on reduction of CO, emissions
from the plant.

M odification Details
The gasficaion of biofuels and co-combustion of gases in the exigting cod-fired boiler

offers many advantages such as. recycling of CO,, decreased SO, and NO, emissons,
an eficent way to utilise biofuds and recycled refuse fuds, low investment and
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operation cods, and utilisation of the exiging power plant cagpacity. Only smal
modifications are required in the boiler and possible disturbances in the gasifier do not
shut down the power plant.

An amospheric CFB gadifier with auxiliary equipment, gas duct, 2 hot gas burners,
ged dructures, gedifier building, fud receiving and handling station, limestone and sand
feeding system, indrumentation automation, eectrification, erection, civil work, bottom
ach handling sysem, commissoning and training was inddled a Kymijarvi between
April 1997 and February 1998.

The amospheric CFB gadification system is very smple. The system consdts of a
reactor where the gadfication takes place, of a uniflow cyclone to separate the
creulaing bed materid from the gas and of a return pipe for returning the circulating
materid to the bottom part of the gadfier. All the above mentioned components are
entirely refractory lined. Typicdly, after the uniflow cyclone hot product gas flows into
the air preheater, which islocated below the cyclone.

The gadfication air, blown with the high pressure arr fan, is fed to the bottom of the
reector via an air digtribution grid. When the gadfication ar enters into the gadfier
below the solid bed, the gas velocity is high enough to fluidise the partides in the bed.
At this stage, the bed expands and al particles are in rapid movement. The gas
velocity is so high, that a lot of particles are conveyed out from the resctor into the
uniflow cydone. The fue is fed into the lower part of the gasfier above a certain
digance from the air didtribution grid. The incoming biofuel contains 20-60% of water,
39-78% of combustibles and 1-2% of ash.

The operating temperature in the reactor is typicaly 800-1000°C depending on the fuel
and the gpplication. When entering the reactor, the biofuel particles start to dry rapidly
and afirg primary stage of reaction, namely, pyrolyss occurs. During this reaction fue

converts to gases, charcod and tars. Part of the charcod goes to the bottom of the
bed and it will be oxidised to CO and CO, generating heat. After this, as these
aforementioned products flow upwards in the reactor, a secondary stage of reactions
take place, which can be divided into heterogeneous reactions, where charcod is one
ingredient in the reactions, and homogenous reactions where dl the reecting
components are in the gas phase. Due to these reactions among the other reactions a
combustible gas is produced, which enters the uniflow cyclone and escapes the system
together with some of the fine dust. Mog of the solids in the system are separated in
the cyclone and returned to the lower part of the gasifier reactor. These solids contain
charcod, which is combusted with the air that is introduced through the grid nozzles to
fluidise the bed. This combustion process generates the hegat required for the pyrolyss
process and subsequent mostly endothermic reactions.  The circulating bed materid

services as hest carrier and stabilises the temperatures in the process.
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Fuds will be trangported to the power plant in trucks. There is one receiving hal for
REF and one recalving stetion for incoming biofudls.

The REF hdll is equipped with a recaiving pit having a lamdlla feeder. Lamela feeder
contrals the flow to a crusher. Coarse biofud, which is originated mainly from the
wood working indugtry is dso fed in through the REF system. The trucks tip the REF
and coarse biofuels on the floor of the hall or directly into the pit. The REF and coarse
biofuel will be crushed in the dowly rotating crusher. The underground conveyor a the
firgt receiving bunker trangports the REF and the biofuels from the crusher.

The other receiving dation is made for the finer biofud and peet. This biofud is
transported to the Site in specia trucks. The trangport platforms of the trucks are
furnished with conveyors. These conveyors discharge the biofudl and peat from the
trucks and the fuels fal through a screen down onto the chain conveyor & the bottom
of the bunker. The coarser particles separated by the screen will be moved to REF
hdl for crushing.

The underground conveyor lifts the fue to the belt conveyor, which has a magnet
separator above it. The belt conveyor transports the fuels onto the disk screen. The
coarse fud fractions from the disk screen fal into the find crusher. The fine fractions
from the screen and the crushed biofue will be transported by a chain conveyor to the
two fue sorage silos.

The gadfication plant is furnished with one storage slo for fuels. Besides storage, this
dlo is used for homogenisation of the fud mixture before it is trangported into the
gasficaion building. The discharger of the slo has variable speed controls. The
biofud handling process is an important and innovative sep in this gasification process.

Greenhouse Gas Reduction

The carbon dioxide reduction is determined by both the changes in fuels and efficiency
changes associated with the boiler converson. The carbon content of wood
bark/waste is around 42% of that for coa on an as recelved bass but this is coa

margindly over compensated by the corresponding reduction in NCV which is
approximately 33% of that for cod. This indicates that actud plant emissons of CO,
would be minimally incressed if it were not for the principal benefit associated with the
classfication of wood bark/waste as biofuels having zero effective contribution to
planetary CO, emissons throughout their life cycde. The results in Section 2 are
calculated for the whole gtation burning pre and post converson fuel mixes together
with efficiency changes advised. The amounts of CO, generated by the combustion of
al ‘normalised/paradigm’ study fuelsis addressed in Appendix 1.

Sections 1.9.1 to 1.9.4 address the discrepancies between the ‘normaised’ and ste
fudsin detal.
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1.8

Experiments to measure N,O concentrations in flue gases on other plant have proved
unsuccessful and hence any change in the greenhouse gas N,O ishot considered in this
case. It should be noted that low NOy burners had been ingtdled on the main boiler
prior to ingdlation of the gadfier in order to comply with the tighter emisson consents
being applied by the Finnish Environment Agency. Difficult to evaluate is the CH,
emissions that would have resulted from introduction of natural gas to the Ste.
Determination of capital costs

The capitd costs have been based upon quotations received by Lahden Lampovoima
from contractors including Foster Whedler.

The gadfier ontract was awarded to Foster Whedler in 1997. The tota sum of the
project including al areas and own work by Lahden Lampdvoima was 70 million
Finnish Marks. This price included for al plant modifications and included for the new
outdoor biomass wood waste unloading, storage and conveyor system.

It was possible to minimise outage to the annua maintenance period by completion of
al work except tie in work adjacent to the boiler whilst the unit continued in operation.
Hence costs associated with lost revenue are not relevant.

Deter mination of Operating and Maintenance Costs

In comparing net outputs between operation on cod and coa plus gasfication products
there were minor differences in bailer efficiencies on the unit. These were advised by
the contractor and have been detailed in Section1.11.

Reduced fouling and corrosion festures associated with reduced cod firing and the
modifications have been baanced by an extra operator associated with fud unloading
& handling.

The current plant utilisation profile is such that the boiler is inoperaive during the
scheduled summer annua maintenance period and 2 or 3 days per annum unscheduled
outages.

During the preceding months to this study, from January 1998, the unit had achieved an
availability of 81% with the main plant only shutting down during June and July when
electricity is chesp.

The data on estimated and actua operating fuel consumptions, net output, utilisation are
itemised under Section1.11 and 2.

Changesto Non-Greenhouse Gas Emissions

100



SECTION 1
PLANT DESCRIPTION

1.9

The decison to fit a circulating fluidised bed gasfier for the combustion of biofuels
meant a reduction of furnace combustion temperatures and hence emissions of NOy to
within EEC and Finnish regulatory requirements.

The environmenta requirements stipulated by the Finnish Environment Agency for SOy
emissons a the plant continudly being reduced and the subditution of cod with
biomass coincided with reduced SO, emissions. The respective particulate levels had
also been reduced to 50mg/Nn since the reduced dust burden enabled the precipitator
to comfortably achieve these emisson limitations wheress the origind plant would not
have been capable of achieving the new limits being imposed.

The power plant emissions, ashes and fuel were analysed before the start of the gasifier
to get the reference vaue for origind plant conditions and emissons. The operation of
the gasfier dso0 included a series of smilar measurements to evaluate any changes
associated with the use of the gadifier.

The following is ashort summary of results from those measurements and tests:

The corroson probes were clean and no indication of any fouling or corrosion
observed.

The moisture content in the fuel mixture was rether high, 45-56%.

The carbon content in the gasifier bottom ash istypicaly 0.1-0.2%.

The gas quality was as expected.

The dust content in the gas was 6-8g/Nn? (wet gas) and tar content 4-8g/Nn?
(wet gas). Alkali vapour content in the gas was low 0.1 ppmw (dry gas).

NH; content was 800-1000 mg/Nn? and HCN 25-45 mg/Nn.

The changes of boiler emissons were of greet interest. The short conclusion is thet the
changes in the emissons are rather low.

The dust content in the flue gas dropped down from 20 to 10 mg/Nnr.

The NO content dropped down by 10 mg/MJ.

The SO, content dropped down by 20 mg/MJ.

The HCI content increased by 10 mg/Nn (Cl content in the used cod was below
0.01%).

No changesin the CO emissons (10-20 mg/MJ).

The heavy metd contents in the boiler flue gas and ash were very low (mercury
below 0.1mg/Nn?, 0.0004-0.0009 mg/MJ, limit 0.05 mg/MJ).

The content of PAH, PCDD, PCDF, chlorinated benzenes and chlorinated phenols
in the flue gas and ashes was very low.

Site Fuel Data
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The fuels used on sSite are segregated below in to the mgor fuels and other fuels which
congtitute the minor component sources of the total fuel supplied to the gasifier.

These include fossil fuels such as naturd gas and cod as well as the various sources of
biofudsfor the gadfier.

Natura Gas

Naturd gas has been supplied to the ste through the nationd pipeline system since
1986 when the gas turbines were ingtalled. No detailed andysis of the natural gas has
been provided but atypica LCV has been quoted at 49.1 MJKg.

This would suggest a carbon content of gpproximately 77% by weght. This
discrepancy, between the ste fuel and the ‘normaised’ UK natural gases detailed in
Appendix 1 means that a CV and carbon content correction factor needs to be
evaluated:

Stefuel consumption correctionbasedon NCV = 46.3 =0.943
49.1
Sitefud CO, emisson = 46.3x 77 =0.995
491 73

Similar to other fudsin Finland two fud costs tariffs exist depending on whether the fue
is used for dectricity or digtrict heat production. The tariffs are 60 and 71 mk/MWh
respectively for eectricity and digtrict heating use,

The loading information given in section1.11 indicates an gpproximate average price at
site of 3.68 $/GJ.

This suggedts that differences between ste and normdised caculations will include a
3.68/2.5i1.e. 1.47 cost factor.

Black Cod

Finland has no indigenous black coa reserves and so dl supplies are obtained from the
international market. The gringent control of SO, emissions in Finland has meant the
necessity to utilise low sulphur cods from Russa, Poland and Columbia having an
andyds amilar to that below:

GCV 25.05 MJkg
NCV 24.12 MJkg
Ash 12.04 % Wt asreceived
Moisture 10.00 % Wt asreceived
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C 61.55 % Wit asreceived
H 4.07 % Wt asreceived
S 0.38 % dry ash free

The anadys's complies with the ranges given in Appendix 1. Typica codts of black cod
in Finland are given as 35 & 71 mk/MWh respectively for power and heat production.

This gpproximates to a Site cost of 3.13%GJ. The difference between thisloca cost of

fud and the normaised UK cost of cod results in a Ste cod cost factor of
approximately 1.57.

Wood Wastes and Bark

Information from Finland has indicated the following typica and range of wood supplies
used at Smpede and Lahti on a% by weight basis:

Typical Range Basis
C 52.5 50.4to 54.5 Dry solids
H 6.0 59106.2 Dry solids
0] 40.0 37.6t0425 Dry solids
N 04 0.3to 0.5 Dry solids
S 0 Dry solids
Ash 11 04tol.7 Dry solids
Moisture 53.5 47 to 60 Asfired
NCV (MJkg 7.85 6.71t09.0 Asfired

Typical Finnish costs for these wood based fuels are 42 mk/MWh which equates to
2.32 $GJ.

The above ranges of andyss are in agreement with other sources of nformation on
various wood anaysis and therefore no corrections are proposed.

Other Fuds

These fuds were initidly intended to form part of the fud supplies to the gasfier which
would then provide up to 15% of the heet input to the main boiler. Unfortunately
subsequent operationa experiences during the first year have redtricted the heat input
contribution of the gasifier to just below this vaue at between 11 and 13%.

Peat
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This fud was origindly identified as a potentid fud for the gdfier but subsequent
investigations have concluded that this will not be an economic option.

Data from other Finnish Stes has indicated the typicd and range of peat supplies
available on a% by weight basis as shown in the table on the next page.

Typical Range Basis
C 55.0 Dry solids
H 55 Dry solids
(0] 30.5 Dry solids
N 1.7 Dry solids
S 0.3 Dry solids
Ash 7.0 0to10 Dry solids
Moisture 48.0 40to 55 Asfired
NCV (MJkg) 9.8 8.1t011.7 Asfired

Typicd Finnish cods for peat are given as 47 and 56 mk/MWh for dectricity and
district heating use respectively. These costs equate to 2.6 and 3.1 $/GJ.

The origind gasifier design took condderation of the potential use of peat as a gasfier
fud. Since being put in to operation the gasifier has not been used with thisfud and so it
has not been considered within evauations.

No sgnificant reserves of peat are available on the mainland UK. The only UK mining
of peet isin parts of Scotland and there are extensive reserves available in Northern

Irddand. No dataisavailable from either of these sources.

REF
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REF is the term given to the recycled fue derived from classfied refuse obtained from
households, offices, shops and construction Sites and has a compostion in the following

ranges-

Plagtics 5-15 % by weght
Paper 20-40 % by weght
Cardboard 10-30 % by weight
Wood 30-60 % by weight

Since these are wadtes their cost can be assumed negligible and cdorific vaue data
would be variable and only relevant to individua fuel batches.

Tyres

It was intended to burn old tyres in the gadifier a the desgn stage but subsequent
operations found the high sted content of the tyres gave fouling problems. Therefore
use of tyres has been minimised to maintain high availability for the gasifier. The tyres
are assumed to have an analys's in accordance with the following specification:

1.10

Minimum Maximum | Typicd Bads

Carbon 60 80 65 Dry Solid
Hydrogen 3.0 8.0 35 Dry Solid
Nitrogen 0.1 0.3 0.2 Dry Solid
Oxygen 1.0 3.0 2.0 Dry Solid
Sulphur 0.7 2.0 1.0 Dry Solid
Chloride 0 0.1 0.1 Dry Solid
Zinc 0.8 3.2 16 Dry Solid
Stedl 10.0 25.0 21.6 Dry Solid
Ash (ex. ged & zinc) 15 5.0 35 Dry Solid
Free Moisture 0 3 15 Dry Solid
HHV 26.75 34.9 28.8 MJkg

Loca costs of tyres have been advised at 10 to 25 mk/MWh or equivaent to 0.5to 1.4

FGJ.

Combustion Gases

The dte fuds given previoudy in 1.9 agree closdy with ‘normdised/paradigm’ data in
Appendix 1, with the exception of cod and naturad gas which includes site corrections

stated in section 1.9.1 & 1.9.4.
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During, and subsequent to the vidt to the Lahti plant, information was provided
regarding the proportions of each fuel used both before and after the conversion of the
boiler and these are summarised below in % of heat input below:

Pre Conversion Post

Conversion

Min. Max. Min. Max.

NG 20.0 40.0 15.0 | 40.0
Coal 60.0 80.0 45.0 70.0
Wood Waste & Bark 0.0 0.0 7.0 12.0
REF 0.0 0.0 1.0 5.0
Tyres 0.0 0.0 1.0 4.0

The evduations of CO, emisson quantities within section 1 of this report are dependant
on the chosen fud ratios used from the operating ranges indicated above. The limited
amount of operating experience associated with the Lahti gasifier has meant that no
‘norma’ or ‘preferred’ operating data can be easly determined. A number of factors
or explanations come in to play when establishing the fuel ratios associated with normal
day to day operation of the Lahti plant and include the following:-

- Individud fud prices

- Plant loading conditions

- Environmentd tax levies on emissons of CO,, SO, and NO.
- Mechanicd plant falure and maintenance.

The gadfier has only been in operation since January 1998 and unfortunatdly this has
aso coincided with a mgor equipment failure associated with the gas turbine used on
the dte. This has resulted in the reduced use of naturd gas over the 1998 period. The
evauations completed in section 2 have been based upon the site data for 1997 and the
1998 data has been trandated into a sengitivity andyss of results. The pre and post
modification fue ratios that have been used for section 2 evauations are given in the

table following:
1997 1998
Pre Post Pre Post
Conversion | Conversion | Conversion | Conversion

NG 40.0 40.0 20.0 20.0
Coal 60.0 45.0 80.0 69.0
Wood Waste & Bark 0.0 12.0 0.0 8.0
REF 0.0 2.0 0.0 2.0
Tyres 0.0 1.0 0.0 1.0

106




SECTION 1

PLANT DESCRIPTION

111

The CO, emisson quantities given in section 2 reflect the aove fud reios in
conjunction with data given in Appendix 1 regarding the quantities of CO, produced
from each fud.

Net Plant Efficiency and Output I nformation

Lahden Lampdvoima provided data giving the typicd annua energy baance for the
steam and power generation plant at Kymijarvi power station during 1997 and 1998.

1997 1998
Heat input from fue 2087 2023 GWh
Heset as didtrict heating 1042 1000 GWh
Energy as power 653 602 GWhy,
Power generated from BP turbine 492 NA GWhy,
Power generated from Cond. Turbine 89 NA GWhy,
Power generated from Gas Turbine 72 NA GWhy,

The main boiler details give it atherma cgpability of 360MWt measured as fud into the
boiler. Thisindicates atypica boiler load factor of between 55 and 62%. The power
generated by the back pressure turbine in 1997 represents a load factor of 51% and
smilarly the condensing steam turbine has a 7% load factor and the GT a 19% load
factor. The 1998 data represents an unusua set of data since the gas turbine was not
operated for severa months due to a generator problem and no breskdown of output
from each generator is available.

The data provided from site indicates that the average net efficiency in generating power
is between 295 and 31.5%. Smilarly the average net efficiency in didrict heating
steam generation is 49 to 51%.

No specific data on boiler efficiency has been provided but estimates below by
Kennedy & Donkin reflect the contractors advice that net efficiency of the boiler has
deteriorated by approximately 0.5% as a result of operation with the post modified fuel
ratios.

Estimated efficiency on NCV, 91.6% prior to conversion for gasification.
Edtimated efficiency on NCV, 91.1% subsequent to conversion for gasification.

These efficiency estimates aso reflect the heat input breakdowns given in section 1.10.
The egtimates of pre and post conversion boiler operating efficiency based on 1997

and 1998 dte data allow an estimate of the pre and post converson average power
generation efficiencies below:
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Y ear 1997 1998
Pre modified power generation efficiency 31.28 29.95
Post modified power generation efficiency 31.11 29.78

Since the bailer is common to both the back pressure and condensing operations of the
turbine it was decided that the boiler should be representative of the overadl plant
loading factor. Therefore the maximum boiler capability has been utilised to estimate
data representative of the ‘normaised’ 0.65 load factor for this case study.

Assuming no changes, in plant operating efficiency in going from 0.58 to 0.65 load
factor the quantities of energy input from fud, heat as digtrict heating water and energy
as power can be estimated as below:

Energy input from fud 2270GWh
Heat as didtrict heating water 1121 GWh
Energy as power 676 GWh

Gadfier Performance and Smulation.

A detailed description of the process and equipment associated with the gasifier is
included in section 1.4 of the report.

The following paragraphs look at the process design and smplified methods used within
the study to smulate the operations of the gagifier.

The heat energy in the product gas from the gasfier gppearsin three forms.
Chemicd energy of the gases.
Sengble hesat of gases.
Carbon dust.

The output capacity of the gasifier is related to the fud feed rate, and the air feed rate
then controls the temperature maintained in the gasifier. Coarse ash is removed from
the gasifier usng awater cooled bottom ash screw conveyor.

A smplified diagram of the gadfier is provided below and more detailed drawings can
be found at the end of this appendix.

The biomass fud ratios that the gagfier was originaly designed to and subsequently has
been operated with are given as a heat input percent in the table below:

Wood & Bark | Waste Wood& Paper REF Tyres
Desgn 27 10 36 27
1998 operating 71.1 124 15.1 1.4
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The contractor has provided data based on the above average 1998 operating
conditions at an average thermal load of 47 MW, that enables an estimate to be made
of the massratio of product gasto fud feed:

M, = Mass of gasfier product gas. = 2.29
Mass of gasifier fud supplies.

Energy baance and cdorific vaue data provided by the contractor dso verifies this
vaue within a4 % tolerance as seen by the following:

E = Chemica and sendble heat in product gas. = 0.42
Hest in gadfier fud supply

Theinverseofths VY E = 2.37

Therefore for the purpose of this study it is proposed to use aratio of 2.33 between the
amount of product gas produced per kilogram of fud supplied.

The range and typica andysis of product gas being sent to the main boiler can be seen
in the table below:
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Minmum | Maximum Typicd Bass

Carbon Dioxide 17.0 19.8 19.3 Dry volume
Carbon Monoxide 4.5 9.0 6.8 Dry volume
Hydrogen 7.0 10.5 8.8 Dry volume
Remnant Hydrocarbons 34 6.0 51 Dry volume
Nitrogen 50.0 70.0 60.0 Dry volume
Moisture 20.0 60.0 33.0 Asfired, wet volume
LHV MJINn? 2.8 Asfired

MJkg 2.5 Asfired
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2. RESULTS
2.1 Reference Plant Calculations based on 1997 data.

Based upon the assumptions discussed in the previous section 1, estimations can be
made regarding pre and post conversion fuel consumptions and CO, emissons on an
annud bassfor the 1997 station conditions:

Pre Conversion Post Conversion
Fuel Coa + NG Coa+NG+gasifier
Annual electricity generation (GWhg,) 653 653
Efficiency of power generation on NCV (%) 313 311
Annual district heat production (GWh) 1042 1042
Efficiency of steam production on NCV (%) 499 494
Total annual heat input requirement n) 7513 7554
Annual NG consumption (kte) 66.05 66.41
Annual black coal consumption (kte) 186.51 140.64
Gasifier fuel consumption (kte) 0 113.10
Annual fuel cost (M$) 2397 2145
Annual fuel saving (M$) 0 251
Annual generation CO, (kte) 595.6 497.7
Annual reduction in CO, emissions (kte) 0 97.85

Both the *Efficiency of power generation’ and ‘Efficiency of district heat production’
are ameasure of the energy exported as heat or power as a portion of the total net heat
input to the plant. The combined efficiency of heat and power production on the Site
can be obtained by adding both of these figures to give values of 81.2 % and 81.0 %

respectively.

These figures indicate a 16.4% reduction of CO, emissons resulting from the plant
modification and fud change © biofuds. The capitd expenditure associated with the
refurbishment and conversion of the station has been obtained and summarised in the
table below.

Cost of refurbishment & conversion 13.92 M$

This represented a subgtantial investment in the station and had to be evaluated against
the dternative options of FGD and modification of electrostatic precipitators in order to
satisfy continued environmental pressure to reduce sulphur and particulate emissons
from the plant.

Reference plant caculations are based on the following assumptions-

. converson work was largely carried out during the summer & autumn of 1997

with the period of boiler outage minimised to that associated with normal
maintenance resulting in no additiond loss of revenue.
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. an average annud plant load factor taken as 0.61 related to the thermal capability
of the main boiler as a heat input from fuel.

. additional operational and maintenance costs excluding fue are increased by 0.07
M$ in association with the additional biomass fud handling & storage fedility.

. remnant life for cost evauations is taken as 15 years (1998 to 2013).

. discount factors assumed for NPV caculations are 5% and 10%.

interest rates assumed for annua |oan repayments are 5% and 10% p.a
211 Estimated benefits of converson on loan basis.
The following financiad evauation of the station converson is carried out & reference

plant conditions using capita based on a mortgage type loan a 5% and 10% annua
interest rates over the remnant life of the Sation.

Cost of refurbishment (C)) 13.92 M$
Cogt of lost power production (PL) 0.0 M$
Tota cost of refurbishment(Cr+PL) 13.92 M$
Number of years remnant life (n) 15

Loan annud interest rete (i) 5 10 %
Loan factor {1" x (I-1)/(I"-1)} 0.0963 0.1315

Annud loan repayment (Ay) 1.34 1.83 M$
Annud fud saving (FS) 251 2.51 M$
Annud O&M saving (M) -0.07 -0.07 M$
Annua labour saving (Ls) 0.0 0.0 M$
Net annud saving (FS-A+Mgt+Ly) 1.10 0.61 M$
CO; reduction per annum 97.85 kte
GWh, per annum 653 GWhy,
GWh steam per annum 1911.6 GWh
(i) Leveised saving per GWhy, 1690.60 941.50 $GWhy,
(if) CO, reduction per GWhy, 149.90 149.90 te/GWhy,
(iii) CO, prevention saving 11.28 6.28 $/teCO,
(iv) Levdised saving on steam 577.30 321.50 $GWh
(v) CO; reduction per GWh steam 51.19 51.19 te/GWh
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2.1.2 Egtimated Benefits of conversion on Capital from equity and NPV basis

The following financid evauation of the gation converson is carried out a reference
plant conditions using capita from company equity and discounting of savings/codts at
rates of 5 and 10 % per annum over the remnant life of the Station.

Cogt of refurbishment (C,) 13.92 M$
Cost of lost power production 0.00 M$
Totd cogt of refurbishment 13.92 M$
Number of years remnant life (n) 15

CO; reduction per annum 97.85 kte
GWh, per annum 652.80 GWhy,
GWh, over reference plant life 9792.00 GWhy,
Annua hest in seam 1911.60 GWh
Through life heat in seam 28674.00 GWh
Annud fud saving (FS) 251 M$
Annud O&M saving -0.07 M$
Annud labour saving 0.00 M$
Totd annud saving 2.44 M$
Annua discount rate (1) 5 10 %
Discount factor {(1-R") /(1 - R)} 10.8986 | 8.3667

Discounted saving over remnant life (DS)) 26.64 20.45 M$
NPV saving (DFS - C)) 12.72 6.53 M$
(i) NPV levdisad saving per GWhy, 1299.5 667.3 $GWhy,
(i) CO; reduction per GWhy, 149.9 149.9 te/GWhy,
(iii) CO, prevention savings 8.67 4.45 $/teCO,
(iv) NPV levelised saving on steam 443.8 227.9 $GWh
(v) CO; reduction per GWh steam 51.19 51.19 te/GWh
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2.2

Reference Plant Calculations based on 1998 data.

Based upon the assumptions discussed in previous section 1, estimations can be made
regarding pre and post conversion fue consumptions and CO, emissons on an annud
basis for the 1998 station conditions:

Pre Conversion Post Conversion
Fuel Coa + NG Coal+ NG+gasifier
Annual electricity generation (GWhy,) 602.4 602.4
Efficiency of power generation on NCV (%) 29.95 29.78
Annual district heat production (GWh) 999.9 999.9
Efficiency of steam production on NCV (%) 49.85 49.40
Total annual heat input requirement n) 7241 7282
Annual NG consumption (kte) 31.83 3201
Annual black coal consumption (kte) 239.66 207.89
Gasifier fuel consumption (kte) 0.00 79.95
Annual fuel cost (M$) 22.08 20.34
Annual fuel saving (M$) 0.00 174
Annual generation CO, (kte) 624.50 556.58
Annual reduction in CO, emissions (kte) 0 67.91

Both the ‘Efficiency of power generation’ and ‘Efficiency of didrict heat production
are ameasure of the energy exported as heat or power as a portion of the total net heat
input to the plant. The combined efficiency of heat and power production on the Site
can be obtained by adding both of these figures to give values of 79.8 % and 79.2 %

respectively.

These figures indicate a 10.9% reduction of CO, emissons resulting from the plant
modification and fudl change to biofuels.

The capitd expenditure associated with the refurbishment and conversion of the station
isidentical to that in section 2.1:

Cogt of refurbishment & conversion 13.92 M$

Reference plant calculations are based on the following assumptions-

. converson work was largely carried out during the summer & autumn of 1997
with the period of boiler outage minimised to that associated with normal

maintenance resulting in no additiond loss of revenue.

. an average annua plant load factor taken as 0.58 related to the thermal capability
of the main boiler as a hest input from fud.

. additiona operationa and maintenance cogts excluding fudl are increased by 0.07
M$ in association with the additiona biomass fud handling & storage facility.

114



SECTION 2

RESULTS

. remnant life for cost evauations is taken as 15 years (1998 to 2013).

. discount factors assumed for NPV cdculaions are 5% and 10%.

. interest rates assumed for annua |oan repayments are 5% and 10% p.a
221 Estimated benefits of converson on loan basis.

The following financiad evauation of the station converson is carried out & reference
plant conditions usng capita based on a mortgage type loan a 5% and 10% annua
interest rates over the remnant life of the sation.

Cost of refurbishment (C)) 13.92 M$
Cogt of lost power production (PL) 0.0 M$
Tota cost of refurbishment(Cr+PL) 13.92 M$
Number of years remnant life (n) 15

Loan annud interest rate (i) 5 10 %
Loan factor {1" x (I-1)/(I"- 1)} 0.0963 0.1315

Annud loan repayment (Ai) 1.34 1.83 M$
Annud fud saving (FS) 1.74 1.74 M$
Annud O&M saving (M) -0.07 -0.07 M$
Annua labour saving (Ls) 0.0 0.0 M$
Net annud saving (FS-A+Mg+Ly) 0.33 -0.16 M$
CO; reduction per annum 67.91 kte
GWh, per annum 602.4 GWhy,
GWh steam per annum 1842.8 GWh
(i) Leveised saving per GWh, 553.10 -258.70 $GWhy,
(if) CO, reduction per GWhy, 112.73 112.73 te/GWhy,
(iii) CO, prevention saving 4.91 -2.29 $/teCO,
(iv) Levdised saving on steam 180.80 -84.60 $GWh
(v) CO; reduction per GWh steam 36.85 36.85 te/GWh
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Egtimated Benefits of conversion on Capital from equity and NPV basis

The fdlowing financid evauation of the station conversion is carried out at reference
plant conditions usng capital from company equity and discounting of savings/costs at
rates of 5 and 10 % per annum over the remnant life of the Station.

Codt of refurbishment (C,)

Cogt of lost power production
Totd cost of refurbishment
Number of years remnant life (n)
CO; reduction per annum
GWh,, per annum

GWh, over reference plant life
Annud hest in Seam

Through life heat in seam

Annud fud saving (FS)

Annud O&M saving

Annua labour saving

Totd annud saving

Annua discount rate (1)

Discount factor {(1-R")/(1- R)}
Discounted saving over remnant life (DS;)
NPV saving (DFS - C))

(i) NPV levelised saving per GWh,
(i) CO;, reduction per GWhy,

(iii) CO; prevention savings

(iv) NPV leveised saving on eam
(v) CO; reduction per GWh steam

5
10.8986
18.25
4.33

478.9
112.7
4.25
156.5
36.85

13.92
0.00
13.92
15
67.91
602.40
9036.00
1842.80
27642.00

1.74
-0.07
0.00
1.67
10
8.3667
14.01
0.09

9.8
112.7
0.09
3.2
36.85

M$
M$
M$

kte
GWhy,
GWhy,
GWh
GWh

M$
M$
M$
M$
%

M$
M$

$/GWhy,

te/GWhy,
$/teCO,
$GWh

te/GWh
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2.3

Normalised Plant Calculations based on 1997 data.

Based upon the assumptions discussed in previous section 1 estimations can be made

regarding pre and post conversion fue consumptions and CO, emissons on an annud
bass for the station under ‘normaised’ |oad conditions below:

Pre Conversion Post Conversion
Fuel Coa + NG Coal+ NG+gasifier
Annual electricity generation (GWhg) 676 676
Efficiency of power generation on NCV (%) 31.28 3111
Annual district heat production (GWh) 1105 1105
Efficiency of steam production on NCV (%) 49.85 494
Total annual heat input requirement n) 7780 7823
Annual NG consumption (kte) 67.21 67.58
Annual black coal consumption (kte) 183.06 138.05
Gadfier fuel consumption (kte) 0 117.12
Annual fuel cost (M$) 17.12 1554
Annual fuel saving (M$) 0 158
Annual generation CO, (kte) 637.52 530.96
Annual reduction in CO, emissions (kte) 0 106.6

These figures indicate a 16.7% reduction of CO, emissons resulting from the plant

refurbishment and fud change to biofuds

The capitd expenditure associated with the refurbishment and conversion of the station
has been obtained and summarised in Section 2.1. The ‘normalised” 1997 caculations

are based on the following assumptions-

. converson work was carried out during the summer & autumn of 1997 within the
period of boiler outage alocated for annua maintenance and hence no additiond
loss of revenue is gpplicable.

. an average annud plant load factor taken as 0.65 on the capability of the main

boiler expressed in terms of heat input as fud.

. additional operational and maintenance costs excluding fue are increased by 0.07

M$.

. remnant life for cost evauationsis taken as 15 years (1998 to 2013).

. discount factors assumed for NPV cdculations are 5% and 10%.

. interest rates assumed for annual 1oan repayments are 5% and 10% p.a
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231 Egtimated benefits of converson on loan basis.

The following financid evauation of the station conversion is carried out a normalised
plant conditions using capita based on a mortgage type loan a 5% and 10% annua
interest rates over the remnant life of the Sation.

Cost of refurbishment (C)) 13.92 M$
Cogt of lost power production (PL) 0.0 M$
Tota cost of refurbishment(Cr+PL) 13.92 M$
Number of years remnant life (n) 15

Loan annud interest rete (i) 5 10 %
Loan factor {1" x (I-1)/(I"- 1)} 0.0963 0.1315

Annud loan repayment (A 1.34 1.83 M$
Annud fud saving (FS) 1.58 1.58 M$
Annud O&M saving (M) -0.07 -0.07 M$
Annua labour saving (Ls) 0.0 0.0 M$
Net annud saving (FS-A+Mgt+Ly) 0.17 -0.32 M$
CO; reduction per annum 106.6 kte
GWh, per annum 676 GWhy,
GWh steam per annum 1979.5 GWh
(i) Levelised saving per GWhy, 247.5 -475.9 $GWhy,
(if) CO, reduction per GWhy, 157.64 157.64 te/lGWhy,
(iii) CO, prevention saving 1.57 -3.02 $/teCO,
(iv) Levdised saving on steam 84.5 -162.5 $GWh
(v) COs; reduction per GWh 53.83 53.83 te/GWh
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Egtimated Benefits of conversion on Capital from equity and NPV basis

The following financiad evauation of the sation converson is carried out a normaised
plant conditions usng capital from company equity and discounting of savings/codts at
rates of 5 and 10 % per annum over the remnant life of the Station.

Codt of refurbishment (C,)

Cost of lost power production
Totd cost of refurbishment
Number of years remnant life (n)
CO; reduction per annum
GWhy, per annum

GWh, over reference plant life
Annud hest in Seam

Through life heat in seam

Annud fud saving (FS)

Annud O&M saving

Annud labour saving

Totd annud saving

Annua discount rate (1)

Discount factor {(1-R")/(1- R)}
Disc'd saving over remnart life (DS))
NPV saving (DFS - C))

(i) NPV levelised saving per GWh,
(i) CO;, reduction per GWhy,

(iii) CO;, prevention savings

(iv) NPV leveised saving on eam
(v) CO;, reduction per GWh

5
10.8986
16.44
2.52

248.5
157.64
1.58
84.9
53.8

13.92
0.0
13.92
15
106.6
676
10140
1979.5
29693

1.58
-0.07
0.0
151
10
8.3667
12.62
-1.30

-128.2
157.64
-0.81
-43.8
53.8

M$
M$
M$

kte
GWhy,
GWhy,
GWh
GWh

M$
M$
M$
M$
%

M$
M$

$/GWhy,

te/GWhy,
$/teCO,
$GWh

te/GWh
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2.4

Normalised Plant Calculations based on 1998 data.

Based upon the assumptions discussed in previous section 1 estimations can be made
regarding pre and post conversion fue consumptions and CO, emissons on an annud
basis for the station under ‘normalised’ load conditions below:

Pre Conversion Post Conversion
Fuel Coa + NG Cod+ NG+gasifier
Annual electricity generation (GWhg,) 676 676
Efficiency of power generation on NCV (%) 29.95 29.78
Annual district heat production (GWh) 1105 1105
Efficiency of steam production on NCV (%) 49.85 494
Total annual heat input requirement n) 8126 8172
Annual NG consumption (kte) 35.10 35.30
Annual black coal consumption (kte) 254.92 22112
Gasifier fuel consumption (kte) 0 89.72
Annual fuel cost (M$) 17.06 15.88
Annual fuel saving (M$) 0 118
Annual generation CO, (kte) 730.17 650.03
Annual reduction in CO, emissions (kte) 0 80.14

These figures indicate a 11.0% reduction of CO, emissons resulting from the plant
refurbishment and fud change to biofuds

The capitd expenditure associated with the refurbishment and conversion of the station
has been obtained and summarised in Section 2.1. The ‘normdised’ 1998 calculations
are based on the following assumptions-

. converson work was carried out during the summer & autumn of 1997 within the
period of boiler outage alocated for annua maintenance and hence no additiona

loss of revenue is gpplicable.

. an average annud plant load factor taken as 0.65 on the capability of the main
boiler expressed in terms of heet input as fud.

. additional operational and maintenance costs excluding fue are increased by 0.07

M$.

. remnant life for cost evauationsis taken as 15 years (1998 to 2013).

. discount factors assumed for NPV caculations are 5% and 10%.

. interest rates assumed for annual 1oan repayments are 5% and 10% p.a
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241 Egtimated benefits of converson on loan basis.

The following financid evauation of the station conversion is carried out a normalised
plant conditions using capital based on a mortgage type loan a 5% and 10% annua
interest rates over the remnant life of the Sation.

Cost of refurbishment (C)) 13.92 M$
Cogt of lost power production (PL) 0.0 M$
Tota cost of refurbishment(Cr+PL) 13.92 M$
Number of years remnant life (n) 15

Loan annud interest rate (i) 5 10 %
Loan factor {1" x (I-1)/(I"- 1)} 0.0963 0.1315

Annud loan repayment (A 1.34 1.83 M$
Annud fud saving (FS) 1.18 1.18 M$
Annud O&M saving (M) -0.07 -0.07 M$
Annua labour saving (Ls) 0.0 0.0 M$
Net annud saving (FS-A+Mg+Ly) -0.23 -0.72 M$
CO; reduction per annum 80.14 kte
GWh, per annum 676 GWhy,
GWh steam per annum 2067.95 GWh
(i) Leveised saving per GWhy, -336.7 -1060.2 $GWhy,
(if) CO, reduction per GWhy, 118.6 118.6 te/GWhy,
(iii) CO, prevention saving -2.84 -8.94 $/teCO,
(iv) Levdised saving on steam -110.1 -346.6 $GWh
(v) CO; reduction per GWh steam 38.75 38.75 te/GWh
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2.4.2 Egtimated Benefits of conversion on Capital from equity and NPV basis

The fallowing financid evaduation of the Sation conversion is carried out a normaised
plant conditions usng capital from company equity and discounting of savings/costs at
rates of 5 and 10 % per annum over the remnant life of the Station.

Cogt of refurbishment (C,) 1392 | M$
Cost of lost power production 0.0 M$
Totd cogt of refurbishment 13.92 | M$
Number of years remnant life (n) 15

CO; reduction per annum 80.14 | kte
GWh, per annum 676 GWhy,
GWh, over reference plant life 10140 | GWh,
Annua hest in seam 2067.9 | GWh
Through life heat in seam 31019 | GWh
Annud fud saving (FS) 1.18 M$
Annud O&M saving -0.07 | M$
Annud labour saving 0.0 M$
Totd annud saving 1.11 M$
Annua discount rate (1) 5 10 %
Discount factor {(1-R") / (1- R)} 10.8986 | 8.3667

Disc'd saving over remnant life (DS)) 12.14 9.32 M$
NPV saving (DFS - C)) -1.78 -460 | M$

(i) NPV levdisad saving per GWhy, -176.0 -454.1 | $¥IGWhy
(i) CO; reduction per GWhy, 118.55 11855 | te/lGWhy,
(iii) CO, prevention savings -1.48 -3.83 | $/teCO;
(iv) NPV leveised saving on steam -57.5 -1484 | $GWh
(v) CO; reduction per GWh steam 38.75 38.75 | te/GWh
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3. DISCUSSIONS AND CONCLUSIONS

The following tables summarise the eva uation criteria behind the judgements given in this

section:

At 1997 reference plant conditions:

Interest & Discount rates 5% 10%
Evduation Bass LR E-NPV LR E-NPV
Merit Figures
0] $GWh 1690.6 1299.5 941.5 667.3
(ii) te/GWh 149.9 149.9 149.9 149.9
(iii) $/teCO, 11.28 8.67 6.28 4.45
(iv) $GWh 577.3 443.8 3215 227.9
v) $/GWh 51.19 51.19 51.19 51.19
At 1998 reference plant conditions:
Interest & Discount rates 5% 10%
Evduation Bass LR E-NPV LR E-NPV
Merit Figures
(i) $GWh 553.1 478.9 -258.7 9.8
(i) te/GWh 112.7 112.7 112.7 112.7
(iii) $/teCO; 491 4.25 -2.29 0.09
(iv) $GWh 180.8 156.5 -84.6 3.2
v) $GWh 36.85 36.85 36.85 36.85
At normalised plant conditions based on 1997 data:
Interest & Discount rates 5% 10%
Evduation Bass LR E-NPV LR E-NPV
Merit Figures
() $/GWh 247.5 248.5 -475.9 -128.2
(ii) te/GWh 157.6 157.6 157.6 157.6
(iii) $/teCO, 1.57 1.58 -3.02 -0.81
(iv) $GWh 84.5 84.9 162.5 -43.8
) $GWh 53.8 53.8 53.8 53.8
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At normalised plant conditions based on 1998 data:

Interest & Discount rates 5% 10%
Evauation Bass LR E-NPV LR E-NPV

Merit Figures
@) $GWh -336.7 -176.0 -1060.2 -454.1
(ii) te/GWh 118.6 118.6 118.6 118.6
(iii) $/teCO, -2.84 -1.48 -8.94 -3.83
(iv) $'GWh -110.1 -57.5 -346.6 -148.4
) $GWh 38.75 38.75 38.75 38.75

It is gpparent from the above tables that dthough sgnificant reductions in CO,
emissons can be accomplished (112 to 158 te/GWhy,) these have incurred sgnificant
cogt (negative saving) in al of the normaised plant conditions except the 1997 5% loan
& discount rate conditions.

Merit figure (iii) above gives the ultimate evaluation of the viability of this case sudy and
shows it to be margind a between —9 (i.e. cost) and 11 (i.e. saving) $/teCO, reduction
inemissons.

The more favourable evauation of this case study a reference plant conditions rather
than normalised conditions must be associated with the higher fossil fud cogtsin Finland
which give grester potentia for fuel cost savings.

Smilar to other case dudies the loan evauation method gives a wider range of merit
figures than those obtained from the capital from equity & NPV method.
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DRAWINGSAND PICTURES

1. Kymijarvi power station.

2. Steam cycle diagram.
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DRAWINGSAND PICTURES
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DRAWINGSAND PICTURES

3. Plant Detailsfor Lahti.

GASIFIER DATA
Fud Input 40 — 70 MW,, moisture 20 — 50 %
Fuds Wood Waste
Bark
Sawdust
Originator Classfied Refuses ( REF)
Biomass

MAIN BOILER AND STEAM DATA

Fuds Coal, Natural Gas, Gadfier Gas,
and Heavy Fud Qil (redundant)

Boiler type Once through Benson with rehest.
Tota Heat Output 360 MW, maximum
Steam Flow 125 ka/s

Steam Pressure170/40 bar

Steam Temperature 540/540 °oC

Electricity Output 138 MWe

Didirict Hest Output 240 MW maximum
SCHEDULE

Contract Award January 1996

Start of Erection April 1997
Commercia Operation March 1998
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4. Gadifier Diagram
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PLANT DESCRIPTION
General

The Smpele boiler converson project involves the converson of 1 x 100MWt unit
from operation on peat and Heavy Fud Oil (HFO) to operation on pest, wood
waste, waste paper dudge and HFO. The study concentrates upon the conversion
of the boiler from a conventiona solid fuel boiler to a bubbling fluidized bed.

Smpee represents a smdl indudtrid dectrica capability of 33 MWe (including
hydro turbines), on the eastern section of the Finnish Nationa Grid.

The plant is on the dte of a large paper mill and produces both dectricity and
process steam for usein the mill.

Plant Prior to M odification

The origind power dation a Smpee was commissoned by Ahlsrom and
completed in 1976 and comprised of:

Conventiona pulverised peat boiler having capability of 33.3kg/s a 535°C
& 113.5 bar.

Conventional HFO boiler for producing 20kg/s of 25 bar process steam
when the main boiler is on maintenance.

A 18.3 MWe back pressure steam turbine exhausting to the 5 bar steam
header with a 25 bar pass out to the 25 bar steam header.

A 14 MWe, 25 bar condensing steam turbine using river water cooling and
including feedwater/condensate heating and degeration.

Prior and post to the converson Smpele power station used heavy fud oil with
sulphur contents of below 1%.

Photographs and a diagram of the power gtation are included at the end of this
appendix to illustrate the visua impact of the plant both prior and post conversion
modifications together with the configuration of the Ste power & steam system(s).

Brief History and Decision Process
Simpeeis apaper mill complex having 3 production facilities generating cardboard,
paper and cartons in the following quantities respectively 140kte, S0kte and Skte

per annum. The mgority of production from the plant is exported and sdes average
1000 million Finnish marks per annum.
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Eighteen months ago the whole complex was purchased by Metsa Serla and they
conducted studies into options to improve efficiency and productivity. These sudies
included the steam & power generation facilities as well asthe main paper mills.

The conventiona pulverised pest boiler was approaching 20 years old and the pest
fud handling sysems were proving unreligble and giving excessve maintenance
problems.

The Finnish equivaent to the U.K. Environment Agency was aso applying pressure
on the ste to reduce its emissons of NOy, SO, and particulates from both boilers
but particularly the peat one.

Investigations in to the remnant life of the peat boiler showed the plant to be capable
of further 15 years of operation.

Smilar investigations on the steam turbines, and condenser aso indicated 15 years
of remnant life.

The escalation of fossil fud prices, including loca pest, in recent years encouraged a
review of the use of biomass fuds for potentid fud subditution. This review
identified the potentid for the use of wastes from the paper mill waste water
trestment plant since this predominantly contained paper and the current on ste
storage facility was gpproaching capacity limitations. In association with the paper,
cardboard and carton product facilities, wood bark and wood waste was aso
identified as a potentiad biomass fud subgtitute for pest.

The development of fluidised bed combustion technology provided Metsa- Serla and
Foster Wheder with the opportunity to investigate the most cost effective method of
modernisng the main boiler a Smpee in order to comply with more stringent
emissons legidation, greeter fud flexibility and improved religbility and maintenance.

M odification Details

Snce the origind pulverised peat boiler was an Ahlsrom design dl the origind
details were avaldble to Foser Wheder. Their proposd involved
changesmodifications in the following aress of the boiler:-

Pressure Parts - remova of lower furnace walls and headers
and replacement with pressure parts
associated with a retrofit bubbling fluidised
bed.

- part replacement of downcomers and
circulating pipework.
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- remova of integra drum desuperheater and
ingdlation of an interstage spray type
desuperheater.

- ingalation of cyclone separators within the
seam drum.

Fud hendling plant - complete new boilerhouse fud feed system.

- new ddivery unloading, dorage and
conveyor system for the biomass wood
bark & waste fuels.

Burners - renewa of HFO burnersfor start up & load
support.
Air & fud gas sysems - modification and modification of FD fan.

- new fluidisng air fan.

- new flue gas recirculaion fan.

- new 1D fan.

- new ducts and replacement of bellows &
dampers as necessary.

- replace tubing in main air heater.

- new ar preheater utilisng previous digrict
heat exchanger.

- modification of ESP.

Bottom ash system - 3 new water cooled screw conveyors and

one ordinary screw conveyor.

- new drag chain conveyor and other ancillary

equipment.
Bed make up system - new sand silo.
- new fill lines and feed system.
Others - acid deaning of furnace,

- replacement of furnace refactories.

- replacement of insulation and cladding as
necessary.

- new mantenance platforms and bottom
congant load supporting sysem to
accommodate additiona weight/loads.

- replacement dectricd and instrumentation.

- new DCS.

- eroson protection facilities loca to tube
banks.

- inddlation of a new filter cake (waste
dudge) dewaering facility and conveyor
sysem.

The decison to go ahead with the modifications was made in QOctober 1996 and
civil work began in March 1997. The new pressure parts were assembled under a
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1.6

temporary shdlter outsde the boilerhouse. The exigting boiler was taken out of
service at the beginning of July 1997 and returned to operation 10 weeks later in the
middle of September 1997.

The case study consider the dterations associated with the fluidized bed furnace as
satisying the requirements associated with an “Efficiency improvement of boiler
plant” and the new fuel handling to be associated with a“Partid subgtitution of
primary fuel from arenewable source’. Therefore this case study satisfies 2 of the 5
types of retrofit identified in the study terms of reference.

Greenhouse Gas Reduction

The carbon dioxide reduction is determined by both the changes in fuds and
efficiency changes associated with the boiler converson. Although the carbon
content and NCV of both peat and wood bark/waste are smilar the principa
benefit with regard to greenhouse gas reduction is the classfication of wood bark
and paper waste dudge as biofuels and hence zero CO, emission fud. The results
in Section 2 are cdculated for the whole station burning pre and post conversion fue
mixes together with efficiency change evauations on the origind fue mix. The
amounts of CO, generated by the combustion of dl ‘normalised/ paradigm’ study
fuelsis addressed in Appendix 1.

Sections 1.9.1 to 1.9.4 address the discrepancies between the ‘normdised’ and site
fudsin detall but only HFO requires any correction to be evaluated.

The NOy reduction achieved as aresult of the lower combustion temperature of the
fluidised bed boiler and is taken to be principaly a reduction in NO, dnce it is
assumed that the N,O proportion is not Sgnificant. Experiments to measure N,O
concentrations in flue gases on other plant have proved unsuccessful and hence any
change in the greenhouse gas N,O is not considered in this case. 1t should be noted
that low NOy burners would have had to have been consdered if the boiler
converson had not been made to comply with the tighter emisson consents being
goplied by the Finnish Environment Agency. Difficult to evduate is the CH,
emissons that would have resulted from continued storage and decomposition of the
waste water dudge.

Determination of capital costs

The capital costs have been based upon quotations received by Metsa Serla from
contractors including Foster Whedler.

The contract was awarded to Foster Whedler in 1997 at the sum of 65 million
Finnish Marks. This price included for the ESP modifications but did not include for
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the new outdoor biomass wood waste unloading, storage and conveyor system or
dudge drying sysem.

The price of the ESP modifications is estimated at 7.55 million Marks and the cost
of the biomass unloading, sorage and conveyancey systems at 5 million Marks.

This gives a capitd expenditure for the changes as below:-

Cogt of bailer modifications 57.45 MFMk (11.42M $)
Tota cost including modifications for biomass fuel 62.45 MFMk (12.38 M$)

It was possible to minimize outage to the 10 week period by completion of al work
except tiein work adjacent to the boiler and whilst the unit continued in operation.

During the 10 week outage period the second 25 bar process steam boiler satisfied
al paper mill seam requirements and dectricity was bought in & 15 Finnish
pencekWh to cover the paper mill eectricity demand of gpproximately 20 MWe
constant |oad.

Determination of Fuel, Operating and M aintenance Costs

In comparing net outputs between operation on peat and peat plus biomass there
were minor differences in boiler efficiencies on the unit. These were advised by the
gation and have been detailed in Section 1.11.

Reduced fouling and corrosion features associated with reduced pest firing and the
modifications have enabled savings on maintenance to be achieved. This is
estimated to be gpproximately 1.2 million Fn Mk (0.24M$).

There are labour savings associated with the reduction of operating personne on the
plant estimated at 1.0 million FnMk (0.2M$).

The current plant utilisation profile is such that the boiler is only inoperative during
the one week annual maintenance period and 2 or 3 days per annum unscheduled
outages.

During the preceding 12 months to this study the unit had achieved an availability in
excess of 8600 hoursi.e. 98%.

The data on estimated and actud operating fuel consumptions, net output, utilisation
and the operating and maintenance costs are itemised under Sections 1.11 and 2.

Changesto Non-Greenhouse Gas Emissions

132



SECTION 1

PLANT DESCRIPTION

1.9

191

The decison to fit a bubbling fluidized bed for the combustion of dl fues meant a
reduction of furnace combustion temperatures and hence emissons of NO to within
EEC and Finnish regulatory requirements.

The environmentd requirements gipulated by the Finnish environment Agency for
SO, emissions were less than 190 mg/Nn with reference to 3% O, in dry flue gas.
The respective particulate levels had aso been reduced to 50mg/Nnt. The
modifications to the boiler and precipitator enabled the plant to comfortably achieve
these emission limitations whereas the origina plant would not have been capable of
achieving the new limits being impose.

Site Fud data
Heavy Fue Oil (HFO)

The dte specification for HFO is based upon a net caorific vaue (NCV) of 41.8
MJkg and having an analysis comprising of 87% carbon and less than 0.5% sulphur

by weight.

Thisanalyss represents avery low sulphur heavy fud oil. Such afue oil can only be
achieved by mixing greeter quantities of didtillate fud oil with conventiona heavy fud
oil than is the norma practice in the UK. This data suggedts the site HFO is better
quality than that used with “normaised” heavy fud oils given by Appendix 1.

Therefore the following correction factors should be considered as an explanation
when comparing differences between “actud” and “normaised” caculations for fuel
quantities and CO, emissionsin section 2.

Site fud consumption correction = 405 = 0.9689
41.8

Site fuel CO, emisson = 405 x 0.87 = 1.0035
41.8 0.84

Site fuel costs for HFO have been advised at 53 and 83 mk/MWh dependent on its
use for eectricity or digtrict heating respectively. These figures equate to 10.5 and
16.5 $/MWh or 2.9 and 4.6 $/GJ. The site energy baance in section 1.11 suggests
an average cogt at Ste would be 3.94 $GJ and Site evaluations in section 2 are on
thisbass.

The “normaised” UK cogts of HFO in Appendix 1 are:

2.5%S
1.0%S

34 $/GJ
409%/GJ
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Therefore linear interpolation gives atheoretical cost for 0.5%S HFO = 4.2 §GJon
the UK market.

This suggests a correction for dte fud oil costs would be between 2.9/4.0 and
4.6/4.0i.e0.725 and 1.15 of typical costs for UK 1%S HFO dependent on its use
for power or seam. The average Ste cost of 3.94 $/GJ compares within a 10%
tolerance of the ‘Normalised” UK fudl cost for 1% SHFO at 4 $GJ.

Peat

Information from Finland has indicated the following typicd and range of pesat
supplies used a Simpele on a % by weight basis.

Typical Range Basis
C 55.0 Dry solids
H 55 Dry solids
O 30.5 Dry solids
N 1.7 Dry solids
S 0.3 Dry solids
Ash 7.0 Oto 10 Dry solids
Moisture 48.0 40to 55 Asfired
NCV (MJKg) 9.8 8.1to11.7 Asfired

Typica Fnnish codts for peat are given as 47 and 56 mk/MWh for dectricity and
district heating use respectively. These costs equate to 2.6 and 3.1 $/GJ.

No sgnificant reserves of peat are avallable on the mainland UK. The only UK
mining of peet isin pats of Scotland and there are extensive reserves avalable in
Northern Ireland. No specific details have been obtained.

Wood Wastes and Bark

Information from Finland has indicated the following typica and range of wood
supplies used at Smpele and Lahti on a% by weight basis:

Typical Range Basis
C 525 50.4t0 54.5 Dry solids
H 6.0 59106.2 Dry solids
o] 40.0 37.61042.5 Dry solids
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N 04 0.3to 0.5 Dry solids
S 0 Dry solids
Ash 11 04to 1.7 Dry solids
Moisture 535 47 to 60 Asfired
NCV (MJKg) 7.85 6.7109.0 Asfired

Typica Finnish cogts for these wood based fuds are 42 mk/MWh which equates to
2.32 $/GJ.

The above ranges of andyss are in agreement with other sources of information on
various wood anaysis and therefore no corrections are proposed.

Paper Waste Sudge

This fuel source is unique to the Smpee ste and the following andyss data on a %
weight basis has been provided.

Typical Basis
C 35.7 Dry solids
H 4.4 Dry solids
@) 255 Dry solids
N 14 Dry solids
S 0.7 Dry solids
Ash 32.3 Dry solids
Moisture 69 Asfired
NCV (MJkg) 2.3 Asfired

Asthe dudge is obtained from paper mill waste water trestment processes it can be
consdered to be free or zero cost. The financid evauations in section 2 have
utilised a cost of 0.01 $GJ to avoid spreadsheet problems with zero vaues.

Combustion Gases

The gte fuds given previoudy in 1.9 agree closaly with ‘normaised/paradigm’ data
in Appendix 1, with the exception of HFO which includes site corrections stated in
section 1.9.1.

During the vigt to the Smpee plant Metsa Serla provided informetion regarding the
proportions of each fud used both before and after the conversion of the boiler and

these are summarised below in % of hest input.

135



SECTION 1

PLANT DESCRIPTION

111

Pre Conversion Post Conversion
Heavy Fud Ol 12.00 5.0
Peat 86.00 55.0
Wood Waste & Bark 2.00 35.0
Waste Paper Sudge 0.0 5.0

CO, emisson quantities given in section 2 reflect the above fud ratios in conjunction
with data given in Appendix 1 regarding the quantities of CO, produced from each
fud.

Net Plant Efficiency and output information

Metsa Serle provided data giving the typicd annua energy baance for the steam
and power generation plant at Smpele prior to converson:
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Heat input from fuel 668 GWh
Heat to 110 bar steam 570 GWh
Heat to process steam 348 GWh

Heset in steam for power generation 222 GWh

Power generated from BPT 71 GWhy,
Power generated from Cond T 44 GWhy,

The main boiler details give it atherma cgpability of 100MWt measured as heat into
seam. This indicates a boiler load factor of 65%. The power generated by the
back pressure turbine represents an gpproximate 44% load factor and smilarly the
condensing steam turbine has a 36% load factor.

The data above indicates that the average net efficiency of both turbines in
generaing power from steam is 51.7%. The operating efficiency of each turbine can
be estimated approximately to be 83% for the back pressure turbine and 32% for
the condensing turbine but no data is available to verify this accurately.

Boiler performance tests carried out prior to modification (1994) and subsequent to
modification (1998) and usng the same fue ratios as indicated for the pre-
converson case in section 1.10 are summarised bel ow:

1994 test efficiency on NCV 89.28%
1998 test efficiency on NCV 90.27%

The heat balance data seen at the beginning of this section indicates that the actua

operating efficiency of the boiler was only 85.3% as a result of blowdown and other
losses. Thisisvery poor and represents an extremely fouled condition being present
before modification. Therefore the post conversion operating efficiency of the boiler
is likely to be more accurately represented by a figure of 89.3% based on the same
fud ratios.

These edimates of pre and post converson boiler operating efficiency dlow an
estimate of pre and post converson average power cycle efficiencies at 44.1% and
46.1% respectively. Whilgt it is gpparent that the site could generate power more
efficiently by greater utilisation of the back pressure turbine thisis not practical snce
the condensing turbine has to maintain sufficient load to ensure adequate preheeting
of boiler fecdwater.

Based upon the test and operating efficiencies given on the previous page, the boiler

test and operating efficiencies for the post converson biomass fud ratios given in
section 1.10 have been estimated below:
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Edtimated post conversion test efficiency 884 %
Edtimated post conversion operating efficiency 874 %

Since the hesat/energy balance information provided at Ste reference conditions
coincides with the ‘normalised’ load factor of 0.65 it is proposed to only complete
one st of detalled financid evauation calculations representing the reference plant
conditions. Only summary informeation of the changes occurring and revised figures
of merit associated with normalised conditions are included in section 2.2.
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2. RESULTS
2.1 Refer ence Plant Calculations

Based upon the assumptions discussed in previous section 1 estimations can be
made regarding pre and post converson fuel consumptions and CO, emissons on
an annud basis for the gation:

Pre Post conversion
Conversion

Fuel Peat + HFO | Peat + HFO Peat +Wood
Annua Electricity Generation (GWhg,) 115 115 115
Efficiency of Power Generaton on NCV (%) 4.1 46.1 452
Annual Process steam production (GWh) 348 48 348
Efficiency of steam production on NCV (%) 85.3 89.3 874
Total annual heat input requirement ) 24075 2301.0 2349.3
Total annual fuel consumption (kte) 224.3 2144 290.5
Annual fuel cost (M$) 7.27 6.95 6.13
Annual fuel saving (M$) 0 0.32 114
Annual generation CO, (kte) 242.0 2313 146.3
Annual reduction in CO, emissions (kte) 0 10.71 95.78

These figures indicate a 4.4% reduction of CO, emissons resulting from the boiler
modifications carried out and a tota 39.6% reduction of CO, emissons resulting
from the modification and fud change to biofuds. The capitd expenditure
associated with the modification and biomass conversion of the station have been
obtained and summarised in the table below.

Egimated cost of modification 1142 M$
Combined cost of modification and fue conversion 12.38 M$

This represents a subgtantial investment in the sation and had to be considered
againg the future requirement for ingalation of FGD before the year 2003. The
new modifications would aso enable in bed desulphurisation to be consdered, if
required at alater date.

Indication of the potentid ratio between modification cost and fud converson cost is
given in the above text and caculations are based on the following assumptions:-

. conversons and modification work was largely carried out during the spring
and summer of 1997 with the period of boiler outage restricted to a 10
week period where additiond loss of revenue is caculated for a 20 MWe
load at arate of 2.98 centykWh.

. an average annud plant load factor taken as 0.65 on the steam output
cgpability of the main boiler
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. operationad and maintenance savings excluding fuel and labour are reduced
by 0.24 M$.
. remnant life for cost evaluationsistaken as 15 years (1997 to 2012).
. discount factors assumed for NPV caculations are 5% and 10%.
. labour savings from fud conversion are approximated to 0.2 M$ per annum.
. interest rates assumed for annual 1oan repayments are 5% and 10% p.a.
211 Estimated benefits of modification on loan basis.

The following financid evaduation of the dation modification is caried out a
reference plant conditions using capital based on a mortgage type load at 5% and
10% annud interest rates over the remnant life of the Sation.

Cogt of modification (C,)

Cost of lost power production (PL)
Totd cost of modification(Cr+PL)
Number of years remnant life (n)
Loan annud interest rete (i)

Loan factor {1" x (I-1)/(1" - 1)}
Annua loan repayment (A,
Annud fud saving (FS)

Annua O&M saving (M)

Annud labour saving (L)

Net annud saving (FS-A+MgstL)

CO; reduction per annum
GWh,, per annum
GWh gteamn per annum

() Leveisad saving/cost per GWhy,
(i) CO;, reduction per GWhy,

(iif) CO, prevention saving

(iv) Levelisad saving per steam

(v) CO; reduction per GWh

0.0963
1.197
0.32
0.24
0.20
-0.435

-3780
93.12
-40.59
- 761.6
18.76

11.42
1.0
12.42
15
10
0.1315
1.633
0.32
0.24
0.20
-0.871

10.71
115.0
570.8

- 7574
93.12
-81.34
- 1526
18.76

M$
M$
M$

%

M$
M$
M$
M$
M$

Kte
GWh,,
GWh

$GWhy,

te/GWhy,
$/teCO,
$GWh

te/GWh
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Egimated Benefits of Modification and Fud Converson on Loan Basis.

The following financid evauation of the station modification and converson is
carried out at reference plant conditions using capital based on a mortgage type loan
a 5 and 10 % interest rates over the remnant life of the sation.

Cost of modification & conversion (C;.0) 12.38 | M$
Cogt of lost power production 1.0 M$
Tota cost of modification 13.38 | M$
Number of years remnant life (n) 15

Loan annud interest rete (i) 5 10 %

Loan factor {1" x (I-2)/(1"- 1)} 0.0963 0.1315

Annua loan repayment (A, rz) 1.29 176 | M$
Annud fud saving (FS.o) 1.14 114 | M$
Annua Labour saving (LS:.0) 0.2 0.2 M$
Annua O&M saving (MS.+) 0.24 0.24 M$

Net annua saving(FS.+c+L Sr+ctM S ALr2) 0.29 -0.18 | M$
CO; reduction per annum 95.78 | kte
GWh, per annum 115 GWhy,
GWh steam per annum 570.8 | GWh
Levelised saving/cost per GWhy, 2557 -1530 | $/GWh,
CO, reduction per GWhy, 832.9 8329 | te/GWh,
CO, prevention saving 3.07 -1.84 | $/teCO,
Levelised saving per GWh steam 515.6 -308.6 | ¥GWh
CO reduction per GWh steam 167.9 1679 | te/GWh
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Edtimated Benefits of Modification on Capital from equity and NPV bass

The following financid evaduation of the dation modification is caried out a
reference plant conditions usng capitd from company equity and discounting of
savings/cods at rates of 5 and 10 % per annum over the remnant life of the Sation.

Cogt of modification (C;)

Cost of lost power production
Tota cogt of modification
Number of years remnant life (n)
CO; reduction per annum
GWh, per annum

GWh, over reference plant life
Annud hest in Seam

Through life heat in seam

Annud fud saving (FS)

Annud O&M saving

Annud labour saving

Totd annud saving

Annud discount rate (r)

Discount factor {(1-R")/(1- R)}
Disc'd saving over remnart life (DS))
NPV saving (DFS - C))

(i) NPV leveised saving

(i) CO;, reduction per GWhy,

(ii1) CO; prevention savings

(iv) NPV leveised saving on eam
(v) CO;, reduction per GWh

5
10.8986
8.30
-4.17

-2386.5
93.12
-25.63
-480.8
18.76

11.42
1.0
12.42
15
0.71
115
1725
570.8
8562.0

0.32
0.24
0.2
0.76
10
8.3667
6.37
- 6.05

-3504.8
93.12
-37.64
-706.2
18.76

M$
M$
M$

kte
GWhy,
GWhy,
GWh
GWh

M$
M$
M$
M$
%

M$
M$

$/GWhy,

te/GWhy,
$/teCO,
$GWh

te/GWh
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214 Edtimated Benefits of Fud Converson and Modification using capita from equity
and NPV basis.
The following financid evauation of the station modification and converson is
caried out a reference plant conditions using capita from company equity and
discounting of savings/costs at rates of 5 and 10 % over the remnant life of the
dation.
Cog of modificationbishment (C;..) 12.38 M$
Cost of lost power production 1.0 M$
Totd cost of modificationbishment 13.38 M$
Number of years remnant life (n) 15
CO; reduction per annum 95.78 kte
GWh, per annum 115 GWhy,
GWh, over reference plant life 1725 GWhy,
Annud heet in geam 570.8 GWh
Through life heat in Seam 8562.0 | GWh
Annud fud saving (FS-+o) 1.14 M$
Annud O&M saving 0.24 M$
Annud labour saving (LS:+o) 0.20 M$
Totd annua saving (FS+c + LS+ 1.58 M$
Annua Discount rate (r) 5 10 %
Discount factor {(1- R")/ (1- R)} 10.8986 8.3667
Disc’d saving over remnant life (DS+.) 17.25 13.25 M$
NPV saving (DSrc - Crio) 3.87 0.13 M$
(i) NPV levelised saving 2245.8 77.9 $GWhy,
(if) CO; reduction per GWhy, 832.9 832.9 te/GWhy,
(iii) CO, prevention savings 2.70 -0.09 $/teCO,
(iv) Levelised saving on steam 452.8 -15.71 | ¥GWh
(v) CO; reduction per GWh 167.91 16791 | te/GWh
2.2 Normalised Plant Calculations

The ‘normdised’ or ‘paradigm’ project conditions on which this case study is to be

evauated are summarised ba ow:-

» 15 year life expectancy
* 65% plant loading utilisation factor

 typica UK mainland cost for 1%S HFO is4.0 ¥GJon NCV
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222

These conditions are dmost identica to the reference plant data evaluated in section
2.1. The only variation between ‘reference plant’ and ‘normdised’ evaluations are
differences associated with the unique nature of low sulphur HFO in Finland. The
corrections between this Finnish HFO and a ‘normdised” UK low sulphur HFO
have been highlighted in section 1.9.1. Therefore the following sections only identify

the evduation data which has changed as aresult of the HFO variations.

Modification Modification +

fud converson

0.317
10.77

111
96.32

Annud fud saving M$
Annud CO, reduction  kte

The changes in the above table are reflected in the * merit figure tables in the

following sections 2.2.1 to 2.2.4.

Plant Cdculations for Modification on aLoan Basis

The following table gives a summary of the ‘figures of merit’ a ‘normaised UK

conditions and taking capital on aloan basis-

Interest Rate

Units

Meit figure | Title 5% 10%

-3821.2 7615
93.69 93.69
- 40.79 -81.28
-769.9 | -1534
18.88 18.88

()] Leveised saving

@i CO, reduction on power
(i) CO, prevention saving
(iv) Levelised saving on steam
v) CO reduction on steam

$GWh,
te/GWhy,
$/teCO;,
$GWh
te/GWh

Plant Calculations for modification and fud converson on aloan bads

The following table gives a summary of the ‘figures of merit’ of ‘normaised’ UK
conditions for the Modification and Fuel Conversion Case using capital obtained on

aloan bass-
Interest Rate Units
Merit Figure | Title 5% 10%

0] Levelised saving on power 2241 -1847 $GWhy,
@i CO, reduction on power 837.6 837.6 te/lGWh,
(iii) CO, prevention saving 2.68 -2.21 | $/teCO,
@iv) Levelised saving on steam 451.7 -3724 | $¥GWh
v) CO, reduction on steam 168.9 168.9 te/GWh
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2.2.3 Normdised Benefits of Modification on NPV basis
The following table gives a summary of the ‘figures of merit’ a ‘normaised” UK
conditions and taking capital as company equity and NPV discounting:-
Discount Rate Units
Merit Figure | Title 5% 10%
0] Levelised saving on power | -2416 -3538 $GWh,
@i CO, reduction on power 93.69 93.69 | te/lGWhy,
(iii) CO, prevention saving -25.79 -37.65 | $/teCO,
@iv) Levelised saving on steam -486.9 -710.8 | $¥GWh
v) CO, reduction on steam 18.88 18.88 | te/GWh
224 Benefits of Fud Converson and Modification on NPV bass.

The following table gives a summary of the ‘figures of merit’ a ‘normaised UK
conditions for the Modification and Fud Converson Case using capitd from
company equity and discounting savings at 5% and 10%:-

Discount Rate Units
Merit Figure | Title 5% 10%
0] Levelised saving on power 2016 -2545 | $¥GWhy,
(i) CO, reduction on power 837.6 837.6 te/lGWhy,
(iii) CO; prevention saving 241 -0.30 | $/teCO;
@iv) Levelised saving on steam 406.4 -51.32 | $/GWh
v) CO, reduction on steam 168.9 168.9 te/GWh
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3.

DISCUSSIONS AND CONCLUSIONS

The following tabulation summarises the data behind the judgements given in this

section:-

Boiler modification only:-

Interest & Discount rates 5% 10%
Evduation Bass LR E-NPV LR E-NPV
Merit Figures
(0] $GWh,, |-3821.2 |-2416 -7615 -3528
(i) te/GWhy, 93.69 93.69 93.69 93.69
(i) $/teCO; -40.79 -25.79 -81.28 -37.65
(iv) $GWh -769.90 | -486.9 -1534.0 -710.8
) te/GWh 18.88 18.88 18.88 18.88
Boiler modification plusfuel conversion: -
Interest & Discount rates 5% 10%
Evduation Bads LR E-NPV LR E-NPV
Merit Figures
() $GWh,, | 2241 2016 -1847 -254.5
(ii) te/GWhy, 837.6 837.6 837.6 837.6
(i) $/teCO, 2.68 241 -2.21 -0.30
(iv) $GWh 451.7 406.4 -372.4 -51.32
) te/GWh 168.9 168.9 168.9 168.9

The mgority of the capita investment in this case study is associated with the actua
modifications to the boiler in order to convert it to a bubbling fluidised bed boiler.
The investment in the biomass fuel handling equipment is smal in comparison to the

boiler modification cost (gpproximeately 8.7%).

This magnitude difference is

responsible for the apparent poor eva uation figures for modification without the fuel

conversion.

The evauation figures for the ‘modification and fud converson’ case show that the
work carried out will be profitable irrespective of the method of obtaining the capita
for investment, especidly if compared againg the externd influence associated with
the future ingdlation of FGD.
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Modification of the boiler without fuel converson does not ook as attractive and its
judtification can only be @nsdered favourable when compared with the cost for
ingdlation of FGD.
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PHOTOGRAPHS, DIAGRAMSAND PLANT DETAILS

1. PLANT DETAILSFOR SIMPELE

STEAM DATA

Tota Head Output
Steam Flow

Steam Pressure 115 bar
Steam Temperature

FUEL DATA
Sulphur
Moisture

Ash
LHV (asreceived)

DESIGN INFORMATION
Emissionsat 6% O, dry

Flue Gas Exit Temperature
Bailer Efficiency (DIN 1942)
NOx Emissions380mg/Nn7
CO Emissons

Particulate Matter

(NOx 1 ppm = mg/Nn/2.05
SCHEDULE

Contract Award

Start of Erection

Commercia Operation

113 MWth 385 MMBtuwhr
40 bar 1654 Ib/hr

1654 psg

525°C 977°F

Peat Bark Sludge
0.3% 0% 0.7%
48.0% 56.0% 69.0%
7.0% 1.7% 32.0%
98MJkg 76MJIkg  2.3MJkg
4200Btulb 3300 Btwlb 990 Btulb
Peat Bark

170°C 338°F

89.3% 89.3%

0.35/1b/MMBtu

250mg/Nn?  0.23Ibt/MMBtu

50 mg/Nn?  0.05Ib/MMBtu

CO 1 ppm = mg/Nn/1.25)

December 1996

July 1997

September 1997
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0.5%

0.5%
0.02%
41.8 MJkg
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PHOTOGRAPHS, DIAGRAMSAND PLANT DETAILS

2. STEAM RANGE DIAGRAM.

PK3

K7

PK1

25 bar
/J \

5 bar

[—‘ 11 bar

25 bar

VR2

15 —440 bar

K6
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3. ORIGINAL BOILER SCHEMATIC.
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4. NEW BOILER SCHEMATIC.

113 MWth, 40 kg/s, 12 bar, 525 °C

BUBELING BED BOILER
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PHOTOGRAPHS, DIAGRAMSAND PLANT DETAILS

5. PICTURE OF SSIMPELE BOILERHOUSE.

6. PICTURE OF PEAT & BIOMASSUNLOADING & STORAGE PLANT
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PLANT DESCRIPTION

1 PLANT DESCRIPTION

11

1.2

General

Sdtend power tation is a new 1200 MWe combined heat and power station being
congtructed on the Humber estuary. Performance and heat balance details from
Sdtend have been used to represent the CCGT plant in scheme A and CHP plant in
scheme B below:

Scheme A: 1200 MWe CCGT plant design and separate HFO boiler for process
steam supply.

SchemeB: 1160 MWe CHP plant designed around origind CCGT pant and
satisfying process steam supply from smple steam pressure let down
sations.

The gte for the power station development is adjacent to a large chemica works
owned by British Petroleum (BP) and this forms the source for the significant
indudtrial demands for process steam and power from which the find size of the
power station was determined. BP had a number of aging boilers on their site and
was looking a the financid viability of replacing these boilers againgt contracting out
their demands for power and steam to the operator of the new power plant.

Both the above schemes represent two of the practicd options that British
Petroleum and Entergy were faced with in order to satisfy the loca power and
process steam demands of the Site aswell as those of the nationa grid.

Scheme A can be considered as the datum from which modifications are made to
represent the reference plant (scheme B) and which is described in the subsequent
sections of this report.

Overall Design

The Sdtend Power Station is currently under congtruction on the BP Chemicdls Site
a Hull, England. The project is being financed and subsequently will be operated
by Entergy. The design, manufacture, construction and commissioning of the plant is
being undertaken by Raytheon as the lead contractor. The plant shal achieve a
nomina power generation of 1200 MWe and steam export up to 190 t/h for

industrial process uses.

Sdtend power gtation consigts of 3 gas turbine combined cycle power train modules
designed around a triple pressure steam cycle. Each module contains one gas
turbine, one steam turbine, one generator, one waste heet recovery boiler, cooling
water system and baance of plant equipment.
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The only common systems cover the fuel gas supply, town’s water supply, cooling
water make up, cooling water discharge/purge, demineralised water make up,
blowdown and waste treatment and compressed air systems.

The plant as presented by Scheme A is designed to operate at a maximum power
supply of 1201.6 MW at the connections to the power grid. This represents the
Sdtend plant operating with no extraction of steam for process demands. The
process steam in this scheme is supplied by the HFO fired process steam boiler(s)
which in turn imposes a dightly higher auxiliary power consumption on to this
scheme.

Scheme B represents the reduced power supply of 1160 MW associated with
supplying steam from the power/steam cycle at the maximum process steam load of
190 t/h. In-plant auxiliary power consumption is consdered at a magnitude of 2.23

% of plant output capability.
Process Steam Supply

The process steam is abstracted from the steam cycles of each generating block and
delivered to the near by ste for BP Chemicas (BPC) at al times, even when the
main CHP plant is shut down.

Process steam will be supplied from the header where cold reheet steam from the
HP turbine exhaust and the IP steam from the HRSG IP superhester are merged
together before being transported to the HRSG reheater. Steam from each CCGT's
cold reheat system is delivered to the BPC system at the specified terminal point a
the Facility boundary.

The cold reheat header will receive conditioned HP steam from the HP steam
bypass through a pressure reducing and desuperheating station in the event of a
geam turbine trip.

Steam shdl be abdracted from each steam turbine cold reheat line equdly to
provide BPC with their minimum steam demand of 120 t/h a 20 barg/225 °C at the
interface point.

During norma conditions, it is anticipated that BPC will nominate between 140 t/h
and 160 t/h of steam. For less frequent intervals the seam demand for BPC may
increase to amaximum of 190 t/h.

A maximum of 120 t/h process steam can be supplied from each steam turbine to
satisfy the guaranteed supply to BPC when only one steam turbine isin service.
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The evauation data in section 2 represents an annuad steam demand of 190 t/h with
aload factor of 0.85. This represents a continuous annud flow of 161.5 t/h and can
be consdered as a reasonable estimate of future BPC demands without any
requirement to apply corrections.

14 The Reference Scheme and Alter natives
The previous sections give brief descriptions of the different schemes being
condgdered. Cdculations of “figures of merit” based upon these parameters can be
found in Section 2.
The following subsections give the principa design parameters and conditions upon
which each scheme is presented.
141 Scheme A: CCGT plant with HFO process steam boiler ().
This is the datum plant arrangement from which the Sdtend power station design
developed and is aimed at representing a Situation where an operator is faced with
utilised existing steam boilers dongsde a new CCGT power plant. The steam cycle
is based upon the reference plant and is given below:
HP steam conditions 540/105 °C/bar
|P steam conditions 540/30 °C/bar
LP steam conditions 250/5 °C/bar
Process steam at export termina point:
Flowrate 190 te/h
Pressure 20 bar
Temperature 225 °C
Power Supply 1201.6 MWe
The process steam bailer is assumed to be a water-tube type, HFO fired facility,
designed to meet the specification of the process steam with a net thermal efficiency
of 89%.
1.4.2 Scheme B: CHP plant design.
The CHP steam cycle data and process steam requirements for this scheme are the
same as those shown in Section 1.4.1.
Abdtraction of process steam in association with scheme B will therefore cause
reductions in power generation of approximately 425MWe, which will be
generated by other power stations connected with the same grid. Since each IEA
GHG case study primarily concerns itself with ste emissions of CO2, the effect of
51141/100rptsm.doc/jh 14
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1.6

logt power on tota environmenta emissions at other plants is ignored to remain on
the same assessment basis as dl other case studies. The power loss does adversaly
affect the financid viability of this scheme and comparisons againg the datum
scheme A in section 2 have been carried out on two scenarios.  The first assumes
identical generation data for both schemes and dternately the second takes
congderation of this loss of revenue associated with reduced power export
capability of the CHP scheme. This enables a sengitivity band to be established for
merit figures ca culated based on no loss of revenue and with |oss of revenue.

Major Factors Associated with the Comparison Basis

The mgor factors to be congdered during the decison process include the
implications of greenhouse and nongreenhouse emissions, power and steam tariff,
and capital and operationa costs on an identical bass for the supplies of dectric
power and process steam.

As a CHP plant, heat output is an effective product aong with dectric power
output. It is consdered more appropriate to use energy output to cover both heeat
and power in expression of unit cost or gain when kWh is used.

To make fair gppraisa of the two schemes the comparison must first be carried out
under identical conditionsin terms of eectrica power and process steam supplies.

Accordingly, for scheme B, the power deduction caused by process steam supply
will be compensated by the financid loss of annud revenue,

Greenhouse Gas Reduction

The carbon dioxide reduction is predominantly determined by the change in fue

characterigtics and consumption between the reference scheme A and dternative
scheme B, taking into account the plant efficiency, carbon content and heet vaue of
the fud. The results are generalised for operation on fixed eectric power supply
rate and additiond steam supply. The amounts of CO, generated by the
combustion of al ‘normaised/paradigm’ study fuels is addressed in gppendix 1 and
since no discrepancies exist between these fuels and Site fuels (see sections 1.9.1 &
1.9.2.) no corrections are proposed.

The NOy reduction achieved as a result of fitting low NOy combustion equipment
without steam/water injection is taken to be principaly areduction in NO, Snceit is
assumed that the N,O proportion is not sgnificant. Hence any change in the
greenhouse gas NO is not considered in this case. It should be noted that low
NOx combustion equipment would have been fitted to al schemes in discusson
irrespective of the fuel types in order to comply with the tighter emisson consents
being applied by the Environment Agency.
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1.8

1.9

1.10

Non-Greenhouse Gas Emissions

Sulphur oxide (SOx) emissons will only be generated with scheme A, when HFO is
fired in the process steam boiler(s). Any figure provided in the assessment is the
maximum level since no FGD trestment isincluded in the study.

The other @mospheric emissions such as particulate are negligible for the cases
when natura gasis used for generation.

The scheme A would aso produce minima particulate emission to the atmosphere,
but these are assumed to be controlled under the 25 mg/Nn? as required by the
Environment Agency.

Nitrogen oxide (NOx) emisson is minimized by low NOx combustion equipment
within both gas turbines and boilers to meet the emission regulations dependent on
the type of fud and in accordance with the EC large combustion plant directives.

Evaluation of Capital Costs

Since the auxiliary boiler of scheme A is assumed to be exigting plant and having a
remnant life expectancy in accordance with the CCGT/CHP plant, no account is
taken of its replacement or change within capita cost estimates for scheme A.

The capital cost for scheme A and adternative scheme B is assumed to be identical
gpart from the increased capital cost associated with providing additional pressure
reducing stations for the supply of process steam from each block of scheme B.

The cost increase for scheme B is assessed at 3.34 M $ (£ 2 M) based upon the
above assumptions.

Operation and Maintenance
Changesin O&M costs between the two schemes is assumed to be minimal
and is only representative of the savings made with regard to the operation and
maintenance of the HFO system of the auxiliary boiler.
The saving associated with closure of the HFO systemis estimated as.
Maintenance -008M$ (E0.05M)
Operating labour -020M$  (E0.12M)

Other Additional Costs Associated with Each Scheme
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The only other additiond savings or codts identified againg the individua schemesis
the loss of revenue associated with the reduced power export capability of the CHP
plant compared to the CCGT plant.

At a plant load factor of 0.85 associated with this case study the 42.51 MWe
represents 316.53 GWhy, per annum.

Kennedy & Donkin experience suggests that the net income/profit lost in association
with this power is likely to be between 3.3 and 4.9 million pounds. Caculations
within this case study have assumed an average of these two vaues corresponding
t06.82M $.

This extra codt is used within section 2 to estimate a sengtivity tolerance for merit
figure calculations.

111 Site Fuel Data
1111 Natural Gas
The fuel andyssfor the natura gas supplied to Sdtend plant is as follows:-
Mol % Typical _
Aver age Min M aX
N> 2.18 0.96 221
CO; 1.27 0.85 2.32
CH,4 90.58 86.86 93.09
C.Hs 4.27 2.96 6.93
CsHs 1.16 0.59 2.35
C4Hio 0.36 0.24 0.5
CsHiz 0.09 0.07 0.09
CeHia 0.05 0.01 0.05
C/Hss 0.02 0.0 0.03
CgHas+ 0.02 0.0 0.02
Baance 100.00
The above typica average data givesan LHV of 46.355 MJkg and average carbon
content of 71.54% by weight.
The specification for naturd gas supplied to Sdtend ste is in accordance with the
typical UK supply rage data provided by Transco and no correction is therefore
required.
1112 HFO
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The HFO andyss used for the scheme A cdculaions is assumed to be in
accordance with those contained within Appendix 1 of this document.

112 Output and Efficiency
The greenhouse gas (CO,) emisson of this Sudy is manly determined by the fud
(natural gas) consumptions except for scheme A where H-O-firing is involved to
generate the process steam supply. The associated net efficiency of the process
steam boiler is estimated at 89%.
The cycle efficiencies for the CCGT and CHP sectors of schemes A and B remain
in accordance with Saltend heet balance data. The scheme A auxiliary power rate is
assumed to be 3%, which is dightly greater than 2.23% used for the other scheme
because of the use of a separate boiler and associated accessories.
The heat baance diagrams and data available on the Sdtend project suggests the
following CCGT and CHP plant efficiencies on net cdorific vaue per 400 MWe
block:
CCGT mode  CHP mode
Process steam flow/block t/h 0 63.3
Equivdent heat in geam MWt 0 49.06
Net heat input per block MWt 705.94 705.94
Net eectrical output/block MWe 400.75 386.58
Net efficiency of power gen % 56.77 54.76
Net efficiency of power & steam gen % 56.77 61.71
An auxiliary boiler having the following design characteristics has been utilised to
assess the contribution to emissons associated with HFO used on this boiler to
supply steam as part of Scheme A:
Steamn output t/h 190
Equivdent heat in geam MWt 147.2
Net hest input to boiler MWt 165.4
Boiler Net Efficiency % 89.0
These individud efficiencies can then be recognised to give the following scheme
performance data:
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Scheme A
(CCGT & AB)
Totd net heat input MWt 2283.19
Net electrica output MWe 1202.25
Net heat in steam MWt 147.18
Net electrica efficiency of scheme % 52.66
Net dectricd + heat efficency of % 59.10
scheme
From this data the following deductions are made:
% heat input from HFO in scheme A % 7.24
Power generation loss with scheme B MWe 42.51

SchemeB
(CHP)

2117.82
1159.74
147.18

54.76
61.71

Annud reduction in power generation at 0.85 load factor becomes equivaent to

316.53 GWhso per annum or 3.5%.

The annua loss in profits from the power reduction thet this represents is estimated

as 6.82 M$ per annum.

In order to provide an annua power load that both schemes can achieve, the 0.85
load factor for the CHP scheme B has been used to establish an annua power

generation of 8635 GWhso.
The above information has been utilised to establish calculation data given in section
2 of the report.
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2. CALCULATION RESULTSAT NORMALISED CONDITIONS
2.1 Calculations Not Considering Revenue From L oss of Power Export
The reference CCGT/CHP plant for this case sudy is a new congtruction and no
actua or reference plant data exists. In this section of the report it is proposed to
evauate both schemes a ‘normaised’ conditions only, but NOT to consder the
loss of revenue associated with the plant operating in CHP mode.
The ‘normadised’ conditions for this case study are represented by the following:-
Remnant life for cost evauations is taken as 25 years.
An average annud plant load factor taken as 0.85 on the power output of the
plant at 1160 MWe.
Operationd and maintenance savings excduding fud and labour ae in
accordance with section 1.9.
Interest and discount rates for loan repayment and NPV calculations are 5%
and 10%.
Scheme efficiency figures are from information given in Section 1.12.
Steam to process for al schemesis 190 te/h.
Based upon the assumptions above and discussed in previous section 1, estimates
can be made regarding the fuel consumptions and CO, emissons for each scheme
on an annua bassfor the station:-
Scheme A | SchemeB
Annual electricity generated by CCGT/CHP plant GWhy, | 86354 8635.4
Net Efficiency of power generation % 52.66 54.78
Process steam generation GWh 1096.0 1096.0
Net Efficiency of steam and power generation % 59.10 61.71
Total annual heat input requirement TJ 59034 56770
Annual gas consumption Kte 1182.7 1226.1
Annual HFO consumption Kte 1055 0
Annual fuel cost M$ 1514 1419
Annual fuel saving M$ 0 951
Annual generation of CO, kte 3494.6 32859
Annual reduction in CO, emissions kte 0 208.7
These figures indicate a 6.0% reduction of CO, emissons resulting from scheme B.
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The changes in capitd expenditure represented by schemes B have been obtained

(see Section 1.8) and summarised below:-

Increased capital expenditure for scheme B = 3.34 M$ (£2.0M)

Thisinformation is used as the basis for the evauaionsin the following sections.

Edimated Bendfits of Alternative Scheme B on Loan Bas's

The following financia evauation of the dternative scheme B is carried out a
normdised plant conditions using capital based on a mortgage type loan a 5% and
10% annud interest rates over the remnant life of the Station.

Increase in capital expenditure

Cost of lost power production (PL)
Total cost of refurbishment (Cr+PL)
Number of years remnant life (n)
Loan annud interest rate (i)

Loan factor {1" x (I-1)/(1" - 1)}
Annud loan repayment (A,

Annud loss of profit from power export
change

Annud fud saving (FS)

Annud O&M saving (M)

Annud labour saving (Ls)

Net annud saving (FS;-Ar +MgtLy)

CO;, reduction per annum
GWhy, per annum
GWh steam per annum

(i) Levelised saving per GWhy,

(i) CO; reduction per GWhy,

(iif) CO, prevention saving

(iv) Levelised saving on Seam

(v) CO; reduction per GWh steam

0.0709
0.24

951
0.08
0.2
9.55

1105.9
24.17
45.76
981.3
21.45

3.34
0
3.34
25
10
0.11017
0.37
0

951
0.08
0.2
9.42

208.7
8635.4
1096

1090.7
24.17
45.13
967.8
21.45

M$
M$
M$

%

M$
M$

M$
M$
M$
M$

kte
GWh,,
GWh

$GWhy,
te/GWhy,
$/teCO,
$GWh
te/GWh
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SECTION 2

CALCULATION RESULTSAT NORMALISED CONDITIONS

212 Edtimated Benefits of Alternative Scheme B on Capitd As Equity and NPV Basis

The following financid evaugtion of dternative scheme B is carried out at normalised
plant conditions using capita from company equity and discounting of savings/codts a
rates of 5 and 10 % per annum over the remnant life of the station.

Cost of refurbishment (C)) 3.34 M$
Cogt of lost power production 0 M$
Totd cost of refurbishment 3.34 M$
Number of years remnant life (n) 25
CO; reduction per annum 208.7 kte
GWhy, per annum 8635 GWhy,
GWh, over reference plant life 215886 GWhy,
Annua hest in seam 1096 GWh
Through life heat in Seam 27400 GWh
Annud loss of profit from power export 0.0 M$
change
Annud fud saving (FS) 9.51 M$
Annua O&M saving 0.08 M$
Annud labour saving 0.2 M$
Totd annud saving 9.79 M$
Annud discount rate 5 10 %
Discount factor {(1—R") / (1 - R)} 14.7986 | 9.9847
Disc’'d saving over remnant life (DS;) 144.8 97.72 M$
NPV saving (DFS - C) 141.5 94.38 M$
(i) NPV leveised saving per GWhy, 655.4 437.2 $GWhy,
(i) CO;, reduction per GWhy, 24.17 24.17 te/GWhy,
(iii) CO, prevention savings 27.12 18.09 $/teCO,
(iv) NPV levelised saving on steam 581.6 387.9 $GWh
(V) CO; reduction per GWh steam 21.45 21.45 te/GWh
51141/100rptsm.doc/jh 162

casereps/06/rev03



SECTION 2

CALCULATION RESULTSAT NORMALISED CONDITIONS

2.2 Calculations Considering Revenue From L oss of Power Export

In this section of the report both schemes are evduated at 'normalised’ condition and
taking due consderation of lost revenue associated with the plant operating in CHP
mode. This means of evauation is used to establish a tolerance bond for the figures of
merit' calculated for this case study.

The only dteration to the assumptions given in section 2.1 is the following assumption
related to reduced power export capability of scheme B.

The loss of revenue associated with reduced 42.5 MWe power export capability at
an annua plant load factor of 0.85 is estimated at 6.82 M$ per annum.

Based upon the assumptions above and in previous sections revised estimates can be
made regarding the fud consumptions and CO, emissons for each scheme on an
annud bassfor the station:-

Scheme A | SchemeB

Annual electricity generated by CCGT/CHP plant GWhg, | 89520 8635.4
Net Efficiency of power generation % 52.66 54.76
Process steam generation GWh 1096 1096
Net Efficiency of steam and power generation % 59.1 61.71
Total annual heat input requirement TJ 61198 56770
Annual gas consumption Kte 1226.1 1226.1
Annual HFO consumption Kte 1004 0
Annual fuel cost M$ 157.0 1419
Annual fuel saving M$ 0 15.06
Annual generation of CO, Kte 3622.7 32859
Annual reduction in CO, emissions Kte 0 336.8

These figures indicate a 9% reduction of CO, emissons resulting from scheme B.
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2.2.1 Estimated Benefits of Alternative Scheme B on loan basis.

The following financid evduation of the dternative scheme B is caried out at

‘normalised’ plant conditions using capital based on a mortgage type loan at 5 and 10 %

interest rates over the remnant life of the station.
Increase in capita expenditure 3.34 M$
Cogt of lost power production (PL) 0 M$
Tota cost of refurbishment (Cr+PL) 3.34 M$
Number of years remnant life (n) 25
Loan annud interest rate (i) 5 10 %
Loan factor {1" x (I-1)/(1"-1)} 0.07095 | 0.11017
Annud loan repayment (A, 0.24 0.37 M$
Annud loss of profit from power export 6.82 6.82 M$
change
Annud fud saving (FS) 15.06 15.06 M$
Annua O&M saving (M) 0.08 0.08 M$
Annud Labour saving (LS 0.2 0.2 M$
Net annud saving (FS-Ap+MgtLy) 8.28 8.15 M$
CO, reduction per annum 336.8 kte
GWh, per annum 8635.4 GWhy,
GWh steam per annum 1096 GWh
(i) Leveised saving per GWh, 959.0 943.8 $GWhy,
(i) CO; reduction per GWhy, 39.0 39.0 te/GWhy,
(iii) CO, prevention saving 24.59 24.2 $/teCO,
(iv) Levelised saving on steam 851.0 837.5 $GWh
(V) CO; reduction per GWh steam 34.61 34.61 te/GWh
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2.2.2 Egtimated Benefits of Alternative scheme B on Capitd From Equity and NPV Basis

The following financia evauation of aternative scheme B is carried out a normalised
plant conditions using capital from company equity and discounting of savings/codts at
rates of 5 and 10% per annum over the remnant life of the Sation.

Cost of refurbishment (C)) 3.34 M$
Cogt of lost power production 0 M$
Totd cost of refurbishment 3.34 M$
Number of years remnant life (n) 25
CO; reduction per annum 336.8 kte
GWhy, per annum 8635.4 GWhy,
GWh, over reference plant life 215886 GWhy,
Annua hest in seam 1096 GWh
Through life heat in Seam 27400 GWh
Annud loss of profit from power export 6.82 M$
change
Annud fud saving (FS) 15.06 M$
Annua O&M saving 0.08 M$
Annud labour saving 0.2 M$
Totd annud saving 8.52 M$
Annud discount rate 5 10 %
Discount factor {(1—R") / (1 - R)} 14.7986 | 9.9847
Disc’'d saving over remnant life (DS;) 126.1 85.05 M$
NPV saving (DFS - C) 122.7 81.71 M$
(i) NPV levelised saving per GWhy, 568.4 378.5 $GWhy,
(i) CO; reduction per GWhy, 39.0 39.0 te/GWhy,
(iii) CO, prevention savings 14.58 9.7 $/teCO,
(iv) NPV levelised saving on steam 504.4 355.9 $/GWh
(V) CO; reduction per GWh steam 34.61 34.61 te/GWh
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3. DISCUSSIONS AND CONCLUSIONS

The following tabulation summarises the data behind the judgements given in this section
for Alternative Scheme B-

NOT consdering lost power export:

Interest and Discount Rates 5% 10%
Evaduation Bass LR E-NPV LR E-NPV
Merit Figures

@) $GWhy, 1105.9 655.4 1090.7 437.2
(i) te/GWhy, 24.17 24.17 24.17 24.17
(i) $/teCO, 45.76 27.12 45.13 18.09
(iv)  $¥GWh 981.3 581.6 967.8 387.9
V) te/GWh 21.45 21.45 21.45 21.45

Consdering lost revenue from reduced power export:

Interest and Discount Rates 5% 10%
Evduaion Bass LR E-NPV LR E-NPV
Merit Figures

0] $GWhy, 959.0 568.4 943.8 378.5
(ii) te/lGWh, 39.00 39.0 39.00 39.0
@iy  $teCO, 24.59 14.58 24.2 9.70
(ivy, $GWh 851.0 504.4 837.5 335.9
V) te/GWh 34.61 34.61 34.61 64.61

The combined cycle nature of this case sudy means that merit figures iv and v in the
above tables are dightly mideading when compared with other case studies with
conventional steam cycles. This discrepancy arises because dectricity is directly
generated by the gas turbing(s) without the intermediate use of seam and 0 the
following review is based around merit figuresi to iii only.

An externd influencing factor that has not been congdered within these comparisons is
the possible requirement for replacement of the HFO boailer(s) or ingdlation of FGD
equipment associated with the supply of process steam in scheme A.

The tables above for dternative scheme B shows that a sgnificant CO, emissons
saving (24 to 39 te/GWhy,) can be achieved. The saving of this reduction is sgnificant
at between 10 and 45 $/te CO..
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Unlike other case studies the NPV evduation technique in this instance gives less
favorable values than the loan technique by a factor of approximately 50% of loan
vaues
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SALTEND PHOTOGRAPHSAND CYCLE DIAGRAMS
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3. Heat balance diagram for one block in CHP mode with 60t/h processsteam
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SECTION 1

PLANT DESCRIPTION

1 PLANT DESCRIPTION

11

12

General

Keenfold represents a 190MWe combined heat and power station where a natural
gas fired gas turbine and hesat recovery boiler has been used to replace old HFO
fired boilers.

As aresult of the modification to the Ste there has been a significant change to the
dte output capability and the gpproach used to evauate this is discussed in more
detall in Section 1.5.

Kelenfold represents a typica medium sized indudtria power, steam and didtrict
heating plant as found in many Eastern European countries,

The dte was in desperate need of reinvestment to enable the replacement of old
equipment with modern, more environmentaly friendly plant.

Plant Prior to Modification

The Keenfold Power Station of the Budapest Power Company has undergone
several mgor recongructions and extensions since its operation started in 1914.

The power dation that was origindly built, and later extended with condensing
steam turbines, has been gradudly transformed into a heating plant from the second
part of the 1950's. The steam turbines were mostly manufactured in the 1920's and
1930's, and the heat supply turbines in the 1960's. The last steam turbine was
commissioned in 1970. Since this time the only change has been extenson of the
heat supply system by the addition of hot water boilers. Now the role of the power
gtation has considerably increased, as, in addition to supplying heet to dl the housing
edtates and many indugtrid plants in South-Buda, the power dtation is aso a mgor
heat supply for industriad and communa consumersin South-Pest.

Although, from the end of the 1960 s onwards, the issue of modernising the capitd’s
digtrict heating system and the utilisation of the benefits of cogeneration has been
addressed in severd studies and government programmes, with specia emphasis on
the Kelenfold Power Station, these plans have dl been aborted.

As areault of the success of combined cycle systems and the rapid deterioration of
the steam turbine part of the power dation, the gas turbine recongtruction of the
power station became the obvious solution. MVMT (legal predecessor of MVM)
brought a decison about the preparation of such a congruction in the summer of
1989. EROTERV darted the design work the following year and mestings were
held with the 9" District Municipality.
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The steam system diagram included at the end of this appendix indicates that during
the gte lifetime prior to modification there had been a number of different boilers on
the site, adl producing steam at 38 bar and 400°C. These boilers comprised of -

6 x 55 telh bailers;
2 x 65 tefh bailers;
4 x 80 te/h boilers;

The steam diagram aso indicates the presence of five different steam turbines listed
below:-

1 x 19MWe twin cylinder back pressure steam turbine discharging to the 3.5
bar and 1.2 bar steam headers;

2 x 156MWe fully condensng steam turbines a 400 mbar pressure with
passout/extraction to the 3.5 bar steam header;

2 X 6BMWe single cylinder back pressure turbines discharging to the 6 bar steam
header but with passout/extraction on to the 15 bar steam header;

The plant remaining in operation in 1993, just prior to the gas turbine modification,
comprised of the following:-

2 X 65 te/lh HFO boilers;
2 x 80 te/lh HFO boilers,
2 X 15 MWe condensing turbines,
1 x 19 MWe twin cylinder turbine;
2 X 6 MWe back pressure turbine;

The heavy fud oil used on these boilers a that time is known to have been anomind
3% sulphur HFO.

Brief History and Decision Process

The Kdenfold project has been completed based upon an investment programme
approved by the World Bank (WB) and European Investment Bank (EIB). This
culminated in the sgning of the contract for ddivery of the main technology and
equipment on 21 July 1993.

Inthe 2 to 3 years prior to this a number of activities had been going on which could
be categorised into three procedures:-

the financia procedure;
the bidding procedure;

51141/102rptsm.doc/mr 171

casereps/09/rev03



SECTION 1

5

PLANT DESCRIPTION

14

15

the licensing procedure,

The financia procedure involved regular meetings between al of the financiers of the
Keenfold project until an agreement was achieved regarding the structure of the
financing for the project.

The bidding procedure involved the preparation of bid invitations, obtaining World
Bank approvd of the invitations, issuing of bidding documents, handing over of
contractor bids, preiminary evauation of bids, find evauation of bids and obtaining
financier gpprova to enter into contractua negotiations with chosen contractor(s).

The licenang procedure involved establishing a plan of work, providing a detailed
arangement plan, drafting demolition and building gpplication documents, and
obtaining gpprovd of the demolition and building application documents.

M odification Details

All the modifications to the Ste centred around preparing the exiding dSte to
accommodate the building of a 136 MWe gas turbine and heat recovery boiler, as
shown by the steam diagram at the end of this gppendix.

Clearing of the dte and re-routing of essentia Site services was carried out between
July and October 1993. The laying of new foundations for al building and
equipment was carried out between November 1993 and April 1994. Erection of
al buildings was carried out between April and November 1994. Ddivery of the
gas turbine was during September of that same year with arriva of the generator
two months later. Construction and erection of the HRSG took 12 months, from
July 1994 1o June 1995. Natura gas was made available to the site in October
1995, and commissioning proceeded up to December 1995. The performance test
was satisfactorily completed in February 1996.

The gas turbine was designed to provide 136MWe of dectricity, and the HRSG to
provide 165 te/h of 38 bar, 400°C steam.

The poor qudity water associated with the river Danube meant that additiona
grainers and a closed circuit cooling water system had to be provided.

Deays on the new diesdl fue il (DFO) storage facilities necessitated modifications
to the exigting plant to enable commissioning to progress according to programme.

Major Factors Associated with Comparison Basis

The mgor factor associated with the before and after comparison basis of this case
Sudy is the magnitude difference of the dectricity export capabilities of the Site.
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1.7

Thisis summarised b ow:-

before modification 61 MWe;
after modification 191 MWe;

This magnitude of difference was dightly greeter than a factor of three. Therefore it
was agreed that this case study would be based on three plants of smilar Sze to the
origina Keenfold being replaced by one gas turbine based CHP plant.

The origind remaining boilers a Keenfold had adl been HFO fired, but it was
thought that it may bias the study if dl three origind plants were assumed to be HFO
fired.

Reports in 1998 by Kennedy and Donkin regarding the Hungarian Power Market
provided information from 1990 and 1995 which suggested that actud energy
consumption for power and heat production were from a mixture of fuels including
natura gas, HFO, Black Cod and Brown Cod. Therefore it was decided to make
the additiond two plants representative of the actud fue trends at the time of
modification, specific details are given in Sections 1.10 to 1.12.

Greenhouse Gas Reduction

The carbon dioxide reduction of this case study is determined from both the changes
in fuds and efficiency changes associated with the boiler converson. The carbon
content of the foss| fuels used and these factors are directly related to any reduction
of CO, emissonsfrom thedte. Theresultsin Section 2 are cdculated for the whole
gation burning pre and post converson fud mixes together with efficiency change
evauations on the origind fud mix

Sections 1.10.1 to 1.10.4 address the discrepancies between the ‘normalised’ and
gtefudsin deall.

The NO reduction achieved as a result of fitting low NO, combustion equipment
without steam/water injection on the GT is taken to be principaly a reduction in
NO, gnce it is assumed that the N,O proportion is not sgnificant. Hence, any
change in the greenhouse gas N,O is not considered in this case.

Determination of Capital Costs

The participant provided information detailing the overseas and domegtic financing
asociated with the Kelenfold project, asfollows-

Oversess invesment 57 M$;
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1.9

1.10

1101

Domedtic financing 56 M$;
Total project cost 113 M$.

Determination of Fuel, Operating and Maintenance Costs

The participant could not provide any details regarding the actua Site experience for
operation and maintenance or labour savings.

For the purpose of this study, Kennedy and Donkin have assumed annud savings
amilar to one of the other case studies where the gation was converted from HFO
to NG.

The estimated savings are given below as-

Annud maintenance saving 0.14 M $;
Annud labour saving 0.36 M$.

Changesto Non-Greenhouse Gas Emissions

The decison to ingtdl a gas turbine and heeat recovery boiler at Kelenfold was taken
in respect to the Hungarian application for membership of the EU. The EU have
requested that nations applying for membership should demondtrate their dedication
to environmenta improvement by implementing World Bank and EU emissons
legidation.

The ingdlation of modern combined cycle technology to EU emisson sandards can
be seen to reduce domestic emissions of other non greenhouse gases such as
sulphur and nitrogen dioxides. The ingdlation of gas turbine and heat recovery
boilerswill dso reduce emissons of particulates from the Ste.

The participant has supplied data indicating the following reduction in SO, and NOy
emissons from the Ste asaresult of ingalation of the GT/HRSG plant:-

2183 to0 11.3 = 99.5% reduction;
1318 to 1104 = 16.2% reduction.

SOy emissonint per axnum
NOy emissonint per aanum

Site Fuel Data
Naturd Gas
No detailed analysis of natura gas suppliesto the Kelenfold Site has been provided.

The following informetion has been provided regarding the gas cdorific vaue,
dengity and CO, generation per kg of gas-
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Net calorific vaue 34 MJNnN? or 45.95 MJKg;
Gas density 0.74 kg/Nn;
CO; generation 2.67 kgCO./kg NG.

The above CO, generation indicates a carbon content in the NG approximately
73% by weight. This is only margindly different to the 73.5% of the datum UK
fuels given in Appendix 1 and so no correction is proposed for this.

The 1998 Hungarian Power Market Survey gives an average price for NG to
power stations of 1.96 $/GJ (391.8 HUF/GJ).

Thisissgnificantly cheaper than the UK price of 2.5 $¥GJ.

This suggests that fudl costs between the two evauation conditions for Hungary and
the UK may involve a correction factor gpproximately 0.78.

1.10.2 Heavy Fud Oil (HFO)
No information has been provided regarding a detailed andys's of HFO supplies to
the Ste.
The LCV has been provided as 41 MJKkg. The participant suggests that although
previous operation of the plant utilised HFO with a sulphur content of 3% or
grester, the plant would now have to use a 1% low sulphur oil.
The 1998 survey of the Hungarian Power Market gives an average cost of HFO to
power stations at 2.22 $/GJ (443.5 HUF/GJ), but does not distinguish between high
and low sulphur contents.
Thisis aso sgnificantly chegper than UK costs for HFO at-
3.4 $/GIfor 2.5% S HFO;
4.0 $/GJfor 1.0% S HFO.
This suggests that fuel costs between the two evauation conditions for Hungary and
the UK may involve a correction factor of gpproximately 0.65.
1.10.3 Black Cod
As with the previous fuds, no detailed andyss data for the Black Cod supplies are
provided, but a typica LCV for the fuel used at Pecs power gation is given as 18
MJkg.
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Kennedy and Donkin estimate this to represent a cod having approximately 56%
carbon by weight.

No other details regarding coal sulphur, moisture or ash contents have been
provided.

The local cogt of this fuel has been etimated at an average of 1.96 $¥GJ (391.6
HUF/G)).

This black coa would appear to fal outside the typical supply range given for datum
black coa suppliesin Appendix 1.

However, without considerable research into the sources and their andyses, no
comment can be made regarding correction factors.

The typica cost of datum UK black cod is very smilar to the above local cost at 2
$GJ.

Brown Coal
A number of loca Hungarian sources are available for brown cod -

Borsod brown coa has LCV
Tatabanya brown coal has LCV

8 MJkg;
15 MJkg.

For the purpose of the study, the 8 MJkg fuel has been utilised and assumed to
have an as fired carbon content of approximately 25% by weight.

Average brown cod cogs taken from the Hungarian survey give a cost of 1.84
$GJ (368.5 HUF/G)).

This cost is Smilar to other European prices for brown coa and would suggest only
amargina correction factor of between 0.9 and 1.0.

The 8 MJkg LCV suggests that the cod is within the range data given by Appendix
1

Combustion Gases
The dte fuds gven previoudy in Section 110 agree dosdy with

‘normalised/paradigm’ data in Appendix 1, with the exception of black cod, but,
dueto the lack of details, no correction factor can be estimated.
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As mentioned previoudy in Section 1.5, the evauation of this case study has been
based around replacing the old Kdenfold plant and two other smilar size plants
representative of typical Hungarian plant by one new gas turbine based CHP plant.

The two other typica Hungarian plants of 61 MWe each are assumed to represent
the typica fud utilisation associated with the whole of the Hungarian Power System
after the exclusion of the nuclear components.

The nearest datum year to the Keenfold project period is 1990 within 1998
Hungarian Power Market survey. The detals of fuds consumed within the
Hungarian Power Market in 1990 are replicated below in % by heat input.

From 1998 Report Estimated | Corrected to Exclude
Fue Breakdown in 1990 Nuclear

Naturd Gas 10.0 154

HFO 17.0 26.2

Black Coal 12.7 19.5

Brown Codl 25.3 38.9

Nuclear 35.0 0.0

Kdenfold was dmost totaly HFO fired and so the study has assumed 2 x 61 MWe
plants having a fud breskdown given above and 1 x 61 MWe plant soldy HFO
fired. Thisgivesan average fud breskdown for al three origind plants as below:-

NG 10.25%;
HFO 50.77%;
Black Cod 13.00%;
Brown Coadl 25.98%.

The participant has given data to suggest tha the new gas turbine CHP has utilised
7229594 GJ of heat in 1998 of which 99.87% was NG and 0.13% ditillate fud oil
(DFO).

The evaduation method established for this study is based around maintaining
congtant plant output between both the before and after conditions. In this way,
changes in emissions solely result from changes in plant and the fuelsfired.

Pre Madification Post M odification
Natural Gas 10.25 99.87
Didillate 0.0 0.13
HFO 50.77 0.0
Black Coal 13.00 0.0
Brown Coadl 25.98 0.0
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CO, emisson quantities given in Section 2 reflect the above fud ratios in conjunction
with data given in Appendix 1 regarding the quantities of CO, produced from each
fud.

112 Net Plant Efficiency and Output Information
As mentioned in section 1.2, the plant prior to modification included four HFO
boilers and four steam turbines. These units remained in Stu after ingdlation of the

GT and HRSG s0 that the boilers were available as emergency back up.

Detalls of these boilers and steam turbines are given in the tables below:-

Boiler
Serial Number Live Steam Heat output
(MW,
Quantity Pressure | Temperature
(te/h) (bar) (°C)
82 80.0 39.2 400 57.8
9 80.0 39.2 400 57.8
13 65.0 39.2 425 47.9
14 65.0 39.2 425 47.9
Number of Steam Turbines
| &1l 11 \% \
Capacity
- rating, MW, 6.0 15.0 15.0 19.0
- max, MW, 6.6 16.5 16.5 23.8
Maximum
Steamflow, te/lh 86 103 103 200
Extraction
- Seamflow 25 N/A N/A 70 (max)
- pressure, bar 15 3.5 3.5 3.5
Take-off
- seamflow tefh - - - 150 (max)
Back pressure
- seamflow tefh - - - 35 (max)
- pressure, bar 6 0.4 0.4 12
1121 Old Turbine Efficencies

Since extraction steam flows for turbines 111 & IV are not given in the previous table
it isnot possible to caculate/estimate origina design efficiencies for these machines.
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If it is assumed that the maximum output is with naximum seam flow in a fully
condensing mode and no extraction steam then an efficiency of 19.6% can be
esimated. Thisis very low for the desgn condition of a condensing steam turbine
and it islikdly that the design position must include for some extraction at 3.5 bar. A
ample assumption that the extraction flow is 20 % of the main seam flow then the
turbine efficiency isincreased to 23.5 %.

The completed data for turbines Il & VI have enabled estimates to be made for the
range of design efficiencies of these machines, and from which estimates of operating
efficiency could be suggested by Kennedy and Donkin. These edimates are
summarised in the table below:-

Steam Turbine [ Vi
Best Desgn Efficency Edimate 85.7 88.2
Worg Design Effidency Edimate 77.5 86.0
Suggested Best Operating Efficiency 83.0 85.0
Suggested Worst Operating Efficiency 70.0 80.0
1122 Old Boiler Efficiencies
The participant has not provided any data giving confirmation of design or operating
efficencesfor the old HFO bailers.
Kennedy and Donkin suggest that in many Eastern European countries the operating
efficiencies of such boilers can be between 78% and 82%.
1.12.3 New Plant Efficiency and Output
The new gasturbineisrated at 136MWe and its associated HRSG will ddliver up to
165 tefh of steam at 38 bar, 400°C. According to correspondence, only steam
turbine | has been retired as a result of the inddlation of the GT and HRSG. This
givesthe new plant an output capability of 191 MWe.
It is not evident from information whether any of the old boilers have been
decommissioned or whether they remain as emergency standby for the HRSG.
The table below gives some typical operating data for the new plant over the years
1996 to 1998:-
| Year | 1996 | 1997 |1998 |
51141/102rptsm.doc/mr 179
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1124

Electricity supplied GWhy, 771 | 561 803.4
Process steam supplied TJ 2424 | 1621 | 2453.85
Didtrict heating supplied TJ 832 820 N/A
Hest input as fuel TJ N/A | N/A 7229.6

The 1998 daa in the previous table enables the following esimates of plant
efficiency to be made for the site-

Efficiency of power production 40.7%,
Efficiency of seam/heat production 33.9%;
Site heat and power efficiency 74.6%.

Based upon the declared new plant capability of 191MWe, the 803.4 GWhy,
generated in 1998 epresents a load factor of 0.48. Therefore, a ‘normalised
conditions associated with aload factor of 0.65 and no efficiency change, the annua
power and heat export shall become:-

‘Normaised’ power supply 1087.6 GWhy,
‘Normalised steamv/heet supply 33229 TJ

Derived Old Plant Outputs and Efficiencies

Based on 1998 site generation data the 803.4 GWh,, represents an average load of
30.57 MW, at each of the three old plants.

Since the capacity of each old plant is 61 MW,, this represents an average load
factor of 0.501.

The 30.57 MWe load could be satisfied by operation of the following turbine
combinations to give the best and worgt possible turbine efficiencies-

Steam turbines 11 or IV plus VI
Steam turbines 11 plus1V plus| or I

56.4%;
32.1%.

Therefore, an average turbine efficiency for each old plant would be 44.2%.

Utilisng the boiler efficiencies suggested in Section 1.12.2 gives a range for the
power cycle efficiency on the old plant at between 25.0% and 46.2% and suggests
an average of 35.4%.

Basad on normaised conditions the 1087 GWhy, represents an average load of
41.4 MW, at each of the three old plants.

51141/102rptsm.doc/mr 180

casereps/09/rev03




SECTION 1

5

PLANT DESCRIPTION

Since the capacity of each old plant is 61 MW,, this represents an average load
factor of 0.6787

The 414 MWe load could be satisfied by operation of the following turbine
combinations to give the best and worgt possible turbine efficiencies-

Steam turbines 111 plus1V plus VI = 46.2%;
Steam turbines 111 plus1V plus| plusli = 38.2%.
Steam turbines 111 or IV plus| plusll plus VI = 61.1%.

Utiliang the boiler efficiencies suggested in Section 1.12.2 gives a Smilar range for
the power cycle efficiency on the old plant a between 29.8% and 50.1% and
suggests an average of 40.0%.

In order to compare ‘normdised’” and reference evauations of the old and new
plants on an equal footing with other case studies it was assumed that power cycle
efficiencies on the old plant do not change in rdation to the change in load factor
from 0.48 t0 0.65. The value used for the purpose of this case study is 37.5%.

It is dso assumed that the ratio of steam to power for the old plant is Smilar to that
for the new CHP plant.
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2. CALCULATION RESULTS
2.1 Reference Plant Calculationsfor Changeto Gas Turbine Based CHP

The plant for this case sudy represents the congtruction of a new gas turbine and
HRSG at an existing ste. No actud or reference plant data was provided prior to
modification. In this section of the report it is proposed to evauate both schemes at
conditions derived from operation of the new plant and NOT to consider the |oss of
revenue asociated with differences in size, since it is assumed the new plant
replaced three old plants.

The reference conditions for this case study are represented by the following:-
remnant life for cost evauationsistaken as 25 years,

an average annud plant load factor taken as 0.48 on the power output of the
new plant at 191 MWe;

operationa and maintenance savings excluding fud and labour are in accordance
with section 1.9;

interest and discount rates for loan repayment and NPV cdculations are 5% and
10%;

plant efficiency figures are from information given in Section 1.12;
fudl dataasgivenin Sections 1.10 and 1.11.
Based upon the assumptions above and discussed in Section 1, estimates can be

made regarding the fud consumption and CO, emissons for each scheme on an
annua bass for the gation:-

Old New
Annual electricity generated by CCGT/CHP plant GWh,, | 8034 8034
Net Efficiency of power generation % 375 40.7
Annual heat generated by CCGT/CHP plant GWh 681.6 681.6
Net Efficiency of heat & power generation % 69.3 74.6
Total annual heat input reguirement TJ 77125 7106.2
Annual gas consumption kte 17.20 154.45
Annual DFO consumption kte 0.0 0.22
Annual HFO consumption kte 95.5 0.0
Black Coal consumption kte 55.7 0.0
Brown Coal consumption kte 250.5 0.0
Annual fuel cost M$ 15.89 14.00
Annual fuel saving M$ 0.0 189
Annual generation of CO, kte 686.3 4141
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| Annual reduction in CO, emissions [ ke |00 | 2722 |

These figures indicate a 39.7% reduction in CO, emissons reulting from the
ingdlation of the new plant.

The changesin capita expenditure represented by the new plant have been obtained
(see Section 1.8) and summarised below:-

increased capital expenditure = 113 M$.
Thisinformation is used as the basis for the evauations discussed below.
211 Egimated Benefits of New Plant Scheme on Loan Badis

The following financid evauation of the new plant is carried out a reference plant
conditions using capitad based on a mortgage type loan a 5% and 10% annud

51141/102rptsm.doc/mr
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interest rates over the remnant life of the sation:-

Increase in capita expenditure 113 M$
Cost of lost power production (PL) 0 M$
Totd cost of refurbishment (C,+PL) 113 M$
Number of years remnant life (n) 25

Loan annud interest rate (i) 5 10 %
Loan factor {1" x (I-1)/(I"-1)} 0.0709 0.11017

Annud loan repayment (A, 8.02 12.45 M$
Annud fud saving (FS) 4.34 1.90 M$
Annuad O&M saving (M) 0.14 0.14 M$
Annud labour saving (Ls) 0.36 0.36 M$
Net annud saving (FS;-A; +Mg+Ly) -5.62 -10.05 M$
CO, reduction per annum 272.2 kte
GWhy, per annum 803.4 GWhy,
GWh steam per annum 1683.9 GWh
(i) Leveisad saving per GWhy, -6995 -12511 $GWhy,
(i) CO;, reduction per GWhy, 338.8 338.8 te/GWhy,
(iii) CO, prevention saving -20.65 -36.93 $/teCO,
(iv) Levelised saving per steam -3815 -6823 $GWh
(v) CO; reduction per GWh steam 184.8 184.8 te/GWh

183




5

SECTION 2
CALCULATION RESULTS

2.1.2 Edtimated Benefits of New Plant Scheme on Capitd As Equity and NPV Basis

The following financid evaudtion of the new plant is carried out a reference plant
conditions using capita from company equity and discounting of savings/codts a
rates of 5% and 10 % per annum over the remnant life of the station:-

Cost of refurbishment (C)) 113 M$
Cogt of lost power production 0 M$
Totd cost of refurbishment 113 M$
Number of years remnant life (n) 25

CO; reduction per annum 377.8 kte
GWh, per annum 803.4 GWhy,
GWh, over reference plant life 20085 GWhy,
Annud heet in geam 1683.9 GWh
Through life heat in steam 36828 GWh
Annud fud saving (FS) 1.90 M$
Annua O&M saving 0.14 M$
Annud labour saving 0.36 M$
Totd annud saving 2.40 M$
Annua discount rate 5 10 %
Discount factor {(1-R")/(1- R)} 14.7986 | 9.9847

Disc'd saving over remnant life (DS)) 35.48 23.94 M$
NPV saving (DFS - C) -77.52 -89.06 M$
(i) NPV levelised saving -3860 -4434 $GWhy,
(ii) CO;, reduction per GWhy, 338.8 338.8 te/GWhy,
(iii) CO, prevention savings -11.39 -13.09 $/teCO,
(iv) NPV levelisad saving on steam -2105 -2418 $GWh
(v) CO; reduction per GWh steam 184.8 184.8 te/GWh

2.2 Normalised Plant Calculationsfor Changeto Gas Turbine Based CHP

In this section of the report the new plant is evaluated at 'normalised’ conditions as
detailed below:-

an average annud plant load factor taken as 0.65 on the power output of the
new plant at 191 MWe.

Note that, apart from an increase in load factor al other assumptions given in Section
2.1 remain unchanged.
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Based on the assumption above and those given in Section 2.1, revised estimates can
be made regarding the fuel consumption and CO, emissions for each scheme on an
annud bassfor the gation:-

51141/102rptsm.doc/mr 185
casereps/09/rev03



5

SECTION 2
CALCULATION RESULTS

Old New
Annual electricity generated by CCGT/CHP plant GWhy, | 1087.6 1087.6
Net Efficiency of power generation % 375 40.7
Annual heat generated by CCGT/CHP plant GWhy, | 9230 923.0
Net Efficiency of heat & power generation % 69.33 74.6
Total annual heat input reguirement TJ 10440 9620
Annual gas consumption kte 231 2075
Annual DFO consumption kte 0.0 0.29
Annual HFO consumption kte 130.9 0.0
Annual Black Coal consumption kte 53.22 0.0
Annual Brown Coal consumption kte 294.83 0.0
Annual fuel cost M$ 28.80 24.06
Annual fuel saving M$ 0.0 4.73
Annual generation of CO, kte 897.3 560.0
Annual reduction in CO, emissions kte 0.0 3374

These figures indicate a 37.6% reduction in CO, emissons resulting from the ingdlation
of the new plant.

221 Estimated Benefits of New Plant Scheme on Loan Basis.

The following financid evaduation of the new plant scheme is carried out at ‘ normdised
plant conditions using capita based on a mortgage type loan a 5% and 10 % interest
rates over the remnant life of the Sation:-
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Increase in capital expenditure
Cost of lost power production (PL)
Totd cost of refurbishment (C+PL)
Number of years remnant life (n)
Loan annud interest rete (i)

Loan factor {1" x (I-1)/(1" - 1)}
Annud loan repayment (A
Annud fud sving (FS)

Annua O&M saving (M)

Annud Labour saving (LS.

Net annud saving (FS-Ayp+MstLs)

CO; reduction per annum
GWh,, per annum
GWh steam per annum

(i) Levelised saving per GWhy,

(i) CO;, reduction per GWhy,

(iii) CO, prevention saving

(iv) Levdised saving on steam

(v) CO; reduction per GWh steam

5
0.07095
8.02
4.73
0.14
0.36
-2.78

-2560
310.2
-8.25
-1395.5
169.2

113
0
113
25
10
0.11017
12.45
4.73
0.14
0.36
-7.21

337.4
1087
2280

-6634
310.2
-21.39
-3617.6
169.2

M$
M$
M$

%

M$
M$
M$
M$
M$

kte
GWh,,
GWh

$GWhy,
te/GWhy,
$/teCO;
$GWh
te/GWh
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2.2.2 Edtimated Benefits of New Plant Scheme on Capitd From Equity and NPV Badis

The following financid evauation of new plant schemeis carried out a normalised plant
conditions using capital from company equity and discounting of savings/costs at rates of
5% and 10% per annum over the remnant life of the Sation:-

Cost of refurbishment (C)) 113 M$
Cost of lost power production 0 M$
Totd cost of refurbishment 113 M$
Number of years remnant life () 25

CO; reduction per annum 475.4 Kte
GWh, per annum 1087 GWhy,
GWh, over reference plant life 27189 GWhy,
Annua hest in seam 2280 GWh
Through life heat in seam 57000 GWh
Annud fud saving (FS) 4.73 M$
Annud O&M saving 0.14 M$
Annua |abour saving 0.36 M$
Totd annud saving 5.23 M$
Annua discount rate 5 10 %
Discount factor {(1-R")/(1- R)} 14.7986 | 9.9847

Disc'd saving over remnant life (DS)) 77.47 52.27 M$
NPV saving (DFS - C) -35.53 -60.73 M$
(i) NPV leveised saving -1306.9 | -2233.7 $GWhy,
(i) CO; reduction per GWhy, 310.2 310.2 te/lGWhy,
(iii) CO, prevention savings -4.21 -7.20 $teCO;
(iv) NPV levelised saving on steam -712.7 -1218.2 $GWh
(v) CO; reduction per GWh steam 169.2 169.2 te/GWh
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3. DISCUSSIONS AND CONCLUSIONS

The following tabulation summarises the data behind the judgements given in this section

for the new plant scheme-

Reference conditions:
Interest and Discount Rates 5% 10%
Evaduation Bass LR E-NPV LR E-NPV
Merit Figures
0] $GWhy, -6995 -3860 -12511 -4434
(i) te/GWhy, 338.8 338.8 338.8 338.8
(iii) $/teCO, -20.65 -11.39 -36.93 -13.09
(iv), $Gwh -3815 -2105 -6823 -2418
) te/GWh 184.8 184.8 184.8 184.8

Normalised condition:
Interest and Discount Rates 5% 10%
Evduaion Bass LR E-NPV LR E-NPV
Merit Figures
0] $GWhy, -2560 -1306.9 -6634 | -2233.7
(ii) te/lGWhy, 310.2 310.2 310.2 310.2
(i) $/teCO, -8.25 -4.21 -21.39 -7.20
(iv)  $GWh -1395.5 -712.7| -3617.6| -1218.2
V) te/GWh 169.2 169.2 169.2 169.2

The combined cycle nature of this case sudy means that merit figures (iv) and (v) inthe
above tables are dightly mideading when compared with other case sudies with
conventiond steam cycles and so the following review is based around merit figures (i)
to (iii) only.

An externd influencing factor that has not been consdered within these comparisons is
the possible requirement for replacement of the HFO boailer(s) or ingdlation of FGD
equipment associated with the continued supply of process steam from the existing
HFO boilers.

The tables above for both evauation conditions show that a sgnificant CO, emisson
saving (310 to 340 te/ GWhy,) can be achieved.

51141/102rptsm.doc/mr
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However, the large CO, reduction above is a a high investment cost and the low cost
benefits of the fud change gives a margind saving of between —12511 and -1310
$CWhy,.

The CO, prevention cost ( negative saving ) for this sudy is aso Sgnificant at between
—37 and -4.2 $/te CO, and is not as favourable as might have been anticipated for a
project of this type. This is probably as a result of the low cost of fuels for the
reference plant conditions.

As with other case studies the NPV evduation technique gives more favourable vaues
than the loan technique by afactor of gpproximately 50% of loan vaues.
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KELENFOLD PLANT DIAGRAM

Steam range diagram for Kelenfold.
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PLANT DESCRIPTION
General

The Niederaussam efficiency improvement project/programme  currently  being
implemented by RWE ENERGIE involves the modification of al the 150, 300 and 600
MWe steam turbine units a the above gation firing local brown cod. This IEA case
sudy concentrates upon the converson of one such 600 MWe unit a the dation
included as part of the overd| efficiency improvement project.

Niederaussem currently represents an eectrica capability of 2700 MWe on the
Rhindand section of the German grid and is owned and operated by RWE ENERGIE
who currently have a capability to supply 26.6 GWe of German power demands.

This case dudy is typicd of a number of amilar efficency improvement projects
currently being carried out in Germany by various owners and operators. The projects
are being partly funded by centrd German Government and State Government bodies
and the dtation operators. The overall project aims to reduce CO, emissons from dl
German power gtations by 25% based upon 1987 levels before the year 2005.

Plant Prior to M odification

The origina power gtation at Niederaussem comprised of 2 x 150 MWe units built and
commissioned between May 1961 and August 1963. The 4 x 300 MWe units were
congtructed and commissioned between March 1963 and Februay 1971 and
incorporated Benson once through boiler technology. The third phase of the station
development included 2 x 600 MWe units having an improved Benson once through
steam cycle with reheat design and these were constructed and commissioned between
August 1970 and October 1974. These 600 MWe units form the basis of information
used within this case study evauation of the reductions in CO, emissions obtained from
effidency improvements on 600 M\We steam turbines. The design parameters for these
units are set out in the following table:

Desgn Voltage | Nomina Steam Pressure Nomind Steam
Temperature
780 MVA | 21 kV 173 bar 530°C
162.8 bar (turbine entry) 525 °C (turbine entry)

The gseam paameters have not been changed on account of the efficiency
improvements but the output capability of the units after converson has increased to
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640 MWe gross (589 MWey, net). The steam turbine condensers are river water
cooled using cooling towers and with an inlet CW temperature range of 8°C to 15°C.
The boilers were supplied by Steinmuller and the steam turbines and generators by
SemensKWU.

A photograph and a diagram of the power dation are included at the end of this
gppendix to illustrate the visud impact of the sation and the steam plant arrangement
for the 600MWe units.

Brief History and Decision Process

During the early 1990's a series of worldwide conferences were held to discuss the
effects that man and indugtrid pollution is having on globd climates. In response to this
the German government, in agreement with ther state authorities published an internd
resolution to reduce their CO, emissons. The resolution decreed that Germany would
reduce its CO, emissions by 25% from datum reference levels in 1987 before the year
2005. Deveopment of reduction techniques should therefore include the indudtria
sector in generd aswdll as the sectors of transport, travel or households.

In the power industry, as a magor source of CO, emissons, manufecturers and
operators such as RWE ENERGIE were requested to identify what efficiency
improvement techniques were available and which power station units were suitable for
modifications.

Brown cod fired power stations became a particular focus of atention because of their
high environmenta profile associated with other pollutants as well as CO,. RWE
ENERGIE and the authoritiesin the state of Northrhine-Westphdia together announced
a CO2 reduction program for the loca brown cod worth 20 billion DM for efficiency
improvement and research.

Whilst the efficiency improvements were directed towards dl unit Szes the 2x600MWe
units a Niederaussem were of particular interest because of ther large sze and fud
type. Inspections of both units were carried out during annua maintenance outages in
the summers of 1995 & 1996 with a view to assessing the detailed engineering
requirements associated with modification proposas for both units.

M odification Details

All of the upgrading work was carried out by Semens Power Generation Group
(KWU). It included functiond and mechanical design, design by andlys's, fabrication
and supply of dl requidte parts and components as wel as performance of dl
disassembly and reassembly work and commissioning.  Increased efficiency was
essentidly achieved through the use of dationary and moving blades with new airfail
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geometry, increasing the steam exhaust flow cross section and by optimizing the blade
sedls and shaft glands as well as the admission and exhaust sections.

The main purpose of these upgrades was to improve efficiency and hest rate in order to
reduce CO, emissons and increase turbine output respectively. A new HP turbine was
ordered in addition to new LP turbines.

The socket weld joints on the HP inlets of the HP turbine, a barrd-type turbine, were
retained as well as the actud inlet ebows. A new turbine having T4 profile blades and
twigted blades in the fina stages was ingtalled.

The number of sed rings in the barrdl casng was reduced from eight to three. FHow
contours in the admission and exhaust sections were optimized, as were the blade and
shaft sedls. In contrast to the old design, the piston balancing steam is not returned
through an externd pison badancing line but through internd baancing holes in the
gationary blade carrier.

The inner casings of the new LP turbines are of modular cast iron design with
suspended stationary blade carriers to locate the drum section stationary blading. The
subsequent stationary blade rows are located in bolted-on stationary blade carriers of a
welded sted design. The last gationary blade rows are hollow with curved blades
which optimize mass flow digtribution over the entire length of the blade. The outlet
cross sections have been increased from 6.3n7 to 8n¥ per flow. As aresult, it was
aso necessary to adapt the exhaust steam cross sections downstream of the outlet
diffusers to match the new, larger internds. This was achieved by raisng and enlarging
the LP hoods.

The LP rotors are monobloc assemblies, having milled inverted troot blades in the
drum section and integrd shrouding and three free sanding moving blade rows per flow
with caulked sedl gtrips.

The new components for these turbines were dso dimensioned to alow the existing

bearings and, in the case of the LP turbines, the origind shaft sedls, to be retained. The
LP bearings, however, were relined and dtered from plain deeve bearings to journa

bearings to accommodate increased bearing loadings resulting from the heavier rotors.

The initid ingpection of the unit was carried out from July to September 1996. The LP
hoods had dready been enlarged during an earlier ingpection outage in preparation for
upgrading work. Replacement of the HP turbine and the internds of both LP turbines
were then to be performed during the next ingpection outage.

A ddivery time of at least 24 months was alowed for manufactured components. The
turbine components were dl fabricated a Semens Mulheim turbine manufacturing

192



15

SECTION 1
PLANT DESCRIPTION

15

16

1.7

plant and were completed in time for ingtdlation. A period of 56 caendar days was set
adde for the upgrading work which was carried out during normal ingpection outages.

During commissioning the turbines satisfied al operating requirements during thelr
respective periods of tria operation. The customer provisondly accepted the systems
on completion of trial operation subject to a two year warranty period. Heet rate
measurements of the 600MW units peformed by RWE ENERGIE verified the
guaranteed values. Measurements performed under guarantee sx months after the
turbine had resumed power operation showed that it was exceeding the guaranteed
value (of power output) by around 0.8 percent.

Greenhouse Gas Reduction

The carbon dioxide reduction is predominantly determined by the change in plant
efficiency and operating regime. The results are given for one 600 Mwe unit burning
brown coa and compared with operation on brown coa before modifications. The
amounts of CO, generated by the combustion of dl ‘normdised/paradigm’ study fuesis
addressed in Appendix 1. No indigenous UK supplies of brown cod are available and
only minima discrepancies exist between the normalised fuels (see Appendix 1) and site
fuels (see sections 1.9.1 & 1.9.2.) and so no corrections are proposed.

The NOy reduction achieved as a result of fitting low NO, dud fud burnersistaken to
be principdly a reduction in NO, since it is assumed that the NoO proportion is not
ggnificant. Ingalation of low NOy burners had aready been carried out on this boiler
and was not part of the capitad expenditure associated with the efficiency improvements
of this study. Experiments to measure N,O concentrations in flue gases on other plant
have proved unsuccessful and hence any change in the greenhouse gas NO is not
considered in this case. It should be noted that low NOy burners would have been
fitted on the unit in order to comply with the tighter emisson consents being gpplied by
the German Environment Agency.

Determination of capital costs

The capital costs have been based upon quotations received by RWE ENERGIE from
contractors.

The contract was awarded to Semens KWU in 1996 for the sum of 45.4 million DM.
There were no gppreciadble delays or sgnificant difficulties experienced in fitting
refurbishment work into the annual 56 day outage period of the unit. This meant that no

additiona loss of revenue was incurred as aresult of modifications.

Deter mination of Fuel, Operating and M aintenance Costs
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No labour savings are associated with the modifications.

The current plant utilisation is such that on the 600MWe unit output of 640 MW is now
frequently achieved and the average availability and rdiability of al units was enhanced
after the conversion.

The data on estimated and actud operating fud consumptions, net output, utilisation and
the operating and maintenance costs are itemised under Section 2.

Changesto Non-Greenhouse Gas Emissions

The decison to fit low NOy burners for the combustion of the brown cod had been
taken prior to the converson. Environmenta pressure from the EC had imposed a pre-
requisite that the SO, emissions were to be reduced by 70% and the NO, emissions by
40% [based on 1980 levels].

The environmentd requirements were dipulated by the EC large combustion plant
directives such that low NOy burners were required to achieve 650 mg/Nm? with
reference to 6% O, in dry flue gas. The respective particulate levels are less than 50
mg/NnT at the same reference condition.

Site Fudl data

Brown Coal

Information on the brown cod supplies from the loca ming(s) was provided by RWE
ENERGIE and is summarised in the table below:-

Elementson % Typical Range Basis
W1t basis

C 68.0 65to 70 Dry ash free
H 5.0 49t05.1 Dry ash free
O 25.2 25.1t025.3 Dry ash free
N 0.8 0.79t00.81 Dry ash free
S 10 N/A Dry ash free
Ash 6.0 2t0 12 Asreceved
Moisture 53.3 51 to 58 Asreceived
GCV (MJKg) N/A N/A N/A

NCV (MJkg) 9.2 7.91t010.5 As received

Information from Rheinisch — Westfalisches Ingtitut (RWI) paper number 47 dated June
1997 gives data on typical fue prices between 1995 and 2000 for the German
indugtrial market. This has been utilised to estimate the price of brown coa below:
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Typicd mine price 21 to 26 DM/te
(based upon brown cod having a standard NCV 8.8 MJkg and dependent on annual
infletion rate considered )

The price pad by any indudtrid purchaser will include cods for initial separation and
drying carried out a the mine together with transportation to the site. In order to be
able to compare costs for different fuel types the RWI paper referenced above puts dl
fuel codts on to a standard basis caled the SKE or hard (black) cod equivaent cost
based upon a coa with an NCV 29.3 MJkg.

A typicd pricetouser:  74t0 92 DM/te
(SKE, normalized to hard cod standard conditions)

Basad upon atypicd price of 87.5 DM/te for mid 1998 and correcting for the minimal
NCV difference between the actua brown coa used in this study and the standard
RWI/SKE brown cod, gives a site cost of 3.12 DM/GJ (1.94 $GJ) for the fuel as
detailed in the above sections of the report. Thisis only margindly different to the figure
of 1.98 $/GJ assumed in Appendix 1 as being atypica UK import price for brown coa
and so no correction is proposed.

Combustion Gases

The brown cod fuds previoudy identified in 3.9 give CO, emisson figures of between
0.997 and 1.016 kg of CO, per kg of fud dependent on alowances for carbon in ash.
Therefore no correction is proposed from the 1.0 kg CO, figure associated with the
Appendix 1 normalised brown cod andyss.

Net Plant Efficiency and Output I nformation

Indication of the efficiency of plant a Niederaussem prior to conversion is obtained
from operator RWE ENERGIE and gives an average of 36.33% before with an
average load factor of 91.00%.

The refurbishment work carried out between 1996 and 1997 could be expected to
improve the efficiency figures for brown coal firing by between 0.8 and 1.0% on cycle
efficiency to between 37.1% and 37.3%. These figures agree closdy with the data
provided by the operator on boiler and turbine efficiency (see below) and origind
performance test data. It appears reasonable to assume that post converson cycle
efficiencies are 37.2% on brown codl.

Unit output and test efficiencies are summarised below:
Net generated output before modification 564 MWe
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Net generated output after modification 589 MWe
Brown cod boiler efficiency 88%
Steam turbine efficiency before modification 41.3%
Steam turbine efficiency after modification 42.3%

Site utilisation data provided gives an average figure of in excess of 95% for the period
following modification and represents the amount of time that the plant is dipatched by
the German grid company to produce eectricity. The associated load factors given
represent the actua power generated per annum divided by the hoursin ayear and the
declared output capability of the unit.

The site have advised that unit loading subsequent to the efficiency modifications would
result in an average yearly unit loading estimated a 4712 GWh,,. Based upon the
modified unit output capability this represents a 91.3% load factor. However, if this
output is related to the origina output capability of the unit it represents a 95.4% load
factor.
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Basad upon the assumptions discussed in section 1, estimations can be made regarding
pre and post modification fuel consumptions and CO, emissons on an annua bags for

the unit as shown below:

Fuel Premodification | Post modification
Annua net power export GWhy, 4712 4712
Net cycle efficiency on NCV % 36.33 37.2
Annua hest in seam GWh 10173 9935
Annud net hegt input requirement GWh 41618 40645
Annud fuel consumption kte 4524 4418
Annud fud cost M$ 83.24 81.29
Annud fud saving M$ 0 1.95
Annua generation of CO, kte 4501 4396
Annua reduction in CO, kte 0 105.3

These figures indicate 2.3% reduction of CO, emissons resulting from the plant
refurbishments carried out.

The above table of information represents a 91.3% load factor on the post modified
unit. As discussed previoudy in section 1.11, this represents a very high figure for the
unit prior to modifications but for al case study evauations the important consderation
isto maintain fixed outputs for both the pre and post modification conditions.

The capitd expenditure associated with the refurbishment of the unit has been obtained
and summarised in the table below:

Estimated cost of refurbishment 28.2M$

Financia evauations contained in the following sections 2.1.1 to 2.1.4 are dl based on
the reference plant conditions above and the assumptions listed below:-

. refurbisment work was largdy carried out as pat of annud maintenance
programs and no mgor additional loss of revenue is appropriate.

. operational and maintenance cods excluding fud are undtered except for
reductionsin FGD raw materids estimated a 0.028M $.

. remnant life for cost evauations istaken as 15 years

. annua discount rates assumed for through life NPV cdculations are 5% and
10%.
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. loan repayments based on annual interest rates at 5% and 10%.

The fdlowing financd evduations incdlude refurbishment using loan capitd without
discounting (see 2.1.1) and refurbishment using equity as capital and discounting through
lifetogive NPV (see2.1.2).

211 Estimated benefits of refurbishment on loan basis.
The following financid evduation of the station refurbishment is carried out at reference

plant conditions using capital based on a mortgage type loan at 5 and 10 % interest rates
over the remnant life of the station.

Cost of refurbishment (C)) 28.2 M$
Number of years remnant life (n) 15

Loan annud interest rate (i) 5 10 %
Loan factor {1" x (I-2)/(1"- 1)} 0.0963 0.1315

Annud loan repayment (A, 2.72 3.71 M$
Annud fud saving (FS) 2.17 2.17 M$
Annuad FGD saving 0.028 0.028 M$
Net annud saving (FS-A)) -0.52 -151 M$
CO; reduction per annum 1184 kte
GWhy, per annum 4712 GWh,
GWh steam per annum 11414 GWh
(i) Levelised saving/cost per GWhy, -110.6 -320.9 $GWhy,
(i) CO; reduction per GWhy, 25.12 25.12 te/GWhy,
(iii) CO, prevention saving -4.40 -12.77 $/teCO;
(iv) Levelised saving per steam -46.76 -135.64 $GWh
(v) CO; reduction per GWh 10.62 10.62 te/GWh
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Estimated Benefits of Refurbishment on Capita from equity and NPV basis.

The following financid evauation of the dation refurbishment is carried out at reference
plant conditions using capital from company equity and discounting of savings/codts at
rates of 5 and 10 % per annum over the remnant life of the Sation.

Cost of refurbishment (C)) 28.2 M$
Number of years remnant life (n) 15

CO; reduction per annum 118.4 Kte
GWhy, per annum 4712 GWhy,
GWh, over reference plant life 70680 GWhy,
Annua hest in seam 11414 GWh
Through life heet in Seam 171204 GWh
Annud fud saving (FS) 2.17 M$
Annud FGD saving 0.028 M$
Annud discount rete (r) 5 10 %
Discount factor {(1-R")/(1- R)} 10.8986 8.3667

Disc'd saving over remnant life (DS)) 23.93 18.37 M$
NPV saving (DFS - C) -4.27 -9.83 M$
(i) NPV leveised saving -60.43 -139.08 $GWhy,
(i) CO, reduction per GWhy, 25.12 25.12 te/lGWhy,
(iii) CO, prevention savings -2.41 -5.54 $/teCO,
(iv) NPV levelised saving on steam -25.54 -58.79 $GWh
(v) CO; reduction per GWh 10.62 10.62 te/GWh

2.2

Normalised Plant Calculations.

The ‘normaised’ or ‘paradigm’ project conditions on which this case sudy is to be
evaluated are summarised below:-

. refurbishment work was largely carried out as pat of annud maintenance
programs and no major additiond loss of revenue is appropriate.

. operationa and maintenance costs excluding fud and labour are unatered apart
from reductionsin FGD raw materids estimated at 0.028 M$

. annua discount rates assumed for through life NPV cdculations are 5% and
10%.

. loan repayments based on annua interest rates at 5% and 10%.

. 15 year life expectancy
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. 85% plant loading utilisation factor corresponding to 4200 GWhy, based

upon the pre-converted unit.

The above criteria enables the following generic table, smilar to that origindly provided
in section 2.1, to be reproduced giving the annud power, fud and CO, quantities based

upon ‘normaised’ plant conditions:

Preconversion | Post conversion

Fuel

Annua net power export GWh,, 4200 4200
Net cycle efficiency % 36.33 37.2
Annua hest in seam GWh 10173 9935
Annua net hegt input requirement TJ 41618 40645
Annud fud consumption Kte 4524 4418
Annud fud cost M$ 82.61 80.68
Annud fud saving M$ 0 1.93
Annua generation of CO, Kte 4591 4484
Annud reductionin CO, Kte 0 107.4

This gives amilar reductions of CO, emissons on a percentage basis as those given in

2.1li.e 2.3%.
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Edtimated benefits of refurbishment on loan bass.

The following financid evdudion of the dation refurbishment is caried out a
‘normdised’ plant conditions using capita based on a mortgage type loan a 5 and 10 %

interest rates over the remnant life of the sation.

Cog of refurbishment (C))
Number of years remnant life (n)
Loan annud interest rate (i)
Loan factor {1" x (I-1)/(1" - 1)}
Annud loan repayment (A",
Annud fud saving (FS")
Annud FGD saving

Net annud saving (FS', -A")

CO; reduction per annum
GWhy, per annum
GWh steam per annum

Merit fig (i) leveised saving

Merit fig (ii) CO, reduction

Merit fig (iii) CO, prevention saving
Merit fig (iv) levelised saving on steam
Merit fig (v) CO, reduction on steam

0.0963
2.72
1.93

0.028
-0.76

-180.2
25.57
-7.05

-76.17
10.81

28.2
15
10

0.1315
3.71
1.93

0.028
-1.75

107.4
4200
10173

-416.1
25.57
-16.27
-175.88
10.81

M$
%

M$
M$
M$
M$

kte
GWh,
GWh

$GWh,
te/GWhy,
$/teCO;
$GWh
te/GWh
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Edtimated Benefits of Refurbishment on Capita from equity and NPV basis.

The following financid evadudion of the daion refurbishment is caried out a
‘normalised’ plant conditions usng capitd from company equity and discounting of
savings/cogs at rates of 5 and 10 % per annum over the remnant life of the Sation.

Codst of refurbishment (C,)
Number of years remnant life (n)
CO; reduction per annum
GWhy, per annum

GWh, over reference plant life
GWh steam per annum

GWh gteam over ref. Plant life

Annud fud saving (FS")

Annud Discount rate (1)

Discount factor {(1-R") /(1- R)}
Disc'd saving over remnant life (DS'))
NPV saving (DS'; - C))

Merit fig (i) NPV levelised saving

Merit fig (ii) CO, reduction

Merit fig (iii) CO, prevention saving

Meit fig (v) NPV levdised saving on steam
Merit fig (vi) CO, reduction on steam

5
10.8986
21.36
-6.84

-108.5
25.57
-4.25

-45.88
10.81

28.2
15
107.4
4200
63000
10173
152595

1.93
10
8.3667
16.40
-11.80

-187.3
25.57
-7.33

-79.18
10.81

M$

kte
GWhy,
GWhy,
GWh
GWh

M$
%

M$
M$

$GWh,
te/GWhy,
$/teCO;
$GWh
te/GWh
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DISCUSSIONS AND CONCLUSIONS

Basad upon the normaised vaues caculated in sections 2.2 & 2.3, it is apparent that
ggnificant savings can be made from plant refurbishment. The results have been
incorporated into the following summary tables for both the 5% and 10% loan interest
and discount cases at both Reference and Normalised plant conditions.

Summary Table at Reference Conditions (4712 GWh, per annum)

Interest/Discount rate 5% 10%
L oan repayment/equity LR E-NPV LR E-NPV
Merit Figure units
0] $GWh,, | -110.6 -60.43 -320.9 -139.08
(i) te/ GWhy, 25.12 25.12 25.12 25.12
(iii) $/te CO, -4.40 -241 -12.77 -5.54
Summary Table a Normalised Conditions (4200 GWh, p.a.)
I nterest/Discount rate 5% 10%
L oan repayment/equity LR E-NPV LR E-NPV
Merit Figure units
0] $GWh,, | -180.2 -108.5 -416.1 -187.3
(i) te/lGWhy, 25.57 25.57 25.57 25.57
(iii) $ite CO, -7.05 -4.25 -16.27 -7.33

An obvious comparison between the two financid evauation techniques shows the
equity & NPV evaduations of merit figuresi and iii to be gpproximately 50 % of the loan
evalugions of the same merit figures.

Merit figure (i) vaues show medium financid cods per GWhy, from refurbishment.
Indications are that the benefits obtained from refurbishment with regard to CO,
emissons reduction are achieved at amedium cost to the operator.

Merit figure (ii) vaues give the reduction in CO, per GWh of dectricity and shows
sgnificant improvements from refurbishment.  These benefits are virtudly unaffected by
the changes in dectricity production since they are directly related to Sation efficiency.
The minima variation between 25.12 te/GWhy, and 25.57 te/ GWh, is representative of
smal changes between normalised and reference fud data

Merit figure (iii) vaues show an increase of 1:1.5 in the cost per te CO, saved when
going from the, ‘reference’ to ‘normdised’ plant conditions.
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Therefore drictly from a CO, point of view it would gppear that refurbishment and
efficency improvements are beneficid in reducing CO, emissons but the reatively
chegp cost of fud in this case sudy meansthat thisis obtained at a smdl financid cost to
the operator.

Increases in loan interest rates from 5 to 10% significantly reduce the financid viability of
the modifications by afactor between 2.3 and 3.

Increasesin discount rates on NPV evauations aso decrease the financid viability of the
modifications by afactor between 1.7 and 2.3.
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DIAGRAMSAND PHOTOGRAPH OF NIEDERAUSSEM POWER STATION

South German 380 kV national grid system in the Rheinland Pfalz ar ea.
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Nieder aussem Power Station.
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Steam cyclediagram for the 600 MWe Brown coal units at Nieder aussem.
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APPENDIX 11

NORMALISED FUEL ANALYSISAND COST DATA

Natural Gas

UK natural gas is conveyed along a nation wide distribution system owned and controlled by
Transco Ltd. A range of potential gas analysis from Transco is given below on a % volume

bass;

Component Range Minimum Range Maximum
Carbon Dioxide 0 2.0
Nitrogen 0 5.0
Oxygen 0 1.3
Hydrogen 0 2.0
Methane 87 97.0
Ethane 1 6.0
Propane 0.2 2.0
Butane 0 10
Pentane 0 0.15
Hexane 0 0.075
Heptane 0 0.05
Octane 0 0.01
Nonane 0 0.001
Benzene 0 0.03
Toluene 0 0.01
Hydrogen Sulphide 0 33
(Ppmv)

GCV (MJkg) 49.7 52.7

(MJINRT) 385 40.3
NCV (MJkg) 44.9 47.6

(MJINn?) 34.7 36.4

Kennedy & Donkin’s knowledge of the UK national distribution and costing market for
typical industrial users of natura gas indicates that the following prices should be utilised for
this project dependent on the type of supply required:-

UK mainland 15 to 18p/therm  © 2.35102.85 $/GJon NCV.
For the purpose of the project a cost of 16p/therm © 2.5 $/GJ on NCV is representative of a
typical UK industria tariff for an interruptible supply for up to 40 days per annum and has
been used for ‘normalised/paradigm’ calculations.
‘Normalised/paradigm’ calculations have also assumed an average datum UK natural gas

having a GCV of 51.3 MJKkg (39.5 MJNnT), NCV of 46.3 MJkg and containing 73% carbon
by weight.
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Heavy Fue Oil (HFO)

UK supplies of heavy fud oil are typical to those generally available on the international
market. The main criterion for purchase of typical UK supplies of HFO is the sulphur content
which can be either 3% or 1% by weight. Analysis data for typical supplies to UK power
stations is given below:

Component Range minimum Range maximum
Carbon 835 86.5

Hydrogen 10.0 13.0

Sulphur 0.5 5.0

Vanadium 0.002 0.06

Ash 0.03 0.1

GCV (MJkg) 41.0 44.0

NCV (MJkg) 38.5 415

Financial Times data for various types of heating and fuel oils in June 1998 indicated the
following costs for HFO:

For 2.5% SHFO
For 1.0% SHFO

£85/tonne
£100/tonne

3.4%$/GJonNCV;
40%GJon NCV.

The price for 2.5% to 3% S HFO is taken unless otherwise stated, and 'normalised/paradigm’
calculations are based upon a fuel within the above specification ranges having a carbon
content of 84% by weight, sulphur content of 2.55% by weight and a GCV and NCV of 43.0
MJkg and 40.5 MJkg respectively.

Black Coal

A typical bituminous black coal specification for international supply can be found below:-

Typical Min Max

GCV 27 25 29 MJkg as received

NCV 255 235 275 MJKkg as received

Ash 10 8 15 % by weight as received

Moisture 10 8 12 % by weight as received

C 68 60 80 % by weight as received

H 5.0 34 8.0 % by weight as received

S 1.0 0.5 15 % by weight dry ash free

The openness of the UK coal supply market suggests that UK coa supplies are closely related
to general world/international supplies.

Recent DTI publications show atypical UK cost for coal of £33.8/tein 1997.
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Price trend data in the same document suggests that coal costs in 1993 were £42.4/te i.e.
reducing at £2.15/te per annum.

This gives the following summary of cost data-

DTI estimated to 1998 Y £32/te ° 2.1$/GJon NCV
CRE max (see Appendix E) ° 2.0%/GJon NCV
CRE min (see Appendix E) ° 1.5$/GJon NCV

Therefore 2.0 $/GJ on NCV (£30/te) is proposed for al ‘normalised/paradigm’ case study
calculations based upon the above coal analysis data.

Brown Coal

These fuels are not indigenous to the UK but the information below reflects information
available on typical European sources of lignite and brown coal.

Elements on % Wt basis Typical Range Basis
C 68.0 60 to 76 Dry ash free
H 5.0 25t075 Dry ash free
O 25.2 180 30 Dry ash free
N 0.8 05t025 Dry ash free
S 1.0 0.5t06 Dry ash free
Ash 6.0 2t015 Asreceived
Moisture 53.3 50 to 60 Asreceived
GCV (MJkg) 11.0 9to 15 Asreceived
NCV (MJkg) 9.2 71012 Asreceived

In order that brown coal supplies are commercially competitive in the UK, a theoretica price
is assumed which is closaly linked to the international market prices and is estimated to be
dightly chesaper than black coal at 1.98$%/GJ based on an NCV of 9.0MJkg.

Straw from cereal crops

ADAS laboratories of Cambridge have carried out considerable analysis work regarding UK
supplies of hesston bales of straw made from the following types of cereals:

Wheat
Barley

Rye
Oats

The following cereal straw fuel range data has been utilsed for a recent straw fired power
plant for the UK and shall be utilised for the purpose of these studies.
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%Weight-dry basis Design Range
(as blended and fired) (within each bale)

Carbon 43.8 33-475
Hydrogen 6.0 5.4-6.5
Oxygen 41.55 40-51
Nitrogen 0.7 0.3-2.25
Sulphur 0.45 0.2-0.86
Chloride 0.6 0.1-1.1
Ash 6.9 3.2-10.6
GrossCV (MJkg) 18.2 17.2-19.2
As fired moisture 16.0 7.1-22.6
Asfired NCV (MJkKg) 14.0 12.3-15.9

Associated with the same project, investigations into the costs of UK straw at the power
station gates have indicated the following results for hesston bales:

Max. present cost
Min. present cost
Mean present cost

£30/te
£11/te
£17/te

315 $GJonNCV
149 $/GJonNCV
203 $GJonNCV

Indications are that individual straw prices can vary significantly dependant on weather
conditions prior to harvesting but the above is a good guide and inflation of prices tends to be

2-3% per annum.

Bark and Wood Chips

Various publications and Scandinavian manufacturers information has resulted in the
following typical analysis and range data being utilised for the supplies of wood and wood
bark from saw mills utilising temperate forestry timber.

Elementson % Wt basis Typical Range Basis
C 52.5 50.4t054.5 Dry solids
H 6.0 591t06.2 Dry solids
O 40.0 37.6t0425 Dry solids
N 04 0.3t00.5 Dry solids
S 0 Dry solids
Ash 11 04tol7 Dry solids
Moisture 53.5 47 to 60 As fired
NCV (MJkg) 7.85 6.7t09.0 As fired

Typical costs for these wood based fuels are 2.32 $/GJ based on an NCV of 7.85 MJkg.
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