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Abstract

In Finland greenhouse gas emissions are expected to increase during the next
decades due to economic growth, particularly in the energy intensive industrial
sectors. The role of these industries is very central in the national economy. The
emission control according to the Kyoto Protocol will therefore be quite
difficult and costly.

The study analyses the cost-effectiveness of different technical options for
reducing the emissions of carbon dioxide, methane, and nitrous oxide in

Finland. The analysis is performed with the help of a comprehensive energy
system model for Finland, which has been extended to cover all major sources
of methane and nitrous oxide emissions in the energy sector, industry, waste
management and agriculture. The focus being on technical options, no consi-
deration is given to possible policy measures, emission trading or joint

implementation in the study.

Under the boundary conditions given for the development of the Finnish energy
economy, cost-effective technical measures in the energy system include
increases in the use of wood biomass, natural gas and wind energy, increases in
the contribution of CHP to the power supply, and intensified energy
conservation in all end-use sectors. Additional cost-effective measures are
landfill gas recovery, utilisation of the combustible fraction of waste and
catalytic conversion of D in nitric acid production. With baseline
assumptions, the direct annual costs of emission abatement are calculated to be
about 2000 MFIM (330 M) in 2010. The marginal costs are estimated to be
about 230 FIM (400) per tonne of C®equivalent in 2010. The cost curve
derived from the analysis could be used in further analyses concerning
emissions trading.



Preface

In Kyoto in 1997 practically all the nations of the world agreed on a greenhouse
gas abatement protocol limiting the emissions from the industrial countries. The
reduction of the greenhouse gas emissions is a challenging task as the growth of
the economy tends to increase the energy demand. This study considers the
technical possibilities and costs of reducing the Finnish emissions of the three
most important greenhouse gases: carbon dioxide, methane and nitrous oxide.
Especially cost-effective solutions of emission reduction are searched for.

The work has been carried out at VTT Energy as a part of the Energy and
Environment Research Programme SIHTI 2 of the Technology Development
Centre of Finland (Tekes). Additional funding has been obtained from the
Ministry of Environment. The chairman of the SIHTI 2 steering group was Mr.
Heikki Niininen of Fortum Ltd. and the contact person in the Ministry of
Environment, Mr. Seppo Sarkkinen. Dr. llkka Savolainen of VTT Energy acted
as project leader, and Messrs. Antti Lehtila and Sami Tuhkanen of VTT Energy
as research scientists.
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1. Introduction

Anthropogenic emissions are increasing the atmospheric concentrations of
several important greenhouse gases. In the Kyoto Protocol in 1997 the parties
of the UN Framework Convention on Climate Change (FCCC) agreed on strict
limits for greenhouse gas emissions from industrialised countries. To
compensate for annual fluctuations of the emissions, the average over a five-
year period in 2008-2012 is used for monitoring the emission levels. The
protocol deals with emissions of carbon dioxide, methane, nitrous oxide, and
three types of fluorinated gases. The emission targets agreed upon are related to
the total aggregate greenhouse impact of all the gases pertaining to the protocol.

The emissions of the first three gases are compared to the 1990 level, and the
emissions of the fluorinated gases are compared optionally either to the 1990 or
the 1995 level. The emission reduction commitment of the Kyoto Protocol is
valid for the GWP-weighted (see Chapter 3) sum of the gas emissions expressed
in CO, equivalents. This enables countries to focus the emission reductions on
different gases in a cost-efficient way. For example, a country could reduce
methane emissions substantially if reduction of the dominant greenhouse gas,
carbon dioxide, is too difficult or expensive.

According to the Protocol, countries are allowed to perform part of their
commitments by increasing the sinks, i.e. by land-use change and forestry.
Afforestation and reforestation done after 1990 are counted as positive actions
in the calculation of national emission balances. Similarly, erasing the forests is
counted as a negative action (FCCC 1997). Detailed calculation methods for the
sinks are under consideration, and they will probably be added to the
Framework Convention on Climate Change in forthcoming conferences of
parties (COP), likely in the year 2000 or later.

Policies and measures (PAMs) for the emission reductions are mentioned in the
Protocol only as suggestive and optional ones, and therefore countries are
allowed to choose them without constraints or obligations. Emissions trading

was also considered in the Kyoto conference, and was accepted into the
protocol. The parties to the protocol may, supplemental to domestic actions,

participate in emissions trading for the purposes of fulfilling their national



commitments after the year 2000 (FCCC 1997). In such trading a country buys
emission reduction quotas from another party to the protocol, implying that the
necessary emission reductions are less costly to the seller party. In addition,
joint implementation is allowed between different parties. In joint
implementation emission reduction projects, or measures to increase the sinks
within one party's territory will be counted to another party’s credit. Joint
projects can be implemented also between industrial and developing countries
under the Clean Development Mechanism. Detailed rules for emissions trading
and joint implementation have not yet been accepted. The sanctions for the
parties not meeting their commitments will also be considered in the
forthcoming conferences of parties.

The EU commitment in the Kyoto Protocol is to reduce emissions by eight per
cent from the 1990 level. The EU has shared the emission reductions between
its member states in June 1998. Finland has agreed on a national commitment to
return the emissions to the 1990 level. In practice, this commitment will require
the implementation of quite extensive reduction measures. In 1997 the Finnish
CO, emissions from energy use and industrial processes were already about ten
per cent higher than in 1990 (Statistics Finland 1998b).

The objective of the present study is to present a comprehensive analysis on the
cost-effectiveness of technical measures for reducing greenhouse gas emissions
in Finland. However, only the three most important gases, carbon dioxide,
methane and nitrous oxide are taken into consideration. In order to assess
various technical options simultaneously and consistently, a large systems
model based on cost optimisation is used. The focus of the model is on the
national energy system, but modules for agriculture and waste management have
been included as well

Firstly, an overview of the sources and present inventories of greenhouse gas
emissions is given in Chapter 2. In Chapter 3 the methods for calculating the
greenhouse effect are presented. A brief review of the various technical options
available for the abatement of greenhouse gas emissions in Finland is given in
Chapter 4. The calculation model and the technical measures taken into account
in the study are described in more detail in Chapter 5. As the analysis is dealing
with projections into the future, a number of different future scenarios have
been constructed, and these will be presented in Chapter 6. Finally, the main
results from the analyses are presented and discussed in Chapters 7 and 8.



2. Greenhouse gas emissions in Finland

2.1 Overview

The Kyoto Protocol ceers six mportant ypes of greenhousegases: carbon
dioxide, methane, nitrous oxidéwydrofluorocarbos (HFCs) perfluorocarbons
(PFCs) and sulphur hexafluoride g¢hFBesides these, tteiare mary other
significant greenhousegases, such as chlorinated andniirated tydrocarbons.
However, because theréssions of thesgases deplete stratospleszone their
emissions are alregddealt with ly othe internation&protocols ard are usually
not included irgreenhous@as balances.

The emissions of sme othergases, ke nitragen oxidesyolatile oganic can-
pounds carba monoxide and sulphur dioxide affect indiregtthe regional and
local radiation balance in thenamsphere, contributmto thegreenhouse effect.
The impact of theseraissions tles plae via formation of tropospheii ozone,
which has a waming impact, or aerosols, which tend to cool. The nggact of
these missions is uncertain, hower (PCC 1996a).

National irventories ofgreenhousegas enissions arenost reliable for carbon
dioxide. Most of the missions are due to owbustion of fuels for which
reasonalyl accurate statistics are nually available. Furthemore, the com-
bustian of renewab¢ fuels sud as wood bianass need not be included in the
inventories if it can be assmed that the carbon released into theasphere
will be campensated Y the growth of the biomass stodks in living vegetation,
litter and soils.

Over the past decadmary revisions hae bean mace to the nationad greenhouse
gas irventories, includig carbon dioxide. Rgarding CO, emissions, the né-
sions hae beenmainly due to extended werage of various emissian sources
not related to fuel aobustion, but also due to refined calculations efabtual
amounts of fuels combusted However, much hgher uncertainties are\inlved
in the estinates for the othegreenhousgases.

The latest national estiates for the Finnislgreenhousegas enissiors in the
year 1990 and 1995 are presented in Table 1 . Whemigliens are corerted
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to CO-equivalents using relative coefficients of their greenhouse warming
potential over 100 years' integration time, carbon dioxide accounted for about
84% of the total greenhouse impact in 1990. The combined share of methane
and nitrous oxide was about 16%. Emissions of hydrofluorocarbons,
perfluorocarbons and sulphur hexafluoride are relatively small in Finland, and
account for less than 0.5% of the total greenhouse impact.

Table 1. Summary of greenhouse gas emissions in Finland in 1990 and 1995,
and a baseline projection until 2020

Year 1990 1995 2000 2010 2020
Carbon dioxide emissions, Tg
Fuel combustion 53.8 55.1 61.8 70.5 78.4
Industrial processes 1.2 0.8 0.9 1.1 1.2
Fugitive emissions 35 3.8 3.8 3.8 3.8
Non-energy uses > 0.6 0.6 0.6 0.6 0.6
Total CO, 59.1 60.3 67.1 76.0 84.0
Methane emissions, Gg
Waste management 240 161 160 160 160
Agriculture 94 81 74 71 71
Energy sector 20 21 21 23 24
Industrial processes 4 4 5 6 7
Total CH,4 358 267 260 260 262
Nitrous oxide emissions, Gg
Agriculture 10 9 8 8 8
Energy sector 6 6 9 13 12
Industrial processes 3 3 3 3 3
Total N,O 19 18 20 24 23
Other greenhouse gases, Mg
HFCs n.a. 61 100 150 150
PFCs n.a. 0.04 0.05 0.10 0.10
SFs n.a. 4 5 6 6

! Figures are primarily based on official statistics and projections (Ministry of the

Environment 1997), with some small recent revisions.

No projection is available for fugitive emissions or emissions from non-energy use;
the emissions are assumed to remain roughly at the 1995 level.
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For several countries estimates for emissions of the new gases are still very
rudimentary or not available. Nevertheless, because the relative importance of
these gases is in most countries quite small, a reasonably reliable comparison of
total emissions can be made between countries. In Figure 1 total greenhouse gas
emissions from the six gas categories included in the Kyoto Protocol are shown
for all EU countries, in terms of G@quivalents (the relative weights for £O
CHsand NO are 1, 21, and 310, respectively; see Chapter 3).

This study considers only the emissions of carbon dioxide, methane, and nitrous
oxide. In the following sections the emission estimates for these gases are
presented in more detail for each of these gases and for each sector. For
simplicity, all emissions from fuel combustion activities are discussed under the
energy sector, even if the primary purpose of the industrial fuel combustion is
not energy production.

35
B New gases
20| = ON20
ECH4
o5 b Oocoz2

7. I |

Carbon dioxide equivalents per capita (Mg / Capita)

Greece
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o » 8 &
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I ﬂ :
[ ‘ 1 I
Ireland i | ]
Portugal || I 1
EU total | 1 1

Belgium
Denmark
Finland
France
Germany
Luxemburg
Netherlands

Figure 1. Greenhouse gas emissions in EU-countries in 1995 (Source: Unpub-
lished memorandum by Jim Penman, Department of the Environment, UK). For
some countries estimates for the new gases were still missing.
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2.2 Carbon dioxide
2.2.1 Overview

Carbon dioxide is by far the mast significant greenhouse gas, both globally and
in Finland. The total amount of G@mitted in 1990 has been officially
estimated to be about 59 Tg (8O Combustion of fuels accounted for about 54
Tg of the total C@ emissions, and industrial processes about 1.2 Tg. The
remaining emissions were due to fugitive emissions from peat production, and
from the partial oxidisation of fuels basically used for non-energy purposes (e.qg.
lubricants, feedstocks, etc.).

Estimates of the Finnish carbon dioxide emissions by source between 1960 and
1996 are presented in Figure 2, excluding the fugitive emissions and non-energy
uses, for which estimates were available only for the most recent years.

70
60 M Industrial
processes
50 O other
energy
Transport
ON 40 = p
) .
o [ Heating of
= 30 / buildings
M Industry &
20 A refineries
[ pistrict heat
10 and power
M Public
0 electricity

1960 1965 1970 1975 1980 1985 1990 1995

Figure 2. Development of Finnish carbon dioxide emissions between 1960—
1996, excluding fugitive emissions (Lehtila et al. 1997a).

1 Unpublished revised estimate made by the Ministry of the Environment, 18.6.1998.

13



Although the energy use in the transport sector has been steadily increasing, a
clear shift from end-user sectors to the energy sector can be identified. Main
factors behind the shifts are the overall electrification of the energy economy
and the expanding utilisation of district heating. One should point out that in
Figure 2 the emissions from industrial self-generation of electricity are included
in the industrial sector.

2.2.2 Fuel combustion activities

The Finnish carbon dioxide emissions from the combustion of fossil fuels and
peat are shown in Figure 3. According to the IPCC methodology, carbon dioxide
emissions from biomass fuels are included in the national emissions accounts as
information entries only, and are not included in the total nationaj CO
emissions from fuel combustion. Furthermore, apart from wood biomass and
vegetal fuels, also waste-derived fuels, such as agricultural, municipal and
industrial waste and landfill gas, are classified as biomass fuels. Therefore, no
emissions from waste fuels or other biofuels are included in Figure 3.

2

60

50

M Peat

40

[J Natural
gas

[l Coal
fuels

30

[] Other oil

20 fuels

M Transport
fuels

10

Energy-related carbon dioxide emissions, Tg CO

0 ‘ ‘
1930 1940 1950 1960 1970 1980 1990

Figure 3. Finnish carbon dioxide emissions from fossil fuels and peat between
1930 and 1997 (Statistics Finland 1997a, Salonen 1981).

14



A more detailed mission irventowy is shown in Table 2 for thgears 1990 and
1995. The total carbon dioxidenissions were abaib4 Tg in 1990 and about
55Tgin 1995 There is a®all difference between the 1990véntoy shown
in this table and the updated officialventoly shown in Table above. The
difference ismainly due tovariations in the mounts of peat ahrefinely gases
combusted, for which the official irentories are aget unpublished.

Table 2. Summary of the carbon dioxide emissions from combustible fuels in
Finland in 1990 and 1995. Fractions of carbon not oxidised (based mainly on
IPCC, 1997) have been taken into account in the emission factors.

Fuel energy, PJ' Em. factor Emissions, Tg CO,

Fuel or energy form 1990 1995 tCO,/TJ 1990 1995 Notes
Coke-oven gas 4.06 7.66 46.7 0.19 0.36 2
Coke, blast furnace 29.19 27.85 105.0 3.06 2.92 2)
Coke, other 7.76 5.02 106.0 0.82 0.53 ?3)
Steam coal 126.19  127.04 92.7 11.70 11.78 3)
Peat 55.88 74.32 104.9 5.86 7.80 4)
Heavy fuel oil 76.22 62.66 76.6 5.84 4.80 ?3)
Gasoil/diesel 172.59 160.77 73.4 12.67 11.80 3)
Gasoline 85.73 81.87 72.3 6.20 5.92 (5)
LPG 6.66 7.11 62.7 0.42 0.45 ?3)
Jet kerosene 5.52 4.87 70.8 0.39 0.35 3)
Other kerosene 0.12 0.21 71.0 0.01 0.02 ?3)
Other oils 0.12 0.12 72.6 0.01 0.01 3)
Petroleum coke 2.39 1.49 98.8 0.24 0.15 ?3)
Refinery gas 7.59 4.26 58.7 0.45 0.25 4)
Refineries' own use 20.83 23.31 61.3 1.28 1.43 (6)
Natural gas 90.76 117.18 55.8 5.06 6.54 ?3)
Biomass & waste 158.64 208.27 0.0 0.00 0.00 3)
Nuclear 197.76 197.76 0.0 0.00 0.00
Hydro & wind 38.70 46.08 0.0 0.00 0.00
Electr. imports 38.67 30.26 0.0 0.00 0.00
Reaction heat 7.14 6.51 0.0 0.00 0.00
Total prim ary energy 1132.52 1194.64 54.2 55.1

1 Source for energy data is Statistics Finland (1997a), except for coke-oven gas (IEA 1998).

2 The emission factor for coke-oven gas is based on national evaluation, but close to that proposed
by IPCC. The emission factor for blast-furnace coke assumes a fraction of 3% stored or unoxidized.

3 Reference for emission factor: IPCC (1997).

4 Reference for emission factor: Bostrom (1994).

5 Emission factor is based on Sweden (1997), as the factor in the IPCC Refence Approach (69 t/ TJ)
appears to be too low, and the IPCC data for European gasoline cars appear to bee somewhat high.

6 Bostrom (1994) assumes the same emission factor for refineries' own use as for residual fuel oil.
However, about 85% of the own use consists of refinery gases and natural gas, the rest being mainly
heavy oil. Therefore, an average emission factor equal to that of ethane is estimated as appropriate.

15



The calculation of carbon dioxidenessions fran fuel canbustion is straght-
forward formost fuels catgories. Thegross enission factors (baskon lower
heatirg values) and coefficients of unoxidised fractiof3GC 1997) are siply
applied to the mounts of lower heatip values of the fuels. A few
complications arise with the use of king coal aml its derivatives and with
refineries own use. Cking coal is a pmnary fuel used exclusely for the
production of cie. As stated in théPCC guidelines, it is nb necessar to
calculate the missions based on the use okitg coal provided that all the
carbon flows leding the transfamation process are wered elsewhere.
Therefore the anissions can be calculated fndhe use of dee, ckke-ovengas,
and cking tars. The production of &e-oven gas is nat given in publicly
available Finnish national statistics, but is reportedhe IEA Basc Enegy
Statistics (IEA 1998). ThdEA figures for cke-ovengas hae been used for the
summaty in Table 2.

When estinating the enissions fran the canbustion of reducig agents in blast
furnaces ifainly coke) IPCC reconmends usig the fomula

Emission (tonnes C& = Mgra X ERga + (Core— Guietal) % 3.67 Q)

where Mka is the mass of the reducinagent, ERa is the enission factor in
tonnes C@permass unit, while gre ard Cpetal are themasses of the carbon
in the ironore and in the steel, respeety. The anount of carbonn the ore
can be estimated to be n@ligible in Finland. The carbon content of the steel is
assumed to be less than 0.5%, and tmeoant of cdke used is about 42Ky /
tonne steel. As thengssion factar is 3.13 tonnes CO, per tonne cke, the
fraction of carbon stored in the steel can be calculated torhesal.5% of the
carbon content of the ke. T&ing into accouhtha some additiona carbon
residues will renain in the slg, the total fraction of carbon unoxidisethy be
estimatal to be around 3%. This is the fraction applied to tHeecmmbusted in
blast furnaces.

The carba dioxide emissions fran refineries own use hee been estnated
using the infomation available about the actual fuelix. Refinel gas is ly far
the most mportant fuel, but residual waste oils constitute anothgmifgiant
component. Therefore, thevarage amission factor has been ewtted to
correspond appromiately to the enission factor of ethanevhich is the bass of
the emission estinate in Table 2.

16



2.2.3 Industrial processes

Some industrial processes oxidise fuels basically as feedstock. The reduction of
iron in a blast furnace through the combustion of coke is a good and classic
example. According to the IPCC guidelines, the emissions should in such cases
be considered to be industrial, as the primary and direct purpose of the fuel
combustion is to produce pig iron, not energy. In the present study, however,
CO; emissions are divided according to the type of the fe@asing process

(fuel combustion vs. other types of oxidisation). Carbon dioxide emissions from
industrial processes are therefore in this study defined to include emissions from
other than fuel combustion activities only. The emissions from the use of fuels
as reducing agents in basic metals manufacturing and non-metallic minerals
production are included as emissions from fuel combustion activities.

Process emissions of carbon dioxide in Finland are produced primarily from
various uses of limestone. In processes where limestone is heated at high
temperatures, calcium carbonate (CgC® transformed into lime (CaO) and
carbon dioxide. Assuming that this calcination reaction is complete, 0.44 kg of
CQ; is released for each kg of limestone used. Another important source is the
use of soda ash (natrium carbonate) e.g. in the manufacturing of glass, metals
and pulp. For each kg of soda ash used, 0.412 kgii@leased (IPCC 1997).
Historically, also the manufacturing of ammonia has produced considerable
emissions, but due to diminished production volumes the emissions are very
small at present. Table 3 gives summary estimates for the industrial process
emissions in 1990 and 1995. The estimates differ slightly from the official
inventories because of different approaches to limestone use in the iron and
steel industry.

Cement and lime manufacturing are important utilisers of the calcination

process. However, a similar process occurs also in many other industrial
applications of limestone. In integrated steel manufacturing, limestone (or burnt
lime) flux is added to the blast furnace and the basic oxygen furnace, typically
at a total rate of about 250 kg limestone equivalent per tonne iron produced
(IPCC 1997). In Finland the rate is somewhat lower, and is estimated to be
about 230 kg. The limestone flux is calcinated during the process and gives

1 Estimated on the basis of the information on limestone use given in the Raahe steel
works environmental statement 1996 (httpahiv.rautauukki.fi/environ//env.htm).
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off carbon dioxide. In the manufacturing of kraft pulp a recycling causticizing
process is involved in the recovery of pulping chemicals. Limestone is burnt
into lime in the process, but only a small part of the carbon is from limestone
added to the process to compensate for losses in calcium. Relatively large
guantities of limestone are also used for flue gas desulphurisation, where
limestone is burnt into lime in order to bind the sulphur dioxide into gypsum.
The estimates for pulp manufacturing and desulphurisation in Table 3 are
mainly based on the approaches used by Bostrom et al. (1992). Production
figures are mainly from Statistics Finland (1998a, 1993), and soda ash
consumption is based on Board of Customs (1997).

Table 3. Summary of estimates for the carbon dioxide emissions from indus-
trial processes in Finland in 1990 and 1995.

Year 1990 1995 1990 1995
Production, Use of limestone to be
Product Gg burnt, kg per kg product
Cement 1650 907 1.20 1.16
Pig iron 2283 2242 0.23 0.23
Chemical pulp 4870 5782 0.003 0.003
Desulphurised SO> 5 31 1.88 1.88
Burnt lime (other) 274 282 1.78 1.78
Calcinated limestone, Gg CO; emissions, Tg
Cement 1973 1052 0.87 0.46
Pig iron ! 525 516 0.22 0.22
Chemical pulp 15 17 0.006 0.008
Desulphurised SO, ? 9 58 0.004 0.026
Burnt lime (other) ! 464 478 0.20 0.21
Total 2951 2121 1.30 0.92
Use of soda ash, Gg CO2 emissions, Tg
Soda ash use 55.7 61.4 0.02 0.03
Total CO; from industrial processes, Tg 1.32 0.95

! Assuming a calcination ratio of 95%.

60% of the total SO desulphurisation in coal boilers (51.6 Gg SO>) assumed to be
limestone-based in 1995. 20% excess calcination of limestone assumed.

2
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2.2.4 Fugitive emissions

Fugitive carbon dioxide emissions are produced during fuel acquisition,
refining, transport, and storage. In Finland, fugitive carbon dioxide emissions
arise particularly from peat production. The emissions are due to peatland
preparation, and profiling, and stockpiling of harvested peat. According to the
results from life-cycle analyses of peat production andsatitin, the proportion

of the fugitive emissions to emissions from the combustion phase are in the
range of 5-15% (Malkki & Frilander 1997). Additionally, some 150 000 ha of
cultivated peatland are classified as reservoirs for future peat production. The
specific CQ emissions from such peatlands have been estimated to be about
350 g C m2a’l (Savolainen et al. 1994). The official Finnish estimate for the
year 1990 is 1 Tg (C for the production phase and 2.5 Tg @ @r the
reservoirs, which correspond to conservative estimates of 17% for the
production in proportion to combustion emissions, and 450 g% hfor the
peatland reservoirs. Using the same specific emissions, the total emissions in
1995 can be calculated as about 4.0 Tg.CO

Apart from the peat fuel cycle, some fugitive emissions can arise also from
domestic transportation and storage of coal (coal is not produced in Finland).
The emissions from domestic transportation are estimated to be very small.
Long-term reserve stockpiles of coal amount to about 3.5 Tg coal (MTI 1996).
Operational stockpiles correspond typically to about three months' consumption.
Consequently, the total amount of coal in stockpiles is at present about 5 Tg.

In most estimates for coal-fired power or heat plants the annual losses in the
heating value of stored coal are estimated to be 2% (e.g. Kosunen & Leino
1995). In practice, in reserve stores with long turnover times and careful storage
methods the losses can be smaller. As the annual dust emissions from the
stockpiles correspond to less than 0.1% of coal in the stockpiles (Lemettinen et
al. 1996), most of the losses must be caused either byatiodi or by the
release of volatile organic compounds from the coal (e.g. methane). Assuming
that the loss is exclusively caused by osdtibn, the annual amount of carbon
dioxide emissions corresponding to a 2% loss would be about 0.24 By (CO
however, a significant part of the losses were caused by volatile compounds
emitted, considerable methane emissions could also be involved. Nevertheless,
as yet the emissions from coal stockpiles have not been estimated in the national
inventories.
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2.2.5 Non-energ y use of fuels

The use ofmary products containign carbon fran nonenegy uses of fuels
produce carbon dioxideméssions & various oxidisation rates. Suchngssions
arise fran, for exanple, the oxidisation of lubricants in transportation and the
oxidisation of mary chemical products awarious stges of their lifecycles.
Such an oxidiation occus mog definitively in the incineration of waste
containirg eg. plastics and other fosdilel based products. Detaildigures
abou the emissiors involved hae not been published in Finland. A crude
assesgent can be obtained/lappling the estmates for the fractions of carbon
storal in products in thdPCC reference approach. Angmary calculation for
the years 1990 and 1995 is presented in TabléAetording to this crude
estmate, the total mount of carbon dioxidersissions would b abou 0.7 Tg
for both 1990 and 1995. The official essite for 1990 is 0.6 g, as presented
in Table 1 abwe.

2.2.6 Land-use

Deforestation, afforestation or ctgas in the bimass stoks are not considered
in the present styd Fossil carbon dioxidengissions related to lardsemay be
produced frm limestone and doioite which are comonly used for soil
amelioration. When added to acid soil thesgnerals release CQin the
bicarbonag equilibrium reaction In most instances wherenling is practised,
repeated applications aneade @ery few years. Therefore, one can asguthat
the addition rate ofthe is in near equilibrion to the consmption of lime

Table 4 Summay of carbon dioxide emissions from non-energy uses of fuels
in Finland in 1990 and 1995.

Energy CO, factor Fraction of Amounts used 2 CO, emissions, Gg
Fuel form Unit TJ/ unit Mg /TJ C stored * 1990 1995 1990 1995
Lubricants Gg 40.2 73.3 50% 118 103 174 152
Naphta feedstock Gg 44.4 73.3 75% 375 344 305 280
Gasoil feedstock Gg 425 77.4 50% 34 35 56 58
Natural gas feedst. Mm3 36.0 56.1 33% 28 37 38 50
LPG feedstock Gg 46.3 63.1 80% 81 68 a7 40
Refinery gas feedst. Gg 51.9 66.7 80% 53 50 37 35
Coking tars Gg 28.0 94.6 75% 38 71 25 47
Total 581 568 682 661

! Fractions of carbon stored according to IPCC Reference Approach (IPCC 1997).
2 Fuel amounts taken from Statistics Finland (1997a), and for coking tars from [ISI (1996).
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applied in previous years. Emissions associated with the use of carbonate limes
can thus be calculated from the amount and composition of the lime applied
annually within a country (IPCC 1997).

According to statistics (Statistics Finland 1993, 1998a), the amounts of domestic
limestone and dolomite used for soil conditioning in 1990 were 569 Gg and
714 Gg, respectively. In 1995 the corresponding amounts were 583 and 204 Gg.
Information on the possible use of imported limestone for soil liming has not
been available, but such imports can be estimated to be small. Using the
amounts given above and the approach suggested by IPCC, carbon dioxide
emissions from the liming of soils were about 0.6 Tg in 1990, and about 0.4 Tg
in 1995.

2.3 Methane
2.3.1 Overview

Methane (CH) is reactive and more effective greenhouse gas than carbon
dioxide. The average lifetime in the atmosphere is very short compared to other
greenhouse gases — about 9-15 years. The most significant removal process for
methane is in reaction with hydroxyl radical (OH). Addition of methane to the
atmosphere reduces the concentration of tropospheric OH, which can in turn
feed back and reduce the rate of methane removal. The concentration of
methane in the atmosphere has been growing due to human activities: in the pre-
industrial era it was about 0.7 pprand nowadays is about 1.7 pp(PCC
1996a).

Methane emissions arise mostly from organic matter which is degraded
anaerobically by microbial activities. In nature this kind of activity occurs
mostly in wetlands, which are the most significant natural methane emission
source. In Finland natural methane emissions originate from mires and water
systems. (Pipatti 1997) The amount of the methane emission from mires
depends on the wetness of the mire, and therefore ditching might decrease the
CH, emissions (Laine et al. 1996). Methane emissions from water systems
originate from anaerobic microbiological processes in the sediment layer
(Forsius et al. 1996, p. 189).
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Figure 4. Finnish methane emissions between 1990-1995 (Forsius et al. 1996,
p. 193).

In Finland anthropogenic methane emissions correspond to approximately a half
per mille of global anthropogenic methane emission (Pipatti 1997). Emissions
are due to waste management, animal husbandry, burning processes, and
industrial processes. On a global scale, fossil fuel production and rice
cultivation are also important methane emission sources. Finnish anthropogenic
methane emissions from 1900 to 1995 are presented by source in Figure 4, from
which it can be seen that the emissions from agriculture and from energy
production have been decreasing, which is due to the decreases in the amounts
of cattle and small-scale burning of biomass. It should be noticed that the CH
emissions in Figure 4 do not match with emission estimates made in the present
study, because the methods of calculation have been changed.

2.3.2 Waste management

The most significant anthropogenic methane emission source in Finland is waste
management, which was the cause of about 60 per cent of anthropogenic
methane emissions in 1995. Most of those emissions originate from landfills.
Waste water treatment is also known as a methane source, but emission
estimates are so inaccurate and the amounts so insignificant, that these are not
taken into consideration in this study. Methane from waste water treatment
arises only from anaerobic treatment, which occurs in only about 5 per cent of
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waste water treatment in Finland (Pipatti et al. 1996, p. 59). Also, in many
cases, the methane is recovered.

Landfill gas emissions are due to the organic fraction of waste, which degrades
anaerobically in waste layers. Landfill gas contains roughly 50 per cent methane
and 50 per cent carbon dioxide. The amount of formed methane depends on the
amount of degradable organic carbon (DOC) in waste, on the thickness of waste
layers, and on temperature. Significant types of waste involving methane
emissions are municipal solid waste (MSW), industrial solid waste, construction
and demolition waste, municipal sludge, and industrial sludge. (Pipatti 1997,
Pipatti et al. 1996)

The amount of DOC in waste depends on the composition of waste, because
every fraction of waste has a specific DOC-content. In Finland there is no
official or exact knowledge of the composition, and therefore the data used are
based on estimates. In this study the estimation is based on data from Tanskanen
(1996). The DOC content data have been taken from the estimates of Bingemer
and Crutzen (1987) and Pipatti (et al. 1996). The data are presented in Table 6.

The data in Table 5 are based on the wet weight of waste. Plastic contains
roughly 50 per cent carbon, but it is not organically degradable. The DOC
content of other combustible waste has been estimated by assuming that it
contains 50 per cent plastic and 50 per cent paper and board; and therefore the
DOC content is 20 per cent. The DOC contents of other sorts of waste are
presented in

Table 5. The composition of MSW and the DOC-content of different fractions of
MSW.

Fraction Share Average DOC-content
(weight per cent) (weight per cent)
Paper and board 27 40
Organic waste 33 16
Glass 5 0
Metal 5 0
Plastic 7 0
Textiles 2 40
Other combustible 16 20
Other non-combustible 5 10

23



Table 6. The DOC-contents of other sorts of landfilled waste.

Sort of waste DOC-content
(weight per cent)

Industrial solid waste 7

Dried industrial sludge 10
Liquid industrial sludge 1-2.5
Dried municipal sludge 10
Liquid municipal sludge 1-2.5
Construction and demolition waste 18

In Table 6 the DOC content of industrial solid waste has been roughly estimated
from its composition (Pipatti et al. 1996). The content of dry matter in sludges is
about 2-5 weight per cent in liquid sludge and about 20 weight per cent in dried
sludgé. About 50 per cent of dry matter is degradable organic carbon. The
estimate for DOC content of construction and demolition waste has been
calculated with help of data presented by Tanskanen (1996, p. 29).

The calculation of methane emissions from landfills is usually done in two
different ways: with the mass balance model and with a kinetic approach (IPCC
1997). In this study the mass balance model is used because the forthcoming
national greenhouse gas inventories are based on that approach. Consequently,
historical data on the amounts of landfill waste, which would have caused some
uncertainties in results, are not needed. The modelling of landfill gas recovery
will also be quite straightforward with the mass balance approach.

The weakness of the mass balance model is that it does not take into account
that methane is emitted from landfill waste over a long time period, rather than
instantaneously. It is assumed that the total methane production potential will be
emitted during the same year as the waste is disposed of. The model will give a
reasonable estimate, if the amount of landfill waste is quite stable over the study
period (Pipatti et al. 1996).

According to the mass balance model the annual methane emissions for
different sorts of waste can be calculated with help of Equation 2.

1 Personal communication with Tuula Rytkénen, Finnish Environment Institute, The
Pollution Prevention Division.

24



where

MCF is the methane correction factor which depends on the type of landfill
DOC: is the portion of carbon in DOC converted to landfill ga§Q per cent)
Fcha  is the fraction of methane in landfill gas@.5 g(CH-C)/g gas-C)

CF, s the mass correction factor (= 16 g(Qa2 g(C))

OoX is the oxidation factor

Muaste 1S @annual amount of landfill waste. (IPCC 1997)

The values of the methane correction fa¢dd€F) in different types of disposal
sites are presented in Table 7.

MCF is not a well known quantity, and therefore many uncertainties exist. In
managed landfills there is controlled placement of waste. Cover material,
mechanical compacting or levelling of waste are also used. According to the
new waste law the landfill waste must be compacted and covered (The Finnish
Council of State 1997), and so it is assumed that all disposal sites can be
considered as managed in the near future. Due to these regulations, waste
disposal will be centralised in large disposal sites, which are, in every case,
managed. Therefore unmanaged small disposal sites will be closed.

With help from the values in Table 5, the average DOC content of Finnish
MSW can be estimated, and the result is about 20 per cent. The fraction of
carbon which is converted to landfill gd®OC:) depends mainly on the
temperature in the waste layers. It has been estimated that in Finnish
meteorological conditions the value BOC: would be about 50 per cent of
weight. Remaining carbon will be stored in disposal sites (Pipatti et al. 1996).

Table 7. The effect of type of disposal site to methane emissions (IPCC 1997).

Type of disposal site MCF
Managed 1

Unmanaged (>5m waste) 0.8
Unmanaged (<5m waste) 0.4
Uncategorised 0.6
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The oxidation of methane in the surface layers of the landfills is also significant

guantity, because it directly affects the amount of emitted methane. According

to IPCC (1996b) it can be assumed that 10 per cent of methane is oxidised. By
inserting the values referred to above in equation (2), the emission factor for
methane emissions from landfill MSW can be calculated. The result is 60 kg

(CHy)/Mg (wet waste) or 300 kg (ChHMg (DOC). The latter value is used in

the model-based calculations to estimate the emissions.

The oxidation factor is not taken into account in the calculation of the amount of
the recoverable landfill gas in waste layers. In that case the factor is about 185
m® (landfill gas)/Mg (wet wasté) This figure seems to be reasonable, when
compared with a Swedish study, in which it has been estimated that about 200
m® (landfill gas)/Mg (wet waste) is formed in waste layers (SNV 1993, p. 14).

2.3.3 Agriculture

The contribution of agricultural methane emissions in Finland to the total
anthropogenic Cliemissions is also of importance — about 30—40 per cent in
1995. The emissions are mostly due to enteric fermentation of animals, and
manure management. The emission calculation methods are based on IPCC
(1997).

The emissions from enteric fermentation are dependent primarily on the type of
digestive system and the feed intake. Ruminant animals have the highest
emissions because a significant amount of digestion occurs within the rumen in
methane-producing fermentation conditions. (IPCC 1997) In Finland the
ruminant animals are cattle and sheep. However, the contribution from sheep is
very small. About 95 per cent of the €Eimissions from enteric fermentation

are due to cattle, and therefore the calculation of the emission factors has been
done with a more detailed approach. For other animals default emission factors
are used.

In the emission estimation for enteric fermentation of cattle many country-
specific details are taken in account: the consumption of feed energy in

1 The specific weight of methane in 25 degrees of Celsius is about 0.72 kg/m
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maintenance of energy equilibrium, in grazing, in milk production, in weight
gain, and in pregnancy. The input data for emission estimation should contain
estimates for feed digestibility, the length of the grazing period, average daily
feed intake, weight, average weight gain, milk production, and the number of
nascent calves. (IPCC 1997)

The input data used in this study is primarily based on Pipatti (1997, p. 17) and
IPCC (1997). The scenario estimate for milk production of dairy cattle is taken
from The Ministry of Environment (1997, p. 21), in which it has been assumed
that milk production per animal will increase in the future. The emission factor
for other cattle has been calculated as number-weighted mean value from the
specific emission factors of bulls, heifers, calves and nursing cattle. The milk
production of nursing cattle has been estimated to be constant in the future.

The methane emissions from manure management have also been calculated
using the methods of IPCC (1997) and with the initial data used in Pipatti
(1997). The emissions also depend in this case on many factors, such as: the
amount and the sort of manure, the management system and the climate. The
amount and the sort of manure are dependent on animal category, the size of
animal and feeding. In Finland the manure is managed as liquid or solid manure.
The emissions are multiple in liquid manure management compared with solid
manure management. The grazing period, when manure is left on the ground, is
also taken into account in the method of calculation.

The calculated emission factors for enteric fermentation and for manure
management are presented in Table 8. When the emissions from manure
management are calculated, estimates of the proportions of the manure
management which are liquid or solid are also necessary. The estimates in this
study are based on a survey which has been made for the study of agricultural
ammonia emissions in Europe (Pipatti 1997, p. 19). According to the survey, 20
per cent of dairy cattle, 60 per cent of other cattle, and 70 per cent of swine are
within liquid manure management. The manure of other animal categories is
managed only with solid methods. It has been assumed that the share of liquid
manure management will increase 10 percentage units by 2025.
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Table 8. The calculated agricultural methane emission factors
(kg(CHy)/animal/a).

Animal Enteric Liquid manure Solid manure
category fermentation management management
Dairy cattle 1 97 15.2 2.2
Other cattle 47 5.2 0.7
Swine 2 5.6 0.6
Sheep 8 - 0.2
Horses 18 - 1.4
Poultry - - 0.1
2.3.4 Energy

The contribution of the energy sector to the total, @rtissions is less than 10

per cent in Finland. In combustion processes methane is emitted when fuel does
not burn completely. About 50 per cent of methane emissions from energy
production are due to small-scale combustion of biomass (mainly firewood),
although its share of primary energy consumption is below 3 per cent (Pipatti
1997, p. 13). Another significant emission source is transportation. In power
plants the Chlemissions are relatively small, because the combustion is more
complete than in small-scale burning and in motors. The emissions from
combustion processes are estimated with emission factors (Appendix A) based
on ILMARI-model, which is in use in Statistics Finland (Statistics Finland
1997b).

Methane is also emitted from the natural gas grid. In Finland emissions occur
mostly during the extension and maintenance of the grid. In 1995 the CH
emissions due to above operations were about 022 l@gkage emissions are
insignificant because the grid is quite new and can be effectively maintained.

In the fuel supply sector methane is emitted in coke production. According to
the IPCC inventory manual (IPCC 1997, Chapter: Industrial Processes), coke
production causes 0.5 kg(GHper ton of coke. This value can be converted to

1 The emission factor has been calculated as an example by choosing the 1995 milk
production level. In model-based calculations a scenario for milk production is used
when emission factors are calculated.

2 Personal communication with Kari Gronfors, Statistics Finland.
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emissions per energy unit with help of the lower heating value of coke (28.1
MJ/kg). In this case the emission factor is 0.018 gj®Hl. In the earlier IPCC
inventory manual methane emissions from coke production have been reported
under industrial methane emissions, which also included emissions from the
manufacturing of iron. In the more recent IPCC manual these emissions are not
mentioned. Therefore coke production is the only industrial source, which has
been taken into account in this study.

2.3.5 Other anthropogenic sources

It has been noticed that man-made lakes can cause considerable methane
emissions. This is due to anaerobic degradation of vegetation, which remains
under the surface of water. According to the measurements, therfiissions

from man-made lakes might be a considerable addition to anthropogenic
methane emissions in Finland (Forsius et al. 1996, p. 189). Knowledge of these
emissions is so inaccurate that they are not considered in this study.

2.4 Nitrous oxide emissions
2.4.1 Overview

Nitrous oxide (NO) is a long-lived and very effective greenhouse gas. Its
lifetime in the atmosphere is about 120 years and it is mainly removed from the
atmosphere by degradation caused by solar radiation. The concentration of
nitrous oxide in the atmosphere has increased about 15 per cent since the pre-
industrial era due to human activities. Most of the anthropoges@cerhissions

are due to agriculture and industrial processes. Levels of natatmMissions

are not well known but they are estimated to be twice as high as anthropogenic
emissions. (IPCC 1996a, p. 19) In Finland natur#) missions are probably
caused by forests and mires. It has been estimated that from these sources about
4.5 Gg(NO)/a is emitted (Forsius et al. 1996, p. 192). This estimate includes,
however, some anthropogenic effects, such as nitrogen deposition and ditching
of mires. In general, it is difficult to differentiate between natural and
anthropogenic pD emissions.
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Figure 5. The development of FinniskNemissions between 1990-95 (Forsius
et al. 1996, p. 193).

In Finland anthropogenic & emissions are due to energy production, agri-
culture, transportation, manufacturing of nitric acid, and atmospheric nitrogen
deposition (Pipatti 1997). The significance of these emission sources is
presented in Figure 5. The emissions from peatlands are not included in the
Figure (see Section 2.4.3).

2.4.2 Energy

The contribution of the energy sector to the total anthropogefceiission is

about 35 per cent in Finland (The Ministry of Environment 1997, p. 22). About
75 per cent of these emissions are due to energy production and the rest is due to
transportation. In energy production the fluidised bed combustion (FBC) has
high specific emissions compared with other burning techniques, and it causes a
relatively large proportion of the J® emissions from the energy sector in
Finland. However, it is, in many respects, an environmentally friendly
technology, as it allows the burning of relatively low-grade fuels with high
efficiency and low emissions. High,® emissions in FBC are due to a
relatively low combustion temperature, which contributes to the formation of
N.O. The most significant formation process gfONs the oxidation of fugitive
cyano and cyanide compounds of fuel. For example the reaction of hydrogen
cyanide to MO is the following (Kilpinen 1995):
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HCN+O - NCO+H
NCO + NO - N,O +CO

A comparable situation to the FBC in energy production occurs in the transport
sector. The catalytic converters in cars decrease the emissiong,of @O and

CO to a large extent, but they increase the emission ,6f. M catalytic
converters nitrogen oxides (NOformed in combustion are reduced tgON
(Pipatti 1997). The PO emission factors used in calculations for energy
production and transportation are presented in Appendix A.

Burning processes also cause indiregDNemissions because a part of the
atmospheric deposition of nitrogen, which is due to emissions of nitrogen oxides
(NOy), converts in the soil into J0. This is considered in more detail in
Section 2.4.5.

2.4.3 Agriculture

The most important source of agriculturgkONemission is the nitrogen load of

soil, which is mostly due to the use of synthetic fertilisers. The nitrogen load
increases natural nitrification and denitrification processes, in which nitrous
oxide is emitted to the atmosphere. Animal manure and crop residues in the
fields also increase nitrogen load. Cultivation of legumes and application of
sludge are also known as@emission sources, but their significance is small
and emission estimates are uncertain. Unfertilised peatlands has been noticed to
emit NbO more than natural soil, but these emissions are also not well-known.
(Forsius et al. 1996)

It has been estimated that 1.25 per cent of nitrogen in the soil is emitted to the
atmosphere as . A small part of the nitrogen is also emitted in gaseous form,
mostly as ammonia (N§}i which must be subtracted before calculation of direct
N.O emissions. (IPCC 1997) It has been estimated that in Finland this share is
on the average 0.75 per cent for synthetic fertilisers (Grénroos et al. 1998) and
about 30 per cent for animal manure. Consequently, 1@eehission factor for
synthetic fertilisers is about 19.5 kg D) per ton of nitrogen applied to the
fields. The ammonia emissions from the same source are about 9.1 84 (NH
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Table 9. NO and NH emission factors for the different animal categories.

Animal N,O emissions NH; emissions
category kg(N,0)/ kg(NH )/
animal/a animal/a
Dairy cattle 1.26 31.50
Other cattle 0.50 12.20
Swine 0.11 3.49
Sheep 0.23 4.20
Horses 0.84 17.60
Poultry 0.01 0.34

(N). The calculation of ammonia emissions is necessary, because they cause
indirect NO emissions. This is considered in Section 2.4.5.

The NO and NH emissions from animal manure applied to the fields must be
calculated for each animal category, because the amount of nitrogen excreted
varies between the different animals. The amounts of nitrogen excreted by
animals are based on Grénroos (et al. 1998) and they have been adjusted for the
animal categories used. Volatilisation of Nffom manure occur in many
phases of manure management, which have been taken into account in the
calculation of NO emission factors. Ammonia emissions factors have been
taken directly from Grénroos (et al. 1998). ThgONand NH emission factors

used for the different animal categories are presented in Table 9.

The nitrogen, which returns to the soil from the crop residues left on the fields,
increases nitrogen load. In the calculation g®MNemissions the factors needed

are the amount of residues left on the fields and the amount of nitrogen in
residues. It has been estimated that the total amount of straws is the amount of
crop production multiplied by 1.35 and that straw contains 0.5 per cent of
weight as nitrogeh The NO emission factor based on these values is 63 g
(N2O) per ton of crop produced. In this case the method of calculation of IPCC
(1997) has been found to lead an overestimate.

The cultivation in peatlands has been estimated to cause about 4@¢a(M
Finland (The Ministry of Environment 1997). Arable lands, in which the

1 Personal communication with Riitta Pipatti, VTT Energy.
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concentration of organic matter is over 40 per cent, are categorised as peatlands.
In Finland there are about 200,000 hectares of these kind of fields in cultivation
(Laine et al. 1996, p. 121). According to the most recent IPCC inventory
methods, peatlands emit about 7.9 kgDKha/a, i.e. about 1.6 Gg {)/a,

which is a considerably lower estimate than the earlier ones. However, the
emissions and the area of peatlands are not well-known, and therefore the
estimate is inaccurate.

2.4.4 Industrial processes

In Finland the only significant industrial source of nitrous oxide is the manu-
facturing of nitric acid (HNG). On a global scale, the manufacturing of adipic
acid is also an important industrial source. The manufacturing of nitric acid
takes place in two factories (in Siilinjarvi and in Uusikaupunki) with a single-
phase middle pressure process. The Norwegian company Norsk Hydro has
determined emission factors for different processes by taking measurements. For
the middle pressure process the emissions are estimated to be 6—05 gegiN

kg of produced HNQ(IPCC 1997). Consequently, the Finnish industrigDN
emissions are nowadays about 3—4 Ggo(N

2.4.5 Atmospheric nitrogen deposition

Nitrogen oxide (NG and ammonia (NkJ emissions are the cause of indirect
N.O emission, because about 1 per cent of nitrogen in these compounds
converts into BNO. According to IPCC inventory methods@emission factors

for NO, and NH emissions are about 4.8 g.(W/kg (NQ,) and 12.9 g (MD)/kg

(NH3) respectively (IPCC 1997). NOemissions are mainly due to
transportation and energy production. On the other hand; @&thissions
originate from agricultural activities, as mentioned in Section 2.4.3. The
contribution of atmospheric nitrogen deposition to the tot#D EMmission is
nowadays about 10 per cent (Pipatti 1997). In practice, most nitrogen deposition
in Finland is due to nitrogen emissions from other countries. Anyway,
greenhouse gases will diffuse into the whole atmosphere, and therefore it is
reasonable to associate theONemissions from nitrogen deposition with the
country from which the nitrogen emissions originate.
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3. Calculation of the greenhouse effect

3.1 Additive concentrations of the greenhouse gases in
the atmosphere

Greenhouse gases are removed from the atmosphere in various ways, and so
additive concentrations of gases due to emissions decrease in the course of time.
The kinetics of this kind of phenomenon can be described with the pulse
response model, in which the removal rate of transient gas emission, in other
words the pulse response, is assumed to be known. For example, the pulse
response of a C{mission can be described with equation 3.

t t t t

f()=a,+ae " +ae +ae " +ae™ ®)

where the parametees and 7; has been estimated by fitting them in a model,
which describes the circulation of carbon in the atmosphere-ocean system. It can
be seen in equation 3 that according to the model, a part of therli€sions
proportional toa, remains permanently in the atmosphere. The @Qfdake in
oceans is a non-linear phenomenon: the greater the emission the larger the part
of the emission will be that remains permanently in the atmosphere in the time-
scale considered in the circulation model. In this case the value of the paramet-
ers & andr) depend on the amount of the initial emission, which has been used
in their estimation (Korhonen et al. 1993). In this study, parameters, which are
estimated with an initial emission that would increase the concentrationof CO
in the atmosphere 25 per cent higher than in pre-industrial era, are used. This

Table 10. The parameters of the used pulse response model
(Maier-Reimer & Hasselmann 1987).

i a; T;(years)
0 0.131

1 0.201 362.9
2 0.321 73.6
3 0.249 17.3
4 0.098 1.9
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kind of concentration is close to the present level. The values of the parameters
are presented in Table 10.

Methane and nitrous oxide have specific lifetimes in the atmosphere, and
therefore the description of their pulse response is obtained from a single
exponential function.

t

f(ty=er 4)

whereT is average lifetime of the gas. The lifetime of methane is on average 12
years and that of nitrous oxide is 120 years (IPCC 1997). In the calculation of
the lifetime of methane, the decrease in the concentration of tropospheric OH
due to an increase in GHoncentration has been taken into account (see
Section 2.3.1).

The amounts of greenhouse gases in the atmosphere can be calculated by
integrating the pulse response weighted emissions over the time period t

x(t):jt st —u)f (u)du+x, (5)

0

where x(t) is the amount of gas in the atmosphere at tin&t) is the gas
emission to the atmospherit) describes the pulse response apds the
amount of gas in the atmosphere at ttjéKorhonen et al. 1993)

The amounts of gas in the atmosphere, which can be calculated with equation 5,

can be converted into concentrations with the help of the conversion factors in
Table 11. The factors depend on the molecular weight of gases.

Table 11. Conversion factors (Houghton et al. 1997).

Gas ppb, /Tg !
Co, 0.128
CH, 0.353
N,O 0.128

1 pph, = parts per billion by volume.
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3.2 Radiative forcing

A common method for estimating the effects of the greenhouse gases is to
calculate the radiative forcing, which is the perturbation to the energy balance of
the Earth-atmosphere system. The radiative forcing due to emissions can be
calculated, if the additive concentration in the atmosphere due to emissions is
known. It is simply calculated by multiplying the additive concentration by the
factors in Table 12, which have been calculated according to IPCC methods
(Houghton et al. 1997).

Table 12. The conversion factors for the
calculation of the radiative forcing.

Gas mW/m */ppb
CO, 0.0176
CH, 0.4860
N>O 3.7700

The radiative forcing due to additive concentration is also non-linear
phenomenon, and therefore the conversion factors must be estimated by
choosing some reasonable moment in time. The factors in Table 12 correspond
to the situation in the year 1994. It has been assumed that the development of
the radiative forcing per additive concentration will be constant in the future.
This assumption is a slight overestimation, because in the case of the increasing

mwW/m?
N

1920 1930 1940 1950 1960 1970 1980 1990

Figure 6. The radiative forcing due to Finnish E@H, and NO emissions
between 1920 and 1994 (Korhonen and Savolainen 1998).
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global average concentration, the absorption of infra-red radiation gets more
saturated.

The development of radiative forcing due to Finnish greenhouse gas emissions
(CO;,, CH; and NO) between 1920 and 1994 is presented in Figure 6. It can be
seen that radiative forcing due to £ldmissions has been increasing very
slowly. This originates from only small increases in emissions and from
relatively fast removal compared to €@nd NO, whose radiative forcing
values have increased strongly.

3.3 Global warming potential

Global warming potential (GWP) is one measure to compare the effect of
alternative greenhouse gases. It is defined as the ratio of the integrated radiative
forcing due to unit emission of a greenhouse gas to the corresponding value of
CO.. The values of GWPs can be calculated with equation (6).

%
[, ac (t)dt
GWp=—b (6)
L 0o, Coo, (t)alt

whereq; is the immediate increase in radiative forcing due to a unit change in
the concentration of gagTable 12.)ci(t) is the concentration change at titne

due to a unit of emission andis integration time interval. The lifetimes of
different gases vary, and so the GWP value depends on the integration time
interval (Korhonen et al. 1993), as one can see in Table 13. The most common
integration time interval in this case is 100 years.

Table 13. GWP values calculated with alternative integration times (IPCC

19964, p. 22).
Gas 20 years 100 years 500 years
CO; 1 1 1
CH, 56 21 6.5
N,O 280 310 170
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4. Technical options for reducing
greenhouse gas emissions

4.1 Abatement of carbon dioxide emissions
4.1.1 Energy supply sector

The total primary energy consumption has increased in Finland at an average
annual rate of approximately 3.3% between 1950 and 1997. Thus, the growth in
energy consumption has been almost as large as the economic growth. In many
other countries the linkage between energy use and economic growth has been
much weaker. One of the main reasons for this development in Finland is that an
exceptionally high proportion of total energy is consumed within the industrial
sectors, and the heavy industries have maintained their large contribution to the
total industrial output. Another important factor has been the electrification of
energy use in all sectors. This is illustrated by Figure 7, which shows the
proportion of primary energy used for electricity supply out of the total primary
energy consumption.

The increasing importance of the energy sector in the total energy supply
emphasises its significance with respect to carbon dioxide abatement. However,
energy supply technologies and infrastructure have inherently long lifetimes,
which means that fundamental transitions in the supply sector may take decades.
The options for carbon dioxide abatement in the energy sector can be grouped
into the following categories:

* Improvements in conversion and distribution efficiencies
» Fuel switching to low-carbon or renewable fuels

e Switching to nuclear energy

» Switching to renewable non-combustion energy sources
» Recovery and disposal of G®om flue gases.

It should be borne in mind that the abatement potentials of individual options
are not additive, as the resltion of one option affects the potential of the
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remaining options, and several options may even be mutually exclusive.
Therefore, a systems approach is needed in order to assess the realisable
potential and impacts of combinations of individual measures. Estimates of the
potentials and costs of the different measures are briefly discussed below. More
detailed information on the actual description of the measures, and scenario
assumptions are given in Sections 5.2 and 6.3.

Improvements in conversion and distribution efficiencies

Globally, the energy sector accounts for about 38% of the total carbon
emissions from energy use (IPCC 1996c¢). The emissions are directly related to
the losses in the conversion and transmission systems, particularly the losses in
power generation. Within the OECD countries, the average conversion
efficiency of combustible fuel-based power production is at present about 35 %.
In Finland, the efficiency has long been considerably higher, as illustrated in
Figure 7.

90%
Primary energy efficiency

80% & & - e v - —»— Efficiency of combustible generation|

=== Proportion of primary energy
TO0% - - - - - - s

60% -

50% -+

Per cent

40% -

30% -+

20% -+

10% ~

0% f f f f f f f
1960 1965 1970 1975 1980 1985 1990 1995

Figure 7. Average primary energy efficiency of the total electricity supply in
Finland, average net efficiency of combustible fuel based generation, and the
proportion of energy consumption of electricity supply to total primary energy
consumption (Statistics Finland 1998b).
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Table 14. Estimates for the costs and thermal efficiency (LHV) of some
potentially important power and heat generation technologies.

Plant type Plant size  Investment Net energy Year of Reference
MW(e) MW(h) FIM/kWe efficiency commiss. Note
Separate power production
Pulverized coal, conventional 500 0 4610 41.7% ~2002 1
Pulverized coal, conventional 1000 0 4610 41.0% ~2000 3
Pulverized coal, advanced 400 0 6220 49.5% ~2005 4
IGCC, coal 250 0 6700 48.0% ~2002 1
IGCC, biomass 60 0 6960 45.0% ~2005 5
IGCC, biomass 60 0 10280 45.1% ~2005 6
NGCC 300 0 3210 51.0% ~2002 1
NGCC 200 0 3160 50.0% ~2000 3
NGCC 200 0 3780 59.0% ~2005 4
Diesel engine, gas 100 0 3270 45.0% ~2002 2
Diesel engine, gas 40 0 4570 47.0% ~2005 4
Gas engine, biogas 1 0 4330 40.0% ~2005 4
District heat and power
AFBC, coal 17 40 8100 86.3% ~2000 2
AFBC, biomass 17 40 8560 85.4% ~2000 2
AFBC, biomass 30 60 8310 85.5% ~1997 7
IGCC, coal 65 65 8270 85.0% ~2002 1
IGCC, biomass 65 65 8590 84.0% ~2002 1
IGCC, biomass 30 30 14200 90.0% ~2005 6
NGCC, gas 120 120 3690 84.0% ~2002 1
NGCC, gas 150 150 3700 89.0% ~2005 4
NGCC, gas 160 150 3970 90.0% ~1997 7
GT, WHB, gas 40 70 5210 85.5% ~2002 1
GT, WHB, gas 15 25 3300 91.0% ~2005 4
Diesel engine, gas 95 90 3740 87.0% ~2000 2
Diesel engine, gas 40 40 4730 93.0% ~2005 4
Gas engine, biogas 1 1.3 4570 91.0% ~2005 4
Fuel cell, MFCF 15 8 6300 90.0% ~2015 4
Fuel cell, SOFC 20 8 4730 90.0% ~2015 4

1 Ekono 1997.

2 Kosunen & Leino 1995.

3 Unpublished cost estimates made at VTT Energy (Piril, P. & Lehtila, A. 1993).
4 DEA 1995a.

5 Solantausta & Kurkela 1995.

6 Solantausta et al. 1996.

7 STYV 1992.

The efficiency of separate power production based on combustible fuels can be
increased to more than 60 % in the longer term (IPCC 1996¢). Estimates of the
investment costs and efficiencies of some potentially significant new
technologies are presented in Table 14. Estimates used in the present study for
the technical and economic performance of power production technologies are
based mainly on domestic sources, and are discussed in section 5.2 Data from
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international sources have been used when good domestic estimates have not
been available.

Further efficiency improvements could be achieved by expanding the use of
combined heat and power production. In the year 1997 the proportion of CHP
generation to the total electricity supply was already as high as 30% in Finland.
As most of the heat loads suitable for CHP generation are alreadgdifitir
combined production, the economic potential for additional increases in the
CHP share is not very large with the present technology mix. Possibilities to
expand the use of natural gas combined-cycle technologies can be regarded as
limited when the security of supply is considered. New solid fuel technologies
such as integrated gasification combined-cycle technologies could offer
considerable additional potential for efficiency improvements but at present the
prospects for rapid commercialisation of these technologies are not perceived to
be very good.

Consequently, the potential for CHP is largely affected by assumptions
concerning fuel supply and the development of new energy technologies. Some

1995 2010 2025
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Figure 8. Share of combined heat and power production of total elec-
tricity supply in 1990 and in the scenarios of MTI (MTI 1997a), Jalo
(Sipila 1994) and Petaja (Vehmas et al. 1998) for 2010 and 2025.
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scenarios for the future contribution of CHP are presented in Figure 8. In the
present study the economic potential of CHP is primarily determined endo-
genously by the calculation model under externally defined constraints
concerning, for example, peak utiltion times, minimum proportions of heat
production in non-CHP plants, and penetration of new technologies.

Fuel switching to low-carbon or renewable fuels

Among fossil fuels, natural gas has the lowest €@issions per unit of energy.

The carbon dioxide emission of natural gas is about 40% lower than that of coal,
and about 25% less than that for oil. Furthermore, the lower carbon-containing
fuels can usually be converted more efficiently into electricity or heat, which
has a pronounced effect on the differences in the emission factors. However, in
Finland geographical factors restrict the expansion of natural gas use. The
present gas network covers only part of southern Finland, but could be extended
to the consumption areas of Turku and Pori and Jamsa-Jyvaskyla with a reaso-
nable amount of investment. The total potential for industrial and tertiary (incl.
district heat and power) consumption of natural gas within such an extended
network has been estimated to be about 5.2 billidrinn20101. Extensions
further north would hardly become economical unless a major gas pipeline
would be constructed e.g. from the Barents sea to central Europe through
Finland.

Apart from industrial and tertiary consumption, natural gas could be substituted
for coal in central electricity generation. A heavy reliance on natural gas would
require a secure gas supply. If the gas supply remains totally dependent on the
pipeline from Russia, substantial investments in reserve storage and plant
capacities may be required. Consequently, the economic potential for the use of
natural gas is highly dependent on the assumptions made about the development
of the Nordic gas market. In the scenarios analysed in the present study, two
different assumptions have been made. In the conservative case one assumes
that the Finnish gas network remains isolated from the western European gas
network during the whole study period. In the more optimistic case a connection
through Sweden is assumed to be available around 2010.

1 Unpublished study made by Ekono Ympaéristotekniikka in 1992.
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Table 15. Summary of the bioenergy use in 1995 and the estimated production
potentials in 2010 (adapted from Alakangas 1997, except for SRC).

Use in 1995 Production potential in 2010
PJ Technical, PJ Economic, PJ

Wood fuels

Forest residues 7.7 77 27
Thinnings 0.0 36 25
Bark * 36.3 45 45
Wood waste * 9.9 16 16
Pulping liquors * 108.8 150 150
Firewood 37.9 65 49
Wood total 200.6 389 312
Energy crops and straw

Reed canary grass ° 0.0 30 5
Coppices (SRC) 2 0.0 30 1
Straw 0.0 28 6
Crops total 0.0 58 12
Other waste

Refusal (REF) 0.6 20 10
Biogas 0.7 20 5
Construction waste 6.8 10 8
Waste total 8.1 50 23
Grand total 208.6 497 347

! Amounts proportional to the production volumes of forest industries.
% Technical potentials for energy grass and SRC are mutually exclusive.

Several studies have been conducted on the production and consumption poten-
tial for renewable fuels during the past few years (e.g. Jarvenpaa et al. 1994,
Helynen & Nousiainen 1996, Sipila et al. 1997, Alakangas 1997). Estimates for
the production potential are summarised in Table 15. By far the most significant
potential in Finland is related to the use of wood biomass for energy. In addition
to the by-product fuels and firewood, the potential from forest residues and thin-
nings could theoretically be over 300 PJ (Asplund 1997). However, technical
and ecological constraints limit the feasible technical potential as shown in
Table 15.
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Unfortunately, no serious attempts to estimate the present and future supply-cost
curve have yet been made in any of the studies. In the present study the end-user
price of 60 FIM/MWh or about 17 FIM/GJ has been assumed to represent an
upper bound for the economic potential. Accordingly, utilisation of the technical
potential over and above the economic potential has been assumed feasible, but
the costs have been set at a higher level than 60 FIM/MWh. The total potential
of additional wood-biomass supply has been further divided into four different
price categories, of which two fall strictly into the range of economic potential.

The economic potential for energy crops has been estimated to be relatively
small in Finland. Although the total area of set-aside fields is estimated to be
0.5-1 million hectares by 2005, only a small part of it is judged to be suitable
for energy crop production. In Finland short rotation forestry is not considered
to have any significant role in the energy supply. This is in sharp contrast with
Sweden, where willow is already produced on 20,000 hectares and the total
production potential for short rotation coppices is estimated to be about 165 PJ
(SOU 1992). As Finland has abundant resources of forest biomass, production
of energy wood in the fields is not viewed as necessary. Instead, about 100,000
hectares of cultivated land will be afforested over the next ten years in order to
further increase the conventional wood production (Alakangas 1997).

Energy crops that are assessed to have some economic potential in Finland
include reed canary grass, as well as turnip rape and barley for liquid fuels
production. Among all the options for the production of agrobiomass, straw is
estimated to have the lowest production costs. An important factor for policy-
makers is also the CAP subsidy system of the EU, which could offer a strong
financial incentive particularly for energy grass production. Additionally, the
harvesting equipment and schedules for straw and energy grass can offer
synergetic advantages. Table 16 summarises some recent cost estimates for
agrobiomasses.

Switching to nuclear energy
The introduction of nuclear power in Finland contributed to a major decrease in

the Finnish greenhouse gas emissions in the early 1980s, as shown in Figure 2 in
Section 2.1. Since then the share of nuclear power in the total electricity supply
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Table 16. Cost estimates for the production and short transport of reed canary
grass (RCG, willow (SRC), and straw (cost data from Sipila et al. 1997).

Baled RCG SRC chips  Baled straw

Yield, t(dm) /ha 55 9 2
e it A I
LHV, GJ/ t(dm) 17.13 18.42 17.40
Moisture, % 25.0% 45.0% 30.0%
Effective LHV, GJ / t(dm) 16.2 16.2 16.2
Total costs, FIM95 / MWh 68 53 46
Energy yield, GJ / ha 89 146 32

has slowly decreased, and was about 27% in 1997. As the nuclear share is not
very high, additional nuclear base-load capacity would fit in well with the
supply structure. The operating experience of the existing Finnish nuclear plants
has been remarkably good, and therefore also the projected economics of
possible new installations are considerably more favourable than in most other
European countries.

The specific investment costs of new nuclear plants have been estimated at
11800 FIM/kW,, and the total operating, fuel and waste management costs at
57 FIM/MWh at the price level of 1996 (Ekono 1997). Therefore, assuming that
the economic life of the plant is 25 years, the total generating costs at the station
bus-bar would be 160-170 FIM/MWh, depending on the actual load factors.
Together with large coal and natural gas combined-cycle power plants, nuclear
power is thus estimated to be one of the lowest-cost options for separate power
generation. This means that as a greenhouse gas mitigation measure nuclear
power appears to be economically a very low-risk option in Finland. However,
because of the other risks perceived by the general public, in the present study
the nuclear option has been taken into account only in very few scenario
variants.

Switching to renewable non-combustible energy sources
Non-combustible renewable energy sources include, basically, hydro, wind and

solar energy in Finland. About 13 TWh of hydro power (2950 MW) were
already installed in Finland by 1998. Large increases in the production capacity
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Table 17. Estimates for the potential and present cost levels of solar athd win
energy systems in Finland (Lund 1997).

Potential Present cost level
TWh/a FIM96 / MWh
Solar power
Integrated in buildings 1 2000-3000
Power plants 2-3 3000-6000
Solar heat
Summmertime district heat 2-3 150-400
Seasonal heat storage 4-5 600-1000
wind power
Coastal areas 4 250-300
Archipelago 10 250-400
Offshore on cliffs, south-coast 3 250-500
Northern mountains 13-15 200-250

are prohibited by environmental protection laws. Nevertheless, small increases
can be realised by renovations, or by installing new turbines to existing or
decommissioned plants (Kovanen 1992, Salokoski & Aijala 1996). According to
the scenarios published by the Ministry of Trade and Industry (MTI 1997a), the
normal-year hydro power production could be about 14 TWh in 2010. No
increases were assumed in the MTI scenarios after 2010, but one could assume
continuing slow increases to be possible also thereafter. Therefore, in the
present study the total production is assumed to be 14.2 TWh in 2020, and
14.7 TWh in 2040. This assumption is taken to be as a fixed scenatrio.

According to a recent summary review, the potential for wind and solar energy

can be estimated as shown Table 17 (Lund 1997). In the medium term (until

about 2015), only wind power can be expected to have a notable role in the total
energy supply. In the long term both solar heating and solar power systems can
be expected to become competitive, at least in special niche markets.

Nevertheless, because the economy of solar energy is, in Finland, inherently
weakened by geographical conditions, the role of domestic solar energy systems
can be expected to remain marginal for quite a long time (MTI 1997b).
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Due to different approaches to land-use restrictions, there are several diverging
estimates of the potential for wind power on land and within the archipelago
areas. However, the maximum wind power potential can be reasonably well
assessed until the year 2010. At the end of 1998 the total wind power capacity
was about 20 MW, and existing plans suggest that the capacity could be at most
50 MW in 2000. Based on the scenarios presented in recent surveys (Lund 1997,
Ekono 1998), the capacity could be 150 MW in 2005, and about 400 MW in
2010. Recalling that the average number of full-load hours has been about 2200
in Finland, a realistic maximum estimate for potential wind power output in
2010 would be 0.9-1 TWh.

In the longer term, the potential on the mainland and in the archipelagos has
been estimated to be about 6 TWh in areas with no land-use restrictions
according to current regional plans (MTI 1993, Peltola & Petdja 1993). Further
potential can be found on mountains in the northern part of Finland, and by
utilising offshore wind energy. The practical potential for arctic wind power on
the mountains has been estimated to be 1-2 TWh (MTI 1993). According to the
surveys made, the economics of offshore wind energy would in Finland be best
for plants installed on small cliffs. Taking into account the restrictions induced
by the existing power grid, the total potential for such plants has been estimated
to be about 3-4 TWh (Sommardal et al. 1994, Holttinen 1998).

The costs for wind power production have been decreased remarkably during
the past two decades. By the year 2020 the investment costs are expected to be
further decreased by about 30 % (Ekono 1997, DEA 1995b). The costs of on-
grid solar power systems have been decreasing even more rapidly, but the
decrease has slowed down considerably during the last decade. The investment
cost are still over 30,000 FIM/KW (Ekono 1998). Nevertheless, large prog-
rammes have been initiated in some countries (e.g. USA and Japan) to promote
the integration of solar power systems with building structures. In such systems
the total costs can be reduced by substituting solar panels for conventional
facade materials (Lund 1997).

The wind power potential taken into account in the present study is in line with

the estimates presented above. For solar power, only small-scale on-grid photo-
voltaic systems, which are not integrated into building structures are considered
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in the study. This is due to the lack of sufficient data on the costs and energy
yields of integrated systems. Additional information on the assumptions used
for wind and solar energy is given in Section 5.2.

Recovery and disposal of C@from flue gases

It is quite feasible to remove and store the,@Om the flue gases of a fossil

fuel power or heat station. The main drawbacks are that the conversion
efficiencies are reduced and the production costs are increased significantly. It
has been estimated that a removal of 87% of the i@Ghe flue gases of a
conventional coal power plant would reduce the energy efficiency from 40% to
30%, and increase the costs per unit of electricity by about 80% (IPCC 1996c).
The increase in costs would thus correspond to about 200 FIM per tonne CO
removed. This cost does not, however, include the costs for the storage,
transportation and final disposal of the recovered. Snilar estimates of the

cost increases have been reported in a Finnish survey (Salokoski & Aijala
1996).

If the costs for storage and final disposal were small E&@oval could well
become one of the cost-effective technical measures to reduceni€sions
under tightening greenhouse gas emission targets. Potential alternatives for the
final disposal include deep ocean repositories, and oil and gas fields. Con-
sequently, countries like Finland would have to transport ther€vered for

very long distances. Furthermore, there are still quite a few unanswered
technical questions related to the final disposal of. @©Qany case, the costs for
transportation and final disposal would be very high for, @G€&overed in
Finland. If the option should become cost-effective, the practical solution for
Finland would be to replace domestic electricity production by imported elec-
tricity produced close to oil or gas fields amenable for, Gi9posal, e.g. from
Norway. As the possibilities for such arrangements are as yet very speculative,
the option of C@recovery and disposal has not been taken into account in the
present study.

4.1.2 Industrial sector
In this study the industrial production of electricity and process heat is grouped

under the energy sector. Therefore, the measures for reducing carbon dioxide
emissions discussed in the previous section cover for a large part also the
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measures applicable to industrial energy use. Apart from measures related to
power and heat generation, IPCC suggests the following technical options for
reducing industrial greenhouse gas emissions (IPCC 1996c¢):

» Introduction of new process technologies
» Improvements in existing processes

* Thermal cascading

» Material substitution

* Material recycling.

The introduction of new process technologies typically involves large capital
investments, and is therefore normally governed by the natural production
capacity retirement rates. Nevertheless, the turnover of capital is typically
somewhat more rapid in the industrial sector than in the energy sector.
According to the IPCC, the most energy-efficient industrial processes in the
chemical or primary metals industry today consume energy three to four times
their thermodynamic energy requirement. That would leave considerable room
for efficiency improvements.

Improvements in existing processes can involve just fine-tuning the process e.g.
by introducing better control systems to reduce wasted energy. Other measures
could be directly related to the fuel choices and thus also emissions. For
example, in the production of ammonia, natural gas can be replaced by biomass
as the feedstock source of hydrogen. Thermal cascading means the recovery and
utilisation of lower temperature heat for appropriate purposes, thus reducing the
amount of heat wasted. In Finland such techniques are already in wide use in
many branches. Finally, material substitution and material recycling represent
potentially very large possibilities for reducing energy use. For example, the
use of wood as a construction material instead of concrete can reduce the
embedded energy use by as much as 95% (IPCC 1996¢). Recycling materials
whose manufacturing process is very energy-intensive can also in many cases
reduce the energy consumption by more than 50%. This is particularly true for
several primary metals (e.g. aluminium), but for many other materials recycling
causes unavoidable downgrading in quality, which reduces the achievable
energy gains.
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In the present study the industrial measures for greenhouse gas abatement
include primarily various energy conservation measures applicable to the
production processes. Only measures related to the consumption of power or
process heat have been considered, i.e. the intensities of direct uses of fuels such
as coke combustion in blast furnaces have been described with fixed scenarios.
Options for new process technologies have been taken into account insofar as
the transition from existing technologies to the new ones can be assessed not to
involve high financial risks. Options related to changes in the product mix have
generally not been taken into account, due to insufficient possibilities to
evaluate the economic implications of such changes The processes and product
mixes, e.g. in the forest products industry and basic metals manufacturing are
defined as fixed scenarios and are not determined through cost-effectiveness
considerations.

Estimates for the potentials of energy conservation measures have been reported
in numerous domestic studies. The most comprehensive study was the Energy
conservation project finished in the early 1990s (Lepistd 1991), but the results
from the various sectoral analyses of the study can to a large extent still be
assumed to be applicable (e.g. Rintekno 1990, MTI 1990).

According to a survey made in 1995 (Timonen 1995), and a product level
analysis made during the present study, the specific energy consumption of
forest industry products generally increased slightly during the early 1990s, but
have thereafter remained stable or returned to the 1990 levels. A notable
exception is mechanical pulping where specific electricity consumption has
continuously increased due to requirements for finer qualities. In the basic
metals manufacturing a decrease of about 2% in specific product-level
electricity consumption has been achieved in five years. The consumption of
heat has decreased considerably, but as it is in any case quite small, no explicit
conservation measures are considered. In the chemical industries, electricity
consumption per value added was in 1995 almost at the same level as in 1990,
and heat consumption had slightly increased due to changes in product structure
(see Appendix B). However, according to the 1997 results from the Responsible
Care Programme (Chemind 1998) the electricity consumption of major chemical
industries was in 1997 reduced by 24% compared to the previous year in
proportion to production volumes. The corresponding reduction in other energy
use was as high as 39%. Because the information has been very preliminary,
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Table 18. Estimates for the potential and costs of energy efficiency improve-
ments in the industrial sectors (Lepisté 1991).

Best commercial technology Ir};ﬁg'{;%ﬁﬁjltogrig?-
Potential Cost (5% rate) Potential
% FIM90/MWh %

Electricity

Forest industries 9% n.a. 21%
Chemical industries 5% 130-140 13%
Basic metals manufacturing 5% n.a. 29%
Other manufacturing 14% 10-130 18%
Process heat

Forest industries 15% n.a. 21%
Chemical industries 13% 50-450 23%
Basic metals manufacturing 1% n.a. 13%
Other manufacturing 18% 0-110 24%

these reductions have not been taken into account in the present study
(insufficient official statistics available). Consequently, the future energy
intensity of chemical industries may be somewhat overestimated in the present
study. In other industrial sectors the changes in specific energy consumption
between 1990 and 1995 appear to be in general relatively small, although
notable changes have occurred in many industrial branches during the
intermediate years of recession.

Table 18 summates the estimates from the Energy conservation project con-
cerning industrial sectors. For the potential in forest industries, a number of
additional studies in the national energy research programmes have also been
used (e.g. Sundholm 1994, Paulapuro & Komppa 1994, Lahepelto 1996). For
the chemical industries, the sectoral analyses of the Energy conservation project
have been the main source (Rintekno 1990). For basic metals manufacturing the
results from the SULA Programmes (Hakulin 1994) have been taken into
account.

The results from the Energy conservation project indicated that from the
viewpoint of the whole energy economy substantial no-regret potential for
efficiency improvements could be found in most end-use sectors. In practice,
however, such potential is not being w8lil. This has been explained mainly by
the rate of return required, which for various reasons is often set on a very high
level by individual economic agents. The high requirements for the rate of
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return often reflect true cost overheads resulting e.g. from case-by-case
uncertainties and productivity losses during implementation, but can also be
related to institutional barriers or insufficient information in the decision-
making processes.

Neither the costs actually perceived by economic agents nor the true implemen-
tation costs can be easily estimated. Nevertheless, the cost assumptions should
be reasonably consistent with the actual behaviour of the agents. Therefore, in
this study all the costs of the energy conservation measures considered have
been calibrated to be higher than the break-even point in the baseline energy
system, while attempting to preserve the shape of the original cost function
estimate. With such a calibration results that would indicate unrealistic cost-
savings form energy conservation measures can be avoided. More detailed infor-
mation on the costs and potential of the measures in each sector is given in
Section 5.3.

4.1.3 Residential and tertiary sectors

The energy consumption in the residential and tertiary sectors include energy
used for space heating, hot water, cooking, lighting and various appliances. The
technical options can be divided into four categories:

» Switching to less carbon-intensive energy sources in heating and coo-
king
* Improvements in thermal integrity

» Efficiency improvements to heating, cooling, and hot water equipment

» Efficiency improvements to cooking, lighting and other appliances.

All the options in the last three categories can be considered as energy
conservation measures. However, in the present study the gradual improve-
ments in the efficiency of each type of heating and hot water equipment are
defined as fixed scenarios, and are not included in the measures considered
explicitly. Similarly, the autonomous improvements in the thermal integrity of
buildings through new construction or renovations are not considered as
options, but are given exogenously as scenarios.
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The explicit options considered for heating and hot water consumption can be
divided into switching between different heating systems or heat sources, and
into measures for improving thermal integrity. Estimates for market shares in
heating in 1995 are presented in Figure 9. The market share of district heating is
generally expected to be slowly increasing, as is the share of electric heating in
single-family houses. The shifts in market shares from such a baseline estimate
cannot be expected to be very large, mainly because of the slow turnover of the
capital stock. Up-to-date cost estimates for various conventional heating systems
have been presented e.g. in a survey made at VTT Energy (Flyktman 1996).

According to the Energy conservation project, in addition to the autonomous
efficiency improvements there still exists potential for considerable
improvements in thermal integrity. Estimates for the total efficiency
improvement potentials are shown in Table 19 together with the estimates for
household and tertiary electricity consumption. The estimates for new buildings
are well in accordance with more recent studies (e.g. Saarimaa et al. 1994). In a
recently published baseline scenario (MTI 1997a) the average specific heat
consumption is expected to decrease by about 10% by 2010, and by about 15%
by 2025. Even if the total potential were also to include efficiency improve
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Figure 9. Market shares of different energy sources in space and water
heating in 1995, as percentages of total building volume.
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Table 19. Estimates for the potential and costs of energy efficiency
improvements in the residential and services sectors (Lepistd 1991).

Best commercial technology Ir};ﬁg'{;%ﬁﬁjltogrig?-
Potential Cost (5% rate) Potential
% FIM90/MWh %

Existing building stock

Single-family houses 26% 270 41%
Multi-family houses 24% 220-330 40%
Service buildings 35% 160 56%
New buildings

Single family houses 33% 310 53%
Multi-family houses 25% 270-280 45%
Service buildings 42% 170 69%
Household electricity 47% 65%
Lightning 70% 170-380 76%
Cold storage 64% 80 64%
Other appliances 33% 30-200 62%
Services electricity 40% 50%
Lightning 58% (oo 65%
Cold storage 25% 100 63%
Other appliances 30% 100 38%

ments in the heating systems, the additional potential for improving thermal
integrity can be estimated to be quite large, about 20—-30%. As in the case of the
industrial sectors, in the present study the costs of the conservation measures
have been calibrated against the baseline scenario. The assumptions are
described in more detail in Section 5.3.

Apart from the more conventional heating systems, potentially important new

technologies include, in particular, heat pumps and solar heating systems. The
potential for solar heating in single-family houses is estimated to be relatively

small (Lund 1997), but when combined with the estimates for large-scale solar
heating, the total potential would be about 7 TWh. As in the present study only

solar heating integrated into single-family houses is considered, it would be

reasonable to include some of the potential estimated for larger-scale

production. Therefore, a maximum potential of about 3 TWh has been assumed
for 2040. The investment costs for a solar water-heating system in 1995 were
about 2600 FIM/GJ-d higher than for an electric boiler system, and the costs
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for a complete solar heating system have been estimated to be about 3000-4000
FIM/GJ a1 (Leppaniemi et al. 1995, DEA 1995b). The investment costs per
unit of useful heat produced are expected to decrease by at least 35 % and
possible by as much as 60 % by the year 2020 (DEA 1995b).

In Finland there are only about 10,000 heat pumps installed in detached houses,
while in Sweden the amount is about 300,000. Furthermore, in Sweden a target
of doubling the amount in the next 15 years has been set. On the basis of these
figures, the potential in Finland could well be estimated to be 200,000 — 300,000
houses. The optimal size of a heat pump is generally estimated to be about 50%
of the peak load, corresponding to about 90 % of the annual heat consumption.
Consequently, 250,000 houses (22 % of all detached houses in 2010) would
represent about 20% of the total heat consumption of detached houses in 2010.
In the present study only ground heat pump systems are considered for detached
houses. For service buildings exhaust-air heat pumps are assumed to be the most
applicable option. The investment costs for a ground heat pump system per unit
of annual useful energy produced were about 1200-1500 FIMAGihal998
(Leppaniemi et al. 1995 As the market for heat pumps has not yet been
matured and the technologies are still evolving, the investment costs per heat
output can be expected to decrease by about 10 % by the year 2020 (DEA
1995b).

Exhaust-air heat pumps can be considered for commercial buildings and also for
multi-family houses. The costs of air heat pump systems are much lower than
those for ground heat pumps. In 1998 the investment costs were 500-700
FIM/GJ a1 (per unit of useful heat produced annually), i.e. about twice as
much as for direct electric heating. The long-term potential is, in this study,
estimated to be 10 % of the total consumption of space heat in service buildings
and 5% in blocks of flats.

4.1.4 Transport sector

On a global scale, energy use in transportation has grown more rapidly than in
any other sector. In Finland, transportation accounted for about 20 % of the
total energy-related carbon dioxide emissions in 1996. The technical options
available for reducing carbon dioxide emissions from transport include effi-
ciency improvements, alternative energy sources, urban planning and infra
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structure, as well as modal shifts. In a small country the possibility of

influencing the technical development of transport vehicles is quite small.

Therefore, in the present study the energy efficiencies of all transport vehicles
have been defined as fixed scenarios.

The most promising alternative car concepts are electric cars, hybrid cars, and
fuel cell cars. In addition, methanol, compressed natural gas and liquefied
petroleum gas could be used as fuels in conventional types of car engines. In
the long term the fuel cell technology probably could offer the best combination
of efficiency and flexibility. The alternative car concepts considered in the
present study include electric passenger cars and vans, as well as methanol,
compressed natural gas and LPG cars. As only highly tentative estimates can yet
be made for fuel-cell cars, the electric car will serve as representative of both.

Because even electric cars are still in the experimental phase, quite limited
information is available about their present or future costs. A rough estimate of
the present price-level is 1.5 times that of a gasoline car of similar class.
Nevertheless, one could estimate that the investment costs will eventually be
reduced to close the levels of conventional ICE cars. For the alternative fuel
cars, cost estimates from an unpublished German database have be®ufdsed (
et al. 1991). However, using the cost data that have been available appears to
render electric (or hybrid) cars to be the only cost-effective technical option for
CO, mitigation in passenger transport in the medium term.

Some energy saving can be achieved by improving driving styles and decreasing
unnecessary consumption. In the Energy conservation study such non-technical
energy conservation potential was estimated to be about 5% (Lepistdé 1991).
Accordingly, a small potential has also been taken into account in the present
study. The potential could be viewed as being related, for example, to making
use of adaptive driving control and monitoring systems, which could provide up
to 15 % reduction in fuel consumptién

1 Motiva Information Centre for Energy Efficiency, November 1998.
(http://www.motiva.fi/motivdii-econen.html)
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4.2 Abatement of methane emissions
4.2.1 Recycling and waste incineration

The most efficient measure for glbatement in the waste management sector

is reducing the amount of landfill waste. In Finland this is the main objective of
the national waste plan (Ministry of the Environment 1998). The purpose is to
increase considerably the utilisation rate of waste by the year 2005. The CH
abatement is not the only reason for lessening the amount of landfill waste.
Waste disposal sites have also other disadvantageous environmental effects,
such as pollution of water systems.

An important factor in the comparison of cost-effective; @tluction measures

is the cost of landfill, which can be considered as a reference cost. The costs
vary in different parts of Finland due to transportation distances of different
length. On average the total cost of the disposal of municipal solid waste is
roughly 750 FIM/ton. This estimate is based on Tanskanen (1996).

The current and estimated future utilisation rates of the significant municipal
solid waste (MSW) fractions for methane emissions are presented in Table 20.

An exact estimate was available only for the current utilisation rate of paper and
board (Finnish Environment Institute 1997). The current utilisation rates of
organic waste and combustible fraction are based on Tanskanen (1996, p. 57).
Combustible fraction (source-separated recycled fuel, REF) contains paper,
board and plastic, which are not suitable for recycling; for example packing
materials. The utilisation of organic waste is discussed in Sections 4.3.2 and
4.3.4.

Table 20. The present utilisation rates for significant MSW fractions, estimates
for the year 2005, and utilisation measures.

Fraction Present in 2005 Utilisation measure

Organic waste 10-20% 20-75% Composting or anaerobic
treatment

Paper and board 61% 60-75% Recycling, as a fuel

Combustible ca. 5% <70% As a fuel
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The most important recycled materials in Finland are paper and board, which
have been widely utilised in the paper industry. It is assumed that in the future
the utilisation rate of paper and board will be at least at the present level. The
costs due to recycling have been estimated with help of Tanskanen (1996). The
cost estimate includes waste containers, collecting and transportation; and the
total is on average about 600 FIM/ton.

The burning of REF is done in the boilers of the existing power plants, together
with other fuels. It has been estimated that the lower heat value of REF is about
18 MJ/kg (Pipatti et al. 1996). Because of a relatively low heating value, it is
reasonable to incinerate REF in fluidised bed boilers. The fuel cost of REF is
about 800 FIM/ton (160 FIM/MWHh), and it includes waste-container, collection,
transportation, and treatment cdsta the treatment phase the source-separated
waste is crushed into smaller pieces, so that the waste requires less space and
the utilisation in boilers is easier. It has been assumed that the incineration of
REF with other fuels does not increase the costs of existing power plants.

Municipal solid waste can be utilised directly as energy by mass incineration,
which is done in waste incineration plants. In Finland there is only one waste
incineration plant in Turku. Its annual capacity is about 53,000 tons. It has been
estimated that at most about 90 per cent of MSW is suitable for mass
incineration. The lower heat value of MSW is about 11 MJ/kg wet waste. The
methane emissions due to incineration are insignificant compared with the ones
due to landfill. (Pipatti 1997; Pipatti et al. 1996). The power plant costs of mass
incineration have already been described in the EFOM model prior to this study.
Other costs needed are that of the waste-container, collection, and transportation
costs of MSW, which altogether are about 650 FIM/ton.

In the future gasification (pyrolysis) is also one possibility for utilising the
energy content of waste. Lahden Lampévoima Oy (a power company owned by
the city of Lahti and Imatran Voima Oy) has been testing a 40-50 MW
circulating fluidised bed gasification plant connected to a 350 MW steam boiler
fired by coal and natural gas. The gasifier has been tested with wood-based

1 The cost data is mainly based on personal communication with Sirje Ingervo, YTV.
The waste container costs have been estimated with help of Tanskanen (1996).
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fuels, and a future objective is to burn REF and peat. The product gas is utilised
in a steam boiler to replace fossil fuels. Unfortunately, the cost data have not
been available. (Wilén and Kurkela 1997; Haukkasalo 1998)

4.2.2 Landfill gas recovery

The CH, emissions from landfills can be reduced by landfill gas recovery. The
common recovery system consists of intake wells, collection pipes, collection
wells and compressor pump, which provides the necessary suction for the
system to recover landfill gas from the waste layers. From the compressor
facility gas is directed to utilisation or to the torch. Landfill gas must be
purified, especially before utilisation. (Pipatti et al. 1996) In the Netherlands
landfill gas is injected directly into the local natural gas grid. In this case CO
and impurities must be separated out (Oonk and Boom 1995). Gas formed in the
waste layers contains roughly 50 per cent of methane and 50 per cent of carbon
dioxide. These proportions vary with different landfills and with different
composition of waste. In Finland the lower heat value used in calculations is 4.5
KWh/Nn, 1

The total recovery efficiency depends on the timing of the start of the recovery.
Usually the recovery is begun after closure of the landfill, in which case a part
of the total methane potential is already emitted into the atmosphere. On the
other hand, the recovery begun during the operation period is becoming more
common. After the installation of the recovery system, 50-90 per cent of formed
landfill gas can be recovered. In this study a recovery efficiency, 50 per cent, is
used, because the amount of emitted landfill gas calculated by the mass balance
model (see Section 2.3.2) might be somewhat too high. The aim of this choice
of method is to get a reasonable estimate for recovered amount of energy.

In Finland recovery equipment has been installed in 8 landfills, and more of
them will be installed in the future, because according to the law it is necessary
to recover landfill gas from new landfills. Old ones have a transition time, which
will last until 2002 (The Finnish Council of State, 1997). However, the law is

1 This value, other data considering the efficiency and the costs of landfill gas
recovery, and data for gas engines are based on personal communication with Petri
Véisanen, Sarlin-Hydor Oy.
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Table 21. The costs of the recovery system.

Big disposal site Small disposal
site
Investment costs (FIM/GJ/a) 75.6 87.2
Torch (FIM/GJ/a) 7.7
Operating costs (FIM/GJ) 25 25

not unconditional, because the environmental authorities have the right to
consider the cost-effectiveness of landfill gas recovery case by case. As a result
the recovery system is probably not installed in every landfill, but only in
landfills where it is economically reasonable. Many of small landfills will be
closed in the near future, and therefore the recovery systems will be installed
mainly on big landfills.

The recovery costs are presented in Table 21. The costs of big disposal sites are
based on an estimation, which has been done for a disposal site, in which about
500 Nnf landfill gas is emitted per hour. The investment cost (2.45 MFIM) is
converted to cost per capacity unit (GJ/a) with 50 per cent recovery efficiency
and 8000 h/a operating time. The operating costs (0.04 FIR)/kmlude the
electricity consumption of the compressor pump and the maintenance of the
system. If the recovered gas is burned in a torch, the investment costs (0.25
MFIM) of the needed facility have to be taken into account too. The quality of
the cost and efficiency data for landfill gas recovery can be assessed to be
reasonably good, as they are based on many operational recovery systems.

In small disposal sites, where the production of gas is about 2G(h Nime
utilisation of landfill gas as energy is usually not economical, and therefore gas

is burned in a torch. The costs of the torch are included in investment costs. The
operating costs are estimated to be the same as in the case of big disposal sites.
Generally, the recovery costs have been quite stable for some years.

In big landfills the recovered landfill gas can be utilised in energy production in
various ways. In Finland operational options are, nowadays, direct combustion
in heating boilers and use in stationary gas engines. The heating boilers are
either manufactured for this purpose or modified from oil-fuelled boilers. The
gas engines are used mainly for electricity production. Co-generation of heat
and power is also possible with the waste heat boiler. The gas engines are turbo-
charged Otto cycle-cycle engines, and so the fuel does not need to be
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Table 22. Economical and technical data of the gas engine.

Investment costs of electricity production (FIM/kW.) 5500
Investment costs of heat production (FIM/kW ) 500
Operational costs (p/kWh) 7.0
Peaking time (h/a) 8000
Power-to-heat ratio 0.6

pressurised as, for example in the gas-diesel engines. In electricity production
38 per cent efficiency is achieved. In the heating boilers, only heat is produced
with about 90 per cent efficiency. In the future the dominant utilisation
technology is probably the gas engine, which produces only electricity, because
the utilisation of heat outside the disposal site requires nearby district heating
grid or another heat consumer. A part of the produced energy is often utilised in
the disposal site area in different applications (e.g. compressor pump and
lighting). It has been assumed that the proportion of the own use of energy is
about 30 per cent.

The costs of using gas engines are presented in Table 22. The costs are suitable
for 0.5-1 MW, engines, which are the typical sizes used in the disposal site. The
investment costs of heat production are mainly due to the waste heat boiler. The
operational costs include personnel, lubricant and maintenance costs. The costs
of combustion in heating boilers are already implemented into the database of
the BFoM model, and so they are not presented in this study.

4.2.3 The composting of organic waste

Composting is a simple and environmentally friendly technology for reducing
the amount of organic waste in landfills and, consequently,gbtissions. The
amount of methane emitted from composting is insignificant compared with the
emissions due to landfill, because the waste is kept in aerobic conditions. The
emissions are very small, even if the composting would function poorly. The
product from composting is humus, which can be sold. (Pipatti et al. 1996)

Composting of organic waste is becoming more common, because according to
the law it will not be permissible in the future to deposit high organic content
waste into landfills (The Finnish Council of State 1997). Nowadays about 10-20
per cent of organic waste is composted. It has been estimated that at most 75 per

61



cent of organic waste can be composted, because organic waste requires source
separation, which probably never functions completely.

The composting is howadays done in stacks or in tunnels in specific composting
plants. The latter method has recently become more common, and in the future
it will probably be the dominant technology. In stack composting the organic
waste and some back material (bark, peat, wood chips, etc.) is spread on the
ground in the stacks, which are covered. In tunnel composting the organic waste
is deposited in steel concrete tunnels, which can be closed. In order to maximise
the production of composted material, air is blown underneath the tunnels.

The investment and variable costs of a composting plant are in total about 500
FIM/ton of organic wasfe The costs of stack composting are about 200
FIM/ton. In addition, waste container, collection, and transportation costs (about
560 FIM/ton) must be taken into account. (Tanskanen 1996)

4.2.4 Anaerobic treatment of animal manure and organic waste

The anaerobic treatment applies to the, @batement of waste management and
agriculture. In anaerobic treatment, manure and other biomass are decomposed
in specific reactors under anaerobic conditions. When only manure is processed,
the output of biogas is lower, because the nitrogen-carbon ratio of manure is too
high for optimal forming of biogas. Therefore it is reasonable to process some
organic waste too. These biogas plants produce humus and biogas, which
contains about 65 per cent methane. Humus can be applied, for instance, to the
fields of the cattle farms. Biogas is recovered and it can be utilised in the
production of heat and power. The process heat needed in the plant is also
produced with biogas. (Lehtimdki 1995; DEA 1992)

In Finland there is only one anaerobic treatment plant, in the town of Vaasa
(Tanskanen 1996, p. 44). It processes mainly organic wastes and sludges.
Anaerobic treatment of manure is probably cost-effective only in centralised
plants, in which case the amount of manure needed is large. The farms are quite
small in Finland, and therefore many farms would have to manage manure

1 Based on personal communication with Juha Uuksulainen, YTV.
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Table 23. The data of anaerobic treatment for plants, which process many types
of biomass or organic wastes only.

Mix Org. waste only
Investment costs (FIM/t/a) 480 37401
Fixed costs (FIM/ton,a) 21
Variable costs (FIM/ton) 49 562
Biogas to external energy production (GJ/t) 0.8 25
CH, recovery efficiency 90% 100%

centrally. For example in Denmark centralised bio-gasification has been
common for almost ten years. Both manure and organic wastes are processed in
the same plants, which appears to be a suitable option for Finland too. The
economic and technical data of the biogas plants are based on Danish Energy
Agency (DEA 1992), Lehtimédki (1995), Tanskanen (1996), and Pipatti et al.
(1996).

The costs and other data are presented in Table 23. The investment costs are
calculated with a five per cent annual interest rate in real terms and 20 years
operation time. The costs do not include the costs of the external energy
production. The costs of organic waste treatment correspond to the costs of the
plant which is in use in Finland (capacity for organic wastes is 6500 ton/a). In
addition waste container, collection and transportation costs, which are together
about 560 FIM/ton, must be taken into account. The investment costs for the
plant, which processes manure and other biomass (“Mix”), are the same as the
costs of a Danish biogas plant with annual capacity of 51 kilotons.
Transportation costs are estimated to be 200 per cent higher than in Denmark,
because of longer transportation distances. It can be seen from Table 23 that the
costs of the treatment of organic waste are much higher. The values are not
directly comparable, because the plants are of different types.

Danish plants, which process manure and organic wastes, produce on average
36 ntbiogas/ton of biomass, of which on is utilised for process heat in the
plant. Therefore 33 ffion can be utilised in the production of external energy.
This amount of biogas (6.5 kWhjmis about 0.8 GJ/ton in primary energy
terms (DEA 1992). Anaerobic digestion of organic wastes only produces about

1 The investment cost includes the fixed costs.
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150 n7 biogas per ton of waste (Pipatti et al. 1996), which corresponds to 3.5
GJ/ton. The proportion of the own use of biogas is assumed to be 30 per cent, in
which case about 2.5 GJ/ton is left over for external energy production.

Some methane is emitted from manure e.g. during transportation, and therefore
the CH, recovery efficiency of “Mix” plants is estimated to be 90 per cent. In
the case of organic wastes, the forming of methane does not start as quickly as
in the case of manure; although the efficiency might be lowered by, for
example, leakage in the case of malfunction. It has also been assumed that at
most 50 per cent of organic waste and liquid manure can be treated
anaerobically. The sludge from sewage treatment plants is also treated
anaerobically, but information about this was not available during this study.

4.2.5 The composting of manure

The CH, emissions from manure management can be reduced by composting.
The purpose of composting is to keep the manure in aerobic circumstances, in
which case no methane will be formed. The best result will be achieved with
drum composting, in which the manure is feeded into a circulating horizontal
cylindrical drum from one end, and the output is taken out from another. The
composted manure can be applied to the fields or it can be sold outside the farm.
In 1994 about 50 farms had a drum compost in use in Finland (Klemola and
Malkki 1995). The CHreduction efficiency of the drum composting is assumed

to be 70 per cent. It has been estimated that it is suitable for at most 80 per cent
of farms (Pipatti 1997). In Table 24, the costs of drum composting are
compared

Table 24. The costs (FIM/ton of manure) of the different manure management
systems (Klemola and Malkki 1995).

System Dairy cattle Other cattle Swine Sheep Hprses Poultry
Drum compost 159 159 151 | 155 | 155 133
(solid)

Drum compost 159 159 151

(liquid)

Solid manure 61 61 61

management

Liquid manure 87 87 87 | 87 87 87
management
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with the costs of the present management systems. In the calculation of the costs
the amounts of manure produced by different animal categories are also needed
and they have been taken from Heinonen (et al. 1992, p. 257).

4.2.6 Other CH, reduction measures

Most of agricultural CH emissions are due to enteric fermentation of animals,
especially dairy cattle. The abatement of emissions is possible by improving the
feed and the animals’ digestive abilities. There have been no studies carried out
in Finland on these measures, and so there is, for example, no knowledge of
efficiency and costs. However, it has been estimated that there is no significant
decrease of emissions in prospect (Pipatti 1997). Thus, these measures are
excluded from this study.

The CH, emissions from energy production can be reduced by taking advanced
combustion techniques on broad use. On power plant scalem@idsions are
already very small. Most emissions are due to small-scale combustion from
which emissions can be reduced by more advanced stoves and boilers (Carter et
al. 1996). Unfortunately, there is no knowledge of the costs and the reduction
efficiencies. The emissions from transportation are already very small and they
will decrease further, when passenger cars without catalytic converters become
less common. Consequently, there is no need to use additional measures to
reduce CHemission.

4.3 Abatement of nitrous oxide emissions
4.3.1 Combustion processes
The NO emission from the energy sector will increase in the future, because of
the expanding use of fluidised bed combustion (FBC) in energy production and
catalytic converters in passenger cars. It has been estimated that in 2010 about

50 per cent of Finnish JO emissions will be due to the energy sector (Pipatti
1997). In 1990 this share was about 30 per cent.
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In fluidised bed combustion & emission reduction is not of great importance,
since it is only a small part of the GHG emissions from FBC. The reduction
measures are aimed mainly at carbon dioxide and acidifying emissions, such as
nitrogen oxides and sulphur dioxide. In principle, th® Mmissions could be
reduced by adjusting the combustion conditions, but in that case other emissions
tend to increase (Kilpinen 1995). The main problem in FBC is that the
emissions are dependent on each other.

One possible way to reduce@ emissions from FBC is to burn natural gas in
the cyclone of the boiler, in which case a part g®Nlegrades to molecular
nitrogen (Kilpinen 1995). Unfortunately, no knowledge of the costs and
efficiency for power plant scale boilers was available during this study.

The NO emissions from passenger cars with catalytic converters are consider-
ably greater than the emissions from cars without catalytic converters. In order
to reduce DO emissions from the transport sector, development in motor and
catalytic converter technologies is needed. In addition, the motor vehicle popu-
lation should be renewed faster than at present (Pipatti 1997). There are no com-
mercialised technical solutions to solve this problem yet and slow renewal of the
motor vehicle population makes emission reduction practically impossible.

Reducing NQ emissions from the energy sector would also decrease indirect
N,O emissions due to atmospheric nitrogen deposition. In the future the NO
emission reduction objectives, which already have been adjusted in Finland, will
be further tightened. Consequently, theONemissions due to nitrogen
deposition will probably decrease.

4.3.2 Industry and agriculture

The NO emissions from nitric acid (HN{ production can be reduced by
optimising the manufacturing process, shifting the process to a modern
integrated one, and converting@\to nitrogen and oxygen by using catalysts. In
Finland nitric acid is manufactured by single-phase middle-pressure process,
which has an emission factor of 6—7.5 gW¥kg(HNG;). Correspondingly, the
emission factor for a modern integrated process is about DYRI(HNG;),

hence the emissions could be reduced about by 70 per cent by changing the
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manufacturing process (IPCC 1997). The cost data for changing and optimising
the process were not available during this study.

The most likely reduction measure, which might be taken up in Finland, is the
catalysis, whose reduction efficiency is about 70-80 per cent. According to the
Dutch study (de Jager et al. 1996), the costs are at the moment lower than the
ones of other measures for this purpose. They are estimated to be 800-4800
FIM/ton of reduced BD (Oonk 1998) or 4-23 FIM/ton of manufactured HNO
However, there are no commercial scale experiences yet.

The estimation of the agriculturab® emission reduction is very uncertain due

to many combined effects which contribute to the amount of emissions (Pipatti
1997). Reductions are probably possible by optimising the timing, techniques
and the amount of fertilising (de Jager et al., 1996). In any case, these measures
are excluded from this study.
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5. Calculation model

5.1 Overview

For the energy-system calculations needed in the study, a large energy system
model has been used. The methodology of the model is based on the widely-
used technology-oriented bottom-up approach, which applies integrated cost-
optimisation to the national energy system as a whole. In terms of model imple-
mentation, the model belongs to the family &ol models, which have been

used for instance in the EU-wide study 'Cost-effectiveness analysis of CO
reduction options' under the CEC DG XII (CEC 1991). Another widespread
family of models of the same general type is the MARKAL modelling approach
originally developed under the IEA ETSAP Programme.

The B-om model is basically a quasi-dynamic many-period linear ogditioin
model. It has a modular structure consisting of identifiable subsectors of the
energy system as depicted in Figure 10.

The model is best suited for the representation of identifiable technologies
which have or potentially could have a notable role in the energy system. These
are either large-scale technologies, such as power plants, or small-scale
technologies used in large quantities, such as space-heating systems, cars,
lighting systems or refrigerators. The supply subsystems and heavy industries
are dominated by large-scale technologies, which can be adequately described in
the model. However, in the case of oil refineries and light industries the
processes and products involved are quite diverse and large in number so that
the modeller is forced make a choice between a rudimentary or a very detailed
description. In the FinnishABM model the refineries and light industries have
been described on a very general level only.

By using the model, the development of the energy system can be studied over a
period of up to 30—40 years. In order to simulate the dynamics of the energy
system, the total study period is divided into sub-periods. The characteristics of
the existing residual equipment and the available technologies for new
equipment can be described individually for each sub-period. The model
solution includes the states of all model variables (e.g. energy flows and
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Figure 10. Overview of the modular structure of tiFe@® model.

capacities) for the end of each sub-period. For practical computational reasons
the number of subperiods in a large model is usually limited below 8. The
solution of the model is obtained by global opsiation over the whole study
period under consideration. Consequently, although the model can describe
important dynamic properties of the energy system, there is no genuinely
dynamic behavior in the model itself.

Due to national characteristics the Finnisto model differs in many aspects

from similar models that have been used for other countries. Some of the main
differences are already reflected by the top-level model structure depicted in
Figure 10. Significant additions to the model include the supply of domestic
fuels, a considerably detailed pulp and paper subsystem, as well as feedbacks
introduced between the industrial sectors and the supply of byproduct and waste
fuels. Furthermore, the importance of CHP has required much more
consideration for the cogeneration sectors than in #@vBEnodels of most

other countries.
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The inclusion of a relatively detailed description for agriculture and waste
management has been a major recent extension to the model. Full modules for
these sectors were added to the model in order to reach a sufficiently
comprehensive representation of methane and nitrous oxide emissions and
relevant measures for emission abatement. To improve the model description
and the use of the model some modifications have been made also to the original
EFowm software. The modifications support, for instance, flexible formulation of
almost any additional equations considered necessary for the realistic behaviour
of the model, and easier management of different scenarios.

As an energy system optisation model the objective of thee<&v model is to
determine the optimal use of resources in energy supply and conversion, and to
some extent, in final energy demand. The system is eptimby linear
programming using the total present value costs of the entire energy system over
the whole study period as the objective function to be mipii

Optimising the energy system with respect to the total present value costs
complies with the idea that national resources should be used rationally for the
total benefit of the national consumers. Using the global cost eptiom
criterion can be viewed as simulating the behaviour of economic agents under
the assumption of perfect competition and complete market information.
Because in reality the markets are far from perfect, it does not reflect the actual
behaviour realistically, but describes a possible target situation which might be
approached by various legal standards and economic policy measures.

The optiméation criteria are also in accordance with the concept of least cost
planning, which aims at measuring the energy supply technologies and the
demand technologies by the same economic, technical, and environmental
parameters. As in a true least cost solution, the model considers the supply and
demand options together, taking into account potential energy savings alongside
new power plants. However, the costs in an engineering-oriented model like
EFom address only direct energy-system costs. Transaction costs and other
hidden costs or macroeconomic relationships (multiplier effects, structural
effects and price effects on the useful energy demand) are difficult to
incorporate in a traditional linear optisation model for the energy system.
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Perhaps the most important disadvantage of the model is that it does not address
the interactions between the demand for energy services and the prices of
energy. To a certain extent the price effects are captured by the introduction of
energy conservation options, which decrease the final energy consumption when
energy prices begin to escalate. More general economic effects, however,
represent yet much more complex elasticity mechanisms between the economic
activities and the demand for energy. Some models (e.g. MARKAL) incorporate
a simple macroeconomic model, which can immediately be used to adjust the
useful energy demand scenario of the optitidn model. Other models try to
represent the interactions between demand and prices only within the energy
intensive sectors, leaving other economic interactions out of consideration.
Models using the latter approach are called partial equilibrium models.

Another drawback of linear optiggdtion models is generally the absence of
regional aspects, which is caused by the need to keep the model size
manageable. Furthermore, small variations in input parameters can sometimes
lead to surprisingly large variations in the solution, and the most attractive
technologies may dominate the solution even if the cost-differences are very
small. Such unrealistically extreme characteristics of the solution can, however,
be avoided by introducing additional constraints improving the correspondence
with reality.

A central part of the model application is the definition of scenarios. The
scenarios may include varying assumptions both about the characteristics and
availability of different technologies and about policy measures such as energy
taxes or constraints for the amounts of emissions or energy resources. The
scenarios analysed in this study are described in Chapter 6.

5.2 The supply modules

The supply modules include the description of primary energy supply, fuel
refining and conversion into electricity or heat. The description of the supply of
fossil fuels is basically very simple. Scenarios have been defined for the prices
of fuels supplied to the largest-size consumers at the most favourable sites, as
well as for the costs of transportation and distribution to different consumer
categories. Table 25 summarises the baseline price scenarios for the most
important fuels.
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Table 25. Baseline scenario for the prices of main fossil fuels to large-size
consumers, excluding taxes.

FIM95/ GJ 1995 2000 2010 2020 2040
Steam coal, 1.5% S 7.2 8.3 8.4 8.6 9.4
Steam coal, 0.8% S 7.8 9.1 9.3 9.5 10.2
Heavy fuel oil, 2% S 13.3 17.4 20.1 21.8 24.6
Heavy fuel oil, 0.9% S 17.6 22.2 25.0 26.8 29.7
Light fuel oil 23.1 29.9 34.4 37.4 40.2
Natural gas * 13.6 14.9 17.2 18.9 21.4
Milled peat 12.8 12.6 12.9 12.9 12.9

! variable portion of the price for large-size consumers (49 FIM / MWh in 1995).
2 Price for large-size CHP plants. Special rates are used for condensing plants at mires.

Regarding the supply of natural gas, the model includes a description of the
domestic natural gas network. Investment costs have been estimated both for
the main pipelines as well as for smaller distribution lines. Additionally, due to
security of supply considerations, a storage requirement has been set if the
dependency on natural gas is increased to a very high level in proportion to the
total primary energy supply. As a baseline scenario, the level has been set to be
20% of total primary energy excluding transport fuels and electricity imports.
When this level is exceeded, 25% of the amount in excess is required to be held
in reserve storage. In more pessimistic scenarios yet stricter requirements have
been applied for both the proportional requirements and reserve storage.

Estimates for the potential of biomass fuel supply were already presented in
Section 4.1.1. The assumptions used in the present study are shown in more
detail in Table 26. The potentials related to spent pulping liquors and by-
product wood from the forest industries are fully determined by the model from
the levels of activity in the module for forest industries.

Concerning recovery boilers, which represent the most important single
technology in the industrial self-production of electricity, the model includes the
possibility of increasing the average power to heat ratio in such plants up to 0.3
in full back-pressure mode by the year 2020, while at present the average ratio is
about 0.2. Technically the increase in power production has been assessed to be
quite feasible (Komulainen et al. 1994). Due to the high investment costs in
relation to the gains in power and probable deficiencies in the self-sufficiency of
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Table 26. The prices of non-byproduct biomass fuels (excluding waste), and the
supply potentials assumed in 2010.

Costs, FIM95/ GJ Potential in 2010, PJ
1995 bazsgiige opt;rgils(;ic baseline | optimistic
Residual wood fuels
Cost category A 154 135 12.6 21.9 26.7
Cost category B 18.7 16.9 14.8 18.2 26.7
Cost category C 23.0 21.3 18.2 25.5 32.8
Cost category D 27.0 26.4 21.8 42.5 32.8
Total residual wood fuels 108.1 119.0
Firewood 32 32 32 57.5 57.5
Agrobiomass 17.7 154 15.4 5.0 5.0

fuels for process heat, as yet the pulp industries haveedtitinly a small part
of this potential for increased power production.

In the modules for power and heat generation, all major plant types currently in
use in Finland have been described. Additionally, for several plant types two
different size classes have been included (e.g. CHP plants based aredluidi
bed boilers or natural gas combined-cycle technology). The existing capacity
stock at the end of 1997 has been fully taken into account, and major plants
under construction in 1998 have been included as well. The classification of the
existing stock is based on a database collected and maintained at VTT Energy.
Estimates for the costs and technical performance of different plant types are
based on a number of surveys (e.g. STYV 1992, Kosunen & Leino 1995).

The baseline assumptions used for selected advanced combustible fuel-based
power and heat generation technologies are presented in Table 27, with data for
a few conventional technologies given as a reference point. As indicated in the
table, the investment (and O&M) costs for technologies still under major
development are assumed to decrease in the future. In the case of separate
electricity generation technologies, also the efficiencies are assumed to improve,
while in the case of CHP technologies slow increases in the average power to
heat ratios are assumed instead.
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Table 27. Baseline assumptions for selected power and heat generation
technologies.

Time of commissioning
2000 2020

Plant type Plant size nvestment Net energy Inyestment Net energy

MW(e) MW(h)| FIM/kwWe efficiency |FIM/kWe efficiency
Separate power production
Pulverized coal, conventional 500 0 5040 41.5% 5040 42.0%
Pulverized coal, advanced 500 0 5400 44.0% 5400 46.0%
IGCC, coal 250 0 7490 46.0% 6587 49.5%
PFBC, coal 250 0 7070 44.0% 6217 46.0%
NGCC 200 0 3310 51.0% 3310 55.0%
Diesel engine, gas 95 0 3850 47.0% 3850 50.0%
Gas engine, biogas 1 0 5500 38.0% 5500 39.0%
District heat and power
AFBC, coal 90 160 7020 86.0% 7020 *
AFBC, biomass 30 60 9170 82.0% 9170 *
IGCC, coal 90 90 8880 86.0% 7809 *
IGCC, biomass 60 60 9990 84.5% 8785 *
IGCC, biomass 40 40 10840 84.5% 9533 *
PFBC, coal 90 126 9260 86.0% 8143 @)
PFBC, peat 50 70 10410 86.0% 9155 *
NGCC, gas 160 160 3930 90.0% 3930 @)
NGCC, gas 60 60 5000 88.0% 5000 @)
GT, WHB, gas 40 70 4260 90.0% 4260 *
GT, WHB, gas 16 28 5130 88.0% 5130 *
Diesel engine, gas 46 46 4400 88.0% 4400 90.0%
Gas engine, biogas 1 15 5940 90.0% 5940 ™*)
Fuel cell 15 5 16460 90.0% 7290 *
Industrial CHP
AFBC, coal 45 130 8670 87.5% 8670 *
AFBC, wood biomass 16 52 10220 84.5% 10220 ™)
IGCC, wood biomass/peat 57 70 10830 85.0% 9429 @)
IGCC, wood biomass 30 37 12340 85.0% 10744 @)
IGCC, pulping liquors 80 120 12290 82.0% 10830 *
IGCC, pulping liquors 50 75 13510 82.0% 11905 *
NGCC 71 89 4570 89.5% 4570 *
GT, WHB, gas 40 70 4260 88.5% 4260 *
Diesel engine, gas 15 17 5030 90.5% 5030 *

*) Total energy efficiency assumed to remain constant, but instead a gradual increase in power to
heat ratio is assumed, typically about 5% by the year 2020.

Regarding wind and solar power, the baseline assumptions for investment costs
are illustrated in Figure 11. The assumed decrease in costs for wind power
(about 20% by the year 2020) is slightly smaller than in several other estimates
published. The baseline estimate for the potentials of wind power on land and
offshore are in line with the discussion and estimates given in Section 4.1.1
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Figure 11. Baseline assumptions for the investment costs of wind and solar
power.

The representation of the penetration of some new technologies has been
additionally enhanced by using a simplified endoggahilearning mechanism.
Because of being still more or less experimental in this study, the mechanism
was implemented only for CHP fuel-cells and for the integrated gasification of
spent pulping liquors. The methodology is a refinement to the rather rigid
scheme that was originally included in theol software. It is based on the
assumption that the investments in commercial plants may occur only after
initial investments in demonstration plants, but may thereafter increase
exponentially with increased experience in production. The investment costs of
the demonstration plants are assumed to be considerably higher than those on a
commercial scale.

Although the learning mechanism is rather simplified, it is useful because it

inhibits postponing all investments in new technologies until their costs are

assumed to have become low enough. While such an opportunistic strategy
could well be feasible with small-scale consumer technologies developed

elsewhere, in the case of energy technologies considerable experience from
local applications is hormally required.
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5.3 The demand modules
5.3.1 Manufacturing sectors

The Finnish EoM model contains an exceptionally detailed description of
energy-intensive industrial sectors compared to most other models of similar
type. The motivation for the detailed representation has been the very important
role of manufacturing industries in the Finnish energy economy. The most
energy-intensive sectors are forest products industries, basic metals
manufacturing, and chemical industries. Of these, both the forest industries and
the production of basic metals are described on the level of identifiable product
categories.

Chemical industries include such diverse production processes that in the
present model version the structural description is made on the level of value
added only, which is taken to be the driving demand of the sector. The same
approach is used also for the remaining industrial sectors. Additionally, crude
sub-sectoral analyses based on value added have been performed for all the
industrial sectors described. The development of specific consumption for
electricity, process heat and direct fuel uses have been estimated for all the sub-
sectors considered, largely on the basis of historical data from Statistics Finland
(e.g. Statistics Finland 1996).

In pulp and paper manufacturing the model distinguishes between 13 classes of
pulp qualities (of which some are obsolete, however), 11 classes of paper or
board qualities, and an aggregated description for the production of further

refined paper products. All production processes have been assigned with
estimated specific consumption of electricity, process heat, and direct fuel uses.
On the aggregate level the representation is found to cover fully and sufficiently

accurately the total energy consumption in the sector. A separate, yet more
detailed stand-alone model has been used as a basis for the description
(Tamminen & Forsstrom 1991). The various products and processes have been
described in more detail in an earlier report (Lehtila 1995).

The development of the structure of pulp and paper manufacturing has a large
impact on the total energy consumption. In the present study, no room has been
left for the optimsation of the product structure on the basis of, for instance,
value added. The projection for the future structure is mostly based on a recent
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survey carried out in the Sustainable Paper research programme (Carlson &
Heikkinen 1998). Figure 12 illustrates the scenario derived for the mix of raw-
materials used in paper and board production. The demand scenario is presented
in Section 6.2.2.

Product- and process-level specific consumption of electricity and heat has in
most cases been assumed to be slowly decreasing in the future. For electricity,
the average decrease has usually been assumed to be 0.2% per annum for
electricity, and 0.5% per annum for process heat. A notable exception is
mechanical pulp production, where the trend of increasing specific consumption
of electricity is expected to be continued due to requirements for finer qualities.

In the basic metals manufacturing the model description includes the production
processes for pig-iron, basic oxygen furnace steel, electric steel, ferrochrome,
stainless steel, hot rolling and cold rolling of steel, iron casting, copper, zinc,

nickel and secondary aluminium. Coking plants are also described, but are
included in the module for solid fuel supply. Baseline projections for production

volumes are based on the scenarios of MTI (MTI 1997a), as well as on other
surveys (e.g. TELI 1995, Maenpaa et al. 1996). With few exceptions, the
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Figure 12. Raw-material mix assummed for paper and board production.

77



autonomous changes in specific consumption have been assumed to be quite
small. Compared to pulp and paper production, the average annual decrease in
specific electricity consumption has, in general, been assumed slightly larger,
between 0.2% and 0.4%. Exceptions are cases where ongoing or planned
modifications to the production processes are expected to bring about notable
changes in energy consumption.

As the product mixes have been to a large extent fixed in the present study, the
primary means for affecting the intensity of energy use is energy conservation.
As indicated in Section 4.1.2, the potential for energy saving has been estimated
on the basis of various Finnish studies. The costs, on the other hand, are not
directly based on any of the surveys. According to many studies there exists
considerable potential for energy conservation measures that cost less than the
cost of the saved energy (so-called no-regret or win-win situations). In the
present study, however, assumptions of such potentials were considered to
produce unrealistic results. Therefore, the costs of all conservation measures
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Figure 13. Cost curves used for the measures to decrese the intensity of
electricity use in manufacturing sectors.
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Figure 14. Cost curves used for the measures to decrese the intensity of
process heat consumption in manufacturing sectors.

were calibrated against the baseline scenario in such a way that no measures
will become profitable in the baseline scenario. Nevertheless, an attempt was
made to preserve the shape of the cost curve for each sector as estimated from
the original data sources. Cost curves for the energy conservation measures in
the industrial sectors are illustrated in Figures 13 and 14.

5.3.2 Residential, tertiary and transport sectors

In the module for residential and tertiary energy use, the technical options for
space heating have been described in considerable detail. The module includes
all major types of heating systems separately for single-family houses, multi-
family houses, as well as for public and commercial buildings. Baseline
projections for the market shares of different heating systems are based on a
recent baseline scenario presented by the Ministry of Trade and Industry (MTI
1997a). The technical performance and specific heat consumption have been
calibrated to be consistent with the actual data in 1995.
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The assumptions about the autonomous improvements in the thermal integrity of
buildings and efficiencies of heating systems are similar to those used by MTI
(MTI 1997a). Accordingly, the average specific heat consumption is decreased
by about 10% by 2010, and by about 15% by 2025. Additional improvements
can then be achieved through explicit conservation measures. In the same way a
baseline scenario has been defined for the consumption of electricity in house-
holds, in the commercial and institutional sectors, and in agriculture and
construction.

Some of the most important baseline assumptions for the explicit conservation
measures are listed in Table 28. The potentials are not assumed to be fully
available until in 2015, but before that they are assumed to increase linearly. By-
product heat from the consumption of electricity for lighting and appliances has
been taken into account in the model. It has been assumed that 10-50% of the
electricity consumption can be uitid as heat in the buildings, depending on
the type of end-use. Consequently, a decrease in the electricity consumption of
household appliances will increase the need for space heat production.

Potentially important technical options in the model for reducing the greenhouse
gases from space heating include ground heat pumps and solar heating systems
in single-family houses, and exhaust-air heat pumps in multi-family houses and
service buildings. The estimates used for the costs of heat pump and solar sys-
tems are in line with the estimates presented in Section 4.1.3. The potential for
heat pumps in single-family houses has been assumed to be about 5 % in 2010
and about 10 % in 2040. Similar maximum market shares have been assumed
for service buildings, but only half of that in multi-family houses. However, as a
baseline scenario the combined share of all heat pump technologies has been
constrained to be at most about 2 % of the total heating of buildings in 2010,
and at most 3 % in 2040.. In an optimistic case, this constraint has been relaxed
to about 5 % in 2010 and about 8 % in 2040. The maximum potential for solar
heating has been set at 0.7 TWh in 2010, and at 3 TWh in 2040.

The module for transport includes sub-modules for passenger and goods
transport. The transport technologies described for passenger transport include
gasoline cars (with or without catalytic converters), diesel cars, as well as
electric, methanol, LPG and CNG (compressed natural gas) cars. For public
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Table 28. Baseline scenario assumptions for the potentials and costs (1995
price level) of energy conservation measures in the residential and services
sectors.

Consumption of heat in buildings

Single-family houses  |Multi-family houses Service buildings
Potential Marg. cost, | Potential Marg. cost,| Potential Marg. cost,
% FIM/MWh % FIM/MWh % FIM/MWh
Measure 1 6% 480 6% 275 6% 315
Measure 2 6.5% 505 7% 290 6% 330
Measure 3 6.5% 545 7% 320 7% 350
Measure 4 6% 580 - - 7% 380
Total 25% 580 20% - 26% 380
Consumption of electricity in household and services
Households Services
Potential Marg. cost,| Potential Marg. cost,
% FIM/MWh % FIM/MWh
Electric cooking 4.5% 370 1.5% 410
Cold storage 1 4.5% 350 2.5% 380
Cold storage 2 7.5% 445 - -
Washing & cleansing 8.2% 410 6.9% 480
Misc. appliances 2.3% 375 5.0% 340
Lighting 1 7.0% 350 6.0% 330
Lighting 2 3.0% 465 5.0% 415
Lighting 3 - - 5.0% 500
Total 37% 32%

passenger transport the model includes buses, rail, and air transport. Goods
transport based on gasoline or diesel vans, trucks, ships or rail are considered.

Because it would be very speculative to opiamihe structure of transport by
mode, the markets shares of different modes have been defined quite rigidly for
the whole period considered, allowing only small deviations from a baseline
projection. Therefore, the share of public transport cannot be much increased
from the baseline in the model results even if that would be a cost-effective
technical measure for emissions abatement. The baseline projections for the
market shares are based on estimates produced by the LIPASTO model (Makela
et al. 1996, Mékela et al. 1997), and on a futures study made by the Ministry of
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Figure 15. Actual development and assumptions used for the future fuel

economy of private gasoline cars in th&ol& model, and some other
estimates.

Transport and Communications (MoTC 1998). The projections for the fuel
efficiencies of conventional transport vehicles are also largely based on the
LIPASTO estimates, but with slightly smaller efficiency improvements (see
Figure 15). Relatively large efficiency improvements were considered approp-
riate even in the baseline projection, as the model includes only few explicit
measures, and only a small and expensive potential to reduce fuel consumption.

As to the new technologies, the costs estimates for methanol, LPG and CNG
cars relative to gasoline cars are based on rather old German data (Rul3 et al.
1991). The investment costs for electric cars have been assumed to be at present
40% higher than the costs for new gasoline cars. However, as a baseline
assumption the costs are assumed to be slowly decreasing so that they become
23% higher than gasoline cars in 2030. In the optimistic cases the costs are
reduced to a level of only 12% higher than gasoline cars in 2030. The technical
performance of electric cars is based on a survey made in the early 1990s
(Alppivuori & Himanen 1991). The cold winter in Finland has been taken into
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account by assuming small oil heaters in electric cars. The description of
electric vans is similar in relation to gasoline vans as the description of electric
cars is in relation to gasoline cars. In the year 2010 the market share of electric
cars is assumed to be at most 5%, and that of electric vans 8%. In the year 2030
the corresponding maximum market shares have been set at 12% and 17%. In
the optimistic scenario, however, the maximum market share of electric cars is
assumed to be almost twice as high.

A few small energy conservation options are also included in the transport
module. As in other sectors, the costs of the conservation measures have been
calibrated to be notably higher than the saving in fuel costs. Consequently, the
measures are assumed to be considerably more costly than what have been
estimated, for instance, in the Energy conservation study (Lepisté 1991).

5.4 Modules for agriculture and waste management

The material flows in the waste management and agricultural systems are
described in quite aggregated level in order to keep the total size ofdhve E
model reasonable. The waste management module includes the flows of
municipal and industrial solid wastes and sludges, and construction and demo-
lition wastes. The management of municipal solid waste (MSW) has been
described in more detail than the management of other waste categories,
because the utilisation of the most significant industrial wastes and by-products,
such as pulping liquors, has already been included in other modules. In the
waste management module only landfilling of other waste categories has been
described. The scenarios for the total amount of MSW and the landfilled
amounts of other waste categories are presented in Table 29.

A scenario for the total amount of MSW has been calculated with help of
population (MTI 1997a) and the factor for MSW generation rate in Finland
(IPCC 1997), which is 1.7 kg/capita/day. According to this scenario the total
amount of MSW is 3.1 Tg in 1990, and it remains quite steady over the whole
period. The landfilled amount of other waste categories has been estimated with
help of National disposal site register (Rytkbnen 1997) and a scenario based on
Ministry of the Environment (1997, p. 21).

83



Table 29. The scenarios for the total amount of MSW and other landfilled
waste categories.

Tgla 1990 1995 2005 2025 2040
Total amount of MSW 3.1 3.18 3.24 3.2 3.2

Other wastes to landfills:

Industrial solid waste 0.63 0.63 1.2 1.2 1.2
Liquid industrial sludge 0.15 0.09 0.08 0.07 0.07
Dried industrial sludge 0.33 0.17 0.15 0.1 0.1
Liquid municipal sludge 0.23 0.15 0.12 0.12 0.12
Dried municipal sludge 0.3 0.25 0.2 0.2 0.2
Construction and 036 | 032 | 02 | 02 | 02

demolition waste

The flow of municipal solid waste is divided in different waste fractions
described in Section 2.3.2. The flows of these fractions to landfills can be
reduced with different measures described in SectiorRé@very of paper and
board is directly linked to the pulp and paper module, and the utilisation of so-
called “energy waste” is linked to the solid fuel supply module. The waste flows
to landfills are converted to degradable organic carbon (DOC) with factors
presented in Section 2.3.2. In landfills, which are bisected to small and big ones,
the landfill gas due to wastes can be recovered and possibly utilised as told in
Section 4.2.2. The landfill gas recovery and the anaerobic treatment of organic
waste and manure are linked to the gas supply module.

In agricultural module the scenarios needed are the numbers of domestic

animals, production of crops, the amount of synthetic fertilisers applied to land
and the total area of peatlands in agricultural use. These scenarios are presented

Table 30. The scenarios for the numbers of domestic animals (thousands).

Animal category 1990 1995 2000 2005 2010 2040
Dairy cattle 489.9 398.7 363.0 343.0 343.0 343.0
Other cattle 869.8 749.4 653.0 617.0 617.0 617.0
Swine 1,381.4 | 1,400.3 | 1,400.0 | 1,400.0 | 1,400.0 | 1,400.0
Sheep 103.3 158.6 130.0 130.0 130.0 130.0
Horses 43.9 495 50.0 50.0 50.0 50.0
Poultry 4,844.8 | 4,175.1 | 3,875.0 | 3,690.0 | 3,690.0 | 3,690.0
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Table 31. The scenarios for crop production, utilisation of fertilisers, and the
total area of peatlands in agricultural use.

1990 1995 2025 2040
Crop production (kt/a) 4296 3333 2500 2 500
Fertilising (kt (N)/a) 228 295 165 165
Peatlands (km ?) 2 000 2 000 2 000 2 000

in Table 30 and in Table 31. The g£emissions from digestion and theN
emissions from manure are calculated directly from figures in Table 30, which
are later in the module converted to material flows of manure. Thge CH
emissions from manure management are calculated with the help of these flows,
and they can be reduced with measures described in Section 4.2.,0he N
emissions from synthetic fertilisers, crop residues left in the fields, and
peatlands are calculated with data in Table 31 and emission factors described in
Section 2.4.3.

The numbers of domestic animals and the amount of synthetic fertiliser applied
to the land have been taken from Ministry of the Environment (1997, p. 21). The
present production of crops has been adapted from FAO database (FAOSTAT
1997), and the total area of peatlands is assumed to remain constant (200,000
hectares) over the whole period.

A couple of new industrial greenhouse gas emission sources have also been
added into Eom: nitric acid production and the manufacturing of lime.
Estimated production scenarios used in this study are presented in Table 32.
Values for past production have been taken from Statistics Finland (1993,
1995). It has been assumed that the production of both nitric acid and lime will
decrease in the future, because agricultural activities will probably be reduced.
As possible future increases in the use of metallurgical lime were not considered
in the scenario, this assumption may lead to a slight underestimation of the total
production of lime. The PO emissions from nitric acid production can be
reduced with catalysts as stated in Section 4.3.2.

Table 32. The scenarios for lime and nitric acid production (kt/a).

1990 | 1993 | 2010 | 2025 | 2040
Lime production 413 378 350 300 300
Nitric acid production 551 461 400 350 350
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6. Scenarios

6.1 Overview

The purpose of the scenarios analysed in the study is to identify cost-effective
measures for greenhouse gas abatement in Finland. As the possibilities for
utilising various technical options are in many cases still quite uncertain,
different scenario assumptions have been used for selected groups of options. In
all the scenarios considered the time scale is from 1990 to 2040.

In this study, five different basic scenario alternatives have been considered.
Within one scenario, both reference and 1-3 reduction cases have been
examined. In the reference cases no reduction objectives are applied. In the
reduction cases a target is set either for the total greenhouse gas emissions
expressed in Cgequivalents, to C® emissions only, or for the radiative
forcing (RF) due to emissions. The reduction objectives are considered in detalil
in Section 6.3.

The main purpose of the alternative scenarios is to study the potential effects of
different technical options which could have importance in @@atement in

the energy sector. The alternative assumptions considered for the options are
related to the following parameters:

* Maximum imports of natural gas

» The costs of biomass supply and its new utilisation techniques
» The costs of other new energy technologies

* The costs of energy conservation measures.

Table 33 summaties the differences in the main assumptions of the basic
scenario alternatives. The first scenario (Gas 17%) is the most pessimistic one.
It describes the situation, where the utilisation possibilities of emission
reduction options will basically remain at the present level. The level of
optimism concerning various emission reduction options is gradually increased
in the subsequent scenarios. In the Gas 20% scenario the supply of natural gas is
assumed to be more secure and therefore the imports may be increased to a
higher level with lower costs than in the first scenario. In this case a new natural
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Table 33. Summary of the scenarios.

Option Gas Gas Biomass | Newtech | Save
17% 20%

Secure level of natural

1 17% 20% 20% 20% 20%
gas supply
Costs of biomass fuels high hiah | | |
and technologies igher igher ower ower ower
Wind power potential small small small large large
Costs of other new higher higher higher lower lower

technologies

Costs for energy

conservation measures higher higher higher higher lower

Reduction objectives GHG GHG, GHG GHG GHG,
CO,, RF CO;

gas pipeline connection to western Europe would be required. The effects of
lower-cost biomass utdation, new technologies, and energy conservation mea-
sures are considered in scenarios Biomass, Newtech, and Save, respectively.

All emission reduction objectives are studied only in the Gas 20% scenario in
order to keep the total number of the calculation cases reasonable. Gas 20% is
also considered as the base scenario. In the Gas 17% scenario the assumption
for the upper bound of natural gas imports is quite conservative, and therefore it
has not been chosen as the base scenariorgdQction is also examined in the

Save scenario in order to establish the significance of the &@id NO
emissions under the most optimistic projections.

Assumptions concerning the general development of the economy are, of
course, crucial for the scenario results. The growth in economic activity is
directly reflected in the demand for energy services. As #rmvEModel is
driven by the demand for useful or final energy (products, useful heat, etc.) in
the consumption sectors (Lehtila & Pirila 1996), the demand scenarios must be
given exogenously. In this study only a single scenario is used for the

1 Max. imports of natural gas is expressed as a fraction of the total primary energy
consumption excluding electricity imports and transport fuels.
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development of activity levels in end-use sectors. Consequently, the demand for
useful energy is assumed to be the same in all scenarios. An effort has been
made to construct the demand scenarios in such a way that they would
correspond well to recent developments and projections. The scenarios are
basically in accordance with the Energy Market Scenario (EMS) of the Ministry
of Trade and Industry, which is the latest official baseline scenario in Finland
(MTI 1997a).

6.2 Demand scenarios
6.2.1 Overview
Basic characteristics of the baseline scenario in terms of relations between GDP,
total primary energy consumption (TPES), and total electricity consumption

(TES) are illustrated in Figure 16. The overall energy intensity of the Finnish
economy, as measured by the ratio of total primary energy consumption to GDP,
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Figure 16. Development of GDP, total primary energy consumption, and the
ratio of total primary energy and electricity consumption to GDP in the
baseline scenario.
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is expected to continuously decrease in the future. Also, the ratio of total
electricity consumption to GDP started to follow a downward trend in 1994, and
this trend is expected to be permanent.

In all end-use sectors the demand scenarios describe the development of the
level of activity in the different uses of energy services. For each end-use
category, the final demand for energy (specific electricity, heat, or fuels) is
determined by the model in two stages. First, the non-price-induced final
energy demand is computed by multiplying the projected specific energy
consumption by the activity level. In the second stage, explicit price-induced
energy conservation measures can be introduced to decrease the actual final
energy demand.

The main baseline assumptions concerning the cost curves of energy
conservation measures in each sector were described in Section 5.3. In general,
the baseline costs are considerably higher than those estimated in other studies
using a relatively low requirement for the rate of return. The baseline thus
corresponds to the realistic assumption that due to the risks involved and
practical barriers for implementation, the actual costs of the measures are higher
than could ideally be estimated.

The Save scenario represents the possibility that the actual costs of the energy
conservation measures could be somewhat closer to the estimates based on low-
risk investment calculations. Nevertheless, even in this case the costs have been
kept at a level high enough to prevent the measures from entering the solution of
the reference scenario. In general, the costs are in the optimistic case 15%
lower than the baseline costs. However, in the case of measures to improve the
thermal integrity of buildings, or to reduce the fuel consumption of vehicles, the
costs are assumed to be only about 10% lower compared to the baseline.

6.2.2 Manufacturing

The baseline scenario of MTI has been used as the main starting point for the
manufacturing scenarios. However, as the growth in output of several manu-
facturing industries accelerated during the second half of the 1990s, the
projections made by MTI in 1997 (MTI 1997a) have been slightly revised
upwards for some branches, particularly for the metal products industries.
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Forest industries

Within the BEEFomM module for forest industries, the demand of useful energy
services can be expressed in amounts of end-products produced. The projection
for the quantities produced in forest industries is partly based on the MTI
scenario and partly on more recent studies. A study made under the Sustainable
Paper research programme (Carlson & Heikkinen 1998), and another study
made by the Finnish Energy Industries Federation (Finergy 1997) have both
indicated that growth in the output of the pulp and paper industries by the year
2010 is expected to be considerably lower than was assumed in the MTI
scenarios. These new estimates have been taken into account in the baseline
scenario. Until about 2010 the production scenario is primarily based on the
projection made in the Sustainable Paper programme.

Figure 17 illustrates the demand scenario for the production of pulp and paper.
The total production in 2005 would be 14.4 Tg, which is 3% higher than the
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Figure 17. Scenario assumptions for the demand of paper and board.
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projection of Carlson & Heikkinen (1998). In the mechanical wood processing
industries the growth in production volumes has been assumed to be smaller
than in pulp and paper manufacturing.

From the demand scenarios, the model determines the consumption of
electricity, process heat and so-called direct fuels by using the scenarios defined
for specific energy consumption. As was already mentioned in Section 5.3.1,
the specific electricity consumption in the pulp and paper manufacturing
processes was assumed to be decreased by 0.2% per annum, on average. When
looking at the energy consumption in proportion to value added instead of the
average product-level specific consumption, the decrease in energy intensity is
somewhat larger. This is shown by the figures in Appendix B, which presents
the demand scenarios for each manufacturing sector in terms of value added and
by showing the trends in electricity and process heat consumption per value
added.

Basic metals

As in the case of forest industries, the demand scenario for basic metals consists
of estimates for the amounts of products produced. The scenario for ferrous
metals is in line with the MTI scenario (MTI 1997a). As to the non-ferrous
metals, the growth in the production of zinc and copper is assumed to be
somewhat lower than the estimates published by the industry in 1995 (TELI
1995). However, up to the year 2010 the scenario should be well in accordance
with most recent projections. The production scenarios are shown in Figures 18
and 19 Appendix B presents the corresponding scenarios for the value added in
basic metals manufacturing and the intensities of electricity and heat
consumption on the basis of value added.

Chemical industries

In the case of chemical industries, the demand for useful energy is defined to be
the value added. This is due to the products and production processes being so
diverse that reasonable benefits from a detailed process-level description could
not be obtained without increasing the size of the model considerably. The
scenarios for the value added and the trends in the intensities of electricity and
process heat consumption are presented in Appendix B by sub-sector.

91



6000
M Pig-iron
[J Ferrochrome
5000 1 — b -
I BOF steel .
H Electric steel
4000 + ;
o O stainless steel -
O
c
S 3000+ - - - - E ]
o
>
©
e
O 2000 + -
1000 + -
0 | | |
1995 2000 2010 2030

Figure 18. Scenario assumptions for the production of ferrous metals.

Non-metallic minerals

The EeoMm module for non-metallic minerals production includes a process-level
description for cement and lime manufacturing. The production of burnt lime in
the future was, in this study, assumed to remain approximately at the present
level, while cement manufacturing was assumed to notably increase after the
drop in output during the first half of the 1990s. For the lime production the
scenario has since turned out to be probably too low, as information about
recent and future capacity expansion has become available. Consequently, the
process emissions from lime production may be somewhat underestimated, but
the misjudged projection will have only a small overall impact on the results.
The remaining branches of non-metallic minerals manufacturing are described
on the level of value added. The scenarios for the value added and the trends in
the energy intensities are presented in Appendix B by sub-sector.
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Figure 19. Scenario assumptions for the production of non-ferrous metals.

Other industries

In a similar way to the chemical industries, the demand in all other industrial
branches is described by scenarios for value added. The assumptions on
economic activity and intensities of electricity and heat consumption are
illustrated by the Figures of Appendix B.

6.2.3 Residential and tertiary sectors

The driving demand in the residential sector is taken to be the volume of

residential buildings for space heating, population for water heating, and the

number of households for cooking and specific electricity uses. None of the

components of energy consumption is directly proportional to the corresponding

demand level, but for various reasons the energy intensities change over time.
An attempt has been made to take into account all significant factors affecting

the specific energy consumption per unit of each demand component.

93



1800 \/

1600 =
1400 —
L
g 1200 | O Service
© buildings
g
= . .
= W Multi-family
b houses
&
§ O Signle-family
houses

0 - f f f f f f f f f f 1
1985 1990 1995 2000 2005 2010 2015 2020 2025 2030 2035 2040

Figure 20. Scenario for the development of the building stock.

The scenario for building volumes is presented in Figure 20. Apart from the

volumes, other factors affecting the demand for space heat include autonomous
and explicit efficiency improvements, and electricity use in appliances. The

baseline scenario for specific electricity uses in households includes the
consumption for cooking, lightning and appliances. The scenario is mainly

based on historical development of electricity consumption in relation to the

average size of households, GDP growth, and the technical development
assumed. Relations between population, number of households, household
electricity and GDP are shown in Figure 21.

The scenario for the commercial and institutional (service) sector is based on
the assumed growth in value added and the building volume in this sector, as
well as on the expected technical upgrading of the appliance stock. The
scenarios for agriculture and construction are based on similar considerations.
Figure 22 presents the resulting baseline scenarios for value added and
electricity consumption in the service sector.
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6.2.4 Transport

Between 1960 and 1990 the volume of passenger transportation was
continuously and rapidly increasing in Finland. During the recession in the
early 1990s the growth ceased, but was revived again during the latter half of
the decade. The historical development and future projections used in the
present study are shown in Figure 23. Modal splits were discussed previously in
Section 5.3.2. The published projections for passenger transport volumes differ
considerably from each other. While the estimates of the Finnish National Road
Administration (Finnra 1995) and that used in the VTT LIISA model are
reasonably similar, the projection of the Ministry of Transports and Communi-
cation (MoTC 1998) is much higher, as illustrated in Figure 24.

Extending the projections beyond 2020 is, of course, highly speculative. Accor-
ding to a long-term projection made by the road administration, passenger
transport volumes on roads could turn into a decreasing trend after 2025 due to
decreasing population. In the present study, however, it has been assumed that

e 90
X
s ‘ ‘ ‘ ‘ ‘ ‘

80+ --- - ne - - .- - - e .- -
O ' ' ' ' ' ' '
= 70+---- s - s R e e - L
3 ‘ ‘ ‘ ‘ ‘ ‘
@ 604 - - - s R 4 s wee o R e
E ' ' ' ' ' ' '
2 ' ' ' ' 1 ' '
¥ 50—+---- se- - - S - - - - - - - A - - - .- -
& ‘ ‘ ‘ ‘ ‘ ‘
c I I I , , !
c
e 40g---- ) o Vadl Co o o o
5 ‘ ‘ ‘ ‘ ‘ ‘
o 304 --J - L L A R R
§ 207 /f 7~ - e e e - - e - L -
X =Passenger tranport
S 10+
o Goods transport
& I T e e

1960 1970 1980 1990 2000 2010 2020 2030 2040

Figure 23. Scenarios for inland passenger and goods transport.
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Figure 24. Comparison of projections for passenger transport on roads (Data
adapted from MoTC 1998, Makela et al. 1997, Finnra 1995).

the highest projection for 2020 will eventually be reached around 2040. The
average annual growth would be decreased to about 0.3% between 2030 and
2040, while during the 1980s the growth was still as high as about 3% per
annum.

For goods transport the published projections are much more consistent. Both
the ministry and the road administration estimate that the volumes of inland
goods transport will increase by about 60% between 1996 and 2020Fdke E
scenario conforms quite well with these estimates. With regard to the
considerably high overall growth in transport volumes, the assumptions on the
relatively rapid improvements in the fuel economy (see Section 5.3.2) may not
be unrealistic, as the turnover rate of the vehicle stock would be high.
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6.3 Supply scenarios
6.3.1 Supply of fuels

The utilisation of CQ@ neutral and low-carbon energy sources in the energy
system has a very important role in greenhouse gas abatement. In Finland the
most significant C@ neutral energy sources are nuclear power, hydro power,
wood fuels, and pulping liquors. Natural gas is also a reasonable choice, as for
instance when it is substituted for coal. The constraints for the above-mentioned
energy sources implemented in the model are:

* Nuclear power generation is limited to the level reached after the ongoing
capacity extension programmes.

» Slow increase in hydro power generation is allowed during the whole period
due to renovations and some small new plants.

» Imports of natural gas without secure reserves are limited to at most 17 or 20
per cent of primary energy consumption excluding electricity imports and
transport fuels.

* Potential for additional use of wood fuels (mainly harvesting residues) is
proportional to the industrial use of wood.

The imports of natural gas are limited in the scenarios either to a level, which
corresponds to the present natural gas pipe capacity, or to a higher level, which
would require a new natural gas pipeline. More precisely, these limits are imple-
mented as relative fractions of the total primary energy consumption excluding
electricity imports and transport fuels. These latter energy sources are
completely imported and thus would in any case increase the dependency on
imports in the energy supply. The limits for the maximum level of gas imports
without extra reserve storage are chosen to be 17 and 20 per cent. If these limits
are exceeded, the model will require additional investments in reserve storage,
corresponding to 75% or 25% of the amount in excess in the Gas 17% and Gas
20% cases, respectively. The storage requirement thus makes gas imports larger
than the security limit feasible in both cases but much more costly in the Gas
17% case.
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In the Finnish energy economy biomass use is exceptionally large in scale
compared to most other European countries. In 1990 biomass accounted for
13% of the total primary energy consumption. As regards the production of
biomass fuels the wood processing industry plays a major role. Remarkable
guantities of wood residues are generated as byproducts of the main processes
within the industry. The largest volumes are accumulated in the form of waste
pulp liquors containing the non-cellulose parts of wood. Substantial amounts are
also generated in the form of bark, sawdust, and various kinds of other waste
wood. The use of firewood proper, i.e. wood initially assigned to energy use,
accounts for less than 25% of the total biomass fuel consumption. The extent to
which further measures are to be taken to promote expanding use of biomass is
currently one of the key issues of the energy policy debate in Finland.

The technical potential for increased use of biomass in the future is estimated to
be considerable, up to 25% of the total primary energy. The economic potential

will, however, depend greatly on the development of the prices of biomass fuels
compared to the competing alternatives. In addition to the baseline scenario,
also more optimistic assumptions on the development of the costs of biomass
fuels and advanced utilisation technologies have been applied in the present
study. However, optimistic estimates have been used only for the most

important biomass fuel, wood. The assumptions for the prices and supply

potential for non-byproduct biomass fuels were already presented in Table 26.
Regarding the utidiation technologies, the costs have been, in general, assumed
to be 15 per cent higher in the baseline scenario than in the optimistic case.

6.3.2 Energy transformation

In the energy transformation sector a large number of constraints are required
for realistic behaviour of the model, and for the purposes of scenario analyses.
In the present study, important energy system constraints in the model include:

* Net imports of electricity are at maximum 5 TWh per annum.

» The total potential of wind power increases smoothly to 8.5 TWh/a by 2030.
About 50 per cent of this potential consists of off-shore or arctic wind power.

* Mass incineration of MSW is limited to about 20 PJ/a, which corresponds to
somewhat more than 50 per cent of annual MSW generation in Finland.
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» Utilisation of biogas and RDF are both limited to 5 PJ/a.
* Present emission standards for sulphur and nitrogen oxide emissions are
taken into account.

In addition, the prices of different fuels have a considerable impact on the struc-
tural development of the energy sector. The fuel prices assumed in the study and
the potential of wood fuel supply were presented in Section 5.2.

The new utilisation technologies considered for biomass are integrated gasifi-
cation combined-cycle (IGCC) and pressurised fluidised bed combustion
(PFBC). With these technologies also solid fuels other than wood, such as coal
and peat, can be utilised. In the baseline cases for biomass use the capital and
fixed costs are 15 per cent higher than in the optimistic cases. Generally, the
costs are assumed to decrease by about 10 per cent between 1998 and 2010
(0.9% per annum) in both cases. It has been assumed that these technologies
will reach a commercial level around 2010, and thereafter the decrease in costs
will cease.

Baseline or optimistic assumptions are applied also to the development of other
new energy technologies. Alternative assumptions have been applied to the
following technologies: wind power, solar power, solar heat (for water and
space heating), fuel cells for power and heat, and electric cars in the
transportation sector. The costs of wind power are today relatively well-known,
and therefore only the maximum utdtion potential is varied for wind energy.

The potential will increase to only 0.8 TWh/a by 2030 in pessimistic cases and
to 8.5 TWh/a in optimistic cases. For other new technologies two different cost
scenarios have been used in the same way as for IGCC and PFBC described
above.

6.4 Scenarios for the greenhouse gas abatement
6.4.1 Emission reduction commitments due to the Kyoto Protocol
The EU commitment in the Kyoto Protocol is to reduce emissions by eight per
cent from the 1990 level between 2008 and 2012. In the calculation, an average

of the emissions between 2008 and 2012 is used to compensate for annual
fluctuations of the emissions, e.g. due to poor precipitation, which decreases
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hydro-power generation, and possibly increases emissions. The EU has shared
the emission reductions between its member states in June 1998. Finland’s
national commitment is to return the emissions to the 1990 level. In practice,
this commitment requires implementation of quite extensive reduction
measures, because, for instance, in 1996 the Finniste@{3sions were about

10 per cent higher than in 1990 (Statistics Finland 1998b).

The reduction objective for calculations in this study is fixed according to the
Kyoto Protocol, but only the emissions of £@H, and NO are included,
because the significance of other gases mentioned in the Protocol is so small —
less than 1 per cent. In addition, the emissions of these other gases are very
poorly known. The objective is calculated by converting all three gases to
carbon dioxide equivalents with GWP(100a) factors (see Section 3.3). The
calculation of the commitment level has been done basically in accordance with
the latest official inventory, which has not been published yet. These methods
are used in EOM as well. However, there are some exceptions to the latest
official inventory. All fugitive CQ emissions, e.g. from peat production, are
excluded in this study. GOemissions due to non-energy use of petroleum
products and due to agricultural lime and dolomite use are also excluded. In
addition, CH emissions are somewhat smaller in this study, because the
assumed fraction of carbon converted to landfill gas is smaller. The calculated
reduction commitment, or the 1990 level, for the Finnish greenhouse gas
emissions is presented in Table 34.

Consequently, the mean value of the GWP weighted Finnish greenhouse gas
emissions between 2008 and 2012 should be at most 67.2 T@(GM.) in the
calculations in this study. This can be described with Equation 7.

Table 34. The amounts of Finnish greenhouse gas emissions considered in the
study in 1990.

Gas Emission GWP(100a) | CO,-equiv.
(Gg) factor (Tg)
CO, 55 000 1 55.0
CH, 313 21 6.6
N,O 18 310 5.6
Sum 67.2

101




1 2012

g Etotal,i SEtotal,1990 (7)
i= 8

whereE,; iS the total greenhouse gas emission in the iear scenarios, in
which reduction objectives are allocated to ,C@nhly, CQ emissions are
allowed to be on average at most 55 Tg {dietween 2008 and 2012.

In the EEom model the calculation period (in this case 1995-2040) is divided
into sub-periods, at the endpoints of which the variables are calculated. It is
assumed that the change in variables is linear between these endpoints. In this
case the annual emissions between endpoints can be estimated as linear
combinations of the emissions in the endpoint years with the help of equation 8.

E -E
E =FE, +id>_" (8)

t to tl _to

wheret, andt; are endpoints of a sub-periag<t ,), E; is the emission in the
yeart, and i=1...{;-t;-1). Sub-periods around the year 2010 are 2005-2010 and
2010-2020. Therefore the calculations of emissions in 2008 and 2009 are based
on the emissions in 2005 and 2010. Correspondingly, the calculation of
emissions in 2011 and 2012 are based on the emissions in 2010 and 2020. After
these calculation steps the reduction objective can be written as:

106 41 3 O
g Bﬁ E2005,tota| + E E2010,total + E E2020,total ES E1990,t0ta| . (9)

The emission reduction commitments will probably tighten in the future. In this
study it has been assumed that in 2025 emissions must be five per cent lower
and in 2040 ten per cent lower than in 1990. Between these time points the
change over time of the emissions must be linear. These reduction objectives are
allocated to particular years and no five-year period is used.

6.4.2 The reduction objectives based on the radiative forcing

Emission reduction objectives can be directly allocated to the impact of
emissions with help of radiative forcing (see Section 3.2). In this way it is
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possible to consider optimal timing of the implementation of the emission
reduction measures, because the lifetimes of greenhouse gases in the atmosphere
are taken into account. An examination is done by reducing the additive
radiative forcing in 2040 due to emissions over the whole period. The effect of
historical emissions on the radiative forcing in 2040 could be considered too,
but in this study it is excluded. The effects of this kind of approach are studied
only in the RF2040 scenario in order to keep the total number of cases down to
a reasonable level.

Every annual emission during the period contributes to the radiative forcing in

2040. Annual emissions can be calculated with the help of equation 8 and the
annual emissions given at the endpoints of sub-periods. As mentioned earlier,
the study period is 1995-2040, which has been divided in six sub-periods. The
first three are five-year periods and the last three are ten-year periods.

Radiative forcing coefficientsy, for annual emissions can be calculated with
Equations 3 and 4, and with Tables 10, 11, and 12. The factors are dependent on
gas and the timing of emission. In this case the radiative forkiniap a
forthcoming yeart due to annual emissions in a sub-perigdt; can be
calculated with factors and equation 10:

E, -E
X, Zg.E. 9B, + 9y t _t Oeo R, *2 o HF -+ 0B (10)
=t 1 0

Equation 10 can be converted to:

|:|t1 -
FEERE o
t, —t m:toﬂ —t

From equation 11 the radiative forcing factors for the endpoint years of a sub-
period can be calculated. When the radiative forcings in all the sub-periods are
added up, it should be checked that the radiative forcings due to endpoint years
are not calculated twice. This can be done by starting the summingi iimde

first factor of equation 11 frorg+1 instead ofty, except in the first sub-period,
where the first year of the whole period must be taken into account.
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Table 35. The factors for the calculation of the additive radiative forcing in
2040 (MW/fTg) .

Year CO, CH, N,O

2000 0.004733 0.026112 1.390906
2005 0.006153 0.047066 1.802654
2010 0.009880 0.125544 2.859008
2020 0.012280 0.275882 3.455287
2030 0.019282 0.856432 5.074146
2040 0.010995 0.749686 2.589088

Constant value 0.642274

In the calculation of the additive radiative forcing in 2040 the emissions
between 1990-95 are also taken into consideration. The emissions between
1990-97 are known, and therefore the variables in the calculation are the
emissions of Cg CH, and NO in 2000, 2005, 2010, 2020, 2030 and 2040. The
calculated factors for the variables and the constant value due to known
emissions are presented in Table 35.

It can be seen in Table 35 that the values of the factors increase with time. This
is due to the fact that greater part of the emissions, which have occurred at the
beginning of the period, have been removed from the atmosphere than the
emissions, which have occurred at the end of the period. Exceptions are the
factors for 2040, which are clearly smaller that the preceding ones, because they
include weighting only from the previous time period (2030-2040), whereas
other factors include weighting for both previous and future time periods.

The radiative forcing objective for the year 2040 is calculated by assuming that
the emissions are stable at the 1990 level during the whole period. This value
cannot be calculated with the factors in Table 35, because the constant value is
in accordance with the real emissions, which are not in 1990 level. The
calculation can be done with the help of equation 10 and the data in Table 34.
The result is 5.082 mW/m
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7. Results

7.1 Development of the energy sector

7.1.1 Primary energy consumption

The structure of primary energy consumption in the scenarios is presented in
Figure 25. Energy consumption will grow in all scenarios, but much less in the
reduction scenarios, due to efficiency improvements in energy conversion and
explicit energy conservation measures, which are discussed in Section 7.2.

Electricity imports, hydro and nuclear power generation aresedilito the

extent allowed. The use of pulping liquors is also the same in all scenarios, as

the production scenario for chemical pulps is assumed to be fixed.
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Figure 25. The structure of primary energy consumption in the different scena-
rios. Adjoining columns are in time order. In the reduction scenarios the emis-

sions of CQ, CH,, and NO are considered.
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The use of oil products decreases slightly due to decreases in direct oil heating
of buildings and oil-based district heating. Although the specific fuel
consumption decreases in the transport sector, the use of transport fuels would
be on quite a stable level due to increases in transportation volumes. The use of
coal and peat, which have the highest@@issions, decreases considerably in

the reduction scenarios, as is to be expected.

In all reduction scenarios the use of natural gas is on the same level in 2010 —
about 16 per cent of the total primary energy consumption. In the Reference
scenario the corresponding share is about 13 per cent during the whole study
period. Optimistic assumptions concerning the imports of natural gas do not
affect the amount of gas imported until after 2020. In the Gas 20% scenario the
use of natural gas increases up to 22.5 per cent of the total primary energy
consumption, while in the Gas 17% scenario the percentage is about 2 points
lower. Although the optimistic assumptions for natural gas are included in the
remaining reduction scenarios, the use of gas will not increase as much as in
Gas 20 % scenario. This is due to more optimistic assumptions concerning the
cost-efficiency of other available emission reduction options.

The price of biomass already makes a difference in emission reduction in 2010.
In the optimistic cases wood fuels (excluding pulping liquors) account for about
14 per cent of primary energy consumption (11 per cent in base cases). In the
reference scenario the share is only 6—7 per cent during the whole period. In the
latter part of the period the share will increase up to about 15 per cent even in
the base cases (with respect to the price of biomass), which implies that both the
supply and utikation potential for wood fuels are quite thoroughly utilised.

Renewable energy sources already today make a very large contribution to the
overall energy supply. Nevertheless, the results of the present study indicate
that strict commitments to reduce greenhouse gas emissions would significantly
enlarge the cost-effective potential for biomass use for energy. This can be seen
from Figure 26, which shows the total uidtion of all renewable energy
sources taken into account in the study (excluding hydro power). According to
published surveys about the supply potential of biomass, the economic potential
of wood fuels (excluding pulping liquors) is estimated to be about 160 PJ in
2010 (Helynen & Nousiainen 1996, Alakangas 1997, Asplund 1997). In the
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Figure 26. Utilisation of renewable energy sources in 1990 excluding hydro,
and corresponding scenario results for 2010, 2020, 2030 and 2040.

scenarios with baseline assumptions for wood fuels, theatitiih of wood for
energy would be 155-160 PJ in 2010, i.e. approximately at the estimated level
of maximum economic potential.

Notwithstanding, if optimistic assumptions concerning the fuel production costs
were to be used, the cost-effective level of utilisation would still be notably
higher, about 200 PJ. It should be pointed out that even with the optimistic
assumptions, only an amount corresponding to the estimated economic potential
has been assumed to be available at a prices below 18 FIM/GJ at CHP or
heating plants. Consequently, biomass price levels yet higher than 18 FIM/GJ
would become competitive in the reduction cases.

Optimistic assumptions on the price and potential of new technologies affect
mostly wind power, when only the structure of energy sources is considered.
Wind power generation in 2010 would be at the upper limit defined in the
model: 0.9 TWh/a in the optimistic cases and 0.3 TWh/a in the base cases. The
difference would grow remarkably after 2010, which can be seen clearly from
Figures 26 and 27.
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Figure 27. The structural development of central electricity production in the
different scenarios. In 1990 the corresponding production was about 35 TWh,
and in 1996 about 44 TWh (Statistics Finland 1998b).

7.1.2 Electricity generation

The development of central electricity production is presented in Figure 27. In
the Reference scenario the growth in demand is covered with coal-condensing
power. In contrast to the Reference scenario, the production volume increases
only slightly in the reduction scenarios, and even decreases after 2030. The
largest changes in the reduction scenarios are the decrease in coal power and
increases in natural gas combined-cycle (NGCC), wind power, and integrated
gasification combined-cycle (IGCC). The share of NGCCs is larger in the Gas
scenarios, as would be expected. IGCCs would be significant in the last three
scenarios, in which the cost assumptions are optimistic. Also wind power
production is larger (up to 7.8 TWh/a) in the optimistic cases (Newtech and
Save).

The development of industrial electricity production is presented in Figure 28.
The production volume is larger in the reduction scenarios, which implies that
industry would become more self-sufficient in energy supply. The gasification
of peat and wood will increase considerably in all reduction scenarios, but in
2010 their contribution is significant only in the optimistic scenarios (Biomass
etc.).
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Figure 28. The structural development of industrial electricity production in
the different scenarios. In 1990 the corresponding production was about 8 TWh,
and in 1996 about 10 TWh (Statistics Finland 1998b).

Also the share of waste liquor based electricity production is larger in the
reduction scenarios, which implies that the pulping industries will invest in
improved recovery boiler systems with higher power to heat ratios (Komulainen
et al 1994) or waste liguor gasification technologies to increase their self-
production of electricity. The relative shares of chemical and mechanical
pulping, however, are not allowed to not change in the reduction scenarios. The
gasification (IGCC) of waste liquors will replace ordinary recovery boilers
significantly in the optimistic scenarios. It is also noteworthy that the position of
gas-based combined-cycle technologies would be gradually weakened in the
reduction scenarios, while they will be very prominent in the district heat and
power sector. The polastion in the use of biomass and natural gas between the
industrial and district heating sectors could be viewed as being somewhat overly
pronounced in the results. However, the combined fuel splits are much more
balanced.

The combined production of district heat and power would increase in all
scenarios, but particularly in the reduction scenarios (Figure 29). The
dominating technologies in the reduction cases are NGCC and IGCC (wood,
peat, and coal).

109



TWh District heat power generation in 2010, 2020, 2030 and 2040
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Figure 29. The structural development of district heat power production in the
different scenarios. In 1990 the corresponding production was about 8.5 TWh,
and in 1996 about 12.5 TWh (Statistics Finland 1998b).

In the scenarios with the least optimistic assumptions decentralised small-scale
CHP production based on gas-engines will also have a prominent role. In the
more optimistic scenarios larger plant technologies become more favourable and
thus diminish some of the decentsali potential. Ordinary (oil or pulvedd

fuel burners and grate-firing) back-pressure, and fluidised bed combustion,
which has high specific 0 emissions, are utilised much less in the reduction
scenarios. The increase in high-efficiency combined heat and power production
improves the overall conversion efficiencies of the national energy system.

As discussed earlier, the percentage of CHP is already at present very high in
Finland, and most of the larger-size heat loads are extensively beisgdufili

CHP. Nevertheless, in the situation where strict targets are set for greenhouse
gas emissions, considerable additional cost-effective potential for CHP becomes
apparent. The share of CHP of the total electricity supply is illustrated in Figure
30.
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Figure 30. Development of CHP generation in proportion to total electricity
supply during 1960-1997 and according to the scenarios.

In the Reference scenario the percentage of CHP would remain approximately at
the 1997 level throughout the period studied. The level reached already in
Finland thus appears to be nearly optimal, provided that no limits are set for
greenhouse gas emissions. In the reduction cases more expensive options to
increase CHP generation become cost-effective. The options are largely related
to relatively small-scale NGCC or biomass-fuelled plants (small-size FBC as
well as IGCC/PFBC, when commercialised). The percentage of CHP would in
all reduction cases be increased to 38%—-39% in 2010, and to about 45% in
2040.

According to the results, fuel cell CHP technologies would eventually become
competitive around 2030, even when using the baseline assumptions for their
costs. Shortly after entering the market, in 2040, fuel cells would already gain a
significant market share in district CHP generation. The relatively small size-
classes projected for commercial fuel cell plants would offer some additional
advantage through decentralised generation.
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7.2 Developments in the end-use sectors

Electricity use in the consumption sectors is presented in Figure 31. In the
Reference scenario the consumption is at a higher level and increases faster than
in the reduction scenarios. The decreases in growth are achieved through
electricity conservation measures implemented in the reduction scenarios (see
Figure 32). In general, increases in total electricity use are largely due to forest
industries and other energy-intensive industrial sectors. While in the Reference
case the growth in industrial consumption is 63% between 1990 and 2010, in the
reduction cases the growth is decreased to 52-57%. Consequently, through the
energy conservation measures a saving of 4%—7% in the industrial electricity
consumption would be accomplished by the year 2010. In absolute terms the
saving would be 3.3 TWh in the Gas 20% case, which happens to be equal to
the target suggested for the industrial sector by the Energy Conservation
Committee in 1995 (MTI 1995).

Nevertheless, the growth in electricity consumption is significant also in the
residential and service sectors. Between 1990 and 2010 household electricity
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Figure 31. The development of electricity use in the different end-use sectors.
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use increases about 49% in the Reference, but the growth is slowed down to
27% due to emission abatement measures. The reduction corresponds to a
saving of nearly 15%. In the tertiary sector the baseline growth is 38%, while
the growth under the Kyoto Protocol would be only 24%, which is equivalent to
energy conservation of 10%.

The extent of energy conservation measures in the different scenarios is
presented in Figure 32. Energy conservation would be implemented to the
largest extent in the Gas 17% scenario, as the assumptions concerning
abatement options are least optimistic. Energy saving decreases when the
number of optimistic assumptions increases, except in the Save scenario, where
the costs of conservation measures are assumed to be lower. The lower costs can
be viewed to represent somewhat smaller requirements for the rates of return by
the actual decision-makers.

As described earlier, the volume of residential and service buildings is projected
to be increased by about 20% between 1995 and 2010, and by about 50% by
2030. Despite this, for example in the MTI EPO scenarios (MTI 1997a) the
total final energy use for heating was assumed to be only a few per cent larger in
2025 than in 1995 (about 215 PJ). The results from the present study are quite
similar. The final energy use for heating is shown in Figure 33 for the Gas 20%
scenario. According to the results, measures to save up to of 9% of the total
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Figure 32. Energy conservation in the different scenarios.
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heating energy use would become cost-effective before 2010 due to the emission
targets. In reality the implementation would have to be made more gradually. In
2025 the total final energy consumption would be practically at the same level
as in 1995.

The use of heat pumps in detached houses would cover in the baseline cases
(Gas 17%, Gas 20%, and Biomass), about 3% of the total heat demand in 2010,
and 7% in 2040. Under the optimistic assumptions the market share would be
only slightly larger, about 8% in 2040. The role of solar heating systems would
still remain negligible in 2010 under the baseline assumptions. In 2040,
however, they would cover about 11% of all the space heat consumption in
single-family houses. In the optimistic cases solar space heating would gain only
few additional markets, the share being in 2040 about 12%. Separate solar
water-heating systems would not become widely used until around 2040.

The relative growth of electricity use is fastest in the transportation sector,
especially in the Newtech and Save scenarios, because in passenger transport
electric cars would gain a market share up to 25 per cent of the total transport
volumes in 2040. In a similar way electric vans would cover a significant part of
the total transport by vans, but as heavier trucks and trains dominate the goods
transport, the overall impact of electric vans on the energy consumption and
emissions would remain small.
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Figure 33. Development of final energy use for heating in the Gas 20% case.
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7.3 Development of the greenhouse gas emissions
7.3.1 Emission reduction based on the amounts of gases emitted

Greenhouse-gas emission reductions have been examined with various reduction
targets in this study. Targets has been aimed at three GHGs together, at CO
emissions only, and at the radiative forcing due to emissions, (Ci&, and

N,O) between 1990 and 2040. The development of the Finnish greenhouse gas
emissions in the reduction cases and in Reference scenario are presented in
Figure 34. The emissions in different GHG emission reduction scenarios follow
nearly the same path, because the target is the same. Consequently, they are
presented as one scenario. The radiative forcing scenario, RF2040, is presented
in Figure 34 as well, but the results are discussed in Section 7.3.3.

In the Reference scenario the £#nissions would increase continuously due to
growing energy consumption and fossil fuel use. In the GHG anddiDction

cases they would decrease quite rapidly after 2005. One reason for this is that
many fossil fuel power plants will reach the end of their economic life after
2005, and therefore it is not economical to start using other energy sources until
it is really necessary. Rapid decrease after 2005 implies that total emissions
must be reduced below the 1990 level, because the Finnish GHG emissions
should be on the 1990 level between 2008 and 2012. In other words, if
emissions are above the target level in the beginning of this period, then they
must be reduced below the target level in the end of the period.

In the case of “Reduction of all GHGs”, emission reduction measures are
allocated in an optimal way to the three different gases with respect to costs. For
example, it is not necessary to reduce, @@issions exactly to the 1990 level
between 2008 and 2012, because, @Ad NO emissions already decreased
after 1990, and because there are somgadid NO control options, which are
cost-effective compared to the gf@duction measures. Consequently,,@hd

N,O emissions would decrease far below the 1990 level in 2010. In the case of
“CO, reductions only”, carbon dioxide emissions decrease to the 1990 level on
average between 2008 and 2012.
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Figure 34. The development of the Finnish greenhouse gas emissions with
alternative reduction targets.
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Methane emissions are quite stable after 2000 in the Reference scenario. The
downward trend in the 1990s is due to decreases in the amounts of cattle and
landfill waste. Less waste is put in landfill nowadays than at the beginning of
the 1990s due to the waste management policy in Finland. The number of cattle
has decreased, because the agricultural subsidy system has changed, and
because there was some overproduction in the beginning of 1990s.

In the case of “Reduction of all GHGs” Glmissions still decrease after 2000.
This is partly due to utilisation of the combustible content of MSW as energy up
to 60 per cent of the potential, which corresponds to 5 PJ in primary energy
terms. This measure would also be used in the case of r&fdctions only”,
because wastes are counted as ;'@@utral” fuels. Landfill gas recovery
affects mainly methane emissions. Large decreases in emissions are achieved in
the case of “Reduction of all GHGs” after 2005 and in the case of f€ic-

tions only” after 2030, through the introduction of landfill gas recovery. In both
cases the recovery rate would increase up to 70 per cent in big landfills after
implementation, and in the first case up to 50 per cent in small landfills. The
landfill gas recovered would be utilised for energy in larger landfills and burned
in a torch in small landfills. Recycling of paper and board remains at its
maximum limit even in the Reference scenario, and therefore it would have no
effect on CH emissions. Other CHabatement measures in the waste sector
(mass incineration; composting and anaerobic treatment of organic waste) have
been found to be non-cost-effective, because they remained at their minimum
limits in all scenarios, except in RF2040 (see Section 7.3.3).

The CH, emissions from the agricultural and energy sectors are quite stable in
the Reference scenario and in the reduction cases as well. According to the
results, the Cireduction measures studied in agriculture, such as composting
and biogasification of manure, are not very cost-effective measures fpor CH
abatement. At the end of the study period bio-gasification of swine manure
would be taken into use in the GHG reduction cases; although, this would have
only a marginal effect on emissions.

In the Reference scenario theNemissions would increase after 2005 due to

increased use of coal and fluidd bed combustion (FBC). Emissions from
other sectors would change only slightly during the period. In the case of
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“Reduction of all GHGs” the abatement measures in nitric acid production and
the replacement of FBC with other techniques (see Figure 29) in district heat
power generation would decrease the tot#) Mmissions. In the case of “G€O
reductions only” the emissions follow at first nearly the same path as in the
Reference scenario, because,@Datement originates expanding utilisation of
biomass in fluidded bed boilers, but later they decrease slightly due to new
energy techniques and saving measures.

7.3.2 The development of carbon dioxide emissions by the fuel
consumption sector

The large increase of G@missions in the Reference scenario is due to the fact
that coal-condensing power increases in central electricity production. This can
be seen with the help of Figure 35 and Figure 27. Emissions from district heat
and power would not increase as much. Nevertheless, they would be doubled
from the 1990 level by the end of the period. Industrial emissions would
increase about 25 per cent during the period. Emissions from transportation,
heating and other sectors are quite stable during the whole period.

The CQ emissions by sector are also very much the same in the different GHG
reduction scenarios, and so they are presented as one scenario. In the reduction
case the largest reductions would occur in central electricity production. Coal-
condensing power would nearly disappear, and the total production decreases
(Figure 27). In the district heat and power sector, emissions would decrease only
slightly after 2005, because the volume increases in the reduction cases (Figure
29). In the industrial sector, emissions decrease after 2005 due to large changes
in industrial electricity production. Changes, which have an impact on CO
emissions, cannot be seen in Figure 28, because it does not show the changes in
fuel mix. However, the main reason is that waste wood is substituted for fossil
fuels. CQ emissions due to direct fuel use in industrial processes would
increase in all scenarios, which retards the decrease in total industrial emissions.

7.3.3 Emission reduction based on the radiative forcing

The purpose of the radiative forcing scenario (RF2040) is to study the optimal
timing of implementation of emission reduction measures. The radiative forcing
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Figure 35. The development of €€missions by fuel consumption sector in
Reference scenario and in the GHG reduction scenarios.

approach is a more scientific and a more complicated way to evaluate emission

reduction strategies than the approach which uses emission reduction commit-

ments based on the amounts of direct annual emissions. It takes into account the
effects of emissions on the energy balance of the Earth-atmosphere system.

The development of the emissions in the RF2040 scenario is presented in Figure
34. It can be seen that g@missions are reduced after 2000 in compa-
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rison with the Reference scenario. However, the reductions are not so extensive
as in the other reduction cases, until the end of the period. Although part of the
emitted CQ remains in the atmosphere a long time, larger reductions in carbon
dioxide emissions are not needed, because it is more cost-effective to invest in
the reduction of CiHand NO emissions.

Especially, it is reasonable to reduce methane emissions in the latter part of the
period, because GHhas a short lifetime (9-15 years) in the atmosphere, and
therefore all methane emitted at the beginning of the period has already been
removed from the atmosphere. Methane emissions decrease, even more than in
other reduction cases, after 2020 due to the implementation of mass incineration
of MSW and organic waste treatment. About 50 per cent of all MSW is
incinerated, and over 70 per cent of the remaining amount of organic waste is
composted or treated anaerobically. Anaerobic treatment of animal manure
would also be implemented after 2020, but the effect on emissions is small.

Landfill gas recovery and the utilisation of waste for energy are on the same
level as in the GHG reduction cases. On the other hand, nitrous oxide has a
quite long lifetime in the atmosphere, and therefore it is reasonable to reduce
N>O during the whole period. In addition, there are cost-effectp@ fdduction
measures comparable with the ones fop,&G0ch as the catalytic abatement of
N,O in nitric acid production. The radiative forcing target was given only for
one year, which means that the methane emissions are reduced strongly before
that year. In long-term target settings perhaps several target-years should be
considered.

7.4 Emission reduction costs
7.4.1 Annual reduction costs in the different scenarios

Emission reduction costs are calculated by subtracting the annual costs of the

Reference scenario from the corresponding costs of the reduction scenarios. The
costs include the total expenditure in the described system that is due to the

changes required to reach the target emissions. Indirect costs, e.g. administrative
costs, and the costs which may arise due to the changes in the national economy,
are not considered in this study.
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Figure 36. Direct emission reduction costs in the different scenarios.

Abatement costs in the different scenarios are presented in Figure 36. In the
commitment period of the Kyoto Protocol the reduction costs are around 2000
MFIM/a in the Gas 20% scenario. In the optimistic scenarios the costs are
lower. The costs increase quite rapidly during the subsequent decades due to
growing energy consumption and tightening reduction targets. It appears that
lower prices of biomass, new biomass utilisation techniques (IGCC, PFBC), and
energy conservation measures have the largest impact on the costs, at least in
2010. More optimistic assumptions on the imports of natural gas (Gas 20%)
decrease the costs by about 5 per cent. At the end of the period the cost
differences between scenarios would be more even, largely because the role of
other than biomass-based new technologies would become more prominent.

7.4.2 The abatement cost curve

The abatement cost curve for the Finnish greenhouse gas emissions is presented
in Figure 36. The curve has been defined by calculating the reduction costs with
a large number of different reduction levels. The point where the costs are zero
corresponds to the emissions in the Reference scenario in 2010. However, the
costs on this curve are not directly comparable to the 2010 costs in Figure 36,
because in the reduction scenarios the total GHG emissions decrease somewhat
below the 1990 level in 2010 to achieve the five-year emission reduction
commitment. Consequently, the cost which corresponds to zero per cent in
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Figure 37. Cost curve for the greenhouse gas abatement in Finland in 2010.
The percentage is the change in the amount of emissions compared to the 1990
level (0% = 67.2 Tg). The curve corresponds to the Gas 20% scenario.

Figure 37 is in fact about 200—300 MFIM lower than the reduction cost in the
Gas 20% scenario in 2010.

7.4.3 The effect of various reduction targets

In Figure 38 the reduction costs with alternative reduction targets are presented.
One can see that if only G@missions were reduced, the abatement costs would
be 20-25 per cent higher than if all three gases were reduced. Marginal costs are
about 20 per cent higher as well. This implies that, at least in the case of
Finland, the inclusion of CHand NO into the Framework Convention on
Climate Change brings considerable benefits through more cost-effective
emission abatement.

In the RF2040 scenario the abatement costs are much lower than in other cases,
except in 2030 and 2040. The reason for this is the development of the
emissions (Figure 34). After 2020 g@@missions decrease to the same level as

in
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Figure 38. Direct abatement costs with alternative reduction targets in Gas
17% scenario.

other cases, and GHemissions decrease below the level in the case of
“Reduction of all GHGs”, which increases the total costs to somewhat higher
level in 2030 and 2040. However, the abatement costs of the RF2040 scenario
are not comparable to the other cases, because the reduction target is not at the
same level. The radiative forcing due to the emissions in “Reduction of all
GHGs” is about 4 per cent lower than the chosen radiative forcing limit for the
RF2040 scenario. In conclusion, emission reduction costs in the RF2040
scenario are lower, because the removal of emissions from the atmosphere is
taken into account, and because the reduction target is somewhat “easier”.

Marginal costs of emission reduction in the Gas 17% and Gas 20% scenarios
with two different reduction targets are presented in Figure 39. Marginal costs
are distinctively higher in the case of @@ductions only.

7.5 The nuclear power option
The potential role of nuclear power in emission reduction has been studied with
two supplementary scenarios in which nuclear power capacity is allowed to

increase. In the Nuclearl scenario a new unit of the size 1300 MW has been
assumed to be operational in 2010. Accordingly, the total nuclear power
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Figure 39. Marginal costs of the greenhouse gas abatement. GHG = abatement
of the three greenhouse gases;,GGabatement of CQonly.

generation capacity would then be 3960 MW. In the Nuclear2 scenario the
capacity is allowed to grow without constraints to the optimal levels. In other
respects these scenarios correspond to the Gas 17% scenario, and they are
compared with the same Reference scenario as earlier reduction scenarios.

Primary energy consumption in the nuclear power scenarios is presented in
Figure 40. Consumption seems to increase faster than in other scenarios, but a
large part of additional growth is illusory due to the computational conversion
of nuclear power into primary energy terms. Energy conservation measures are
taken in these scenarios as well, but to a lesser extent than in the other reduction
scenarios.

If the nuclear power capacity were unlimited, the optimal capacity according to
the results would be about 5500 MW in 2010, which implies construction of at
least 2 large nuclear power plants. Thereafter the capacity would grow linearly
to 9900 MW in 2040.

The contribution of nuclear power generation to total electricity supply in 2010

would be about 33 per cent in the Nuclearl and about 45 per cent in the
Nuclear2 scenario. In 2040 the contribution would be as much as 60 per cent in
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Figure 40. The development of primary energy consumption in the nuclear
power scenarios.

the Nuclear2 case. For comparison, in 1997 the contribution was about 27 per
cent (Statistics Finland 1998b). The total electricity consumption would be
higher in the nuclear power scenarios than in the other reduction scenarios. In
the Nuclearl scenario, industrial and district heat power generation would
increase as much as in the Gas 17% scenario, but in the Nuclear2 scenario
industrial production would not increase at all after 2005. This implies that the
share of purchased electricity would increase quite rapidly. In the forest industry
sector this would mean a natural shift towards an increasing share of mechanical
pulp production, which, however was not considered in the scenario. Hence, the
stabilised self-production of electricity is in this case caused by the weakening
competitiveness of industrial CHP in relation to central power production.

In the Nuclearl scenario the imports of natural gas are the same as in the Gas
17% scenario. Consequently, a single additional nuclear power plant would not

eliminate the increase in the use of natural gas, but a larger nuclear power

expansion programme would, indeed, have an affect. In the Nuclear2 scenario
the level of natural gas imports would be nearly as low as in the Reference

scenario.
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Figure 41. Direct emission reduction costs in the nuclear power scenarios and
Gas 17% scenario.

Concerning the use of wood fuels there is a significant difference between the

nuclear power scenarios and other scenarios. The total consumption is 5-10 per
cent less in the Nuclearl scenario and 30-40 per cent less in the Nuclear2
scenario.

According to the financial results (Figure 41), one new nuclear power plant
(1300 MW) would lower the total emission reduction costs of the Gas 17%
scenario by about 1150 MFIM in 2010, and even more in the subsequent years.
In the Nuclear 2 scenario the abatement costs would be very small compared to
any other reduction scenario.
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8. Discussion and conclusions

In Finland carbon dioxide accounted for about 84% of all greenhouse gas
emissions in 1995, when counted as carbon dioxide equivalents. Methane emis-
sions were about 7%, and nitrous oxide emissions about 8% of the total green-
house gas emissions. About 98% of the,@missions originate from the
supply, conversion and end-use of energy, the rest being due to industrial
processes.

Official national statistics indicate that energy-related carbon dioxide emissions
increased about 10% between 1990 and 1997. The amount of nitrogen oxide
emissions, on the other hand, has been quite stable, and methane emissions have
decreased as much as 30% due to changes in waste management policies and
agriculture. Combining these changes, the estimated total increase in greenhouse
gas emissions has been about 4% between 1990 and 1997.

According to the burden-sharing agreement made within the EU, Finland has
committed herself to the target of returning the total amount of greenhouse gas
emissions to the 1990 levels. Although the target for the EU as a whole is an
8% decrease in emissions, the Finnish target can be assessed as equally or even
more demanding than the average for EU countries. Such an assessment can be
based on the national characteristics of the Finnish energy economy. Energy-
intensive industries have an exceptionally prominent role in the overall energy
consumption, while at the same time the supply system is less carbon intensive
than the average in EU countries. Large dafion of CHP has raised the
average energy efficiency of electricity generation to a higher level than in any
other OECD country relying substantially on combustible fuel-based generation
(Lehtila et al. 1997b). Furthermore, according to international statistics (e.g.
IEA 1998), also the utidation of CQ neutral biomass for energy is in Finland
more extensive than in any other OECD country.

Projections for the next few decades in Finland expect a relatively rapid
economic growth, which is largely based on energy-intensive basic industrial
sectors. Taking that the possibilities for efficiency improvements or switching
to less carbon-intensive fuels are limited, the growth in the energy-intensive
sectors will make it very difficult to avoid increasing the use of fossil fuels and
carbon dioxide emissions in Finland.
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Nevertheless, many technical options do exist for the control of emissions.
Perhaps most obviously, energy use can be reduced by energy conservation
measures. Conversion efficiencies can be further improved by utilising the heat-
loads suitable for CHP generation as extensively as possible. Continuous efforts
have been made to develop improved technologies for the production of biomass
fuels, and promising results have already been achieved. Finland could also try
to always stand in the front-line when new and advanced energy technologies
are brought into commercial use. Furthermore, the structure of manufacturing
industries could be directed towards less energy-intensive products. However, in
order to have a positive global effect on emissions, such structural changes
would have to be driven by changes in consumption patterns.

In waste management Gldmissions can be reduced by decreasing the amount
of landfill waste and by recovering the methane released from landfills.
Integrated ways to decrease both ,Gihd carbon dioxide emissions are the
utilisation of waste and landfill gas for energy production, and the recycling of
energy-intensive materials as effectively as possible before waste treatment.
Emissions from animal manure can be reduced by anaerobic treatment and bio-
gasification.

This study has tried to tackle the difficult issue of identifying the most cost-
effective technical options to reduce greenhouse gas emissions. Changing the
product mix of industries was, however, not considered as an explicit measure.
With respect to the Kyoto Protocol, the domestic measures which would enable
the fulfilment of the Finnish national emission commitments are of particular
interest. According to the results, the technical options that appear to have the
most significance include the following:

» Increasing the use forest residues for energy,

* Increasing the use of natural gas and gas-based combined-cycle tech-
nologies as long as security of gas supply can be maintained

» Expanding further the utdation of CHP where possible,

* Intensified efforts to promote energy conservation in all end-use
sectors, particularly in household and tertiary electricity use, and space
heating,

» Exploiting the possibilities for integrated methane and @duction
by utilising waste for energy and through the recovery of landfill gas.
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The use of wood biomass for energy would increase significantly in all of the
emission reduction scenarios by the year 2010. As the costs of wood fuels were
in general assumed to be lower for the forest industries due to synergy
advantages, the increases were largest in industrial power and heat generation.
Using the baseline assumptions for the costs of biomass, the total use of wood
biomass excluding pulping liquors was 150-160 PJ in 2010, while the use was
about 109 PJ in 1997. The amount corresponds approximately to the total
economic potential estimated for 2010 (Alakangas 1997). Using more optimistic
assumptions about the costs, the use of wood was increased to about 200 PJ in
2010. In the optimistic case, however, a rapid commercialisation of IGCC
technologies for biomass was also assumed.

The use of natural gas was in all reduction scenarios increased to the maximum
allowed in 2010, 6.1 billion fnor 220 PJ. As the use in 1997 was 120 PJ, the
increase in the use of gas would be as high as 83% in only 13 years' time. Such a
rapid increase could only be based on new separate power generation plants
using natural gas. In the Energy Policy scenario published by the Ministry of
trade and industry, the maximum use in 2010 was assumed to be yet slightly
larger, 6.5 billion M (MTI 1997a). In reality the potential for increased use of
gas will largely depend on investments in new pipelines connecting the Finnish
grid with the European gas networks, as well as on further extensions of the
domestic gas network. Rather swift investment decisions would be needed in
order to have sufficient time for investments in new gas-fired power and CHP
plants.

In 1997 about 77% of the district heat production was already based on
combined heat and power generation. Within industrial heat production the
percentage of CHP is approximately at the same level. Therefore, the potential
for increased power generation in CHP plants appears to be limited. However,
the results of the present study indicate that under tight emission reduction
targets considerable additional potential would become cost-effective both in
the district heating sector and in industrial heat production. In the district
heating sector the most favourable technical options appear to be the natural gas
combined-cycle in larger communities in southern Finland, and biomass-based
CHP in areas with no access to the gas network. In the case of smaller heat
loads the competitiveness of gas diesel combined-cycle and gas turbines with
waste heat boilers is also improved.
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Within the industrial sector the potential for CHP is increased by about 25%
between 1995 and 2010 merely through increases in the demand for process
heat. The most significant technical options that appear to become cost-
effective by 2010 include the expanding use of biomass in FBC-based CHP
plants, and improved recovery boiler systems with higher power to steam ratios.

In addition, an accelerated wind power programme could also be considered to
be among cost-effective measures for emission abatement already by 2010. An
annual production level of about 1 TWh could at best be reached by that time,
which would represent a relatively small but yet notable-2€e contribution

to the overall power supply.

Large uncertainties are related to the assessment of cost-effective potential for
energy conservation. Many studies have indicated that there exists considerable
energy-saving potential with negative net costs. In the present study, however,
such potential was assumed to be unrealisable in practice. Furthermore, an
attempt was made to use relatively conservative baseline estimates for the costs
of the conservation measures.

According to the baseline results, energy conservation will be among the key
measures for achieving the emission targets in Finland. In industrial electricity
use the extent of the measures would conform well to the targets set by the
Energy Conservation Committee in 1995, but would be smaller in the use of
heat. In the residential and tertiary sectors the measures would add up to 9% of
heating energy, 15% of household electricity, and 10% of tertiary electricity.
Despite the saving in household electricity use, the consumption would still be
27% larger than in 1990. According to a thorough sociological energy study
made in 1996, the consumption could, in theory, be decreased by as much as
25% from the 1990 level by the year 2015 through efficiency improvements
(Nurmela 1996).

As to the transport sector, several studies indicate that according to the
prevailing trends the total fuel consumption of cars will begin to decrease in

Finland around 2005 despite the growth of transport volumes (e.g. Korpela &
Kalenoja 1997). In line with these projections, large autonomous improvements
in the fuel economy of cars were assumed in all scenarios, and little room was
left for explicit conservation measures. In practice, policy measures would

probably be needed in order to ensure a sufficiently high turnover rate of the
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vehicle stock. Such measures could include tax shifts from car taxes to taxes on
fuel or use of car.

In the waste management sector the most cost-efficientré€ttdiction measures
found in this study were the utilisation of the burnable fraction of municipal
solid waste (“energy waste”) and landfill gas recovery. These measures are CO
reduction measures as well, because they are counted,aseGal fuels. In

large landfills all of the recovered gas would be converted to electricity and/or
heat with gas engines and heating boilers. The recovery would be reasonable in
small landfills as well, although the recovered gas would not be utilised. The
utilisation rate of energy waste is still quite low in Finland, but it will probably
increase in near future due to ongoing pilot-projects.

The recovery rate of paper and board would increase in every scenario mainly
due to the assumed changes in the raw material mix in paper manufacturing
(Figure 12). As the recovery rate is already at a high level in Finland, the effect
on CH, emissions is, however, quite small. With the rather uncertain cost
estimates used, composting and anaerobic treatment of organic municipal waste
was less cost-efficient than the other options considered for édhission
reduction. On the other hand, the utilisation of organic waste has other
environmental benefits, and, in particular, composting is becoming more
common in Finland. Mass incineration of MSW would double from the present
level by 2010, but the volume would still be small, about 3.5 per cent of MSW.

In agriculture the Cklemission reduction measures were included for only a
small part of the emission sources. The;@hhissions from the most significant
agricultural source, enteric fermentation of animals, could be reduced e.g. by
improving the feed, but no data for such measures were available. The
composting and anaerobic treatment of animal manure have proved to be quite
expensive as CHeduction measures. Nevertheless, the latter would be brought
into use after 2030 in the reduction scenarios.

The catalytic abatement of,@ emissions from nitric acid production was found

to be a cost-effective measure, although the upper limit of the unit costs given in
the literature (Oonk 1998) was selected. Unfortunately, there are no

commercial-scale experiences of this measure, and therefore it might be too
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optimistic to assume that the,® emissions from nitric acid production could

be reduced in the commitment period of the Kyoto Protocol. If this measure
were excluded from this study, the emission reduction costs would be about 120
MFIM higher in 2010. According to the results, another longer-term measure to
reduce NO emissions would be the replacement of fkédi bed combustion

with other technologies (mainly IGCC) in combined heat and power generation.

The direct annual costs for the technical emission reduction measures were
calculated to be around 2000 MFIM in 2008-2012, when baseline projections
were used for all scenario assumptions. Using the most optimistic assumptions,
the annual costs were lowered to about 1100 MFIM. I €fissions alone

were reduced to the 1990 level, the abatement costs would be 20-25 per cent
higher than if the combined emissions of £ZOH, and NO were reduced. Con-
sequently, the integrated abatement of all three gases opens up substantial cost-
efficiency gains in Finland.

The marginal costs in 2010 were calculated to be about 230 FIM or 38 ECU per
tonne CQ equivalent removed, when the most optimistic cases are excluded
from consideration. The abatement cost curve derived from the analysis could
be used in further analyses concerning emissions trading. To the extent the
marginal costs in Finland will, on the average, be higher than in other countries
among the parties to the Kyoto Protocol, emission trading between Finland and
other countries should be included in the emission abatement measures to be
implemented. The marginal costs also correspond to the level of carbon tax that
ideally would lead to the implementation of the emission reduction measures
required.

The calculation model used in the study does not take into account possible
changes in economic activity due to changes in energy prices. To the extent
such changes will take place as a result of declines in the relative
competitiveness of Finnish industries, indirect costs in the form of GDP losses
are involved. Furthermore, in practice the costs of the measures of an extensive
emission reduction programme are not evenly dispersed in the economy, and
therefore policy measures that would lead to the use of most cost-effective
technical options may be difficult to implement. Consequently, substantial
implementation costs could be also involved.
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Allowing for one additional nuclear power plant to be commissioned around

2010 would have a significant impact on the costs. Looking at the direct costs
alone, the total annual costs would be about 1150 MFIM lower than in the
corresponding case with no additional nuclear power. Taking into account also
all the indirect cost-effects would probably widen the cost-difference further.

Looking into a longer term than just to the first commitment period around
2010, many new energy technologies can be expected to be commercialised. A
number of technologies that can be assessed to have some potential importance
in Finland during the four next decades were included in the study. According
to the results, technologies that are likely to have a considerable role at least in
the longer term include wind power, IGCC technologies, heat pumps, solar
heating, electric cars, and even fuel cells for CHP production. Nevertheless, the
results show that the emission reduction costs increase quite rapidly over the
period studied. This is due to the projected energy consumption, which is
constantly growing, although the emission reduction targets are at the same time
tightening. Consequently, emission reductions will be much more costly in the
time beyond the first commitment period around 2010. In reality, energy-
intensive industries will probably have to adapt in one way or another to the
changes needed for achieving the emission commitments. In the worst case this
could involve large structural changes and welfare losses in the national
economy.

In one of the scenarios studied, a limit was set to the additive forcing due to
Finnish greenhouse gas emissions between 1990 and 2040, which was
calculated by assuming that the emissions would be at the 1990 level during the
whole period (about 5 mW/nsee Chapter 3 and Section 6.4). In comparison
with the historical development of the radiative forcing, this value is very large,
because nowadays the total radiative forcing due to all historical Finnish GHG
emissions is about 3.9 mWn(see Figure 6). These values cannot be added
directly, because a large part of the greenhouse gases emitted before 1990 are
removed from the atmosphere before 2040. However, the total radiative forcing
in 2040 was almost 7 mW/nin the reduction scenario while it was as high as
8.7 mW/nf in the Reference scenario. In conclusion, the radiative forcing due to
Finnish GHG emissions would increase considerably in every scenario. In order
to stabilise the radiative forcing to the present level, much larger emission
reductions would be needed.

133



Acknowledgements

The authors wish to express their sincerest thanks to Dr llkka Savolainen and
Dr Riitta Pipatti from VTT Energy for their support and many constructive
discussions, and to Mr Petri Vaisdnen of Sarlin-Hydor Oy for data and advice
on landfill gas recovery. Valuable information for the study has also been
provided by Dr Kim Pingoud, Dr Pekka Pirila, Dr Eero Tamminen, Dr Riitta
Korhonen, Ms Hannele Holttinen, Mr Aulis Ranne and Dr Mikael Bjoérnberg
from VTT Energy, Mr Kari Gronfors from Statistics Finland, Ms Leena Peréla
from Motiva Information Center for Energy Efficiency, and Mr Jouni Punnonen
from the Confederation of Finnish Industry and Employers, the help from whom
is gratefully appreciated.

134



References

Alakangas, E. 1997. Bioenergy in Finland Il. Final report of Finland — Phase II.
AFB-NETT — European Network to co-ordinate information exchange between
National Biomass Energy Programmes on Agricultural and Forestry Biomass.
Jyvaskyla: VTT Energy, Report ENE39/T0024/97. 48 p. + app. 14 p.

Alppivuori, K. & Himanen, V. 1991. Energy conservation in transportation,
technical options [Energiansadstd liikenteessa, tekniset mahdollisuudet].
Helsinki: Ministry of Trade and Industry, Reports D:191. 70 p. (In Finnish)

Asplund, D. 1997. The present role and future potential of bioenergy in the
energy economy [Bioenergian asema ja kehitysmahdollisuudet energia-
taloudessa]. Helsinki: Ministry of Trade and Industry, Studies and Reports
21/1997. (In Finnish).

Bingemer H.G. & Crutzen P.J. 1987. The Production of Methane from Solid
Wastes. Journal of Geophysical Research, vol. 92, no. D2, pp. 2181-2187.

Board of Customs 1997. Foreign Trade 1995, Volume 1. Helsinki: Board of
Customs, Foreign Trade 110. 803 p.

Bostrém, S. 1994. Greenhouse Gas Inventory, Finland 1990. 1. Energy. Turku:
Insinddritoimisto Prosessikemia Ky.200 p.

Bostrém, S., Backman, R. & Hupa, M. 1992. Greenhouse gas emissions in
Finland 1988 and 1990. Energy, industrial and transport activities. Turku:
Insinddritoimisto Prosessikemia Ky. 62 p.

Carlson, E. & Heikkinen, P. 1998. Energy consumption by the Finnish pulp and
paper industry and comparison of electricity prices in certain European
countries [Energian kayttd Suomen massa- ja paperiteollisuudessa; ostosahkon
hintavertailu eraissd Euroopan maissa]. Espoo: The Finnish Pulp and Paper
Research Institute, Sustainable Paper, Report 21. 82 p. (In Finnish)

Carter, T., Haaparanta, P., Jerkkola, J., Jarvela, M., Karjalainen, T., Kauppi, L.,
Kellomaki, S., Kuoppamaki, P., Laine, J., Lehtila, A., Pietarinen, M., Pipatti, R.,

Pirila, P., Pohjola, J., Saarikko, R., Savolainen, |., Sinisalo, J. & Wilenius, M.

1996. Prevention and adaptation. In: Kuusisto, E., Kauppi, L. & Heikinheimo, P.

(eds.). Climate Change and Finland. Helsinki: Helsinki University Press. Pp.
197-250. ISBN 951-570-296-8 (In Finnish)

135



CEC. 1991. Cost-effectiveness Analysis of LZ&eduction Options. Synthesis
Report. Brussels: Commission of the European Communities, DG XII.

Chemind 1998. Responsible Care — Vastuu huomisesta. Results from activities
1997. Helsinki: Association of Finnish Chemical Industries. 24 p.

DEA. 1992. Update on Centralized Biogas Plants. Copenhagen: Danish Energy
Agency, Biomass Section. 31 p. ISBN 87-88610-39-0

DEA. 1995a. Technology data for electricity and heat production
[Teknologidata for el- og varmeproduktionsanlaeg]. Copenhagen: Danish Energy
Agency. 80 p. (In Danish)

DEA. 1995b. Technology data for renewable energy installations, Parts 1 and 2
[Teknologidata for vedvarende energi anleeg, Del 1-2]. Copenhagen: Danish
Energy Agency. 114 p. (In Danish)

Ekono 1997. Costs of electricity generation [Sahkdntuotantokustannukset].
Ministry of Trade and Industry, Energia-Ekono, Report 60K00790-Q090-007.
57 p. + app. 7 p. (In Finnish)

Ekono 1998. The competiveness of wind and solar power considering their
environmental benefits [Tuulivoiman ja aurinkosahkon kilpailukyky ymparisto-
hyddyt huomioon ottaen]. Espoo: Energia-Ekono, Report 60K00794-Q070-006.
97 p. + app. 11 p. (In Finnish)

FAOSTAT. 1997. Food and agriculture organisation of the United Nations.
Online-database. Reference made il DBcember 1997.
<URL: http://apps.fao.org/default.htm>

FCCC. 1997. Kyoto Protocol to the United Nations Framework Convention on
Climate Change.

Finergy 1997. Electricity market 2010 [S&hkomarkkinat 2010]. Helsinki:
Finnish Energy Industries Federation Finergy, Research report No. 3. 26 p. (In
Finnish)

The Finnish Council of State. 1997. The Regulation of the Council of State on
Landfills [Valtioneuvoston paatdés kaatopaikoista]. Collection of Finnish
Regulations. No. 861, pp. 3204-3212. (In Finnish)

Finnish Environment Institute. 1997. Consumption and wastes. Review of the
Finnish Environment, No. 6, p. 18. ISSN 0787-863X

136



Finnra 1995. Road traffic forecast for 1995-2020 [Liikenne ja autokantaennuste
1995-2020]. Helsinki: Finnish National Road Administration, Reports 50/1995.
190 p. (In Finnish)

Flyktman, M. 1996. Competitivity of biofuels in heating [Biopolttoaineiden
kilpailukyky kiinteistdjen lammitykessa]. Helsinki: Ministry of Trade and
Industry, Studies and Reports 12/1996. 100 p. (In Finnish)

Forsius, M., Kankaala, P., Karjalainen, T., Kelloméki, S., Laine, J., Lehtila, A.,
Martikainen, P., Ojala, A., Pingoud, K., Pipatti, R., Savolainen, I. & Silvola, J.
1996. Finnish greenhouse gas emissions and sinks [Kasvihuonekaasujen paastot
ja nielut]. In: Kuusisto, E., Kauppi, L. & Heikinheimo, P. (eds.) Climate Change
and Finland [Iimastonmuutos ja Suomi]. Helsinki: Helsinki University Press.
Pp. 179-196. ISBN 951-570-296-8 (In Finnish)

Gronroos, J., Nikander, A., Syri, S., Rekolainen, S. & Ekqvist, M. 1998.
Agricultural ammonia emissions in Finland [Maatalouden ammoniakkipaastot].
Helsinki: Finnish Environment Institute. 65 p. (The Finnish Environment 206.)
(In Finnish)

Hakulin, H. (ed.) 1994. SULA Energy-efficient steel and metal production.
Final report on the energy research programme 1988-1992. Helsinki: Ministry
of Trade and Industry, Reviews B:169. 138 p.

Haukkasalo, A. 1998. Pressurised gasification still looking for home
[Paineistettu kaasutus etsii edelleen kotia]. Tekniikka & Talous, no. 6, p. 16.
ISSN 0785-997X (In Finnish)

Heinonen, R. (ed.), Hartikainen, H., Aura, E., Jaakkola, A. & Kemppainen, E.
1992. Soil, cultivation and environment. Porvoo: WSOY. 334 p. ISBN 951-0-
17090-9

Helynen, S. & Nousiainen, I. 1996. Production and Consumption Potentials for
Bioenergy [Bioenergian tuotanto- ja kayttépotentiaalit]. Helsinki: Ministry of
Trade and Industry, Studies and Reports 26/1996. 114 p. (In Finnish)

Holttinen, H. 1998. Offshore wind power in Finland. In: Tekes 1998. Advanced
Energy Systems and Technologies (NEMO 2), Final Report 1993-1998.
Helsinki: Technology Development Centre of Finland; NEMO Report 31. Pp.
41-45.

Houghton, J.T., Filho, L.G.M, Griggs, D.J. & Maskell, K (eds.) 1997. An

Introduction to Simple Climate Models Used in the IPCC Second Assessment
Report. Intergovernmental Panel on Climate Change. ISBN 92-9169-101-1

137



IEA 1998. Energy Statistics and Balances. OECD Countries 1960-1996, Non-
OECD Countries 1971-1996. Diskette Service. Paris: International Energy
Agency, OECD. 42 p. + diskettes.

[ISI 1996. Statistics on Energy in the Steel Industry, 1996 Update. Brussels:
International Iron and Steel Institute, Committee on Economic Studies.
15 p. + app. 120 p.

IPCC. 1996a. Climate Change 1995: The Science of Climate Change -
Contribution of Working Group | to the Second Assessment Report of the Inter-
governmental Panel on Climate Change. Cambridge: Cambridge University
Press. 584 p. ISBN 0-521-56346-0

IPCC. 1996b. Intergovernmental Panel on Climate Change. Workshop on
Waste. Washington. 25.10.1996.

IPCC 1996¢. Technologies, Policies and Measures for Mitigating Climate
Change. IPCC Technical Paper I. Intergovernmental Panel on Climate Change.
86 p. ISBN 92-9169-100-3

IPCC. 1997. Greenhouse Gas Inventory: Reference Manual — Revised 1996
IPCC Guidelines for National Greenhouse Gas Inventories. Vol. 3. Bracknell:
The Intergovernmental Panel on Climate Change.

Jager, D. de, Blok, K. & Brummelen, M. van 1996. Cost-effectiveness of
emission-reducing measures in the Netherlands. Utrecht, NLD: Ecofys. 77 p. +
app. (Report M704.)

Jarvenpada, M., Sankari, H., Tuunanen, L. & Maunu, T. 1994. Biomass Energy
Production on Set-Aside Agricultural Land [Bioenergian tuotanto elintarvike-
tuotannosta vapautuvalla peltoalalla]. Helsinki: Work Efficiency Institute,
Publications 333. 110 p. (In Finnish)

Kilpinen, P. 1995. Formation and decomposition of nitrogen oxides [Typen
oksidien muodostuminen ja hajoaminen]. In: Raiko, R., Kurki-Suonio, 1.,

Saastamoinen, J. & Hupa, M. Burning and Combustion [Poltto ja palaminen].
Jyvaskyla: International Flame Research Foundation (IFRF), Finnish National
Department. pp. 239-276. (In Finnish)

Klemola, E. & Malkki, S. 1995. The drum composting of manure [Lannan

rumpukompostointi]. Agricultural bulletin of the Work Efficiency Institute
[Tydtehoseuran maataloustiedote], no. 4 (456). 12 p. (In Finnish)

138



Komulainen, A., McKeough, P., Fogelholm, C.-J. & Gullichsen, J. 1994.
Application of new power plant technologies in the pulp and paper industry
[Uusien voimalaitostekniikoiden soveltaminen metsateollisuusintegraateissal.
Espoo: Technical Research Centre of Finland, VTT Research Notes 1542. 23 p.
+ app. 49 p. (In Finnish)

Korhonen, R., Pipatti, R., Savolainen, I. & Sinisalo, J. 1993. Assessment of the
warming impact due to greenhouse gases in assumed emission reduction
scenarios in Finland [Kasvihuonekaasujen lammitysvaikutuksen arviointi
oletetuissa Suomen paastéjen rajoitusskenaarioissa). Espoo: Technical Research
Centre of Finland. 82 p. (VTT Julkaisuja — Publikationer 777.) ISBN 951-38-
4125-1 (In Finnish)

Korhonen, R. & Savolainen, I. 1998. Alternative Concepts for Global Warming
Potentials. Report for the Nordic Council of Ministers. Espoo: VTT Energy.
59 p.

Korpela, K. & Kalenoja, H. 1997. Reducing the energy consumption and
emissions of car fleet [Henkilbautokannan energiankulutuksen ja paasttjen
vahentdminen]. Tampere: Tampere University of Technology, Transportation
Engineering, Publications 19; MOBILE Research Programme, Report MOBILE
222T-1. 74 p. (In Finnish)

Kosunen, P. & Leino, P. 1995. The Competitiveness of Biofuels in Heat and
Power Production [Biopolttoaineiden kilpdigky séhkon ja l[ammon tuotan-
nossa]. Helsinki: Ministry of Trade and Industry, Studies and Reports 99/1995.
152 p. (In Finnish)

Kovanen, T. (ed.) 1992. Potential of hydro power and its utilisation possibilities
[Vesivoiman maara ja kayttomahdollisuudet]. Helsinki: Ministry of Trade and
Industry, Reviews 5/1992. 45 p. (In Finnish)

Laine, J., Martikainen, P., Myllys, M., Sallantaus, T., Silvola, J., Tolonen, K. &
Vasander, H. 1996. Mires [Suot]. In: Kuusisto, E., Kauppi, L. & Heikinheimo,

P. (eds.). Climate Change and Finland [limastonmuutos ja Suomi]. Helsinki:
Helsinki University Press. Pp. 107-126. ISBN 951-570-296-8 (In Finnish)

Lehtila, A. 1995. New energy technologies and emission reduction potential in
Finland [Uusien energiatekniikoiden ja paasténvahennyksen potentiaali
Suomessa]. Espoo: Technical Research Centre of Finland, VTT Research Notes
1697. 73 p. + app. 8 p. (In Finnish)

139



Lehtila, A. & Pirila, P. 1996. Reducing energy related emissions — Using an
energy systems optimization model to support policy planning in Finland.
Energy Policy, Vol. 24, No. 9, pp. 805-819. ISSN 03014215

Lehtila, A., Savolainen, I. & Sinisalo, J. 1997a. Indicators describing the
development of national greenhouse gas emissions. Espoo: Technical Research
Centre of Finland, VTT Energy, Technical Report ENE6/09/96.

Lehtila, A., Savolainen, I. & Tuhkanen, S. 1997b. Indicators of @®@issions
and energy efficiency — comparison of Finland with other countries. Espoo:
Technical Research Centre of Finland, VTT Publications 328. 80 p. + app. 30 p.

Lehtimaki, M. 1995. Centralised Biogas Plant in Southern Ostrobotnia; Report
on Environmental Impacts, Power Production and Financial Preconditions.
Helsinki: National Board of Waters and the Environment. 89 p. (Mimeograph
Series of the National Board of Waters and the Environment no 625.) ISBN
951-53-0051-7 (In Finnish)

Lemettinen, L., Virtanen, Y. & Junttila, V. 1996. Transportation and storing of

fuels. LCA database on energy production in Finland — SEEP. Part IV.
[Polttoaineiden kuljetukset ja varastointi. Suomen energiantuotannon elinkaari-
tietokanta — SEEP. Osa IV.]. Espoo: Technical Research Centre of Finland,
VTT Research Notes 1785. 30 p. + app. 16 p. (In Finnish)

Lepistd, A. 1991. The main report of the energy conservation project [Energian-
saastoprojekti, Loppuraportti]. Helsinki: Ministry of Trade and Industry,
Reviews B:163. 129 p. (In Finnish)

Leppéniemi, M., Kalema, T. & Perild, T. 1995. Low-energy detached houses —
levels of energy consumption, costs and profitability [Matalaenergiapientalot —
kulutustasot, kustannukset ja kannattavuus]. Vantaa: Imatran Voima Oy, IVO
Research Reports IVO-A-05/95. 136 p. (In Finnish)

Lund, P. 1997. New energy production technologies and their position in the
energy economy — a situation report. Helsinki: Ministry of Trade and Industry,
Studies and Reports 14/1997. 74 p. (In Finnish)

Lahepelto, J. (ed.) 1996. Sustainable Paper — Energy in paper and board
production. Yearbook 1995. [Kestava Paperi — Paperin ja kartongin energia-

taloudellinen valmistus. Vuosikirja 1995]. Espoo: The Finnish Pulp and Paper

Research Institute, Sustainable Paper report series 12. 121 p.

140



Maier-Reimer, E. & Hasselmann, K. 1987. Transport and Storage pinG@e
Ocean - An inorganic ocean-circulation carbon cycle model. Climate Dynamics,
No. 2, pp. 62-90.

Ministry of the Environment. 1997. Finland’s Second Report under the Frame-
work Convention on Climate Change. Helsinki: Ministry of the Environment.
63 p.

Ministry of the Environment. 1998. National waste plan to the year 2005
[Valtakunnallinen jatesuunnitelma vuoteen 2005]. Helsinki: Ministry of the
Environment. 241 p. (Finnish Environment 260.) (In Finnish)

MoTC 1998. Finland's transportation system 2020 [Suomen liikennejarjestelma
2020]. Helsinki: Ministry of Transport and Communications, Publications 9/98.
125 p. (In Finnish)

MTI 1990. Potential for energy savings in small and medium size industries
[Pienen ja keskisuuren teollisuuden energiansaastomahdollisuudet]. Helsinki:
Ministry of Trade and Industry, Reports B:79. 65 p. + app. 16 p. (In Finnish)

MTI 1993. Programme for the promotion of wind power production [Tuuli-
voiman tuotannon edistdmisohjelma]. Helsinki: Ministry of Trade and Industry,
Reports C:35. 32 p. (In Finnish)

MTI 1995. Report of the Energy Conservation Committee. Helsinki: Ministry
of Trade and Industry, Ad hoc committee reports 24/1995. 73 p. (In Finnish)

MTI 1996. Final report of the working group on security of supply [Huolto-
varmuustyoryhman loppuraportti]. Helsinki: Ministry of Trade and Industry,
Ad hoc committee reports 10/1996. 32 p. (In Finnish)

MTI. 1997a. Energy Economy 2025 — Review of Various Scenarios. Helsinki:
Ministry of Trade and Industry, Publications 7/1997. 61 p. ISBN 951-739-270-2

MTI. 1997b. Finnish Energy Economy — Background and Operation Environ-
ment [Suomen energiatalous — taustat ja toimintaymparistd]. Helsinki: Ministry
of Trade and Industry, Publications 8/1997. 126 p. (In Finnish)

Maenpaa, I., Viitanen, M. & Juutinen, A. 1996. Metal and engineering industry

in the Finnish economy [Metalliteollisuus Suomen taloudessa]. Helsinki:
Ministry of Trade and Industry, Studies and Reports 3/1996. 152 p. (In Finnish)

141



Makeld, K., Kanner, H. & Laurikko, J. 1996. Road traffic exhaust gas emissions
in Finland. Liisa 95 calculation software [Suomen tieliikenteen pakokaasupaas-
tot. Liisa 95 -laskentajarjestelmd]. Espoo: Technical Research Centre of
Finland, VTT Research Notes 1772. 45 p. + app. 51 p. (In Finnish)

Mékela K., Tuominen, A. & Paakkonen, E. 1997. Calculation system for traffic
emissions in Finland — LIPASTO 96 [Suomen liikenteen paastbjen laskenta-
jarjestelma — LIPASTO 96]. Espoo: Technical Research Centre of Finland,
VTT Communities and Infrastructure, Tutkimusraportti 429. 35 p. + app 14 p.

Malkki, H. & Frilander, P. 1997. Life cycle assessment of peat utilisation in
Finland. Espoo: Technical Research Centre of Finland, VTT Publications 333.
86 p. + app. 6 p.

Nurmela, J. 1996. Households and energy in 2015 [Kotitaloudet ja energia
vuonna 2015]. Helsinki: Statistics Finland, Research Reports 216. 285 p. (In
Finnish)

Oonk, H. 1998. Catalytic abatement of nitrous oxide from nitric acid production.
In: Proceedings of the"nternational Conference on Greenhouse Gas Control
Technologies, Interlaken, Switzerland, 30.8.—2.9.1998. (Forthcoming)

Oonk, J. & Boom, A. 1995. Landfill gas formation, recovery and emissions.
Apeldoorn, NLD: TNO Institute of Environmental and Energy Technology.
103 p. + app.

Paulapuro, H. & Komppa, A. 1994. RAINA Energy-efficient paper production.
Final report on the energy research programme 1988-1992. Helsinki: Ministry
of Trade and Industry, Reviews B:165. 64 p.

Peltola, S. & Petgja, J. 1993. Wind power in the Finnish power supply system
[Tuulivoima Suomen energiahuollossa]. Espoo: Technical Research Centre of
Finland, VTT Julkaisuja — Publikationer 775. 98 p. (In Finnish)

Pipatti, R. 1997. Potential and cost-effectiveness of reducing methane and
nitrous oxide emissions in Finland [Suomen metaani- ja dityppioksidipaastojen
rajoittamisen mahdollisuudet ja kustannustehokkuus]. Espoo: Technical
Research Centre of Finland. 62 p + app 4 p. (Research Notes 1835.) ISBN 951-
38-5116-8 (In Finnish)

Pipatti, R. Hanninen, K., Vesterinen, R., Wihersaari, M. & Savolainen, I. 1996.
Impact of waste management alternatives on greenhouse gas emissions
[Jatteiden kasittelyvaihtoehtojen vaikutus kasvihuonekaasup&astoihin]. Espoo:
Technical Research Centre of Finland. 85 p. (VTT Julkaisuja — Publikationer
811.) ISBN 951-38-4520-6 (In Finnish)

142



Rintekno 1990. Estimates for energy conservation potential in the chemical
industries [Arvio energiansaastopotentiaalista kemianteollisuudessa]. Espoo:
Rintekno. Rintekno Oy Project Report 103/02/90. 46 p. + app. 33 p. (In Finnish)

RuB3, P., Haasis, H.-D. & Rentz, O. 1991. Elaboration of strategies to reduce
CO, emissions in the European Community by using a linear optimization
approach. Karlsruhe: University of Karlsruhe, Institute for Industrial
Production, Research Report IIP 1991/004-1. 129 p.

Rytkdnen, T. 1997. National disposal site register. Finnish Environment
Institute.

Saarimaa, J., Hyttinen, R. & Immonen, K. 1994. ETRR Energy-efficient buil-
dings and building components. Final report on the energy research programme
1988-1992. Helsinki: Ministry of Trade and Industry, Reviews B:163. 197 p.

Salokoski, P. & Aijala, M. 1996. The status of development of energy tech-
nologies to reduce greenhouse gas emissions in Finland [Kasvihuonekaasu-
paastoja vahentavien energiatekniikoiden tilanne ja kehitysndkymét Suomessay.
Helsinki: Ministry of Trade and Industry, Studies and Reports 19/1996. 70 p.
(In Finnish)

Salonen, T. 1981. Dynamic market economy models for energy economy
[Dynaamiset markkinatalousmallit energiataloudessa]. Espoo: Helsinki
University of Technology, Diploma thesis. (In Finnish)

Savolainen, 1., Hillebrand, K., Nousiainen, |. & Sinisalo, J. 1994. Greenhouse
impacts of the use of peat and wood for energy. Espoo: Technical Research
Centre of Finland, VTT Research Notes 1559. 65 p. + app. 9 p.

Sipila, K. 1994. JALO Fuel conversion. Final report on the energy research
programme 1988-1992. Helsinki: Ministry of Trade and Industry, Reviews
B:155. 110 p.

Sipila, K, Moilanen, A., Solantausta, Y. & Wilén, C. 1997. Use of
Agrobiomasses in the Energy Sector [Peltobiomassojen kayttomahdollisuudet
energiasektorilla]. Helsinki: Ministry of Trade and Industry, Studies and
Reports 19/1997. 76 p. (In Finnish)

143



SNV. 1993. Formation of landfill gas. Groundwork for guidelines
[Deponigasgenerering. Underlag for riktlinjer]. Solna: Vattenfall Energisystem
AB, Naturvardsverket. 53 p. + app. (Naturverkets rapport 4158.) (In Swedish)

Solantausta, Y. & Kurkela, E. 1995. Feasibility of electricity production from
biomass by gasification systems. Espoo: Technical Research Cenetre of Finland,
VTT Research Notes 1648. 51 p. ISBN 951-38-4803-5

Solantausta, Y., Bridgwater, T. & Beckman, D. 1996. Electricity production by
advanced biomass power systems. Espoo: Technical Research Cenetre of
Finland, VTT Research Notes 1729. 115 p. + app. 79 p. ISBN 951-38-4884-1

Sommardal, T., Holttinen, H., Lemstrom, B. & Peltola. E. 1994. The feasibility
of wind power plants offshore on small cliffs [Tuulivoimaloiden sijoittaminen
luodoille]. Espoo: Technical Research Cenetre of Finland, VTT Research Notes
1572. 58 p. + app. 25 p. ISBN 951-38-4666-0 (In Finnish)

SOU 1992. Biofuels for the future. Final report of the biofuel committee.
[Biobranslen for framtiden. Slutbetdnkande av Biobranslekommissionen.].
Stockholm: Statens offentliga utredningar 1992:90. 430 p. (In Swedish)

Statistics Finland. 1993. Yearbook of Industrial Statistics Volume 2. Helsinki:
Statistics Finland, SVT Manufacturing 1993:4. 380 p.

Statistics Finland. 1995. Yearbook of Industrial Statistics Volume 2. Helsinki:
Statistics Finland, SVT Manufacturing 1995:5. 272 p. ISBN 951-727-064-X

Statistics Finland 1996. Energy and Emissions. Helsinki: Statistics Finland,
SVT Environment 1996:2. 135 p.

Statistics Finland. 1997a. Energy statistics 1996. Helsinki: Statistics Finland,
SVT Energy 1997:1. 130 p. ISBN 951-727-398-3

Statistic Finland. 1997b. ILMARI database.

Statistics Finland. 1998a. Products manufactured 1996. Helsinki: Statistics
Finland, SVT Manufacturing 1998:6. 280 p.

Statistics Finland. 1998b. Energy statistics 1997. Helsinki: Statistics Finland,
SVT Energy 1998:1. 140 p. ISBN 951-727-398-3

144



STYV 1992. Cost estimates for district heat and power stations [LAmmitys-
voimalaitosten kustannustiedot 8/91]. Helsinki: Power Producers' Co-ordinating
Council (STYV), Planning Committee, Report STYV-S 1/92. (In Finnish)

Sundholm, J. 1994. KUITU — Energy-efficient mechanical pulping. Final report
on the energy research programme 1988-1992. Helsinki: Ministry of Trade and
Industry, Reviews B:167. 70 p.

Sweden 1997. Sweden’s Second National Communication on Climate Change.
Stockholm: Ministry of the Environment, Ds 1997:26. 230 p.

Tamminen, E. & Forsstrom, J. 1991. Scenarios for consumption of energy,
emissions, and the structure of production in forest industries [Metséateolli-
suuden energiankulutuksen, paastdjen ja tuotantorakenteen skenaarioita]. Espoo:
Technical Research Centre of Finland, VTT Research Reports 737. 86 p. (In
Finnish)

Tanskanen, J.H. 1996. Research of municipal solid waste management based on
source separation: waste flows, costs and emissions [Syntypaikkalajitteluun
perustuvan yhdyskuntajatehuollon tarkastelu — jatevirrat, kustannukset ja
paastot]. Helsinki: Finnish Environment Institute. 96 p. (The Finnish
Environment no 38.) ISBN 952-11-0052-4 (In Finnish)

TELI 1995. Outlook of basic manufacturing in Finland [Perusteollisuuden
tulevaisuuden nakymat Suomessa]. Helsinki: Energy association of the Finnish
industries (TELI). 60 p. (In Finnish)

Timonen, L. 1995. Follow-up of the energy-efficiency in manufacturing [Teolli-
suuden energiatehokkuuden seuranta]. Helsinki: Energy association of the
Finnish industries (TELI). 45 p. + app. 27 p. (In Finnish)

Vehmas, J., Petdja, J., Kaivo-oja, J., Malaska, P. & Luukkanen, J. 1998.
Climate change policy and Finland [llmastopolitikka ja Suomi]. Helsinki:
Ministry of the Environment, The Finnish Environment 223. 157 p. (In Finnish)

Wilén, C. & Kurkela, E. 1997. Gasification of biomass for energy production —
State of technology in Finland and global market perspectives. Espoo: Technical
Research Centre of Finland. 64 p. (VTT Research Notes 1842.) ISBN 951-38-
5126-5

145



Appendix A: CH 4, and N,O emission factors

Methane and nitrous oxide emission factors for energy sector have been
determined with help of the ILMARI model (Statistics Finland 1997) and
CORINAIR inventory guidebook (Mclnnes 1996). The classification of
combustion processes is somewhat more simplified in HoavEnodel than in

the ILMARI model, and therefore the initial emission factors had to be
aggregated. This has been done by calculating weighted mean values with the
amounts of fuel utilised in alternative boiler types.

The emission factors were needed for combustion processes in central
electricity production, industrial energy production, district heat and power
production, transportation, residential sector, and commercial sector. The used
factors are presented in Tables A-1 — A-8.

Table A-1. Emission factors for central electricity production.

Production category Huel CH 4 (UTJ) | NoO (¥/TJ)
Coal condensing power, Coal 0.0040 0.0020
PF, new
Coal condensing power, Coal 0.0040 0.0029
PF, old
Oil condensing power Heavy and Light Fuel Oil 0.0080 0.0020
Gas condensing power Natural gas 0.0030 0.0010
Peat condensing power Peat 0.0020 0.0020
NGCC Natural gas, Light Fuel Oil 0.0030 0.0010
PFBC Coal 0.0040 0.0300
IGCC Coal 0.0040 0.0020
Diesel block power Heavy Fuel Oil, 0.0020 0.0310
Natural Gas
Gas turbine power Natural gas 0.0030 0.0010
Gas turbine power Light Fuel Oil 0.0080 0.0010
Gas engine Biogas 0.0020 0.0310

Abbreviations in Table A-1: PF = pulverised firing, NGCC = Natural Gas
Combined-Cycle, PFBC = Pressurised Fluideised Bed Combustion, IGCC =
Integrated Gasification Combined-Cycle.
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Table A-2. Emission factors for industrial energy production.

Production category | Fuel CH4 (TJ) | NoO (VTJ)
Combustion technique
Process condensing Peat 0.0020 0.0020
power [All Waste wood 0.0500 0.0020
Coal 0.0040 0.0020
Heavy Fuel Oil, Light Fuel 0.0080 0.0020
Oil
Natural gas 0.0030 0.0010
Other gases 0.0030 0.0010
Back pressure power
PF Coal, Peat 0.0035 0.0031
PF Qill, gases 0.0039 0.0014
CFBC Coal, Peat, Wood 0.0224 0.0390
BFBC Coal, Peat, Wood 0.0213 0.0270
Grate 0.0213 0.0027
Soda recovery boiler Black liquor 0.0010 0.0014
Diesel+WHB Heavy fuel oil, natural gas 0.0020 0.0310
GT+WHB POK 0.0080 0.0010
GT+WHB Gases 0.0030 0.0010
NGCC Natural gas 0.0030 0.0010
IGCC Peat, Wood 0.0040 0.0020
IGCC Waste liquor 0.0040 0.0020
Steam boiler
Grate/Burner 0.0187 0.0039
Steam boiler, FBC 0.0058 0.0300

New abbreviations in Table A-2 mean: CFBC = Circulating Fluidised Bed
Combustion, BFBC = Bubbling Fluidised Bed Combustion, GT = Gas Turbine,

WHB = Waste Heat Boiler.
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Table A-3. Emission factors for district heat and power production.

Production category | Fuel CHy4 (VTJ) N5O (1/TJ)
Combustion technique
CHP power plant
PF, big Coal 0.0040 0.0020
PF, small Coal 0.0040 0.0020
All Heavy Fuel QOil 0.0080 0.0020
All Natural Gas 0.0030 0.0010
CFBC Coal, Peat, Wood 0.0111 0.0300
BFBC Coal, Peat, Wood, REF 0.0145 0.0300
PF, big Peat 0.0020 0.0020
PF or Grate, small Peat, Wood 0.0050 0.0300
All MSW 0.0119 0.0300
GT+WHB Light Fuel Oil 0.0080 0.0010
GT+WHB Natural Gas 0.0030 0.0010
NGCC Natural Gas 0.0030 0.0010
Diesel+WHB Light Fuel Oil, Natural 0.0020 0.0310
gas
Gas engine Biogas 0.0020 0.0310
PFBC Coal, Peat 0.0040 0.0300
IGCC Coal, Peat Wood 0.0040 0.0020
District heat boiler
FBC Coal, Peat Wood 0.0099 0.0370
FBC Coal, Natural gas 0.0033 0.0013
Others Heavy Fuel Oil, Peat, 0.0138 0.0038
Wood
Others Heavy and Light Fuel QOil, 0.0371 0.0017
Gases

New abbreviations in Table A-3 are: REF = Recycled fuel, MSW = Municipal
Solid Waste.
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Table A-4. Emission factors for transportation (Mclnnes 1996).

Application/ Fuel CH4 (t/TJ) [N2O (1/TJ)

Vehicle

Passenger transport

Passenger car Gasoline 0.0200 0.0010

Passenger car, CAT Gasoline 0.0300 0.0020

Passenger Car, CAT+ Gasoline 0.0070 0.0180

Passenger Car LPG 0.0200 0.0000

Passenger Car Methanol 0.2880 0.0000

Passenger Car Diesel 0.0020 0.0040

Bus Diesel 0.0060 0.0030

Ship Heavy and light] 0.0020 0.0310
fuel oil

Train Light fuel oil 0.0020 0.0310

Aeroplane Kerosene 0.0880 0.0320

Freight transport

Ship Heavy and light] 0.0020 0.0310
fuel oil

Van Gasoline 0.0200 0.0010

Van Diesel 0.0060 0.0030

Truck Diesel 0.0060 0.0030

Train Light fuel oil 0.0020 0.0310

New abbreviations in Table A-4: CAT = Oxidation catalyst, CAT+ = Three-way
catalyst, LPG = Liquefied Petroleum Gas.

A4




Table A-5. Emission factors for single family houses.

Application HRuel CH 4 (t/TJ) N-O (t/TJ)
Heating Natural gas 0.0030 0.0010
LPG 0.0030 0.0010
Light Fuel Oil 0.0100 0.0020
Coal 0.0080 0.0030
Coke 0.0080 0.0030
Firewood 0.3000 0.0020
Peat 0.0500 0.0020
Straw 0.3000 0.0020
Stove Light Fuel Oil 0.0100 0.0020
Firewood 0.3000 0.0020
Boiler Natural gas 0.0050 0.0020
LPG 0.0080 0.0020

Table A-6. Emission factors for multi-family houses.

Application FRuel CH 4 (/TJ) | NoO (t/TJ)
Heating Natural gas 0.0030 0.0010
Light Fuel Oil 0.0080 0.0020
Heavy Fuel OIl 0.0080 0.0020
Coal 0.0080 0.0030
Coke 0.0080 0.0030
Firewood 0.0500 0.0020
Peat 0.0050 0.0020
Stove Light Fuel Oil 0.0100 0.0020
Firewood 0.3000 0.0020
Boiler Natural gas 0.0050 0.0020
LPG 0.0080 0.0020
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Table A-7. Emission factors for commercial buildings.

Application HRuel CH 4 (t/TJ) | NoO (t/TJ)
Heating Natural gas 0.0030 0.0010
LPG 0.0030 0.0010
Light fuel oil 0.0080 0.0020
Heavy fuel oll 0.0080 0.0020
Coal 0.0080 0.0030
Coke 0.0080 0.0030
Firewood 0.0500 0.0020
Peat 0.0050 0.0020
Stove Light fuel oil 0.0100 0.0020
Firewood 0.3000 0.0020
Boiler Natural gas 0.0050 0.0020
LPG 0.0080 0.0020

Table A-8. Emission factors for agriculture, cooking and machines.

Application Fuel CH 4 (UTJ) N-O (t/TJ)
Agriculture, heating Heavy fuel ol 0.0080 0.0020
POK 0.0080 0.0020
Natural gas 0.0030 0.0010
Firewood 0.3000 0.0020
Straw 0.3000 0.0020
Cooking LPG 0.0050 0.0020
Natural gas 0.0080 0.0020
Machines Light fuel oil 0.0020 0.0330
References
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Appendix B: Scenarios for manufacturing
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Figure B-1. Development of value added in forest and basic metal industries.
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Figure B-2. Development of value added in chemical industries.
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Figure B-4. Development of value added in building material industries.
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Figure B-10. Heat consumption per value added in chemical industries.
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Figure B-11. Electricity consumption per value added in foodstuff industries.
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Figure B-12. Heat consumption per value added in foodstuff industries.
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Figure B-13. Electricity use per value added in building material industries.
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Figure B-14. Heat consumption per value added in building material industries.
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Figure B-15. Electricity use per value added in metal products industries.
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Figure B-16. Heat consumption per value added in metal products industries.
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Figure B-17. Electricity consumption per value added in other industries.
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Figure B-18. Heat consumption per value added in other industries.
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