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I 

Energie- und -Umwelt -Szenarien für die Schweiz als 
Optimierungsaufgabe, eine Zusammenfassung. 

Die Studie präsentiert Resultate des IEA/ETSAP-Projektes (International Energy Agency - En
ergy Technology Systems Analysis Project). Die Rechungen wurden mit Hilfe des am PSI en
twickelten Energienachfragemodells SMEDE (Simulation Model for Energy Demand) sowie des 
IEA-Modells für die Kostenoptimierung des Energieangebotssystems (MARKAL) durchgeführt.1 

Die Resultate zeigen, dass die Reduktion der gesamten Schwefeldioxid- und Stickoxidemis
sionen in der Schweiz auf das Niveau von 1950 resp. 1960 bis zum Jahr 2005 möglich ist, falls 
über das Luftreinhaltekonzept hinausgehende Massnahmen durchgeführt werden. 
Die entsprechenden durchschnittlichen Reduktionskosten liegen beispielsweise für NOx in der 
Grössenordnung von 7 - 8 Fr/kg. Die jährlichen Kosten für dessen Reduktion betragen etwa 
200 - 230 Millionen Fi. 
Die ensprechenden technischen Massnahmen sind im Bericht detalliert dargestellt. Im folgenden 
werden die Resultate der Szenarios mit begrenzten Kohlendioxidemissionen kurz erläutert. 

1 Untersuchte Szenarien 

Als Basis für die Untersuchungen dient ein "Referenzszenario" das von Beibehaltung und Aus
bau der Kernenergie ausgeht Zwei weitere Szenarien beschreiben den Fall eines Moratoriums 
oder eines Ausstieges aus der Kernenergie. Die Beschreibung der sozioökonomischen Randbe
dingungen stimmt mit den Annahmen der Expertengruppe Energieszenarien (EGES) überein. 
Zusätzlich zu diesen drei Szenarien werden je ein Szenario mit begrenzten Schwefeloxid- und 
Stickoxidemissionen sowie eines mit begrenzten Kohlendioxidemissionen berechnet. Es gilt die 
aus diesen Restriktionen resultierenten Verlagerungen und Kostenänderungen im Energiesektor 
zu untersuchen. 

Kohlendioxid ist langfristig betrachtet der potentiell gefährlichste Luftschadstoff. Die rund 
zur Hälfte durch den zu erwartenden COyAnstieg in der Erdatmosphäre verursachte weltweite 
Erwärmung dürfte ab etwa dem Jahr 2030 zu Klimaveränderungen führen, mit noch nicht 
überschaubaren Auswirkungen auf die globale Lebensmittel- und Sicherheitssituation. Die für 
die Analyse gewählte COyRestriktion entspricht den Empfehlungen der Toronto-Konferenz, 
welche eine 20-prozentige Reduktion der heutigen (1985) Emissionen bis zum Jahr 2005 und 
eine 50-prozentige Reduktion bis zum Jahr 2050 empfohlen hat. In dieser Studie wird der 
Zeitraum bis 2025 betrachtet; entsprechend wird eine Reduktion der C02-Emissionen um 33 
% verlangt. Für Szenarien, die zusätzlich einen Ausstieg aus der Kernenergie vorsehen, wird 
eine Reduktion um 20 % verlangt. (Die maximal mögliche Reduktion der COyEmissionen 
im Jahr 2025 liegt im Ausstiegsfall bei 29% gemessen an den Emissionen von 1985). Die 
verwendete Optimierungsmethode trifft die bestmögliche Wahl zwischen Energiesparmassnah-
men, zusätzlichen Versorgungsmöglichkeiten (z.B. err..;uerbaren Energien) und Änderungen der 
Energieträger-Struktur. Zu beachten ist, dass in allen Szenarien die Beibehaltung des heuti
gen Lebensstandards angenommen wird. Konsumverzicht, Komforteinbussen und Änderung im 
Konsumentenverhalten, wie z.B. durch reduzierte Fahrleistungen oder tiefere Temperaturen im 
Wohnungssektor und reduzierte Auslastung der Haushaltsgeräten, sind nicht modelliert. C02-
Rückhaltetechnologien und -Endlagerung, z.B. in den Ozeanen, werden nicht berücksichtigt. Ab-

'Das Projekt wurde mit finanzieller Umcrstüzung des Bundesamtes für Energiewirtschaft durchgerührt 
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bildung 1 zeigt für die drei Szenarien ("Referenz", "Moratorium" und "Ausstieg") den Beitrag 
der fossilen Energieträger zur 002-Bilanz. 

2 Energie-Bilanzen 

Der Primärenergieverbrauch nimmt zwischen 1985 und 2025 für den Referenzfall um 20,4 % 
zu, für den "Moratorium"-Fall um 11 %. Für das Szenario "Ausstieg aus der Kernenergie", 
hingegen, nimmt der Primärenergieverbrauch um 8 % ab. 
Der angenommene technische Fortschritt und die Verbesserungen in der Energieeffizienz leisten 
zusammen mit Änderungen in der Energieträgerstruktur einen wichtigen Beitrag zur Senkung 
der Energieintensität und der C02-Emissionen. In allen drei Szenarien nimmt aufgrund der C02-
Restriktion die Energieintensität (aufgewendete Primärenergie pro Bruttoinlandprodukt-Einheit) 
um 43 - 56 % ab. 

Die wichtigsten Optionen für die Erreichung der Toronto-Ziele sind im Fall eines Ausstiegs 
aus der Kernenergie eine effizientere Energienutzung und die Nutzung erneuerbarer Energiequellen 
(sie werden in der Optimierung bis auf das maximale Potential ausgenutzt). Auch bei Beibehal
tung der Kernenergie bleiben Energiesparmassnahmen wichtig. Die emeuerbaren Energiequellen 
werden teilweise im Wärmesektor eingeführt. Für die Stromerzeugung ist die Kernenergie weit
erhin wirtschaftlicher als die Sonnenenergie. Änderungen in der Energieträgerstruktur (z.B. 
beschleunigte Einführung von Erdgas) genügen nicht um die Toronto-Ziele zu erreichen. Eine 
33-prozentige Reduktion der C02-Emissionen kann nur mit einer weitgehenden Umstellung auf 
nicht-fossile Energieträger erreicht werden. 

In Abbildung 2 sind die Resultate der Szenarien mit C02-Restriktion ersichtlich. Die Kurven 
zeigen bei optimaler Wahl aller Optionen den Zusammenhang zwischen den beiden wichtigsten 
Zielfunktionen des Modells, nämlich den C02-Emissionen und den totalen Systemkosten. Die 
Kosten pro Kilogramm C02-Reduktion betragen im Durchschnitt 0.44 Franken für das Referenz
szenario und 0.34 Franken für das Moratorium. Im Referenzszenario nehmen die Systemkosten 
pro Jahr im Durchschnitt um 3.8 Mia.Fr. zu, im Moratorium um 4.6 Mia.Fr. Die Grenzkosten 
pro kg C02-Reduktion betragen .75 Franken für das Referenzszenario und 1.1 Franken für das 
Status-quo-Szenario (Moratorium). 

3 Die Bedeutung qualitativ hochstehender Input-Daten für 
das Modell 

Zwischen der Qualität der Eingabedaten und der Qualität der Resultate eines Optimierungsmod-
elles besteht ein direkter Zusammenhang. Für das hier verwendete Modell bedarf es insbeson
dere genauer Angaben über die Kosten und die maximal ausschöpfbaren Potentiale der einzelnen 
Massnahmen. Viele dieser Daten wurden in früheren Studien erarbeitet. Auf einigen Gebieten 
bestehen aber immer noch Lücken, z.B. bei der Beschreibung von Energiesparmassnahmen. 

Eine entsprechende Studie über Kosten und Potentiale von Wärmeschutzmassnahmen an 
Gebäuden wurde im diesem Jahr am PSI verfasst. Für verschiedene Gebäudetypen sind Massnah-
menpakete definiert und Energiebilanzen berechnet worden. Die Studie enthält auch detaillierte 
Kostenangaben und Wirtschaftlichkeitsberechnungen. Sie bestätigt weitgehend die Angaben 
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früherer Untersuchungen (insbesondere die der EGES). Zugleich zeigt sie aber, dass das En
ergiesparpotential durch energiegerechte Gebäudesanieningen in früheren Studien unterschätzt 
wurde. Die stark zunehmenden Sanierungsraten in der Schweiz erlauben eine relativ rasche 
Diffusion der Sparmassnahmen. 

Eine genaue Beschreibung diese Studie findet sich im PSI Annex V "Allgemeine Energie". 
Weitere ähnliche Untersuchungen bedarf es noch für Stromsparmassnahmen im Haushalts- und 
im Dienstleistungssektor. Eine umfassende Studie über die Sparpotentiale in der Industrie 
(sowohl elektrisch als auch fossil) ist in Vorbereitung. 

4 Schlussbemerkungen 

Die Erfüllung der Ziele des Luftreinhalte-Konzeptes dürfte bis Ende des Jahrhunderts mit Hilfe 
der Einfuhrung von Emissionsminderungs- Technologien zu erreichen sein. Die Erfüllung der 
Toronto-Zielwerte dagegen ist für die Schweiz mit wesentlichen strukturellen Veränderungen des 
Energiesystems und mit relativ hohen Investitionskosten verbunden. Die Resultate der Modell
rechnungen zeigen, dass die Ziele der Toronto-Konferenz sowohl für das Referenzszenario als 
auch für das Szenario "Moratorium" erfüllt werden können. Für das Szenario "Ausstieg aus 
der Kernenergie" dagegen genügt - bei der vorhandenen Absätzung der Sparpotentiale - eine 
schärfere Einschränkung (30-prozentige Reduktion bis zum Jahr 2025 statt 20-prozentige), um 
das Problem unlösbar zu machen. 

Die hohen COyReduktionskosten für die Schweiz lassen sich durch die strukturellen Eigen
schaften des hiesigen Energiesystems erklären (insbesondere den tiefen Verbrauch an Kohle und 
die fast ausschliesslich auf Kernenergie und Wasserkraft aufgebaute Stromversorgung). In einem 
solchen System genügen Änderungen in der Zusammensetzung der fossilen Energieträger nicht, 
um die Toronto-Ziele zu erfüllen. Es bedarf der Einführung von Energiesparmassnahmen und 
der Nutzung erneuerbarer Energiequellen und den Ausbau der Kernenergie. 

Sowohl die Forderung nach Ausstieg aus der Kernenergie als auch die COyKontingentierung, 
die - kombiniert oder unabhängig voneinander - Einfluss auf das Resultat nehmen, erfordern En
ergiesparmassnahmen und die Nutzung erneuerbarer Energiequellen, jedoch zu hohen Kosten. 
Eine wirksame Energiepolitik ist Voraussetzung für die Erfüllung dieser beiden Randbedingun
gen. 

Weitere Strategien, die im Modell nicht berücksichtigt werden, können auf globaler Ebene 
eingesetzt werden. Zu erwähnen sind Wiederaufforstungsprojekte und Projekte, die von den 
komparativen Vorteilen einzelner Regionen bei der Nutzung emeuerbarer Energiequellen Ge
brauch machen (z.B. Sonnenenergie-Nutzung in der Sahara oder Kohle-Verflüssigung mit Hilfe 
der nuklearen Prozesswärme). Solche Strategien müssten auch untersucht werden, weil sie im 
richtigen Verhältnis zu inländischen Massnahmen einen wichtigen Beitrag zur Lösung des Prob
lems leisten können. 

Die Resultate der Modellrechnungen zeigen, dass die optimale Lösung im Referenzfall aus 
einer Kombination von Kernenergie, Sparmassnahmen und Nutzung emeuerbaren Energiequellen, 
insbesondere im Wärmesektor, besteht. Im Fall eines Moratoriums oder eines Ausstiegs aus 
der Kernenergie sind tiefgreifende Stromsparmassnahmen und die Nutzung erneuerbarer En
ergiequellen für Stromerzeugung notwendig. In Fall eines Ausstiegs sind trotzt der tiefgreifenden 
Sparmassnahmen die Toronto-Ziele ohne Lebensstil-Änderung nicht erreichbar. 
Zu berücksichtigen ist, dass jede neue Technologie oder Sparmassnahme eine bestimmte Einführungs
dynamik hat, mit der Folge, dass Zeit sehr wahrscheinlich die knappste Ressource in der En-
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ergiepoliäk ist Wenn die Toronto-Ziele erreicht werden sollen, müssen heute schon Entschei
dungen in dieser Richtung gefallt werden. 

Abb. 1 
COj-Restriktionen und Bilanzen für die drei untersuchten Szenarien. 
Links: C02-freie-Enwicklung; Rechts: Entwicklung mit Restriktionen; 
Oben : Ohne Nuklearenergie-Restriktionen; Unten: Moratorium, bzw. Ausstieg; 
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Abb. 2 
System- Trade-off-Kurven' für Szenarien mit COi-Restriktion. 

Punkt (1) stellt die Situation ohne CC^-Restriktion dar. Zu beachten ist, dass die von der 
Toronto-Konferenz verlangten Einschränkungen der CCVfjiiissionen (Punirt 2) sehr nahe bei 
der maximal erreichbaren COi-Reduktion liegt. Dies bedeutet, dass das System in diesem 
Bereich nicht mehr ßexibel ist. Die Flexibilität ist noch geringer im Falk eines Ausstieges 
(bzw. Moratoriums) aus der Kernenergie. Zu beachten ist ausserdem die grosse Kostendif
ferenz zwischen den verschiedenen Szenarien bei gleicher emittierter CO-i-Menge. 
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1 Summary 
The reported work presents results of the IEA-ETSAP project (International Energy 
Agency - Energy Technology Systems Analysis Project) concerning the interrelations among 
energy use, emissions to the atmosphere and the cost of emission control. 
The energy simulation model SMEDE, which has been developed at PSI and applies the 
engineering simulation (bottom up) approach, and the IEA optimization model MARKAL 
(MARKet Allocation) have been used to analyse the energy demand and supply system 
of Switzerland. 

The purpose of this analysis is to identify technical options and their cost for reducing 
the energy dependent atmospheric emissions in Switzerland to the levels of the 'dean air 
concept'. The study addresses also the question of the feasibility and the economic implica
tions of reducing the COj emissions to the levels recommended by the Toronto conference. 
The implications of a stringent 'dean air concept' and these of the Toronto recommen
dations have been analysed under different nuclear supply options i.e. an unconstrained 
nuclear supply case (Reference), a nuclear status-quo (Moratorium) and under the 
conditions of a nuclear phase-out programme by the year 2025. 

The main conclusions of this analysis indicate that the emissions of sulfur dioxide and 
nitrogen oxide could be reduced back to the levels of 1950 respectively 1960, by the in
troduction of emission control technologies which go above the present performance limits 
defined by the 'clean air ordinance' (LRV). A probable time horizon to satisfy the NOx 

constraint is the year 2000 and not 1995. Organizational measures necessary to improve 
the air quality in cities are complementary to the measures proposed in this analysis. 
A significant reduction of the COz emissions, on the other hand, is associated with drastic 
changes in the Swiss energy system related to high penetration of conservation measures 
and the use of renewable resources, due to the specific structure of the Swiss energy sys
tem. Electricity is produced by hydro power and nuclear energy, while the coal share in 
primary consumption is not significant. This structure is not allowing the introduction of 
relatively inexpensive measures as it is the inter-fossil fuel switching, to reduce emissions. 
The nuclear constraint results also to more rational energy use and a higher use of 
renewable resources at higher energy system cost. The nuclear phase-out calls for an ef
fective energy policy beyond the present practices in Switzerland. The fulfillment of the 
Toronto recommendations i.e. a 20% reduction by the year 2005, is feasible also under 
the conditions of a nuclear phase-out, but it becomes an almost impossible task if a 33% 
reduction is demanded with a simultaneous nuclear phase-out by the year 2025. 
The most critical period, in realizing the goals of the 'clean air concept' and the Toronto 
recommendations, under a simultaneous nuclear status-quo or phase-out, are the years 
between 2000 and 2005. This is due to the fact that the realization of conservation mea
sures and the market penetration of renewable resources to a significant extent, subjects 
also to time constraints. This fact asks for an efficient energy policy now. The estimated 
cosi per ton of C 0 2 reduction, with or without nuclear energy, is so high that it suggests 
a combined effort on the national and international level is necessary to obtain a better 
benefit per SFr invested on COj control. 
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2 Introduction 
The reported work presents results of the IEA-ETSAP project (International Energy 
Agency, Energy Technology Systems Analysis Project) concerning the interrelations among 
energy use, emissions to the atmosphere and the cost of emission control. This report gives 
more detailed and updated information about the work completed in Switzerland, which 
is partially described in the final ETSAP report and the RISO 1989 conference on envi
ronmental models as well as in the Tokyo IPCC meetirg in July 1989. [13,14,15] 
Switzerland imports all energy sources with the exception of hydropower and biomass, i.e. 
it depends by more than 80% on imports. Electricity production is based upon hydropower 
(60%), nuclear energy (38%) and oil. Oil products cover 66%, electricity 20.5% and gas 
7.5% of final energy consumption. 

The main controversia] issue of the Swiss energy policy is related to the future evolution of 
nuclear energy. Two alternative policies to a nuclear capacity expansion programme have 
been proposed, a nuclear phase-out, with different dates of completion and a nuclear 
moratorium (status-quo) for the next decade. The purpose of the Moratorium is to 
check the effectiveness of electricity conservation measures before making any final decision 
about the future of nuclear energy. New legislation on energy conservation is however a 
necessary condition for the nuclear phase-out.[lj 
The other important energy policy issue is related to environmental pollution. The main 
environmental problems of the country are related to smog situations in cities, (high ozone 
and NO» ambient air concentrations), dying forest and soil acidification. The following 
tables summarize the valid limits on ambient air concentrations in Switzerland and the 
measured concentrations. These tables make clear the violation of existing regulation due 
to Swiss emission sources. 

Table 1: Ambient air concentration limits valid in Switzerland 

pollutant 
SOj 
SOj 
N02 

NO, 
0 3 

concentration in figr/m3 

30 
100 
30 
80 
120 

definition 
average annual 
daily average 
average annual 
daily average 
average 1-hour value 
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Table 2: Measured ambient air concentrations in Switzerland in /jgr/m : 

region 

Alps 
Country side 
Agglomeration 
City-center 

S0 2 

annual average 
2-3 

8-12 
30-40 
50-70 

Swiss fraction (%) 
(estimated) 

20 
60 
85 
90 

N0 2 

annual average 
2-3 

20-30 
30-50 
50-140 

Swiss fraction (%) 
(estimated) 

20 
80 
90 
95 

Source: Clean Air Concept. [3](1986) 

Legislation in Switzerland, as defined by the 'clean air ordinance' (LRV-86)[2], specifies 
sulfur content of fuels and allowable emissions by stationary sources. Other laws and re
commendations specify emission limits for private automobiles and trucks, as well as speed 
limits. The basic philosophy behind these limits is facilitation on the introduction of the 
best technology feasible for emission control, which can be economically afforded by the 
production sector and the households. Limits on ambient air concentrations are defined in 
order to prevent deterioration of life quality for the most sensitive part of the population 
and the environment in general. Since the correlation between emissions and ambient air 
concentrations is not exactly predictable, a more pragmatic policy is proposed based upon 
imposing limits to the total emission release to the atmosphere. The so called 'clean air 
concept' (LRK), which is proposed by the government and the parliament, foresee a series 
of detailed measures aiming at reducing the annual S0 2 emissions to the levels of 1950 i.e. 
55000 tons / a by the year 1990, the NO* emissions to the levels of 1960 i.e. 67000 tons/a 
by the year 1995, as well as the volatile organic compounds.(VOC) 
The projection of emissions, as estimated by the Swiss Environmental Office, (BUWAL 
report 76 [4]) indicates that the NOx and the VOC emissions will be above the policy goal. 
The purpose of this analysis is to identify technical options and their cost for reducing the 
energy dependent atmospheric emissions in Switzerland below the levels of the 'clean air 
concept'. 
The models used in the analysis are not able to predict the improvement of the air qual
ity in cities due to different measures. The models estimate total annual emissions and 
not ambient air concentrations. For this reason we have excluded the simulation of, for 
example, organizational measures in the transportation sector. Since we are not able to 
predict that the fulfillment of the 'clean air concept' is sufficient to fulfill also the limits of 
the LRV, we consider all other measures not included in this analysis as complementary 
to the measures analysed. 

Finally, the expected global climatic changes due to the increased concentrations of 
CO2 and other trace gases in the atmosphere, which is a matter of scientific concern, be
comes an issue for politicians and the public. [5] 
As it is well known, the Intergovernmental Panel for Climate Changes (IPCC), established 
by the United Nations Environment Programme and the World Meteorological Organiza
tion, has started preparations for an international convention on climate. This convention 
is expected to be followed by protocols (agreements) on the reduction of emissions of green-
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house gases and the implementation of measures and mechanisms to preserve the global 
climate. 
The measures will require significant changes in the energy and the agricultural sectors. It 
is therefore of primary importance that the potential actions can be identified, evaluated 
and monitored in a consistent framework. This study is an effort in that direction. The 
study addresses the question of feasibility, economic implications and the identification of 
the necessary structural changes in the energy system for reducing the ( )2 emissions to 
the levels recommended by the Toronto conference. 

3 Working approach 

The study is based upon the scenario approach and uses the engineering simulation (bottom 
up) model SMEDE[6] linked to the IEA process oriented optimization model MARKAL 
(MARKet Allocation) [7] to analyse the energy demand and supply. 
The study has profited a lot from the information made available by EGES (Experts 
Group for Energy Scenarios) [1]['Energie Szenarien', Bern 1988]. EGES was created to 
prepare energy scenarios showing the feasibility, prerequisites and consequences of phasing 
out nuclear energy. In principle, the energy demand projections and the description of 
conventional and alternative energy supply systems is based on the information made 
available from the EGES study. [1][EGES Working papers] 
Every such study must be based on a scenario describing the underlying social, political 
and economic assumptions: 

• Socio-economic parameters. 
The assessment of the socio-economic development i.e population, Gross Domestic 
Product (GDP) growth, industrial production, building stock development and car 
ownership, as specified by the St. Gallen center for future research, has been adopted 
with minor modifications fro*n our side. 

• Energy demand. 
The socio-economic parameters together with an assessment of the evolution of their 
specific energy consumption have been used by a sectorial demand simulation model 
(SMEDE) to define the energy demand constraints for MARKAL. This data corre
spond to the Reference case described in [1], but with a higher degree of conservation 
especially in the transportation sector. The assumed technical improvement of en
ergy consuming devices is quite significant but excludes the enforced introduction 
of strong conservation due to new legislation. Special emphasis is given in the case 
where a nuclear phase-out is assumed. In that case the private transportation sector 
is assuming a lower demand due to shifts towards public transportation systems. 

• Energy supply options. 
This part of the analysis concerns the availability of resources, the technical po
tential of renewables, their production cost as function of the 'echnical potential, 
and the potential of the combined power and heat (CPH) sysUms for the residen
tial/commercial sector and the industrial sector. 
Emission control data have been compiled out of the differ« t reports of the en
vironmental protection office (BUWAL), [4] as far as the present development is 
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concerned. The more advanced emission control systems are described by sources 
of the IEA project and the literature. [8,9,10] Some of these systems are still on the 
laboratory scale. [11] 

• Balance of energy demand and supply. 
The integration of demand and supply is obtained by using the time-phased energy 
allocation model MARKAL. The model performs an optimization of the total dis
counted energy system cost, while satisfying energy demand, energy balance per fuel 
used and the management of electricity generating system and the district heat. The 
total annual emissions of the energy system estimated can be specified as extra con
straints to the optimization problem. The model then estimates the appropriate level 
of conservation, fuel switching and the implementation of abatement technologies in 
order to satisfy these imposed limits on emissions. 

• Conservation options. 
Conservation options have been introduced in the different subsectors, with main 
emphasis on electricity use and heat. Linearized step-functions have been used to 
define the conservation potential vs its cost. The demand projection of the sim
ulation model could then be farther reduced, depending upon the competitiveness 
of conservation measures, in respect to other supply options or due to the imposed 
emission constraints. 

4 Scenarios analysed 

Three main scenarios have been analysed, the Reference case, the status-quo case 
(Moratorium) and the Nuclear phase-out case. Sensitivity runs have been performed 
for each of the above cases by imposing time dependent limits to the total annual emissions 
of SC*2, NOz and CO2, starting out of an emission unconstrained situation which reflects 
the present status of the LRV. 

The following policy was assumed in defining the Reference case: 

• The nuclear energy remains as supply option. 

• It has been assumed that an energy law will be introduced with moderate taxing 
levels and moderate norms on electrical devices and heating standards. 

• Hydropower should not be utilized to its maximum potential as expression of concern 
for the environment. 

• Electricity imports should not be the solution to the problem of future capacity 
shortages. 

• The concentration level of emissions by source satisfy the limits imposed by the 
'air protection ordinance' (LRV-86), as well as new legislation on transportation 
systems. The LRV is not a static legislation however, as it could be updated to the 
best technology available that is necessary to meet the ground level concentration 
limits, provided that the cost of emission control is affordable for the production 
sector and the public. Therefore we left as option in MARKAL the possibility of 
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further improving the emission control, asking the model to find out an optimal 
allocation of 'resources' in order to reduce emissions below some specified levels. 

Two more cases have been further analysed in the Reference case: 

• The N O x and SO2 cons t ra ined case which assumes the same demand and policy 
as the reference case. Extra constraints on NO, and SO2 emission are imposed in 
order to investigate the feasibility of obtaining the goals of the 'clean air concept' 
(LRK) around the year 2000. The reference scenario which is defined according to 
tables 3 and 4 corresponds to a reduction of the present emissions of NOx and SO2 
by 64%, and 44% respectively and fulfills the limits of the LRV, but without fulfilling 
the goals of the 'clean air concept'. The LRK foresee a reduction of SO2 emissions 
to a level of 55000 t/year by 1990 and a reduction of the NOx emissions to 67000 
t/year by the year 1995. 

• The C 0 2 , NO j . and S 0 2 constrained case which investigates the implications of 
the Toronto recommendations for Switzerland, excluding life style changes and the 
introduction of specific CO2 abatement technologies associated to a C 0 2 disposal to 
the ocean. 

Unconstrained and constrained cases have been analysed in the Status-quo and the 
Nuclear phase-out cases . The total number of scenarios analysed is therefore nine i.e. 
the combination of three nuclear cases end three emission constrained cases. 

The scenarios analysed do not pre-requisite any life style changes, but they assume 
some legislative actions to support them. This includes a moderate taxing rate and new 
norms in the end-use devices. A significant improvement in the technical performance 
of appliances, the private transportation systems and the building insulation is assumed 
(technological change). Extra conservation measures, and on the top to these assumed 
in the demand simulation model, are defined as a 'conservation supply curve'. The pene
tration of these measures is a function of their economics vs the economics of the supply 
options modeled, and the exogenous constraints on emissions. This approach is a con
sistent base of comparison among the different cases. An exception to this approach is 
the nuclear phase-out case where a shift towards public transportation systems is assumed 
without accounting extra cost. The avoided costs due to the assumed changes in the traf
fic load are included in some figures for comparison. The main exogenous to MARKAL, 
assumptions are shortly discussed in the following section. 
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5 Main assumptions 

The most important assumptions underlying all scenarios are defined in table 3. This data 
correspond to the Reference case, high growth of [1]. 

Appendix 1 gives a more detailed specification of the assumptions and the estimated 

Table 3: Main scenario assumptions 

indicator 
population 
families 
GDP 
industry 
energy/industrial GDP 
commercial sector 
freight 
car ownership 
share of car transport 
car-km 
energy/car-km 
heated surface 
useful energy/heated surface 

units 
million 
million 
billion SFrro 
GDP fraction 
relative to 85 
GDP fraction 
10* tkm 
cars/1000 cap 
percent 
109km 
relative to 85 
relative to 85 
relative to 85 

1985 
6.48 
2.72 
110. 
0.33 
1. 

0.57 
16.1 
392 
.76 
37. 
1. 
1. 
1. 

2025 
6.88 
3.18 
232. 
0.30 
0.70 
0.62 
19.5 
535 
.76 

49.7 
.7 

1.42 
0.79 

demand projections by the demand simulation model. 

• The socio-economic development: 
The low population growth (0,1 %/a) assumed, results in a reduction of labour force 
due to the changes in the structure of population. The high productivity growth, 
on the other hand, allows an optimistic economic development of 1.9%/a. The GDP 
is therefore more than doubled by the year 2025. The industrial share to GDP is 
reduced while the service sector gains in importance (62% starting from 57%) 
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• The energy demand projections underlying the analysis are similar to the projections 
of [1] and they are given in the following table. The optimization model introduces 

Table 4: Demand categories adopted in MARKAL and the corresponding 
useful demand (or demand in vehicle-kin) for 1985 and 2025. 

Symbol 

Rl 
R2 
R5 
RA 

RB 
R6 
RR 
RD 
IX 
IS 
IP 
IZ 
CS 
CS 
TX 

TN+TP 
TM 
TL 
TB 
TM 

Demand category 

Space heat for single-family houses, before 1980 
Space heat for single-family houses, after 1980 
Water heat single-family houses, (all) 
Space heat for multi family houses(MFH) 
and commercial surface(DLG), built prior to 1980 
Space heat for MFH and DLG built after 1980 
Water heat MFH/DLG, all 
Electricity use for appliances, (not including water) 
Electricity and Process heat, commercial sector. 
Industrial demand; low temp, heat (120 degrees) 
" medium temp, heat (120-300 degrees) 
" process heat, (final) 
" electricity use for motor and light (final) 
Conservation of heat (Max. potential) 
Conservation of electricity (Max. potential) 
plain/ train/ship for transport (final) 

Transportation sector 
private cars (106 km) 
small trucks (106 km) 
trucks (10* tkm) 
bus/coach (I06 km) 
moped/motorcycle (106 km) 

1985 

PJ 
535 
7.3 
6.6 

120.4 
12.5 
15. 
30.3 
71.6 
15.8 
12.3 
64. 
33.3 

J57.6 

37040. 
2400. 
533 
168. 
4660. 

2025 
reference 
PJ 
32.6 
36.5 
9.4 

73.5 
68.1 
20.7 
38 3 
1287 
21.2 
19.5 
80.4 
58.8 
50. 
110. 
111.7 

49700. 
2700. 
6.53 
267. 
5230. 

2025 
phase-out 
PJ 
326 
36.5 
9.4 

73.5 
681 
2 0 7 
38.3 
128.7 
21.2 
19.5 
80.4 
58.8 
50. 
110. 
108.3 

42250. 
2700. 
6.53 
267. 
5230. 

extra conservation measures reducing the exogenous demand on useful energy out of 
the 'conservation supply curve'. The maximum conservation potential is shown in 
this table as category 'CS'. For each of this demand category different technologies are 
competing to satisfy demand. The model introduces also alternative technologies and 
resources to produce the secondary energy carriers required by the end-use devices, 
while the efficiency of end-use devices is expected to improve in the future. ' 

'The group MFH and big-size commercial buildings are defined as subgroups of RA, and RB, while they 
are separated by group constraints from the total market of MFH; the bound for group-MFH is 50 PJ, and 
the bound for big-size cc - ercial buildings is 15 PJ. 
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Table 4 defines the demand categories adopted in MARKAL together with the esti
mated demand values for 1985 and 2025. These projections specify the useful demand 
constraints of MARKAL. The demand projection estimated out of these assumptions 
was used in the Reference and the status-quo cases. In the nuclear phase-out case, on 
the other hand, the share of the private transportation the total personal transport, 
is reduced to 70 percent vs 76 percent in the reference case, while the car ownership 
in the year 2025 was assumed to be 492 cars/1000 persons vs 535 in the reference 
case. The combined effect of these assumptions is a 15% reduction of the traffic load 
due to private cars. 

The price for oil and gas is assumed to double in the next 20 years and remains 
constant afterwards. The oil price becomes higher than the gas price around 1995. 
The price of coal remains constant to the present levels. These price assumptions 
reflect the assumptions of [1] and they are debated. Sophisticated projections made 
by global models[16] estimate a sharp increase of oil and gas prices after the year 
2000 due to the depletion of conventional fossil resources. These models estimate 
the fuel prices as function of the depletion of global resources, the global demand 
and the production cost out of the so-called back-stop technologies i.e. technologies 
which provide long term alternatives to the fossil fuels. The adopted prices arc given 
in the following figure. 

F ig . 1: P r i ce deve lopment a s sumed in MARKAL ( i m p o r t e d fuels and 
prices for t h e res iden t i a l / commerc ia l sec tors ) . 

r«l'H)tnliol/vomm«rciol stclor 

1M5 1M0 '»« 3000 2005 2010 2013 2020 2025 1985 1990 1995 2000 2005 2010 2015 2020 2025 
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• Group constraints: 
This refers to a given set of constraints adopted in MARKAL to represent some spe
cial problems of the energy system not treated with the standard model. A summary 
of all these bounds introduced in the model is given in Table 5. The bounds imposed 
to the heating systems refer either to the installed capacity, which is defined in terms 
of useful energy per annum, or they refer to the final energy use of the system. 

Table 5: Bounds introduced in M A R K A L (year 2025) 
in P J / a . (F=fixed, U = u p p e r , L=lower ) 

System 
Hydro-production 
Net exports 
Wood 
Wood 
Gas imports 

Solar electricity 
Wind 
Solar water heat 
Heat pumps 
Geot hernial 
Biogas 
Nuclear dist. heat 
New dist. heat 
CPH (internal network) 
Electrical heat 
Electrical heat 

Bound 
140. 
36. 
15. 
55. 

150. 
74. 
2. 
8. 

15. 
14. 
5. 

15. 
5. 
10. 
15. 
12. 

bound type 
U 
F 
L 
U 

u 
u 
u 
u 
u 
u 
u 
u 
u 
u 
u 
L 

These bounds constrain the model solution and they have a strong influence to the 
estimated results. This is particularly the case for the assumed gas imports, the 
hydro power potential and the solar electricity. The bounds imposed to the nuclear 
district heat and the electricity use for space heating are also restricting the nuclear 
capacity. 
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6 Main results 

First, the results for the emission unconstrained cases are presented with the nuclear energy 
as a parameter, then the description of the energy system follows under the NOx and SOj 
constraints as well as the results for the C 0 2 constrained cases. For each category of results 
the technology implications, either in terms of energy or in terms of emission control, are 
discussed together with the estimated cost differences among the scenarios. Finally, some 
general conclusions were derived. 

7 The implications of the Nuclear constraint 

Table 7.1: Some results for the Reference, Status-quo 
and the Nuclear phase-out cases 

Emission unconstrained development 

Energy in PJ/a 

nuclear 
renewables (including 
wood and wastes) 
oil 
gas 
coal 
total primary 
final energy 
(electricity) 
Indicators 
primary/GDP (MJ/Fr70) 
primary/capita (GJ) 
tonne CG^/capita 
ktonne SO2 
ktonne N0X 

Statistics 
1985 
232 
158 

497 
59 
21 
988 
724 
145 

Statistics 
8.98 
153. 
6.56 
97.4 

227.6 

Reference 
2025 
472 
209 

353 
150 
55 

1240 
821 
226 

Reference 
5.34 
180. 
5.86 
54.7 
82.3 

Status-quo 
2025 
248 
234 

349 
150 
125 
1106 
780 
194 

Status-quo 
4.77 
161. 
6.7 

52.4 
81.5 

Phase-out 
2025 

-
336 

392 
150 
112 
990 
747 
187 

phase-out 
4.27 
144. 
7.01 
56. 
79.7 

The primary energy consumption increases between the years 1985 and 2025 by 25% 
in the reference case, and by 12% in the status-quo case, while the primary energy, in the 
nuclear phase-out case, remains unchanged. The energy use per unit of GDP is reduced 
by 41% to 52% in these unconstrained cases. This meai.s a rather radical change in the 
historical behaviour of the Swiss energy system, since the energy per unit of GDP has been 
increased by 14% between the years 1970 to 1985. The final energy consumption shows 
similar trends as the primary energy but it increases at lower rates than the primary energy 
i.e. between 16% and 4%. 

The estimated evolution of the Swiss energy system is due to the combined effect of 
many different assumptions made in the demand simulation model and the estimations of 
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the optimization model. 
The most significant assumptions refer to the projection of the energy demand related 

to the technological change of the end-use devices. These assumptions define the evolution 
of the demand constraints in MARKAL. The assumptions made in the demand model 
(summarised in table 3 ) have resulted already to a significant improvement of the energy 
use per unit of value added which goes beyond the historical practices in Switzerland. It 
has been assumed that the combined effect of the technological change in the energy sector 
together with an effective energy legislation, like moderate taxes and norms, will help to 
realize this achievements. It is not clear if a new energy law is a realistic expectation for 
Switzerland. One conclusion is almost sure. Without a new energy law the assumptions 
made in the demand model are very optimistic and the demand will remain above the 
projections.2 

The other important improvement is the treatment of conservation. Due to the indige
nous specification of the conservation supply curve, i.e. the conservation potential vs its 
cost, which is defined in correlation to the assumptions made in the demand model, the 
model estimations reflect the optimal allocation among demand and supply. 

Another important assumption is the increased availability of gas imports (150 PJ by 
the year 2025) and the better competitiveness of gas heating systems due to the price 
development of gas relative to oil. 

The results of the optimization model, for the demand estimates of SMEDE, reflect the 
price assumptions and the performance of technologies and conservation options included 
in the data base of the model. 
The combined effect of these assumptions is summarised to the reduction of oil use which 
gets only 43% of final consumption in the year 2025 starting from 66% in the year 1985. 
On the other hand, electricity covers 28% (from 20.5% in the year 1985) and gas 18% 
(7.5% in the year 1985) of final consumption. The results on primary and final energy and 
the effect of the nuclear constraint to the penetration of conservation are presented in the 
following figures. 

JIn such a case the most of the conclusion given in the study concerning the realisation of the LRK and 
the Toronto recommendations aie questionable and the analysis must be updated. A better approximation 
of the future demand evolution would have been produced by the econometric model of Geneva university 
and not the techno-economic model of CUEPE or SMEDE. 
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Figs . 7.1-7.2: Primary and final energy consumption for the nuclear 
constrained and emission unconstrained cases. 
The nuclear constraint results to a higher penetration of conservation measures. Renew-
ables and fossil fuels substitute for nuclear energy. The shares of electricity and gas are 
increased in the reference case while conservation options stabilize final consumption to 
the present levels. 
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Conservation (final PJ) 
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Fig. 7.3: Penetration of conservation in the nuclear constrained and emission 
unconstrained cases. 
The Reference case indicates a high penetration of conservation in the space heating sector, 
while the nuclear constraint results to a higher penetration of conservation in both the 
electricity and the heating market. In other words, the increased marginal cost of electricity 
generation makes electricity conservation measures competitive. 
Fig. 7.4: Final energy use by fuel in the residential and service sectors. 
The results show the stabilization of energy use in the sector due to the combined effect 
of technological change and conservation measures. 
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The data which define the conservation supply curve are estimated out of the work of 
EGES (Annex ii). The cost and potential of conservation in buildings has been revised 
[17] and they are representative. The investment cost for electricity conservation in the 
residential/services and the industrial sectors are not yet revised. The data are debated as 
underestimating conservation costs, but for the moment it is the best information avail
able. 
The results of optimisation indicate, in the nuclear status-quo and phase-out cases, a re
duction of the electricity use and a shift towards oil products. Gas was better utilised 
in the electricity production sector than in the heating market. The installed capacity of 
nuclear energy was below 6 GWei, due to the constrained use of electricity and district 
heat. Nuclear energy was partially utilised as combined power and heat system associated 
to district heating markets. In the nuclear constrained cases, CPH systems, based on fossil 
fuels, were introduced to supply the heating market as well as cogeneration systems in the 
industrial sector. Solar photovoltaic systems and solar thermal systems were installed in 
the Alps and in the populated areas. The capacity factor of these systems is low. This 
results to a higher installed capacity than in the reference case and to a low electricity pro
duction. The nuclear constraint increases the investment costs for electricity production 
and conservation. The marginal cost of electricity production was also increased (more 
than 50% of the marginal cost of the reference case). The total energy system costs is 
compensated due to the reduced primary energy consumption and the reduced traffic load 
in the private transportation sector. 

In order to make the representation of results comparable the avoided costs of the trans
portation sector are also shown in the figures. These costs are in the order of 6.3 10* Fr, 
in the year 2025. The avoided costs could be invested to improve the services of the public 
transportation systems. 
The following Figures document the discussion of this chapter. The NO* and the COj 
emissions are also included to complete the scenario comparison. 
The NO* emissions, although reduced, due to the implementation of the regulated cat
alytic converters in the gasoline cars, remain above 80 ktonnes per year i.e. they remain 
above the LRK goal. The CO2 emissions are approaching 50 Mtonnes per year, in the 
nuclear phase-out case, due to high penetration of fossil fuels and they are stabilised in 
the reference case. 
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Figs. 7.6 and 7.7: Electricity generating capacity and production in the nu
clear constrained and emission unconstrained cases. 
Nuclear energy has been substituted by solar and fossil energy in form of CI'H systems 
in the service and the industrial sectors. Demand for electricity is reduced due to effec
tive conservation measures at higher marginal electricity production costs. The overall 
load factor of electricity generation is reduced due to the increased shares of photovoltaic 
systems. 
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ELECTRICITY USE 
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Fig. 7.8: Electricity use by sector in the nuclear constrained and emission 
unconstrained cases. 
This fig. shows the effect of conservation at higher marginal electricity production costs. 
Losses are reduced, while the exports remain unchanged (exogenous assumption). 

Fig. 7.9: Energy system costs in the nuclear constrained and emission uncon
strained cases. 
The system costs includes annualized investment costs, O&M cost and fuel costs. Invest
ments in the residential, services, industry and the transportation sector are also included 
(cars and trucks). The avoided cost due to a 15% reduction of traffic load, in the nuclear 
phase-out case, are included for comparison purposes. 
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C02 EMISSIONS (Mtons/yr) 

Figs. 7.10 and 7.11: C 0 2 and N O t emissions in the nuclear constrained and 
emission unconstrained cases. 
The nuclear constrained cases produce more C02 emissions due to enhanced use of fossil 
fuels. The NOx emissions although reduced, remain above the LRK goal. 
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Some concluding remarks for the nuclear constraint: 
The results presented before are reproducing the conclusions of the EG ES study, with a 
few exceptions. 
The results are comparable in terms of the estimated total energy use, the contribution of 
conservation measures, the importance of renewables and the combined power and heat 
systems. There exist differences in terms of the estimated fuel mix, the C 0 2 emissions 
as a function of the nuclear constraint and the system cost. These differences are mainly 
due to the different approaches used. EG ES was simulating an energy policy towards 
enhanced conservation and use of renewables, by making exogenous assumptions on tech
nology implementation. The MARKAL results are mainly the results of optimal choice 
among demand and supply and an effort to obtain more consistent scenario definitions and 
comparisons. In any case, both results show a significant reduction of energy use per unit 
of value-added, well below the historical development. 

How realistic are such results? 

• Demand: The assumptions made in the energy demand model concerning socio
economic activities and fuel prices are not easily predictable. What is important 
is the technological change assumed in the models. These improvements must be 
materialized, otherwise the projections are very optimistic and the results of the 
study must be revised. The prerequisite for realising the improvement in the energy 
use per end-use device is an effective energy policy, beyond the present practices. 

• Supply: The supply model assumes an internal adjustment of demand and supply, 
using marginal electricity (and fuel) prices. The shadow prices of electricity and heat 
are estimated on a seasonal base. The critical problem is the correct representation 
of the electricity generating cost and the cost of conservation in the model. On 
the other hand a potential problem is related to the structure of valid electricity 
tariff in the country. If marginal electricity cost is not going to be considered in 
the future, taking seasonal differences into account, then the estimated penetration 
of conservation measures is again very optimistic, even if the costs estimates of 
conservation are realistic. 

• Consumer behaviour: The model MARKAL, as a normative optimization approach, 
is not simulating consumer behaviour, and/or the practices in the industrial and 
service sectors, where other objectives as well as reduced pay-back times are the 
prerequisite to invest on conservation measures. In the real world not all the invest
ments to energy savings, as estimated in the model, are going to be realized, even if 
their economic break-through is given. 
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8 The implications of the N O t constraint 

The purpose of analysis, described in this section, is to examine the consequences and the 
implications to the energy system, when fulfilling the goals of the LRK. The annual N0X 

and SO2 emissions limits have been forced as constraints to the energy system. The limits 
imposed not only reflect the goals of the LRV for the year 2000 but they go beyond that, 
for the subsequent years, asking for a continuous improvement in air quality.3 

The model has a high degree of flexibility and it is able to introduce a series of technical 
measures in fulfilling these goals. This includes abatement systems and low NOx technolo
gies in every sector as well as fuel switching, conservation and the use of renewables. 
One should mention, once more, how significant is the reduction of energy use per unit of 
demand determinant assumed in the demand model, and the endogenous penetration of 
conservation measures obtained either as the result of economic competition or due to the 
nuclear constraint. This specific model structure adjusts energy demand and supply and 
reduces emissions. This model flexibility makes the direct comparison of this work with 
the conclusions of other related studies difficult. (Specific emission data are included in 
the Appendix). 

The main conclusion of this analysis is that the goals of the LRK could be fulfilled by 
technical measures and by the year 2000. Organizational measures in the transportation 
sector and shifts towards public transportation systems, for improving the air quality in 
cities, are complementary to the technical measures analysed. 

The reduced emissions in the case of the unconstrained development is already a signifi
cant achievement and it has been obtained due to the new regulation in the transportation 
sector (3 way-cat and new diesel trucks and cars). These reduction of the total NOx emis
sions from 227 ktons in the year 1985 to 82 ktons for the year 2000, is not sufficient to 
satisfy the goal of the LRK. The extra reduction on NOz emissions imposed in the con
strained cases was varying between 15 to 20 ktons per year in the year 2000, and up to 40 
ktons in the year 2025.4 

Although the imposed reduction was not significant, as percentage of the 1985's emis
sions, the required changes (implementation of abatement systems) in energy devices for 
the next 10-15 years are very important. 

8.1 The energy balance 

The obtained reduction of emissions in the unconstrained cases is significant. The rest 
of emission control has been mainly obtained by abatement systems in the industrial and 
residential/service sectors and by the introduction of efficient methanol buses and trucks 
and electric cars. These changes have almost no influence in the energy fuel distribution, 
as illustrated in the following figure of the primary energy use and the penetration of 
conservation measures. The only important difference is the reduction of CPH systems 

3The volatile organic compounds(VOC) have been excluded since most of them are produced by non-
energy related activities, while measures imposed by the NOx constraint, like catalytic converters in cars, 
are reducing simultaneously the VOC's. 

4The statistical information on emissions in Switzerland is given in different reports of BUWAL, while 
the Federal Energy Office is responsible for the energy statistics. This situation creates problems since the 
sectorial disaggregation is not always done in the same way. The data for the starting year 1985, are taken 
from different EGES reports and reports of the Federal Environment Office (BUWAL). They are presented 
in an extra column for the year 1985, for comparison purposes. 
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based upon fossil fuel sources in favour of solar electricity, which takes place in the nuclear 
phase-out case. Marginal charges appear also in the use of methanol, diesel and electricity. 
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Fig. 8.1: Primary energy consumption for the emission constrained cases 
Left: unconstrained, Right: NO* constrained cases. 

The introduction of the N0X constraint has no influence to the fuel distribution. The 
changes to the fuel distribution and the total primary energy consumption are due to the 
nuclear constraint (top - down). 
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Fig. 8.2: Penetration of conservation in the emission constrained cases 
Left: unconstrained, Right: N O , constrained cases. 

The introduction of the N0Z constraint has marginal influence to the penetration of con
servation measures, since most of the NO, reduction is obtained by abatement technologies 
and technological change. The nuclear constraint (top - down), is more effective in for ng 
conservation measures due to increased marginal electricity generation costs. 
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Fig. 8.3: Installed capacity for electricity generation in t*»e emission con
strained cases. Left: unconstrained, Right: NO, constrained cases. 

The introduction of the NO* constraint has marginal influence in changing the type of 
power stations installed, with exception the nuclear phase-out case, where more renewables 
(solar/wind) are introduced instead of combined power and heat fossil systems. 
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8.2 The S 0 2 balance 

The S0 2 emissions estimated remain below the required total emissions imposed by the 
SO2 constraint. The reduction of S0 2 emissions in the constrained cases to levels which 
fulfill the goal of the LRK is obtained by measures forced due to the N 0 Z constraint. 
This is the case, for example, in the transportation sector, due to the introduction of the 
regulated catalytic converters for gasoline cars. The emissions in the unconstrained cases 
are stabilised to a level around 60 ktons/yr, while in the constrained cases remain below 
50 ktons. The SO2 emissions could be further reduced by introducing distillate oil of 0.1% 
sulfur content to farther improve the ambient air quality in cities. 

Table 8 .1 : S 0 2 emissions p e r sector for the year 2025 (ktons) 

Scenario 

res./serv./art. 
industry 
transport 
conversion 
non-energy 

total 

EGES 
/BUWAL 1985 

35.7 
25.8 
6.7 
10.1 
19. 

97.4 

MARKAL 
reference 

9.6 
30.2 
4.5 
3.1 
5. 

52.4 

MARKAL 
status-quo 

9.4 

19.1 
3.4 
3.0 

5. 
39.8 

MARKAL 
phase-out 

12.0 
16.5 
3.4 
3.1 
5. 

40.0 
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Fig. 8.4: S0 2 emission balance for the constrained cases. 
Left: unconstrained, Right: NO, constrained cases. 
The SO] limits of the LRK are satisfied in all N0B constrained cases 
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8.3 The NOx balance 

The NOx emissions are reduced from 227.5 ktons in the year 1985 to 82 ktons in the 
year 2000 in the unconstrained reference case, mainly due to new regulation in the trans
portation sector, and the assumed technology improvement. The total emissions are then 
reduced to 67.1 ktons in the constrained cases by the year 2000, and then they are forced 
to a final level of 46-44 ktons by the year 2025. 
The model results indicate, therefore, that the policy goal of the LRK could be fulfilled, 
if some extra measures, on the top of these foreseen by the LRV, can be implemented. A 
more probable year to fulfill the goal is the year 2000 and not the year 1995. Industry 
contributes to the final reduction (difference among unconstrained and constrained cases 
in the year 2025) by 18 ktons, the residential/commercial sector by 8 ktons and the trans
portation sector by 5.5-8.5 ktons, on the top to the reduction of 145 ktons between the 
years 1985 to 2025 estimated in the unconstrained case. 

The extra cost of these measures is around 230 Million SFri985 year. The measures 
introduced to control NOx emissions have resulted to a simultaneous reduction of SO2 
emissions. This means that the extra expenses of 8 SFr per kg NO* reduction have an 
indirect effect resulting in a reduction of S0 2 emissions. 

Table 8.2: NOx emissions per sector for the year 2025 (ktons) 

Scenario 

Res/comm 
industry 
transport 
conversion 
Non-energy 
total 

EGES 
BUWAL 

1985 
12.6 
20. 
185. 
6. 
3.7 

227.3 

MARKAL 
reference 

free 
10. 
23. 
39.6 
1.7 
8. 

82.3 

MARKAL 
reference 

constrained 
2.2 
5.2 
34.1 
0.8 
4.0 
46.3 

MARKAL 
status-quo 
constrained 

2.2 
5.1 
33. 
0.8 
4.0 

44.8 

MARKAL 
phase-out 

constrained 
3.4 
4.9 
31. 
0.8 
4. 

44.1 
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Fig. 8.5: The NOx balance by sector 
Left: unconstrained, Right: NO, constrained cases. 
The NO, emissions are reduced to 80-85 ktons per year in the unconstrained cases, mostly 
by the full implementation of the 3 way-cat in gasoline cars. The emissions remain above 
the limits of the LRK (72 ktons). In the constrained cases, the LRK could be satisfied in 
the year 2000, while the emissions continue to decrease in the subsequent years. 
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It is of interest to examine by sector and technology, how such an improvement became 
possible. This is explained in the following tables: The control technologies implemented 

Table 8.3: Industry, NOx emissions for the year 2025 (ktons) 

Scenario 

coal 
oil 
gas 
wastes 
wood 
'cement' 
total 

EGES 
BUWAL 

1985 
4.4 
6. 
1.9 
.92 
0.4 
7.2 
20. 

MARKAL 
reference 

free 
7. 

3.2 
2.1 
.8 

0.4 
9.6 
23. 

MARKAL 
reference 

constrained 
2.1 
0.3 
0.2 

0.77 
0.34 
1.5 
5.2 

MARKAL 
status-quo 
constrained 

2.0 
0.28 
0.19 
0.72 
0.34 
1.5 
5.1 

MARKAL 
phase-out 

constrained 
1.9 

0.26 
0.19 
0.72 
0.34 
1.5 
4.9 

in the industry and on the top to conservation measures are: 
- denox/desox systems for oil and coal, 
- coal used with fluidized bed combustion systems, 
- low-NOx for oil and gas and, 
- the gas ceramic burners. 

The specific emissions used in MARKAL underestimate the actual release of NOx 
emissions in the cement industry and other high temperature processes. Therefore, a 
correction of results due to the treatment of the cement industry has been done, increasing 
NOx emissions by 7.2 ktons in the year 1985. This value is similar to EGES/BUWAL 
assumptions and the unconstrained scenarios assume an increased contribution of this 
emissions over time. In the emission constrained cases the cement industry (and other 
high temperature processes) assume the introduction of pre-calcination, de-nitrification 
systems and other denoxing systems. 

Uncertainties exist in terms of the cost/performance of control technologies as function 
of installed capacity. The model assumes that the control systems could be introduced to 
every industrial unit, independently of size, process and fuel. This is of course an oversim
plification and the results should be understood as expressing the maximum potential of 
reduction, for the abatement systems considered. It is also assumed that these measures 
will be put into practice in the next 10-15 years. 
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Fig. 8.6: The NOx balance in the industry 
Left: unconstrained, Right: NO» constrained cases. 
The NO, emissions are reduced to 8 ktons per year in the constrained cases, by introducing 
measures like low-NO* technology, gas ceramic burners and denitrification systems. The 
time horizon for introducing these measures is between 10 - 15 years. 



32 

Table 8.4: Residential, Services and small I ndus t ry , 
N O x emissions for the year 2025 (ktons) 

j Scenario j EGES j MARKAL 
! BUWAL i reference 

1985 1 free 
! coal 1 0 14 ! .02 
i oil 10.8 1 4.4 
| gas | 1.3 | 5.6 
| wood | 0.3 | 0.05 
; total | 12.6 J 10. 

MARKAL 
reference 

constrained 
.02 
1.62 
0.55 
0.05 
2 2 

MARKAL 
status-quo 
constrained 

0.02 
1.58 
0.56 
0.05 
2.2 

MARKAL 
phase-out 

constrained 
0.02 

1.83 
0.53 
0.05 
2.42 

The main control technologies implemented in the residential/commercial sector 
are the low-NCx gas and oil burners and the gas ceramic burner. Another significant 
contribution relative to the present emissions, is due to the fuel mix changes in the un
constrained cases, i.e. more natural gas, district heating and solar water heating. Another 
reason of improvement was the introduction of conservation measures in the sector. We 
have introduced, in the demand simulation model, values of specific energy consumption 
per unit of floor area which represents the recommendations of SI A 380/1 (Schweizerischer 
Ingineur und Architekten Verein). The extra conservation in the heating market and the 
electricity consumption results also to a system-wise reduction of NO* and S 0 2 emissions. 
The extra conservation measures refer to a continuous improvement of the building code, 
obtained by insulation, new tripled glazed windows, waste heat recovery and the introduc
tion of passive solar systems. All these systems, their costs and the e\pected potential is 
described in [17] and they are implicitly included in a "conservation supply curve * assumed 
in this study. 
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Fig. 8.7: The NOx balance in the residential/commercial sectors 
Left: unconstrained, Right: NO z constrained cases. 
The NO. emissions are reduced to around 3 ktons per year in the constrained cases, mostly 
due to the introduction of low NOx burners and the implementation of more efficient end-
use technologies (gas, district heating and solar heat) and conservation options. 
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Table 8.5: Transportation sector, NOx emissions for the year 2025 (ktons) 

Scenario 

gasoline car 
diesel car 
methanol car 
small trucks 
diesel truck 
methanol truck 
diesel car/bus 
methanol bus/car 
motorcycle/ moped 
rest 
total 

EGES 
BUWAL 

1985 
M9. 
0.6 

18.8 
37.5 

2.9 

0.8 
5.5 

185.1 

MARKAL 
reference 

free 
7.2 
12.8 

0.8 
14.5 

1.1 
0.9 
2.25 
39.6 

MARKAL 
reference 

constrained 
7.2 
11. 
0.1 
0.8 
9. 

1.84 

1.1 
0.9 
2.25 
34.1 

MARKAL 
status-quo 
constrained 

10.4 
6.2 
0.55 
0.8 
9. 

1.84 

1.1 
0.9 
2.25 
33. 

MA JtKAL 
phase-out 

constrained 
8.7 
6.7 

0.01 
0.71 

9. 
1.84 

1.1 
0.8 

2.25 
31. 

The improvements in the transportation sector are due to the use of gasoline cars 
with regulated catalytic converters (3 way-cat), which are fully implemented and the use of 
diesel cars with improved motor performance. Diesel cars are assumed to meet the US-83 
norms by using the Comprex system of Asea Brown Boveri. 
Sensitivity analysis performed to test the model reaction in the case that the Comprex 
system can not be commercialized, has shown the following changes in the results: 
Gasoline cars, methanol and electric cars substitute for diesel cars, in the reference case, 
while in the nuclear phase-out case only gasoline and methanol cars are the substitutes. 
The final energy consumption and the system costs are increased. 

Methanol covers 1.8% of total final energy use for transportation. Different processes 
are introduced for the production of methanol based on gas, coal and biomass (wood). 
Hydrogen cars, as non-competitive, were not implemented. Electric cars were penetrating 
the market for intracity transport and up to their upper bounds, in the reference NO* 
constrained case. In the nuclear phase-out case electric cars were not introduced due to 
high marginal electricity prices. Fiscal charges are not applied to alternative transportation 
fuels, like methanol and hydrogen. 
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Fig. 8.8: The NOx balance in the transportation sector 
Left: unconstrained, Right: NO, constrained cases. 
The transportation sector is the sector where most of the NO, reduction takes place. 
Firstly, due to the implementation of the 3 way-cat for gasoline cars and then due to the 
introduction of effective trucks and diesel cars. Methanol buses and electric cars are also 
implemented, but to a marginal level. 
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8.4 Cost analysis 

The cost differences among the unconstrained and the emission restricted cases analysed 
with MARKAL are less than 1% of the total energy system cost. 
This cost difference is low, but one should take into account that: 

• The technical measures defined by the valid LRV are simulated in the model and 
their cost was included in the unconstrained cases. This is, for example, the case in 
the transportation sector. 

• The cost of abatement technologies introduced in the other sectors is not high due 
to the low quantities of N0X to be abated. 

There are different ways to present the cost estimations in the model. The costs differ
ences given here are a very simple calculation based on information included in the model 
data. As it was explained before, the final energy use and the fuel mix in the residential, 
commercial and industrial sectors is almost identical. The cost difference is therefore due 
to the introduction of a few control technologies and it can be easily estimated out of the 
data base of the model. It follows a table accounting the cost difference by control tech
nology in the reference case. The results given in the table are illustrative. More exact 

Table 8.6: Annual cost difference due to N O , 
constraint, Reference case 2025 

Sector 

Residential/Comm. 
Residenti al / Comm. 
Industry 
Industry 
Industry 
Industry 
Transport 

total 

Technology 
description 
low-Nox burner 
ceramic burner 
high temp. 
denox/desox, oil 
denox/desox, coal 
gas, ceramic burner 
methanol, (no fiscal 
charges applied) 

cost in 
Fr/kg NOx 

9. 
13. 
4.4 
13. 
8.8 
13. 
-

reduction 
NOx (ktons) 

2.8 
5. 
8. 

2.9 
4.9 
1.9 
5.4 

Total cost 
106Fr 
25.2 
65. 
35.2 
37.7 
43.1 
24.7 

-

231. 

information is given by the following figures which defines the trade-off among the energy 
system cost and the emission reduction due to the NOx constraint. The average annual 
cost difference among unconstrained and N0Z constrained cases vary between 200 to 230 
Million SFr, without including the cost of reducing the emissions of non-energy uses, and 
oil refining. 
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Fig. 8.9: The trade-off curve due to the NO, constraint. 
1: unconstrained, 2: constrained to 67 ktons after the year 2000, 
3: the reduction of NOx emissions continues to around 45 ktons. 
The figure shows the cumulative system cost increase necessary to meet the goal of the 
LRK, versus the cumulative reduction of the N0X emissions for the period among 1983 to 
2028. The 'Moratorium' case shows the highest system costs. 
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9 The implications of the C 0 2 constraint 

The imposed C 0 2 constraint (on the top to the NO* and to S02) is defined according to 
the recommendations of the Toronto conference, i.e. a 20% reduction of present emissions 
by the year 2005 and a 50% reduction by 2050. Since the time horizon of this analysis is 
ended by the year 2025, a 33% reduction is imposed by this year. In the nuclear phase-out 
case the imposed C0 2 constraint was relaxed in order to avoid infeasibilities. The imposed 
reduction of emissions was 20% of the 1985's emissions by the year 2025. The following fig. 
9.1 gives the CO2 balance per fuel for the unconstrained and the C 0 2 constrained cases, 
in order to understand the imposed limits. 

Fig. 9.1: C 0 2 emission balance by fuel 
left: C 0 2 free; right: C 0 2 constrained, 
top: nuclear free; down: nuclear constrained. 
The imposed C0 2 emission constraint was 67% of 1985's emissions, in the nuclear free 
and the nuclear phase-out case. The constraint was released in the nuclear phase-out case, 
(80% of today's emissions) to avoid infeasibility. The coal and oil emissions are reduced, 
while the gas emissions remain in the same order of magnitude. 
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The model estimates the annual emission of CO2 out of the primary energy balance and 
the assumed coefficients per unit of energy and fuel type. The following table compares 
the coefficients used in this study with the coefficients used in other studies. There are 

Tfeble 9.1: C 0 2 emission coefficients in kg C 0 2 / G J 

Fuel 
coal 
oil 
gas 
carbonate rocks 

Dutch study[14] 
94. 
73. 
56. 
-

Edmonds-Reilly[16] 
87.3 
70.4 
50.3 
102. 

Swiss study 
89. 
75. 
59. 

-

some significant differences, among them which need a clarification.5 The municipal wastes 
and wood were not included in the C 0 2 balance. The Swiss numbers are taken from the 
working papers of the EGES study, while the main difference concerns the emissions of 
gas. The adoption of the USA coefficients would have resulted to a reduction of the total 
emission for Switzerland. The problem remains, anyhow, the same; one has to reduce by 

20% or 50% the emissions of the year 1985. 
The high value in the emission coefficient of gas makes inter-fossil fuel switching less 
competitive. The expected changes in our results are marginal. On the other hand, the 
uncertainty associated to the CH4 losses in the gas networks is so high that it doesn't make 
sense to modify the coefficients now. 
One should mention, as a final remark, that all scenarios assume a life style which is a 
continuation of the present traditions. C0 2 abatement technologies and final disposal, for 
example to the ocean, are also excluded as technical possibilities to solve the problem. 
We believe that in the present phase of the analysis is not appropriate to either assume 
life style changes, or complex technical solutions, as potential strategies against the C0 2 

problem.[12] On the other hand, it is important to consider these options as alternative 
strategies for analysis in the future. In the case that life style changes could be a potential 
strategy, then the C0 2 emission reduction by 33% is probably feasible, also in the nuclear 
phase-out case. 

5A more detailed analysis should be done taking into account the coal content and the calorific value of 
gas and of the different oil products used in the country. 
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9.1 Energy balance 

The primary energy consumption increases between the years 1985 and 2025 by 20-4% in 
the reference case, and by 11% in the status-quo case, while the primary energy use in 
the nuclear phase-out case is reduced by 8%. The final energy consumption shows similar 
trends as the primary energy but it increases at lower rates than the primary energy. 
The primary energy use per unit of GDP is reduced by 43% to 56% in these COs constrained 
cases, (the energy per unit of GDP has been increased by 14% between the years 1970 to 
1985). 

Table 9.2: Some results for the Reference, Status-quo 
and the Nuclear phase-out cases 

C 0 2 emission constrained development 

Energy in P J / a 

nuclear 

renewables (including 
wood and wastes) 
oil 
gas 
coal 
total primary 
Final energy 
(electricity) 
Indicators 

primary/GDP (MJ/Fr70) 
primary/capita (GJ) 
ton CG^/capita 

Statistics 
1985 
232 
158 

497 
59 
21 

988 
724 

145 
Statistics 

8.98 
153. 
6.56 

Reference 
2025 
505 
285 

268.5 
111.4 

20 
1190 
746 
235 

Reference 
5.12 
173 
4.14 

Status-quo 
2025 

209 
443 

265 
115 
20.4 

1052.5 
711 

203 
Status-quo 

4.54 
153 
4.14 

phase-out 
2025 

-

431.5 

311 
150 
20.4 
913 
689 

169.5 
phase-out 

3.94 
133 
4.94 
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Figure 9.2 compares the primary energy distribution for the unconstrained and CO» 
constrained cases, while the following figure 9.3 gives the penetration of conservation mea
sures. 
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Fig. 9.2: Pr imary energy balance by fuel in P J / y r 
left: C 0 2 free; right: C 0 2 constrained. 
top: nuclear free; down: nuclear constrained. 

The imposed CO2 emission constraint results to significant changes: 

• fossil fuel use is substituted by renewables, 

• the combined effect of the nuclear and the CO2 constraint stabilizes and even reduces 
energy consumption below the present levels 
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Fig. 9.3: Penetration of conservation measures in PJ of final energy 
left: C 0 2 free; right: C 0 2 constrained. 
top: nuclear free; down: nuclear constrained. 

• In the nuclear free case, conservation is introduced only in the heating market, while 
in the nuclear constrained case, conservation measures penetrate both the heat and 
the electricity market. 

• The combined CO2 and the nuclear constraint results to energy savings of 20% of 
the present consumption. 
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The first important conclusion is that the Toronto recommendations can be ful
filled in both , the reference and the status-quo cases. The required reduction for 
the nuclear status-quo case is around 41% of the calculated emissions of the unconstrained 
case, in the year 2025. The nuclear phase-out presents problems when the CO2 reduction 
is above 25%. 
The key options in obtaining the Toronto goals in the nuclear constrained cases, are con
servation and alternative energy systems (they are implemented to almost their maximum 
potential considered in the study). In the nuclear unconstrained case conservation is al
ways important but the renewables are implemented mostly in the heating market, since 
nuclear energy is more competitive than solar electricity. Natural gas (or inter-fossil fuel 
switching) is not sufficient enough to meet the Toronto goals. Sensitivity analysis on the 
C 0 2 reduction level shows that a 20% to 25% reduction could have been resulted to a full 
implementation of natural gas. A 33% reduction of C 0 2 emissions can only be obtained by 
switching to renewables. A nuclear capacity of 5.7 GWe is implemented, in the Reference 
case, which is less than doubling of the present installed capacity.' 
6 

The role of nuclear energy, in the nuclear constrained cases, is taken up by solar pho
tovoltaic and the solar tower concept. Electricity is used for electric heat pumps in the 
residential and service sectors and for electric cars in cities. Wood is implemented to 
its maximum potential considered (55 PJ). Part of wood resources is used for methanol 
production and part for the heating market. Other renewables like solar water heating, 
geothermal energy and biogas are implemented in both cases, but to a lesser extent. The 
nuclear district heating is competitive, but its potential has been restricted to 15 PJ. What 
is very significant is the conservation potential of electricity use and heat, which is imple
mented to almost its maximum. 

6Although nuclear eneigy was free, the electricity market has been constrained. The electricity market 
and the nuclear district heat was constrained as indicated in table 5. 
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9.2 Contribution to CO2 reduction 

The next Fig. 9.4 defines the reduction of COj emissions among the free and the con
strained scenarios, defining the contribution of: 

• inter-fossil fuel switching 

• nuclear energy 

• renewables, and 

• conservation. 

The exact definition of the different components is given in the Appendix. Since COj 
abatement systems were not considered, most of the reduction is due to fuel switching to 
non-fossil fuels (renewables and nuclear energy) and conservation. On the other hand the 
inter-fossil fuel switching is not significant. The contribution of the explicit conservation 
measures (according to the definition used in the Appendix) is one of the CO2 reduction 
components. One should also consider the implicit technological change and conservation 
assumed in the simulation model, together with the fuel switching between the years 1985 
to 2025, introduced in the unconstrained case, which are much more significant. 
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Fig. 9.4: Contribution of various options to reduce C 0 2 emissions by 33% in 
the year 2025 for the Moratorium and the reference cases. 
(Figure taken from the Executive Summary of ETSAP.[14]) 
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9.3 Cost difference among scenarios due to C0 2 control 
The cost differences due to C0 2 constraint are high. There are different ways to express 
the cost difference. We distinguish among the average and the marginal cost per unit of 
CO] reduction. 
The average annual cost difference due to the C 0 2 constraint, between 1998 and 2028, 
is 3.8 billion, (in non-discounted SFru) for the Reference case and 4.6 billion Fr for the 
Status-quo case. The estimated cumulative cost difference is 114 Billion SFr in the Refer
ence case and 137 Billion SFr in the Status-quo case. These costs will continue to occur 
after the year 2025 since tho goal of the Toronto proposal is to reduce the emissions of 
the year 1985 by 50% and not by 33% as estimated in this study. The cumulative cost 
differences will then approach levels of the present GDP, or in other words the annual cost 
differences due to the C 0 2 constraint are in the range of 1.5 - 2 percent of the present 
GDP. These extra costs should not be understood as a GDP loss. The investment and 
labour costs required to meet the C 0 2 constraint will substitute imports of fossil fuels by 
using endogenous resources, conservation and nuclear energy. The increased cost of energy 
will effect prices and consumption. The estimation of the net GDP change requires the 
use of general equilibrium models, since neither the net change to GDP nor the change in 
the final energy consumption can be identified with the modeling approach used in this 
study. 

The average cost per kg COz reduction, as estimated out of the cumulative cost 
increase and the cumulative emission decrease, is .34 Fr/kg in the status-quo case and 0.44 
Fr/kg in the Reference case. Some examples are given in the Appendix which estimate 
the cost of C0 2 control for specific options. The nuclear constraint forces a higher use 
of fossil fuels. The required cumulative reduction of C 0 2 emissions in order to meet the 
'Toronto' goal is 260 Mtons in the Reference case and 409 Mtons in the Status-quo case. 
This explains why the annual costs are higher in the Status-quo case. 

The first actions taken in reducing emissions in the Status-quo case are due to inter-
fossil fuel switching i.e. when gas sustitutes for coal and oil, a relatively inexpensive 
change. More expensive measures, like the use of renewables and conservation in the 
electricity markets follow afterwards. Finally the average cost per kg C0 2 reduction is 
lower in the Status-quo case than in the Reference case. 

On the other hand, the discounted marginal cost per kg of C 0 2 reduction is 
again higher in the Status-quo case than in the Reference case. The estimated marginal 
cost is .75 Fr/kg in the Reference case and 1.1 Fr/kg in the Moratorium case. This 
information is estimated always in an optimization model which subjects to constraints. 
The discounted marginal costs is defined as the discounted cost increase per unit of C 0 2 

reduction, i.e. when the emission constraint is increased marginally, and it is estimated for 
changes close to emission levels which satisfy the Toronto goal. This cost is quite different 
than the average cost. The closer we move to the 'feasibility border' i.e. to the maximum 
possible reduction of C0 2 emissions, the more expensive it is to reduce emissions in a 
marginal sense. The nuclear energy improves the flexibility of the energy system (see also 
the trade-off curve), thus it is less expensive to get a marginal C0 2 reduction. 
Another possibility to express these costs is the trade-off curve which describes the 
cumulative system costs between the years 1983 to 2028 and the corresponding cumulative 
emissions of C0 2 . This is shown in the following Fig. 9.5. 
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Fig. 0.5: The trade-off curve due to the C 0 2 constraint for different scenario«. 
The required reduction in C02 emissions necessary to fulfill the Toronto recommendations 
(point 2) is very close to the maximum reduction possible (point 3). This demonstrates the 
fact that the energy system is not very flexible in reducing CO2 emissions. The flexibility 
is even lower in the nuclear Moratorium case (Status-quo). 

Point 1 of this Figure, for example, means that the cumulative system cost for 45 years is 
1795 10* SFr 1985, or around 40 10* Fr per year. (The system cost includes also investments 
for heating systems and for private cars and trucks and it is higher than the values quoted 
in the Swiss statistics). The cumulative emissions in the reference unconstrained case are 
1870 Million tons C02 . Point 2, represents a point in the trade-off curve which fulfills the 
Toronto goal. Point 3, refers to the maximum possible COj reduction with the present 
formulation of the model. Every point in this diagram is the result of an optimisation and 
contains the full description of the dynamic evolution of the system. 

The following conclusions are derived out of this figure: 

• the C02 unconstrained development in the reference case produces less emisnons 
than the nuclear constrained case and has more flexibility in reducing COj. 

• the cost difference among scenarios, for the same cumulative emissions, is consider
able. 

• The required reduction, in COj emissions, necessary to fulfill the Toronto recommen
dations (point 2) is very close to the maximum reduction possible. This illustrates 
the fact that the Swiss energy system, as being already very efficient, is not flexible 
in terms of C02 reduction and thus assumes high marginal costs. 

9.4 Sensitivity analysis 

The results presented before assume some differences in the scenario definitions which 
does not allow their direct comparison and especially the comparison between the nuclear 
Phase-out and the other cases. The 'Toronto' goal is not attainable with the present 
formulation of the model, although a 15f reduction in the private transportation sector 

-«» snius-auo 
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has been assumed. In order to get feasible and optimal solutions a relaxation of the C0 a 

constraint has been adopted which makes the results of this case not directly comparable 
to the other cases. Sensitivity cases have been therefore denned and analysed based on a 
procedure which makes the results for all cases comparable: 

• First, the transportation sector assumes the same demand for all cases. This was done 
by adopting the demand projection of the nuclear Phase-out case for all scenarios 
analyzed. The C02 constraint increases the shadow prices of fossil fuels in all cases, 
thus a demand reduction in the private transportation sector should be expected 
independently of the nuclear constraint. The model could be modified to express 
shifts in demand as function of shadow prices, but we don't know how to quantify 
the shift towards public transportation systems as function of marginal fuel price 
increase. It requires extra econometric analysis to answer this specific question and 
for price changes which differ from the present experience by more than 200%. It is 
not clear how the consumer behavior is going to change at this price level and if such a 
behavior is predictable. Since the estimated marginal costs of C02 control are higher 
in the nuclear Phase-out case, an even higher shift towards public transportation 
systems should be expected in this case. 

• Secondly, the 'feasibility boundary' due to the CO2 constraint has been specified for 
each case. This boundary is defined as the maximum possible reduction obtained for 
each scenario by minimizing the C0 2 emissions. This 'feasibility boundary' was then 
compared to the 'Toronto' recommendations. The 'Toronto' proposal is well outside 
the 'feasibility boundary' of the nuclear Phase-out case. There are problems also for 
the Moratorium case around the year 2005, related to the penetration rate of solar 
electricity and conservation assumed. An accelerated introduction of these options 
could have resulted to the fulfillment of the recommendations in this year, for the 
Moratorium case, but not for the nuclear Phase-out case. 

• Finally, a new set of constraints was defined for all three cases, which foresee a 
reduction between 18% to 27%, instead 20 to 33%, and the corresponding costs and 
shadow prices were estimated. Fig. 9.6 defines the estimated 'feasibility boundary' 
versus the 'Toronto' recommendations, while the corresponding table 9.3 gives the 
estimated results in terms of average costs and shadow prices. 
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Fig. 9.6: The 'feasibility range' due to the C 0 3 constraint for different scenar
ios. 
The required reduction in CO2 emissions necessary to fulfill the Toronto recommendations 
is also shown. The Nuclear phase-out cannot satisfy the 'Toronto' goal and the CO; 
constraint was relaxed for all cases in order to obtain comparable scenarios. 

Table 9.3: Cost and price differences among scenarios due to C 0 2 control 

definition Reference Status-quo Phase-out units 

Annual cost difference 1.6 

Average non-discounted cost .26 

Average discounted cost .19 

Marginal discounted cost .30 

2.3 

.22 

.17 

.43 

5.8 

.49 

.26 

.60 

109Fr/a 

Fr/kg 

Fr/kg 

Fr/kg 

• The average non-discounted cost per kg CO2 reduction is defined as the cumulative 
increase in the investment and the fuel cost to the cumulative decrease of the C02 

emissions. 
S4A(/t + Ft) AN DC = (1) 
Y,tAECo7,t 

A means the difference of the function defined due to CO2 control. The objective 
function Z of the model is; 

Z = Ef( J« -St + Ft) * (1 + «Q-1 

• The average discounted cost per kg CO2 is: 

ADC = 
AZ 

AEco, 

(2) 

(3) 
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• Finally, the marginal cost per kg C 0 2 reduction, due to the CO2 constraint, is defined 
as the change in the objective cost function Z, per unit change in the emissions, at 
emissions levels which satisfy the Toronto goal. 

It refers to investments done in year t, 
St refers to the salvage cost of investments done in year t, 
Ecoi refers to the CO2 emissions, 
Ft refers to the fuel cost in year t, and d is the discount factor. 
(For the exact definition of the objective function, the salvage cost and the discounting 
procedure see Appendix II on MARKAL.) 

Of interest is the difference in the annual C 0 2 emissions between the Reference and 
the Phase-out case. This explains the high annual cost difference among these two cases. 
Examining table 9.3 we see again that the average cost in the Moratorium case is lower 
than the corresponding cost in the Reference case (although the C 0 2 constraint was re
laxed). The average cost in the nuclear Phase-out case are higher than the cost in the 
Reference case because the system is forced to operate close to the 'feasibility boundary'. 

The marginal C 0 2 control cost in the Moratorium case, is by 43% higher than the 
marginal cost in the Reference case (0.3 Fr/kg). The marginal cost in the nuclear Phase-
out case is twice as high as the cost in the Reference case. 

A conclusion becomes apparent when examining this C 0 2 control cost: The Toronto 
recommendat ion is unrealistic because it will punish countries which have a 
very efficient C02 energy sys t em, like Switzerland, in favour of countries which 
produce high values of C02 per unit of energy or value added. Another ap
proach should be found based on the global treatment of the problem. 

Instead of asking for a uniform reduction of CO2 emissions for each country, a global 
reduction should be specified, sufficient to stabilize the global climate and derive the proper 
policy, for example carbon tax, based on a global assessment of the problem. This tax will 
specify optimal allocation of investments to each country, but at different rates of CO2 
reduction per country. 
Instead of looking only the CO% emissions one should extend the analysis to all trace-gases 
using the concept of Global Warming Potentials, even if these potentials are uncertain. 
These two options could lead to a reasonable and balancing set of actions in the interna
tional and national level. 
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10 Final conclusions 

The study follows the scenario approach, using the linked energy demand model SMEDE 
and the energy allocation model MARKAL, to specify the trade-off among the energy 
systems cost and the emission reduction as well as among supply and conservation. The 
methodology applied identifies the best choice of actions among fuel switching, rational 
energy use, renewables and abatement technologies. It is therefore an adequate method to 
study long term structural changes, in the energy system, due to the imposed constraints on 
emissions. Its main contribution is that it produces consistent and quantified results which 
allow initiation of constructive discussion about potential solutions, among the different 
disciplines involved in energy systems analysis and planning. Markal is a "normative'" 
model and allows analysts and decision makers to explore different technical options for 
change; it does not simulate the behavior of the energy sector. 

Models are always an abstraction and simplification of the real world. The basic disad
vantage of the model is the incomplete description of all candidate technologies which could 
eventually, contribute to emission control. In these runs we have excluded, for example, 
the synthetic coal liquefaction and gasification by using nuclear process heat, as well as 
separation of C 0 2 and its final disposal for example to the ocean. We have also excluded 
life style changes which are probably necessary measures to master the CO2 problem and 
they have always to be treated as exogenous to the model assumptions. 

Other problems refer to the exogenous set up of fuel prices. Global strategies against 
the CO2 problem could increase the market price for natural gas. Although the shadow 
prices of fossil fuels is an internal adjustment of the fuel price assumptions, the present 
formulation of the model is not resulting to a reduction of useful demand constraints other 
than the penetration of conservation measures considered. The model does not consider the 
equilibrium between economic growth and the energy system, where the high investments 
required for C 0 2 control could have negative feed-backs on assumed economic growth. 

Apart of these disadvantages, the analysis presented helps to understand and quantify 
the main issues of the Swiss energy system and to derive some conclusions based upon the 
estimated results, keeping always in mind the limitations discussed before. 

The N O j and the S 0 2 emissions in Switzerland can be fixed by abatement 
systems at an acceptable cost t o the desired policy goals, the N O z constraint 
remains critical also in the year 2000. 
The average costs is around 7-8 Fr /Kg N0 Z reduction or 200-230 Million Fr per year. The 
LRV must be revised. In fact the Canton of Zurich has already introduced a new law which 
makes the low-NO* technology in the residential and service sector mandatory. The law 
foresee emissions per source of approximately 80 to 100 mgr/m3 of flue gas. Discussions 
are under way to apply these limits for the whole country. 

Critical is also the implementation of low NOx technology and denoxing systems, in 
the different industrial branches, within the next 10 years. A more detailed analysis by 
sector and process is necessary to understand better the associated cost and the expected 
reduction of emissions in the high temperature processes. Again, the successful implemen
tation of improved diesel trucks and cars (Comprex?) is a prerequisite to meet the goals 
of the LRK. 

However, one should mer'ion that these limits and the proposed LRK policy goal on 
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emissions, do not guarantee that the ambient air quality standards in cities will be satisfied 
under all weather conditions. City specific measures and especially the shift towards public 
transportation systems, on the top to the abatement systems, is probably a necessary 
policy. Efforts are undertaken to study the problem of smog situations in cities and the 
effectiveness of abatement systems and traffic shifts, using detailed atmospheric dispersion 
and chemical reaction models and detailed experimentation at PSI and other laboratories 
in the country and abroad. 

T h e r educ t i on of t h e C 0 2 emiss ions , is associated with significant structural 
changes of the Swiss energy s y s t e m and relatively high investments . 
The model results indicate that the imposed policy goals of the Toronto conference could 
be satisfied for the Reference and the Nuclear Moratorium cases. A higher than 25% to 
27% reduction of CO2 emissions, by the year 2025, together with a nuclear phase-out is 
almost an impossible situation. 

The high C 0 2 control cost for Switzerland results from the structure of the energy 
system i.e. the low fraction of coal in the primary energy and an electricity generation 
system based upon hydro and nuclear energy. This situation makes inter-fossil fuel substi
tution insufficient to meet the Toronto recommendations and demands conservation and 
renewables. 

The nuclear constraint and the CO2 constraint, either acting independently or simul
taneously, favour conservation and renewables, but at considerably high costs. Effective 
energy policy is a prerequisite to satisfy these constraints. 

The model results indicate that time is another critical parameter in the energy mar
kets. The period between the years 2000 and 2005, is critical for satisfying the NO» 
and C 0 2 constraints, and the period 2020 to 2025 for the nuclear constraint combined 
with the CO2 constraint. This is not only related to the realization of the LRK goals, 
which needs the introduction of abatement systems to almost all energy sectors. The most 
difficult issue is the realization of conservation measures in the heating market and the 
electricity market, together with an accelerated use of renewables for electricity generation. 

At the moment, Switzerland produces 6.5 tons of CO2 per capita, without possession 
of coal power stations. In the case of a Moratorium the emissions will reach 6.9 tons/cap 
and this in a form of highly dispersed sources. The reduction, therefore, to 3.2 tons/cap, 
as proposed by the Toronto conference, has to be done by expensive conservation and 
electricity generation systems using renewables. There are other measures more efficient in 
reducing the CO2 emissions than the ones estimated in the model. Global strategies could 
be based, for example, on reforestation and the use of biomass as energy fuel, or regional 
solutions which capitalize on specific advantages in the use of renewable energy (for example 
the Sahara desert), or extensive use of nuclear process heat for coal liquefaction in remote 
areas. These options should be investigated in correlation with national conservation 
measures and policies, in order to define a balance between the national and international 
actions. Although the situation in terms of the global warming effects of the CO2 emissions 
and other trace gases could become critical, the formulation and realization of effective 
energy policy against the green-house effect is going to be a challenge requiring coordinated 
global analysis and actions. 

The analysis done with these models indicates that the best choice is a combination of 
the nuclear option and an enhanced use of conservation and renewables, in the heating 
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market. In the case of a nuclear moratorium or a phase-out of nuclear energy, enhanced 
conservation policy in the electricity market is a prerequisite. Conservation and the use of 
renewables in the heating market are introduced at an even higher level. 

The international community might initiate policies like a CO} taxing scheme, where 
the taxes will be proportional to the emission release per unit of energy content (carbon 
tax, see Appendix II for more details concerning the implications of carbon taxes). The 
revenues could be used to support conservation measures and the use of renewables or to 
reduce other taxes. Technology transfer to third world countries and reforestation policies 
are in discussion.[16,18] 

To my opinion the C0 2 problem is a good chance to introduce an effective energy policy 
in Switzerland towards the realization of a rational energy future. The nuclear option is a 
polarizing issue in the country. There are, on the other hand, some common policy targets, 
with or without nuclear energy, which could be accepted as a minimum compromise. This 
concerns conservation measures and the use of renewables in the heating market, new 
norms for devices and improved building code and eventually a policy towards marginal 
tariffication in the electricity markets. Subsidies for conservation measures and alternative 
electricity generating systems, could be also introduced, if the carbon tax is going to be 
accepted. 

The "logistic growth" associated with the penetration of new technologies in the energy 
market is the limiting factor for an implementation of these systems in a significant manner. 
Therefore, time is the most critical resource in energy policy and decisions should be taken 
now towards a realistic policy for a sustainable energy future. 
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11 Appendix I: SMEDE; equations and interface to 
Markal 

It follows a short description of the equations used to define the bottom-up engineering 
simulation model SMEDE and its interface to MARKAL. Some data and results for the 
'reference" case are also included to complete the description. The exact model structure, 
equations, assumptions and results are given in [6]. 

11.1 Industrial sector: 

Assuming as indexes the periods of simulation, t = 1, ...T, of duration ATt, we have the 
following formulation of the model: 
Time dependence of GDPt', 

GDPt = GDP^ * e*"AT' (4) 

Value-added per sector, VAj<t; 
VAjtt = GDPt*ajt (5) 

Energy consumption per industrial subsector Ejit; 

Ejt = VAjt*EIjt (6) 

Allocation to demand category DMm<t; 

DMmtt = £ Eit * limt (7) 
J 

GDP growth rates, gt, the distribution among subsectors, aJ)t, and the energy intensive-
ness, Eljt, are defined either as policy dependent scenario parameters, or out of other 
studies. The specific energy per subsector is assumed to be decreased to a theoretical min
imum based upon sectorial energy analysis outside the model. An endogenous treatment 
of the sub-sectorial GDP formation needs detailed macroeconomic models and econometric 
analysis. 
SMEDE defines the MARKAL demand category DMmt, for all the industrial subsectors. 
This could be changed to a sectorial disaggregation if information (i.e. technological alter
natives) is available to analyse in MARKAL explicitly the specific sector. 

11.2 Residential/Commercial sector 
• Energy use in Appliances: 

The electricity consumption of secondary appliances of the households is defined 
out of an ownership probability, which is supposed to follow a logistic curve, and 
a decay curve describing the energy consumption per appliance, which saturates to 
a theoretical value, Ego, with a half-life time, r. Policy affects £„, and r. The 
energy consumption of appliances could be correlated and normalised to the results 
of an econometric model for a 'reference' case. Any farther reduction of energy 
consumption is treated as the result of investments on conservation. MARKAL 
needs the specification of the "conservation supply curve", which defines conservation 
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potential vs its cost, for the whole set of the appliances used. 
Ownership: 

ft = ! + «—<£**-••> ( 8 ) 

Specific annual consumption: 

Et — E0 
= l _ e - « " ' * E , ^ « / - (9) 

-#00 — E0 

There are 18 appliances explicitly defined in SMEDE. 

• Space heating: 
The energy use for space heating and water heating is estimated out of the exist
ing housing stock, the demolition and retrofitting rate and the construction of new 
buildings. The specific energy consumption is defined out of the statistical analy
sis of the past and the building code, which subjects to policy improvements. The 
building balance is estimated for each category of buildings. The energy of existing 
buildings, per building category, Eit, is defined out of the number of buildings, Biu 

their surface, Fu, and their specific useful consumption per unit of surface SEn. 
Demolition balance per category of buildings, i.e. age and type: 

DBit = Biit_1*(l.-e*T"DR«) (10) 

Retrofit balance: 
RBit = /?<,<_, * (1. - eAT«*Äft«) (11) 

Old buildings available at t: 

Bit = £i,«-i - DBit - RBit (12) 

Energy of unchanged old buildings: 

Eü = Bti * Fi * SE0ti (13) 

Energy of retrofitted buildings at t: 

k=t 

ERit = Y,RB"*Fi* SER^i (14) 

Energy of new buildings: 

Water heating, old: 

Water heating, new: 

ENit = f,XBki*Fki*SENki (15) 
k=\ 

WHu = (Bki + f ) RBkt) * Fi * SWOki (16) 

WHNit = £ NBki * Fki * SWNki (17) 
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• Process heating for the commercial sector and electricity use for commercial appli
ances, are defined either as specific values per floor area, or they are defined out of 
econometric relations. 

The interface to MARKAL is directly defined by the selection of building categories which 
assume similar ranges of specific investment costs, per annual useful energy consumption. 
MARKAL needs also the specification of the "conservation supply curve" for space and 
water heating, which is estimated by assuming gradual improvements of the envelope per
formance, heat recovery and solar passive systems. The modeling of conservation integrates 
demand and supply options in the same framework. 

11.3 Transportation sector 

• personal transport: 
Personal transport is estimated out of the car ownership, the population, the average 
distance travelled by car per year and the load factor lft, per car. 
car ownership (logistic approach): 

MGt =
 M £ " . (18) 

person-km by car: 

car-km: 

pkmt = popt * MGt * Dt * lft (19) 

ckmt = popt * MGt * Dt (20) 

The total ckm are distributed to the different car types, while the energy consump
tion, ECt, is estimated out of the corresponding fuel economy t]mt. 
energy use: 

ECt = '£ckmt*ßmt/r1mt (21) 
TO 

• The consumption by other modes of transport is found by distributing the total pkm 
to the different modes, other than cars, and using their specific consumption and 
load factor. 

• Freight transport (Tons-km): The total load is estimated out of a relation which 
takes the GDP production in Switzerland and other European countries like Italy, 
BRD, and France. It could be also given as the result of independent studies. The 
total load is the distributed to the modes of transport, mainly trucks, local trucks 
and train, while the corresponding specific consumption per mode of transport is 
used to define the energy consumption. 

• International traffic: This is taken into account, in a similar way to freight traffic. 

MARKAL accepts the demand estimation of SMEDE in terms of total car-km or tonnes-
km, which refers to a 'Reference' development, and defines conservation directly, through 
the competition of the different existing and advanced transportation systems. Shifts 
towards public transportation systems are scenario dependent assumptions. 
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VALUE ADDED PER SECTOR (109SFÄ19TO) 

YEAR 1985. 1990. 2000. 2010. 2025. 

GROSS DOMESTIC PRODUCT 109.68 121.26 147. 180.73 231.63 

AGRICULTURE 5.15 5.46 5.44 6.33 7.53 
CONSTRUCTION 6.58 6.97 8.38 9.94 11.58 
MANUFACTURE 34.66 38.50 47.19 57.83 70.07 
SERVICES 63.33 70.33 85.99 106.63 142.45 

INDUSTRIAL DISAGGREGATION 

CHEMICAL INDUSTRY 
STONES/CLAY 
METALS 
MACHINES 
FOOD 
TEXTILES 
PAPER 
MISCELLANEOUS 

TOTAL FOSSIL USE 
FOSSIL FOR HEAT 
FOSSIL MA 

USEFUL UP TO 120 DEG. 
USEFUL 120-300 DEG. 
USEFUL ABOVE 300 DEG. 

5.11 
1.06 
5.62 
7.37 
4.13 
2.15 
0.60 
8.61 

6.34 
0.92 
6.52 
7.60 
4.94 
2.24 
0.65 
9.29 

86.63 88.17 
81.90 82.91 
4.73 5.26 

15.81 17.18 
12.27 13.37 
47.38 46.72 

9.20 
1.23 
7.55 
9.44 
5.85 
2.36 
0.71 
10.85 

11.86 
1.16 
8.68 
11.28 
7.52 
2.89 
0.87 
13.59 

14.71 
1.40 
10.16 
13.31 
9.46 
3.50 
1.05 
16.47 

180.60 193.47 

71.12 79.28 
26.84 28.42 
44.28 50.86 

101.58 109.48 114.19 
95.25 102.12 106.24 
6.33 7.35 7.95 

19.09 21.18 21.18 
15.10 17.74 19.49 
54.38 57.32 60.33 

GENERAL RESULTS FOR THE INDUSTRIAL SECTOR: FINAL 

YEAR 1985. 1990. 2000. 

TOTAL INDUSTRIAL ENERGY USE 135.29 140.33 162.66 

TOTAL ELECTRICITY USE 48.66 52.17 61.08 
ELECTRICITY FOR HEAT 20.08 21.34 23.85 
ELECTRICITY MA.+LIGHT 28.53 30.83 37.23 

ENERGY (PJ/YR) 

2010. 2025. 
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ACTIVITIES IN TRANSPORTATION (10* PKM OR TKM) 

YEAR 1985. 1990. 2000. 2010. 2025. 

TOTAL FREIGHT TRANSPORT 
TRUCK LOCAL 
TRUCK 
TRAIN 
BARGE 

TOTAL PERSONAL TRANSPORT 
TOTAL CAR TRANSPORT 

CAR MEDIUM SIZE 
LIMOUSINE CAR 
DIESEL CAR 
ELECTRIC CAR 

TRAIN 
BUS 
AUTOCAR 
TRAM 
AIRPLANE 
MOTORBIKE 
MOPED 

16. 
1.33 
5.33 
7.28 
0.16 

97.6« 
74.44 
49.13 
24.56 
0.74 
0.01 

11.04 
2.05 
2.15 
1.89 
1.47 
1.44 
3.22 

17.25 
1.47 
5.76 
7.71 
0.17 

104.01 
79.57 
52.52 
26.26 
0.80 
0.01 

11.44 
2.39 
2.29 
1.87 
1.66 
1.66 
3.12 

18. 
1.53 
6.12 
8.01 
0.18 

117.51 
90.48 
57.91 
29.86 
1.81 
0.90 

12.93 
2.70 
2.70 
2. 
2.23 
2. 
2.47 

18.60 
1.49 
6.32 
8.74 
0.19 

126.69 
96.29 
61.62 
31.77 
1.93 
0.96 

13.94 
3.29 
3.17 
2.09 
2.91 
2.41 
2.60 

19.50 
1.46 
6.53 
9.56 
0.19 

130.78 
99.40 
62.62 
32.80 
2.98 
0.99 

14.39 
3.40 
3.27 
2.09 
3.14 
2.62 
2.62 

ACTIVITIES PER MODE OF TRANSPORTATION (10'lf M) 

Y E A R 1985. 1990. 2000. 2010. 2025. 

TOTAL CAR TRANSPORT 
CAR MEDIUM SIZE 
LIMOUSINE CAR 
DIESEL CAR 
ELECTRIC CAR 

TRAIN (GBtkm) 
BUS 
AUTOCAR 
TRAM 
AIRPLANE 

37.03 
24.44 
12.22 
0.37 
0. 
32.66 
0.08 
0.09 
0.05 
2.44 

39.79 
26.26 
13.13 
0.40 
0. 
35.75 
0.10 
0.09 
0.05 
2.77 

45.24 
28.95 
14.93 
0.90 
0.45 
43.09 
0.11 
0.11 
0.06 
3.72 

48.14 
30.81 
15.89 
0.96 
0.48 
46.45 
0.13 
0.13 
0.06 
4.86 

49.70 
31.31 
16.40 
1.49 
0.50 
47.95 
0.14 
0.13 
0.06 
5.23 
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VERSORGUNGS-GRAD DER HAUSHALTE MIT GERÄTEN (-) 

JAHR 1985. 1990. 2000. 2010. 2025. 

Electro-Herd 
Kulschrä&ke 
Tiefkülgeräte 
Gcschirtspiler 
Waschmaschinen 
Wäschetrockner 
Farb-TV 
Video 
Radio 
Bügeleisen 
Staubsauger 
Kafeemaschine 
Toaster 
Fön 
Luftbefeuchter 
Elekt. Heinger. 
Dunstabtugshaube 
Bdenchtang 
EINWOHNER (MIO) 
HAUSHALTE(MIO) 

0.86 
0.98 
0.66 
0.36 
0.94 
0.19 
0.92 
0.19 
0.98 
0.99 
0.99 
0.76 
0.71 
0.94 
0.44 
0.45 
0.48 
1. 
6.49 
2.72 

0.89 
0.99 
0.76 
0.51 
0.97 
0.23 
0.98 
0.52 
0.99 
0.99 
0.99 
0.87 
0.77 
0.97 
0.46 
0.47 
0.63 
1. 
6.64 
2.89 

0.92 
1. 
0.86 
0.75 
1. 
0.27 
1. 
0.87 
1. 
1. 
1. 
0.94 
0.86 
0.99 
0.50 
0.49 
0.65 
1. 
6.83 
3.09 

0.94 
1. 
0.89 
0.86 
1. 
0.29 
1. 
0.90 
1. 
1. 
1. 
0.95 
0.90 
1. 
0.53 
0.52 
0.65 
1. 
6.91 
3.18 

0.95 
1. 
0.90 
0.89 
1. 
0.30 
1-
0.90 
1. 
1. 
1. 
0.95 
0.93 
1. 
0.56 
0.54 
0.65 
1. 
6.88 
3.18 

SPEZIFISCHER STROM-VERBRAUCH PRO GERÄT (KWH/JR) 

JAHR 1985. 1990. 2000. 2010. 2025 

Electro-Herd 
Külschränke 
Tiefkülgeräte 
Geschirrspüler 
Waschmaschinen 
Wäschetrockner 
Farb-TV 
Video 
Radio 
Bügeleisen 
Staubsauger 
Kafeemaschine 
Toaster 
Fön 
Luftbefeuchter 
Elekt. kleinger. 
Dunstabsugshaube 
Beleuchtung 

1060. 
320. 
360. 
420. 
320. 
460. 
110. 
20. 
30. 
50. 
25. 
60. 
25. 
15. 
150 
240. 
75. 
480. 

1038.14 
306.80 
337.72 
3&4.C1 
303.50 
441.02 
102.27 
20. 
30. 
50. 
25. 
60. 
25. 
15. 
143.42 
235.05 
75. 
496.87 

1007.01 
288. 
306.01 
357.01 
280.01 
414.01 
94. 
20. 
30. 
50. 
25. 
60. 
25. 
15. 
137.65 
?28. 
7J. 
514.91 

987.40 
276.16 
286.03 
333.70 
265.20 
396.99 
90.52 
20. 
30. 
50. 
25. 
60. 
25. 
15. 
135.84 
223.56 
75. 
522.50 

970.70 
266.08 
269.02 
313.85 
252.60 
382.49 
88.69 
20. 
30. 
50. 
25. 
60. 
25. 
15. 
135.15 
219.73 
75. 
526.50 
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BUILDING BALANCE (in thousand units) 

YEAR 1985. 1990. 2000. 2010. 2025. 

OLD S F H UP TO 1947 
OLD S F H 1947 TO 1980 
OLD M F H UP TO 1947 
OLD M F H 1947 TO 1980 
OLD COMMERCIAL 

355.93 
324.17 
79.96 
148.18 
128.88 

340.14 
309.79 
76.41 
141.61 
123.16 

307.26 
279.84 
69.03 
127.92 
111.25 

271.93 
247.67 
61.09 
113.21 
98.46 

217.13 
197.75 
48.78 
90.40 
78.62 

RETROFITTED BUILDINGS (cumulative fiom 1980 in thousand units) 

SFH UP TO 1947 
SFH 47 TO 80 
MFH UP TO 47 
MFH 47 TO 80 
COMMERCIAL 

NEW BUILDINGS (cumulative from 1980 in thousand units) 

9.10 
8.29 
2.05 
3.79 
3.30 

21.35 
19.44 
4.80 
8.89 
7.73 

47.50 
43.26 
10.67 
19.77 
17.20 

76.74 
69.89 
17.24 
31.95 
27.78 

121.53 
110.69 
27.30 
50.60 
44. 

NEW S F H 
NEW M F H 
NEW COMMERCIAL 

ALL BUILDINGS per period 

ALL S F H 
ALL M F H 
ALL COMMERCIAL 

70.50 133.50 
18. 37.75 
10.80 15.80 

thousand units 

767.99 824.22 
251.98 269.46 
142.97 146.69 

260.50 
77.75 
25.80 

938.35 
305.14 
154.25 

347.10 
103.75 
35.80 

1013.33 
327.24 
162.05 

420.60 
131.20 
50.80 

1067.70 
348.28 
173.42 

TOTAL HEATED SURFACE 109m2 

ALL S F H 
ALL M F H 
ALL COMMERCIAL 

123.04 
161.59 
113.50 

132.47 
173.80 
116.70 

152.45 
200.82 
123.55 

166.76 
220.50 
131.06 

179.24 
243.89 
142.96 

RESIDENTIAL SECTOR USEFUL ENERGY (PJ/YR) 

YEAR 1985. 1990. 2000. 2010. 2025. 

OLD... S F H 53.38 51.01 46.08 40.78 32.56 
OLD... M F H 63.19 60.39 54.55 48.28 38.55 
RETRO S F H 
RETRO MFH 
NEW... S F H 
NEW... MFH 
WATER S F H 
WATERMFH 11.61 12.44 14.19 15.34 16.52 

COMMERCIAL SECTOR USEFUL ENERGY (PJ/YR) 

Y E A R 1985. 1990. 2000. 2010. 2025. 

OLD.. COMMERCIAL 57.23 54.69 49.41 43.73 34.91 

0.92 
1.12 
6.41 
5.35 
6.64 

2.15 
2.63 
9.78 
9.24 
7.13 

4.79 
5.85 
16.67 
17.35 
8.15 

7.47 
9.08 
21.50 
22.90 
8.83 

11.45 
13.86 
25.07 
28.02 
9.36 
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1.20 
4.80 
3.40 

2.63 
6.65 
3.49 

5RGY (PJ/YR) 
71.54 
1.50 
6. 
5.67 
55.10 
12.10 
4.44 

156.34 
383.70 

68.37 
3.24 
8.18 
5.70 
60.69 
13.38 
4.59 

154.15 
401.64 

4.88 
9.97 
3.68 

61.76 
5.83 
11.90 
5.77 
72.12 
16.01 
4.35 

177.75 
432.13 

7.15 
12.49 
3.88 

54.66 
8.29 
14.48 
5.85 
83.59 
18.64 
4.81 

190.33 
449.88 

10.50 
15.73 
4.18 

43.64 
11.66 
17.48 
5.97 
100.86 
22.60 
5.27 

207.49 
460.90 

RETRO COMMERCIAL 
NEW.. COMMERCIAL 
WATER COMMERCIAL 

OLD.. COMMERCIAL 
RETRO COMMERCIAL 
NEW.. COMMERCIAL 
WATER COMMERCIAL 
PROCESS-HEAT COMMERCIAL 
ELECTRICITY P-H COMMERCIAL 
DIESEL-AGRICULTURE 

TOTAL COMMERCIAL 
TOTAL RESID./COMMERCIAL 

TOTALE STROM-VERBRAUCH DER GERÄT-TYPEN (GWH/JR) 

JAHR 1985. 1990. 2000. 2010. 2025. 

Electro-Herd 2474.94 2657.70 2868.20 2939.91 2917.13 
Külschiänke 
Tiefkülgeräte 
Geschirrspüler 
Waschmaschinen 
Wäschetrockner 
Farb-TV 
Video 
Radio 
Bügeleisen 
Staubsauger 
Kafeemaschine 
Toaster 
Fön 
Luftbefeuchter 
Elekt. kleinger. 
Dunstabzugshaube 
Beleuchtung 1301.30 1429.77 1589.02 1658.30 1671.47 

VERBRAUCH G1-G18 8101.45 8942.89 9867.29 10129.03 10006.03 

856.17 
651.26 
410.79 
819.58 
236.38 
274.16 
10.59 
80.27 
134.92 
67.46 
124.35 
48.58 
38.31 
177.77 
296.19 
98.42 

877.24 
743.04 
581.75 
853.10 
289.22 
288.81 
29.97 
85.78 
143.42 
71.71 
150.32 
55.79 
41.82 
190.11 
317.57 
135.73 

887.69 
813.01 
832.25 
861.17 
350.69 
290.14 
54.01 
92.47 
154.08 
77.04 
173.78 
66.19 
45.90 
212.59 
348.48 
150.60 

876.41 
807.73 
909.16 
841.53 
367.97 
287.47 
57.10 
95.21 
158.59 
79.29 
180.67 
71.71 
47.50 
228.79 
366.85 
154.83 

844.81 
767.56 
891.32 
802.05 
362.75 
281.62 
57.16 
95.25 
158.70 
79.35 
180.98 
74.15 
47.61 
240.74 
378.57 
154.80 
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12 Appendix II: The model MARKAL, equations and 
the carbon tax 

12.1 General structure of the model 

MARKAL7 is a time-phased L.P model which is structured around a representation of 
the energy system of a country. The variables of the model characterize the various forms 
of energy from the sources of supply to the end-use devices, the sources of energy to the 
energy system and the installed capacities of the different technologies. 
The following Fig. represents, in a schematic way, the energy flows of the model. The 
model equations describe the balance of energy carriers, the capacity build-up, the load 
management for electricity, and the use of resources. 
The objective function of the model refers to the discounted energy system cost for the 
time horizon of the analysis. Other objective functions could be specified describing the oil 
imports, the use of renewables and the environmental emissions. Multiobjective analysis 
is a usual technique applied to define the trade-off among objectives. A n approach is 
defined, at the end, which allows to specify optimal control of CO* emissions 
to a desired policy level, by the introduction of a carbon tax on fossil fuels. 
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I 
Fig. 2.1 Energy flows in MARKAL. Source ref.[7j. 

The model distinguishes among technologies and the system sources of supply: 
The sources of supply cover all possibilities by which energy can enter or leave the system. 
This includes imports, exports and mining. Another possibility exists which allows to 
stockpile a resource in one period to be used in a subsequent period. 
Technologies are divided to three groups: 

7MARKAL has been mainly developed at BNL, USA and KFA-Jülich, BRD for the IEA Energy Tech
nology System Analysis Project. The specification of the model equations and its data base is the outcome 
of many technical meetings among the project participants. The participants have discussed, modified and 
tested the model in a series of studies. The Swiss version of MARKAL is implemented under VAX-VMS 
operating system. A data base with technology description and the demand simulation model SMEDE, both 
developed at PSI, generate the input data for MARKAL. 
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• Processes; which convert one or more energy inputs to different energy outputs. 

• Conversion systems; for electricity generation and/or heat. 

• Demand devices; which compete to satisfy the end-user's demand markets. 

12.2 The input data 

The input data of the model are divided in two parts: 

• Dictionary: 
The first part, called the "dictionary", defines classes of symbols representing the 
technologies, the resources and the fuels used. All these data names are defined by 
the user and they are related to the "reference energy system" of the country. Some 
general constants, like the discount rate, are also defined in this part of the data. 

• Data tables: 
The second part describes technology related data entries, like energy inputs/outputs, 
economic data, environmental data, and technical potentials. Other tables are re
lated to the resources used (availability and price), and the time evolution of energy 
demand. The technologies are distinguished to: 

- Processes; which convert one or more energy inputs to different energy outputs. 

- Conversion systems; for electricity generation and/or heat. 

- Demand devices; which compete to satisfy the end-user's demand markets. 

The input data tables include the following information: 

• energy data, 
they specify the fractional distribution of energy inputs and outputs to a system, for 
example efficiency etc. 

• economic data, 
they define the total investment cost per unit of installed capacity or per unit of 
energy flow through the system, 
fixed operation and maintenance cost, 
variable cost, other than fuel cost, which is proportional to the energy flow, 
technical life time, 
technical potential as function of time, and eventually 
growth rates of system's implementation. 

• environmental data, 
they refer to emission coefficients per unit of energy flow. Emissions could be also 
related to new capital investments. 

• Resources and prices: 
The energy sources to the model are defined as imports, exports, mining and stock
piling. For each of these resources the availability and their price should be defined. 
Mining requires, eventually, energy inputs which should be also defined. 



65 

• Demand data: 
The demand evolution as function of time and its load distribution should be de
fined for each demand category specified in the dictionary. The load distribution is 
important for defining the management of electricity and district heat. 

12.3 Indexes, variables and equations 

It follows a mathematical description of the model equations through a set of indexes, 
variables and parameters. The exact description given in [7], is not easy to read due to the 
extended size of the report needed to describe all the model options. The purpose of the 
description given here is to define the most important characteristics of the model without 
getting lost in details. The option of stockpiling energy fuels with period -to- period flow 
lags (for example fabrication/reprocessing of nuclear fuel) is not described here. We don't 
describe also storage systems and processes with variable outputs. 

12.3.1 Indexes 

• t = 1,.., T is the period index, (usually periods of five years are assumed); 

• h = l,..,H is the year division index; (summer-day, summer-night, winter-day, 
winter-night, intermediate-day, intermediate-night). 
Accordingly, the time duration of each division of the year is given by the parameter 
6h, i.e. duration of winter-day= 1/2 * 2/3, of winter-night=l/2 * 1/3, etc. 

• Technology indexes: 

p = \,..,P is the technology index for processes; 

c = 1,..,E is the index for electricity production technologies other than combined 
power and heat systems with pass-out or back pressure turbines; 

v = 1,.., N is the index for combined power and heat systems with pass-out turbines; 

v' = l,..,N' is the index for combined power and heat systems with back-pressure 
turbines; 

9 = 1,..,0 is the index for heat production technologies; 

d = 1,..,D is the index for demand devices; 

d™ = 1, ..,Dm refers to all devices existing in market m ; 

r = 1,..,JR is the index for all technologies included in the model, 

and we have the relation R = P + E+N + N' + ® + D; 

• m = l,..,M is the index for the different demand categories; 

• j = 1,..,J is the index of energy carriers; 

• 3 = 1,..,5 is the index for the system energy sources i.e. imports,exports, mining 
and stockpiling of energy carrier; 
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• k = 1,..,K is the index representing the steps of the linear cost-supply function of 
energy sources; 

• i — 1,.., J is the index of the different emissions accounted in the model. 

12.3.2 Model variables 

• Capacity variables (stock): 

Yrt added capacity (investments) at time period t, technology r, 

Zrt total installed capacity at time period t, technology r, 

Mtht 'Maintenance capacity' of plant e, (8 or i/') period t time division h, 

variables (flow): 

Annual production of process p, at time period t, 

Electricity production of plant e, {v or v') period / time division h, 

Heat production of heating plant 0, period t time division h. 

Heat production of pass-out (POT) plant v, period t, time division h, 

• Sources of energy supply: 
Annual energy flow of energy carrier j , related to source s, step k 
of the supply-price curve of energy carrier j , period t. The user 

Wijkt defines in the dictionary file a combination of these indexes which 
are appropriate to represent the specific situation of a country. 

The heat production of back-pressure turbines is estimated out of the electricity pro
duction variable, since it exists a constant relation among electricity and heat.The 
electricity production of POT plants, on the other hand, is represented by a complex 
relation, which reduces the constraints required to define the POT systems: 

KH! = £ * " + J5U * hcvh * (1 - mv)lmv (22) 

The parameters and the justification of this expression will be explained later on. 

• Activity 

Xpt 

Efht 

Haht 

Hvht 
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12.3.3 Description of equations 

• Capacity transfer constraint: 
These intexperiod constraints ensure that the total installed capacity c f a tech
nology in a period equals the residual capacity and the s u m of investments 
done in the previous periods and within the life t ime o f a technology. Vt,r 

Zrt = (rt+ £ Y™ (23) 
m=t-lT+l 

lr represents the technical and economic life time of technology r. 

the parameter £rt represents residual capacity at time period t, technology r, which 
contributes to the system cost by only the O&M costs. 

Demand balance: 
The model is driven by a set of exogenous constraints defining the development of 
energy demand DMmt as function of time.8 This constraint ensures that for 
each demand category m and for each t ime step i i.e. vm, i , the s u m of 
installed capacity of devices compet ing in that market, exceeds demand 
DMmt. 

£ "d-mZ.t-t > DMmt (24) 

The index <f" refers to all devices supplying energy in market m i.e. <f = 1,.., Dm 

The parameter u;,fmm defines the fraction of energy output of demand device <f" which 
satisfies demand category m. Usually the fraction is equal to 1, but some times a 
device could satisfy two different demands. 9 

"These constraints are defined out of the Engineering simulation model SMEDE. The demand for the 
transpoitation sector is given as \Q°vehicle * km and it is transferred to energy use by the efficiency of the 
vehicle expressed as km/GJ. Other demands are defined as PJ/year of useful energy. 

9This constraint should have been an equality. A usual technique to reduce convergence time is to define 
it as a non-equality, and let the optimization procedure to reduce the extra (slack) capacity to lero. 
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• Fuel balance other than electricity and heat: 

T h e sum of imports , mining and production of an energy carrier should 
be equal or exceed its consumption. 
T h e equation is valid for each t ime step t and for each energy carrier j . 

2^, w ijkt * trj n e t production of fuel j by source a, step k 
»It 

+ 2-, P* * * ri * Tp;' production by process p 
p 

+ 2-> ̂ tht * tTj * jtjt by-product j of conversion plant e 
Ph 

> 2^, XPt * ßpjt consumption by process p 
p 

+ ^T, ^sj,jj,kkt * ß;j,jj,t consumption of fuel j by mining fuel jj, step kk 
t,kk,jj 

+ ^2 Etht * ßtjt * tTj consumption by electrical plant c or v or v' 

-\- V" *ß8jt * Hght consumption by heating plant B 
eh 

+ £ H ^ * ß»i* * fcc«* * i1 ~ "»•')/"»•') c o n s u m P t i o n b y pass-out plant v 
uh 

_l_ y 1 Zdt/nd * /3d consumption by demand device d 

(25) 

<rj is the transmission/distribution efficiency of energy carrier j 
from source to consumption. 

7pjt is the fractional process output to fuel j 
per unit of process activity. 

•jtjt is the by-product output fuel j 

relative to electricity output. 

ßpjt is the fractional input of fuel j per unit of process activity. 

ßtjt is th* fractional input of fuel j per unit of electicity production. 

ß„jt is the fractional input of fuel j per unit of electicity production. 

ßjjt is the fractional input of fuel ; per :init of demand capacity. 
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ß'jji.t 1S * n e fractional input of fuel j for mining fuel jj 

Tjjt is the efficiency of demand device d. 

Important is to remember that even for coupled production plants, inputs ß, are 
defined relatively to electricity output. 

• Electricity balance: Vh,t 
j=electricity 

V W * tr * A electricity imports minus exports, step k 

,k 

, y> p . production by plant e 

< 

v-> t? J production by plant i/' 
+ 2-, "̂'w * t r 

i / ' 

v-, „ production by process p 

pt 

+ 5Z[^«^u + Hvhthcvh{\ - mv)Jmv\tr 

pt 

production of pass-out plant v 

consumption of electricity by process p 
> }2 h * ßpjt * xpt 

p 

consumption by demand devices d 
+ 2 ^ ^mhßdmjt^d"lm.Zd"tl'nrKt 

(26} 

tTj is the transmission/distribution efficiency of energy carrier j 
\mh defines the load fraction of demand m in time division h. 
X,h defines the load fraction of source s in time division h. 
ir means the transmission/distribution efficiency of electricity. 
Sh is the duration of the time division h 
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• The district heat balance is similar to the electricity balance: 

District heat balance: Vh,t 
(j= district heat) 

y j] production by heating plant 0 

i 

, v ^ CT # ir production of pass-out plant v 

V 

y« F , production of back-pressure plant v' 
i / ' 

-̂  v \ L a i v consumption by demand devices. 
> 2 ^ AflTnhP**jtV4~Tn/Vtft * A f l 

mdV-

(27) 

\hmh defines the load fraction of heating demand m in the time division h, 
trj means the transmission/distribution efficiency of district heat, 
r.y defines the electricity to heat ratio for the back-pressure turbine. 

• Load management constraints; Peaking10 constraint: 
This constraint ensures that enough capacity exists to meet peaking re
quirements at the t ime division with the greatest load. 

tr * £ € Zfht * pftt tT * £ , . Et'hl * Pft' > Hmf ^mh * Äfft * ̂ f m * Zjmt —, 
(1 + RM) + (l + RM)*6h ~ (n**6k)

 + V "* 
(28) 

Parameters pftt and pfr define the fraction of installed capacity which can be al
located to load (renewables have a coefficient less than one). The second term is 
optional and refers to peaking plants which are taken into account by their produc
tion and not by their capacity. The factor (1 + RM) refers to reserved capacity 
necessary to meet the electric load at the time of highest demand. The factor in
creases the average load estimated by the model (right-hand-side of equation), in 
order to compensate for peak and reserve margin. 
As it indicated in Fig. 2.2 we have: 

1 -l_ UM - INST ALLED.C APACITY 1 -I- n™ - AVERAGE.LOAD 

10The peaking constraint includes the contribution of imports and exports. 
Another peaking constraint could be explicitly included to force peaking plants to satisfy the peaking fraction 
of electricity consumption. 
The model includes a "base load" constraint where a fraction (95%) of the night electricity is produced by 
base load plants. The heating sector assumes peaking constraints similar to electricity. 
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Fig. 2.2: Load curve for the day of highest load and the RM factor 
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• Plant utilization: 

This constraint ensures that the plant maintenance is less than or equal 
to the plant unavailability minus forced outage. 
The model has the option to allocate maintenance M(ht to seasons of low demand. 
The user has either to define explicitly the seasonal availability of electricity produc
tion i.e. atflt as it is the case for photovoltaic plants, or to define an average annual 
availability att and the fraction of plant unavailability due to forced outage (o€). 

In that case the model allocates maintenance to seasons, Ve/, according to: 

Y.M<ht<Ztt*(l -att)* {\-ot) 
h 

• Seasonal Plant availability (production): 

(29) 

This constraint ensures for each plant, that the electricity production in 
each time division is less or equal to the available capacity minus sched
uled maintenance. 

If availability is given by time division, i.e. by a€w, then: 

Eeht < Ztt *6h* atht 

Otherwise, if availability is given annually, i.e. atl, then: 

E,M + Mia *&h< Ztt *6h* aft * [1 - (1 - ath) * o,\ 

(30) 

(31) 



72 

In the case of pass-out plants we have, respectively: 

Evt* + Hvkt * hcvh/mv < Ztt *Sh* atht (32) 

or, 

E*ht + Hvht * hcvhjmv + Mvht * 6h < Zvt *6h* a„t * [1 - (1 - a„fc) * ot] (33) 

Similar equations i.e. Xp* < Zpt * apt are valid for processes. 

• Bounds on technology implementation and resource use: The user could 
specify bounds according to the following constraints: 

Yrt < bTt (34) 

Zrt < b'rt (35) 

ZTt < Zr,l-\ * 9r,t-l + K (36) 

The first two equations refer to direct bounds on investments and capacity, respec
tively, and the third one refers to bounds on technology implementation rate. This 
equation allows to simulate technology implementation growth, if a technology is 
competitive, in order to reach a prespecified upper bound Br in NP periods, start
ing from an installed capacity of br and an average growth. The initial technology 
penetration is: 

K = B*g/[{l+gfr+l-l] (37) 

The cumulative resource bound could be formulated as an interperiod constraint: 

5>**^*;. (38) 
tk 

• Group constraints: 
The user could introduce any relation among variables to define specific futures of 
the system not already included in the basic structure of the model. 

£ Zrt *crt + Y, X* * <* + - + £ E« * c« ^ Kt (39) 
r p t 

A typical example for Switzerland is the electricity use for heating systems which is 
restricted either by law or due to the existing capacity of the distribution network. 

12,4 The objective functions of the model 

The most commonly used function is the function price, Z, which is the discounted sum 
of three functions, the investment cost I,, the annual cost At and the salvage cost St. This 
function is the most complex relation defined in the model. 
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• Investment cost 

4 = 1 ^ » ^ (40) 
r 

The parameter scTt is the specific investment cost per unit of capacity. 

• Annual cost 

r 

* 

+ £*l**(0Mt*«Wwt + 1'j*) 
ri 

+ Y, **•" * (A* * **«* + *«) 

+ £ Esht/ehr, * ( 0 ^ * <£e/̂ it + Vt) 

+ £ H*ht * hcvk * (1 - m„)/TO„ * (j9„it * <fe/„jj + v*) 
vhj 

(41) 

The parameters are: 

P$jU' the price of fuel j , source s, step Jfc, time step 1. 

dtlfjt: the delivery cost of fuel j , to technology r, time step t. 

forrirt: the fixed o&m cost of technology r, time step t. 

vTt: the variable o&m cost of technology r, fuel j , time step t. 

ehr*/: the electricity *.o heat ratio of J/ 

The specific cost, the fixed o&m cost and the variable o&m cost for electrical plants 
or district heating plants, include the transmission/distribution cost of the grid. 
The grid costs are explicitly defined as constants in the data base. 
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• Salvage cost 
The understanding of salvage cost is associated with the concept of annualized capital 
recovery factor, CRi. This factor represents the amount of money needed per annum 
to cover fixed capital charges i.e. interest and amortization, of an initial expenditure 
(investment) and within a given number of years, i.e. /. 
The investment function / , charges for each new capacity Yrt done in period I, the 
initial investment cost l'r( * scTt. This is equivalent of charging to the system cost 
at period t the present worth value of fixed capital charges, CRt, for all subsequent 
years until the life of investments I, expires. 

The situation becomes complex when the time horizon of analysis expires before 
reaching the end of life time of investments. These extra charges for the period after 
the end of the time horizon, are the ' sa lvage cos t s ' and they should be subtracted 
from the system costs. In the following, the salvage formula is estimated following 
the amortization of an initial debt, year by year. If So is the initial investment, d the 
interest rate, CRi the capital recovery factor in / years, and S„ the remaining debt 
at the end of ntk year, then we have: 

5 , = S 0 * ( l + d ) - C Ä , * S o (42) 

S2 = [S0*{l + d)-CRl*S0}*{l+d)-CR,*So (43) 

5 n = S0*{l+dr-CRl*So £ M l * « * ) * (44) 
*=o 

5/ = S0*{l^d)'-CRl*So Y. (l + d)k (45) 
fc=o 

Since the Si = 0.0, the last equation gives the CRi i.e. 

CR, = (1 + d)1 * d/[(l + d)1 - 1] (46) 

The term S„ could be used to specify the salvage cost assuming that n represents the 
end of time horizon. Finally the salvage cost at the end of time horizon is discounted 
back to the year when the investments are done. The definite formula is as follows: 

St = £ Yrt * scrt * dft * [1 - (1 + « r ~ - ( , + , ' - r - 1 , ] / [ l - (1 + d)"""- ' ' ] (47) 
rt 

Where, ypp are the years per period (usually five), dft is the discounting factor, i.e. 
dft — (1 + d)"*w**(T_'+1), and lT is the economic life time of technology. 

• The objective function price, Z 

The function price is the discounted sum of the three functions given before: the 
discounting is done to the beginning of time horizon, but in principle, it could be 
estimated for every year. There is a difference in discounting the annual cost and the 
investment costs. The annual costs are firstly discounted to the beginning of a period, 
by the factor df0, and then to the beginning of horizon, by dft. We have the relations : 

k-ypp-X 

dfo = E (1+«<)-* (48) 
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dft = (1 + d)-™«-1) (49) 

Z = £J t*d/ t -£S t*d/« + 2>t*d/o*d/t (50) 
t t t 

12.5 Multiobjective analysis 

The model defines other objectives, like: 

• Security S, which is the cumulative sum of weighted fossil fuel use. The most simple 
version of 'Security' is the cumulative summation of oil use. 

• Renewables K, which is the cumulative use of renewable resources. 

• Environment E, which is the cumulative emissions of different pollutants i.e. NOx 

or COzi e*c-

• Qslope represents a family of functions which is a linear combination of two objec
tives. 

A typical example of 'Qslope' is the function: 

Q = Z+w*S (51) 

One could perform parametric analysis minimizing Q at different values of n, i.e. the slope 
of Q. A value ir~ of the slope could be found, in the feasible space of (Z, 5), which defines 
a desirable 'Security' level, S*. 

It can be shown that the minimization of Q at TT" , gives the same results as the mini
mization of 2, when an increased oil price schedule is assumed, according to: 

p; = p t + T * * ( i + d)' (52) 

(t represents the year and not the period). The price increase IT" * (1 -f d)', could be 
interpreted as the necessary oil tax able to obtain a 'security level' S", at optimal energy 
system costs.11 

11 The optimization problems of Q and Z are quite similar. They have exactly the same constraints and 
similar objective functions. The only difference appears in the specification of the annualized cost of fuel 
use. 
Assuming that ZTclt defines the common part of the objective functions, then we have: 

C = Z„,t + Y, P>kjt * W.kjt * dft + ir * 5^ W,kj, (53) 
ikjt ikjl 

or, 

C = Zre,t + X)(P'*;« + */df*) * w*it * df* (54) 
tkjt 

Therefore Q = Z' at 
p'.kjt=Pikjt + **(l + dy (55) 
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A similar application is possible in the C02 control problem, which allow to specify the 
carbon tax necessary to fulfill, at optimum, a given cumulative reduction of C02 emissions. 

Qco3 =Z + n* ECOi (56) 

The C02 emissions, (excluding C02 abatement systems) could be estimated as: 

€coa = '£Wit*ei (57) 
it 

Where, WH is the primary fossil fuel use and e<, is the corresponding specific emission 
coefficient in kgC02/GJ'. 
In a similar way to 'security', the carbon tax necessary to obtain a reduction of emissions 
to a desired level, could be defined out of the slope it" which corresponds to the given 
policy goal, i.e. £ — Si„mt0, the carbon tax is: 

Pit ~ Pit = *•" * (1 + dY * ej 

The procedure to estimate the coefficient IT" is obvious: A parametric analysis must 
be done to define the trade-off among system costs and the cumulative reduction of C02 

emissions, performing a set of optimizations with a price schedule, for fossil fuels, defined 
according to the previous equation. 
The parameter 7r* depends upon the structure of the energy system, the price develop
ment and demand development of the reference case, the technological options available 
and the policy constraints imposed i.e. nuclear option. The analysis done for Switzer
land was imposing annual constraints on C02, as specified by the Toronto conference and 
therefore is not appropriate to specify the 'carbon tax'. A first indication of the expected 
taxes is, anyhow, possible by using as first guess the obtained results for the 'reference' case. 

Table 2.1: Discounted 'Carbon taxes' for fossil fuels (year 1985), related to 
'reference' case; (n" = .2) 

carbon tax; coal 17.8 FRjGJ 6.4 rp/kwh 

carbon tax; oil 15.0 FR/GJ 5.4 rp/kwh 

carbon tax; gas 11.8 FR/GJ 4.25 rp/kwh 

A conclusion becomes apparent when examining this price development: The Toronto 
recommendations are unrealistic because they will punish countries which have 
a very efficient C02 energy system, like Switzerland, in favour of countries 
which produce high values of C02 per unit of energy or value added. A new 
approach should be established, different that the Toronto recommendations, asking the 
global control of CO^ emissions and all other trace gases expressed in "global warming 
potentials". This approach is based on the concept of graphical decomposition and it has 
been presented in the ETSAP workshop of April 1990 (Netherlands, ECN, Petten). 
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12.6 The pass-out turbines: 
The pass-out turbine (POT) produces heat by 'passing steam out' of the low stage turbine 
to a heat exchanger and thus to a district heating network. POT could operate following 
the load demand for heat reducing part of electricity production. 
MARKAL allows to optimize the mode of operation of POT turbines according to the load 
changes. The electricity production tak?s values within the shaded part of the following 
Fig. 2.3, and under three constraints: 

• Below line (a), since the maximum feasible quantity of superheated steam passing 
through the high pressure stage is limited. 

• Above line (/?), which limits the heat production, since enough steam should pass 
the low stage of the turbine to cool the rotor. 

t Left to line (7), limited by the size of the heat exchanger. 

Using the following definitions he = AE^x/Hmax and m = AEmax/Emax, and assuming 
that condition (7) is not limiting, we can estimate that the electricity production should 
satisfy the conditions: 

E > H *{l-m)/m*hc (58) 

E < Emax-H*hc (59) 

Introducing now a new variable for electricity, E' = E - H * (1 — m)/m * he, we get the 
equivalent relations: 

E' > 0.0 (60) 

E' + H*hc/m < Emax (61) 

The first equation is always satisfied in L.P problems, while the last equation is the known 
availability constraint, (Eq. 32), since Emax = Z * a* 6^. In that case the transformation 
used reduces the number of constraints describing the POT system. 

Fig. 2.2 Area of possible operation of pass-out turbines 
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13 Appendix III: The data base of M A R K A L 

This Appendix defines the emission accounting data used in MARKAL and the abatement 
systems included. The other technical data used are defined in the working paper No 15 
of EGES. 

13.1 Residential sector and Industry-low temperature heat 

There are similarities in the sectors in terms of the imposed LRV limits for space heating, 
while the specific emissions quoted by BUS are the same. The emission accounting and the 
abatement options of these sectors are, therefore, defined in a similar way. The systems 
having a capacity up to 5 MW, must use light oil and coal of quality A. The systems using 
these fuels do not require any desox/denox measures to meet the emission standards, 
but abatement measures could further improve air quality and the overall energy system 
performance. 

The following table defines the specific emissions and the symbols used in the model 
for emission accounting. According to T. Kram [11], gas burners using ceramic material 

Table III 1: Space heating systems and abatement 
demand categories: Rl,R2,RA,RB,R5,R6,IX 

Input-
Fuel 
DSL 
DSL 
DSL low-NOx 
GAS 
GAS low NOx 
GAS (ceramic) 
WOD 
HCO 

S02 content % 
0.3 
0.2 
0.2 

14 mgr/m**3 
n 

» 
7 

quality A 1% 

MARKAL-
symbol 

SRI 
SRI 
SR2 
SRG 
SR4 
SR5 
SRW 
SRK 

Fuel-
output 
DSR 
DSR 
DSR 
GAR 
GAR 
GAR 
WOR 
COR 

S02 
gr/GJ 
143.3 
95.5 
95.5 
0.7 
0.7 
0.7 
5 

570 

NOX 
gr/GJ 

45 
45 

16.5 
45 

16.5 
4.5 
40 
65 

CH 
gr/GJ 

13 
13 
13 
13 
13 
13 

600 
130 

Invest 
Fr/GJ 

-
-

3.5 
-

2. 
5. 
-
-

Varom 
Fr/GJ 

-
-
-
-

0.15 
0.15 

-
-

have an 90% efficiency in NOx reduction, at an investment a cost of 5 Fr/GJ/a, an o&m 
cost of 0.15 Fr/GJ, a life time of 15 years and they will be available by 90-95. 

The Fuellemann's burner (low-NOx) uses diesel. A rotating hull at 700 "C evaporates 
the fuel before final burning. The temperature remains below 1100-1200 "C, thus mini
mizing NO, emissions. The burner is tested and goes to industrial fabrication. It assumes 
relatively low capital cost (+2% of total system cost), and maintenance cost and it will be 
available (by 95) to industrial users. 
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13.2 Industrial boilers and process heat 

The situation here is complex and quite uncertain. The imposed limits at higher capacity 
are more severe, while fuels of inferior quality are allowed. We accept the LRV-limits for 
systems over 5MW and up to 300MW, as the valid limits. The distribution of installed 
capacity of industrial boilers is not well known. We assumed that abatement systems are 
going to be introduced to all industrial boilers and heaters, independently of their size. 
The specific abatement cost is estimated out of the cost of central power stations, assuming 
a significant cost penalty to count for the reduced capacity size of industrial boilers. 

Table III 2: Industrial boilers and emission 
accounting systems (BUS 73, EGES) 

demand categories: IS,IP 
Input-
Fuel 
DSL 
DSH 
DSH(1990) 
GAS 
Wastes 
Wood 
HCO 
HCO 

S02 content % 
0.3 
1.48 
71. 

14 mgr/m**3 
? 

? 

0.8 (A) 
2(B) 

MARKAL-
symbol 

SIL 
SIM 
SIM 
SIG 
SIW 
SID 
SIA 
SIB 

Fuel-
output 

DSI 
DSI 
DSI 
GAI 
WAI 
WOI 
HCl 
HCl 

S02 
gr/GJ 
1433 
707 
478 
0.7 

125-96 
5 

570 
1425 

NOX 
gr/GJ 

80 
170 
170 
80 
144 
160 
250 
250 

CH 
gr/GJ 

10 
8 
8 
10 
29 
180 
18 
18 

Table III 3: Industrial boilers and emission 
abatement systems (BUS 73 , EGES) 

demand categories: IS,IP 
Input-
Fuel 
DSH 
DSH 
HCO 
HCO 
GAS 
DSL 
GAS 
HCv. 

S02 
content % 

1. 
1. 
2. 
2. 

14 mgr/m3 

low NO, 
low NO, 

1 

MARKAL-
symbol 

Sil (SIM-NOx) 
SI2 (SIM-N-S) 
SI3 (SIA-NOx) 
SI4 (SIA-N-S) 
SI5 (SIG-NOx) 

SI7 
SI8 

ISW (directly) 

Fuel-
output 

DSI 
DSI 
HCl 
HCl 
GAI 
DSI 
GAI 

S02 
gr/GJ 

478 
48 

1425 
140 
0.7 
96 
0.7 
110 

NOX 
gr/GJ 

17 
17 
25 
25 
8 
40 
35 
40 

CH 
gr/GJ 

8 
8 
18 
18 
10 
10 
10 

100 

Invest 
Fr/GJ 

6 
18 
6 
18 
6 
4 
4 
-

Varom 
Fr/GJ 

0.1 
0.3 
0.1 
0.3 
0.1 
0.1 
0.1 
-
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Cost estimation of abatement systems 
Cost of abatement systems of central power stations using coal/oil at 38% efficiency and 
7000 h/a load factor. (Source: KFA-Jülich, MARNES report, [8]) 

Desulfurization: 

Investment cost: 

330 DM/KW = 273 Fr/KWe = 104 Fr/KWth or 4.2Fr/GJ/a 

Denoxing : 

200 DM/KWe = 166 Fr/KWe = 63 Fr/GJ/a or 2.54 Fr/GJ/a 

Variable O&M cost : 0.1 rp/KWHe for both 

2/3 for desox =0.07 Fr/GJ 

1/3 for denox =0.04 Fr/GJ 

These values are from the KFA report (model MARNES) and they are multiplied by a 
factor of 2.5 to compensate for the low installed capacity of industrial systems, in relation 
to large power stations. A 90 % reduction of NOx emissions is assumed. 

The AFBC (atmospheric fluidized-bed combustion) is also included in the input file, 
as direct demand device. The high temperature processes for cement are assumed with 
pre-calcination and de-nitrification systems with 70% to 80% abatement efficiency. The 
NOx emissions of unabated plants are quoted to be up to l.lgr/m**3 of flue-gas.[10] An 
investment cost of 100 Fr/KWth is assumed which, at 60% load factor and 20 years life 
time, corresponds to approximately 4.4 Fr/kg NOx reduction. 
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13.3 Central power stations and abatement systems 

The combination of stations and abatement systems considered in this analysis, either 
fulfills the limits of the LVR-86 or performs better than the imposed limits. 

The following table shows the symbols used in MARKAL to define the flow of fuels 
through the processes and up to the station and the final product. Most of the processes 
are defined in the way described, for the purpose of emission accounting and for the cost 
representation of the abatement systems. The symbols used are important for the report 
generator of MARKAL. The second character in the process symbol, identifies the sector 
where the fuel output is going to be used and the report generator uses this information 
to define the total emission per sector. 

Table III 4: Central power stations and abatement systems 
input 
symbol 
HCO 
GAS 
DSL 
DSH 
HCO 
DSL 

sulfur 
% 
2 

0.2 
1 
1 
1 

process 
symbol 

SEI 
SE2 
SE3 
SE4 
SE5 
SE6 

output 
symbol 

PSC 
PFG 
PFG 
PSD 
FBC 
PFX 

station 
symbol 

EOl 
E03/E83 
E03/E83 

E02 
E04 (AFBC) 
E05 (PFBC) 

NOx 
gr/GJ 

50 
60 
60 

50/30 
22 
60 

S02 
gr/GJ 

160 
0.1 
95 
80 
160 
95 

Invest 
Fr/GJ 

6.9 
2 
2 

6.9 

2 

Varom 
FY/GJ 

0.6 
0.2 
0.2 
0.6 

0.2 

Not all these stations have a chance to be implemented in Switzerland, due to the sen
sitive public opinion towards fossil power stations using coal, but they have been included 
here to complete the data-base of the model. 



82 

13.4 Industrial CPH plants and Residential/Commercial CPH 
plants 

This part of the input data describes technologies used mainly in the industry as combined 
electricity and heat production systems. Most of the information used is taken from the 
working papers of EGES. The subsequent table defines some technical information, like 
the I/O flow symbols and cost used in MARKAL. The abatement cost, based on selected 
catalytic reduction, is also given. Some CPH systems are defined, in the residential and 
service sector, using motors for power and heat production (totem). 

Table III 5; Combined power/heat stations, flows, processes and abatement systems 
input 
fuel 
GAS 
OAS 
GAS 
GAS 
GAS 
GAS 
DSL 
GAS 
HCO 
DSL 
GAS 

process 
symbol 

SS6 
SS6 

SS7 (SCR) 
SS7 (SCR) 

SS8 
SS8 
SS9 
SSO 

SSW 
SRA 
SRB 

output 
symbol 

PFI 
PFI 
PFI 
PFI 
PSI 
PSI 
PCI 
PCI 
SSW 
PSR 
PSR 

station 
symbol 

E6A 
E7A 
E6A 
E7A 
E6B 
E7B 
E6C 
E7C 
E7D 
E9G 
E9R 

description 

(5 MW gas turb) 
(10 MW gas turb) 
(5 MW gas turb) 

(10 MW gas turb) 
(5 MW st. turb) 

(10 MW st. turb) 
(5 MW st. turb) 

(10 MW st. turb) 
(10MW FBC) 

(totem) 
(totem ) 

NOx 
gr/GJ 
260. 
260. 
52 
52 
60 
60 
150 
100 
8 

80 
100 

S02 
gr/GJ 

0.1 
0.1 
0.1 
01 
0.1 
0.1 
94 
0.1 
190 
94 
0.1 

Invest 
Fr/GJ 

-
-
2 
2 

3 
3 

Varom 
Fr/GJ 

-
-

0.2 
02 

0.2 
0.2 

It follows a list of stations using renewables and nuclear energy which are also included 
in the input hie of the model, to complete the reference to electricity generation and com
bined power/heat stations. 

NUCLEAR AND RENEWAELE POWER STATIONS 

Symbol 

E21 
E64 
E3Q 
E31 
E51 
E33 
E34 
E35 
E6W 

System description 

LWR 
LWR - CPH 
run of river 
hydro storage 
peaking storage 
wind station 
solar tower in the Alps 
photovoltaic in the Alps 
municipal wastes plant 

efficiency 
-

.32 

.32 

.8 

.8 

.72 

.348 

.3*3 

.348 

.167 

invest 
Fr/kw 

6715.-5440. 
7000.-5750. 
4200 
3000. 
900. 
1800. 
11000.-7640. 
13700.-5700. 
2000. 

fix om 
Fr/kw 

135. 
135. 
190 
75. 
30. 
22. 
153-114 
40. 
100. 

availa 
-

.836 

.836 

.589 

.2775 

.2 

.15 

.479 

.228 

.6 
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A full description of technologies used for electricity generation and the heating market is 
given in the EG ES working paper No 15, named: 
"Analysis of the Swiss Energy System using MARKAL", S. Kypreos, J. Wochele. A table 
of contents is included which is taken out of this report. 

1. SEKTOR HAUSHALT 3 
1.1 Heizungssysteme f?»r alte Gebäude 3 

1.1.1 Konventionelle Helzungssysteae 4 
1.1.2 Fernwärme in alten Gebäuden 7 

1.2 Helzungssysteae für neue Gebäude 8 
1.2.1 Konventionelle Helzungssysteae 9 
1.2.2 Fernwärme für neue Gebäude 10 
1.2.3 Wärmepumpen für neue Gebäude 14 

1.3 Geotenergische Wärmenutzung 15 
1.4 Solarenergie für die Warmwasserbereitung 15 
1.5 Literaturverzeichnis 16 

2. KRAFTWERKE 17 
2.1 Charakterisierung der grossen stroaproduzierenden 

Kraftwerke . * 17 
2.1.1 Uebersicht 17 
2.1.2 Bemerkungen zu den Tabellen 2.1 - 2.8 17 

2.2 Kernkraftwerke 18 
2.3 Dampfturbinen-Kraftwerk mit Kohlekessel 20 
2.4 Dampfturbinen-Kraftwerk ait Oelkessel 21 
2.5 Gasturbinene-Kraftwerk 22 
2.6 Kombi-Kraftwerk (Gasturbine und Dampfturbine) 23 
2.7 Laufkraftwerk 24 
2.8 Saisonales Speicherkraftwerk 25 
2.9 Tag/Nacht-Spitzenspeicherwerk 26 
2.10 Literaturverzeichnis 26 

3. KRAFTWERKE MIT NEUEN ENERGIEN 27 
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neuen Energien 27 
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13.5 Treatment of conservation 
The strong CO* and the nuclear constraints imposed to the energy system, makes conser
vation one of the key options to help realising the Toronto recommendations. An effort is, 
therefore, undertaken to integrate demand and supply in the data-base and analyse conser
vation in the MARKAL framework. This enhanced model flexibility to react to exogenous 
constraints by reducing energy demand, is a prerequisite for studying the implications of 
the COj constraint to the Swiss energy system. 

We have, therefore, decided to include, in a form of linearized step functions, a curve 
which defines the conservation potential versus its cost, for the electricity and space/process 
heat markets. The shape of the "conservation supply curve", where the cost per unit of 
conservation is steadily increased, is a typical example of investments with diminishing 
rates of return. The basic data to estimate this curve are taken out of the EGES Annex 1 
and especially the work of C. U. Brunner. 

In the following, I will explain, for the case of electricity conservation in the households, 
how this curve is estimated. In the pages 193 and 194 of EGES Annex I, we can read the 
reduction of the specific electricity consumption (i.e. per unit of floor area) assumed among 
the different scenarios as well as the corresponding investments necessary to realize this 
improvement. The estimation of the necessary investments per unit of electricity saved, is 
exemplified in the following table: 

Table III.6: Specific conservation and investment cost 
for appliances. Source EGES Annex I, pages 1 9 3 / 1 9 4 

year 

1990 
2000 
2010 
2025 

Difference in electricity 
use per unit of floor area, 
scenario Si - S3, MJ/m2 

10 
62 
94 
109 

Investments 
S3-S1 
Fr/m2 

1 
40 
90 
120 

Specific investments 
in conservation 

Fr/GJ 
100 
645 
957 
1090 

The equivalent price of electricity to make conservation competitive, varies between 3 
to 28 Rp/kwh. This is estimated assuming an interest rate of 1.5% and an average life time 
for investments of 15 years. The corresponding values for investments in the commercial 
sector are: 451, 657 and 1000 Fr/GJ of electricity saved, starting from the year 2000. while 
the equivalent price of electricity varies between 12 to 27 Rp/kwh. 

The next problem is to identify the corresponding to Table III. 6, conservation poten
tial. This has not be specified directly out of the tables &iven in the EGES Annex I, since 
the SMEDE and CUEPE estimations and definition of appliances differ. CUEPE includes, 
for example, the electricity use for water heating in the appliances, while water heating is 
a separate market explicitly analysed in MARKAL. In order to define a consistent conser
vation potential, we compare the difference in electricity use between the reference case in 
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MARKAL (including water heating) and the estimated final energy use for appliances in 
CUEPE scenario S3. The time variation of this difference defines the conservation poten
tial. This gives a total potential of 25 PJ by the year 2025. The following conservation 
potential-steps were defined in MARKAL. 

Table III 7: Specification of conservation potential for appliances 
specific cost 
Fr/GJ 
100 
645 
960 
1100 
total potential 

symbol in 
model 
RRC 
RR2 
RR3 
RR4 

1995 
PJ 
1 

1 

2000 
PJ 
1 
5 

6 

2005 
PJ 
1 
5 
3 
4 
13 

2015 
PJ 
1 
5 
8 
9 

23 

2025 
PJ 
1 
5 
8 
11 
25 

In this formulation of the model, conservation is free to be introduced to the levels 
estimated by CUEPE in the scenario S3. The other sectors have been defined in exactly 
the same way. The conservation in the space heating sector was defined based upon the 
EGES working paper No 16, which estimates conservation potential as function of an oil 
equivalent price as shown in the following Figures. 

acmcm (!•») : soua rtsin tmomnomn me numum» «uuncc (MM) : sou* man KHOVAMNCH imo wamtatt» 

mn* no tmtirmn m *• »/Mi «out» rm octirwn M*ec |V/IM») 
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13.6 Transportation: private cars, trucks and synthetic fuels 

13.6.1 General remarks 

Switzerland is a test market for the world car producers. The best technology available on 
the global scale, is directly introduced in the country. The absence of Swiss car industry, 
the liberal policy on import taxation, the high living standards and the imposed strict 
legislation on emission control, makes Switzerland a test market for the whole Europe 
and maybe the world. We have assumed a simulation, rather than an optimization, in 
the transportation sector, where new technology of improved fuel economy is gradually 
introduced. 

The average performance of existing cars and trucks was defined out of the literature. 
The BUS report No 55 defines the emissions for private transportation systems like cars, 
trucks, buses and motorbikes representing past, present and near future developments. The 
reduction in emission release due to new legislation is also defined (historical and expected 
changes). The valid norms correspond to the so called US-83 standards, which represent 
one of the most restricted legislation in Europe. Due to parliament debates, on possible 
emission control by speed reduction in highways and motorways, the emissions have been 
also defined by representative measurements, as function of speed and age of the vehicle. 
Emissions are significantly dependent on speed due to fuel consumption variations and 
combustion temperatures (N0Z) . The US-83 norms are fulfilled only by using three-way 
catalytic converters with controlled air surplus (A), and therefore all the other control sys
tems of inferior performance are not included in the input file. Diesel cars should perform 
on a similar way like the gasoline cars, which is quite problematic as far as the N0 Z emis
sions are concerned. Diesel cars using Combrex systems of ABB have obtained promising 
results which indicate a good chance to fulfill the standards while reducing significant fuel 
consumption. 

Although the conventional transportation systems are simulated, the introduction of new 
fuels and transportation systems like hydrogen, methanol and electrical cars, is optimized. 
The new systems are to be compared with conventional but improved systems using gaso
line and diesel. 
A third possibility to improve performance is the introduction of new light vehicles for 
intracity traffic having the following characteristics: 
light weight (500 kg) due to their small size and the use of modern materials (fiber-glass), 
best aerodynamic profile, 
continues gear boxes, 
storage systems for kinetic (braking) energy, 
electronic control and regulation, 
motors around 15kw and an increased number of vents. 
All these characteristics make a fuel economy of 3-4 lit/100 km, a quite realistic possibil
ity. Although these systems could change significantly the energy use in the transportation 
sector, we have assumed a moderate improvement in the fuel performance. The systems 
described above, with the improved fuel economy, were not yet taken into consideration 
and they should be considered as a long term strategy against the C 0 2 problem. 



87 

13.6.2 Technical data assumed in the analysis 

The assumptions made concerning the technical characteristics of conventional and new 
systems given below refer to average performance of the existing cars and trucks. A 
summary of the data assumed is given in form of tables. This refers to the energy use and 
emissions per km as well as the specific investment cost per km travelled in a year. This 
information, together with the Operation k Maintenance cost per km and the price of fuel 
used, are utilised to define the cost per km travelled. The interest rate assumed was 1.5% 
per annum in real terms. 

The tables given below are estimated from the BUS reports No 55/76 and some other 
sources like KFA-Jülich and IKE Stuttgart, and the Netherlands Energy Research Foun
dation (Petten). A forthcoming PSI report (Author W. Feller), will explain in details the 
data base of the model. In the subsequent tables only the first five to six entries repre
sent data used by the model. The rest of information is estimated and it is included for 
comparison purposes. 

Table TNK Gasoline car, small/medium size 
Regulated 3 way-cat. 

Simulation of improved performance 
and legislation. 

year 
S 0 2 emissions in gr/km 
NOX emissions in gr/km 
Life time in years 
Specific investments (Fr/km/a) 
Fixed capital cost (Fr/a/km/a) 
Efficiency km/GJ 
Fuel cost in Rp/km 
Assumed price for GSL: Rp/kwh 
Total cost in Rp/Km 
Starting year 

1985 
0.03 
3.26 
10.00 
1.20 
0.12 

365.00 
8.58 
11.27 
33.59 
1985 

1995 
0.03 
0.85 
10.00 
1.20 
0.12 

372.51 
10.52 
14.11 
35.53 

2005 
0.03 
0.40 
10.00 
1.20 
0.12 

397.54 
12.26 
17.54 
37.27 

2015 
0.02 
0.35 
10.00 
1.20 
0.12 

438.67 
11.11 
17.54 
36.12 

2025 
0.02 
0.30 
10.00 
1.20 
0.12 

480.00 
10.15 
17.54 
35.16 
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Table TND: Diesel car, small/medium size 
Simulation of improved performance 

and legislation. 
Assumed system: ABB comprex 

year 
S02 emissions in gr/km 
NOX emissions in gr/km 
Life time in years 
Specific investments (Fr/km/a) 
Fixed capital cost (Fr/a/km/a) 
Efficiency km/GJ 
Fuel cost in Rp/km 
Assumed price for DSC: Rp/kwh 
Total cost in Rp/Km 
Starting year 

1985 
0.22 
1.06 
10.00 
1.27 
0.13 

398.00 
7.14 
10.23 
33.91 
1985 

1995 
0.20 
1.04 
10.00 
1.27 
0.13 

420.00 
8.43 
12.75 
35.20 

2005 
0.18 
0.54 
10.00 
1.27 
0.13 

510.00 
8.59 
15.78 
35.37 

2015 
0.16 
0.52 
10.00 
1.27 
0.13 

530.00 
8.27 
15.78 
35.04 

2025 
0.14 
0.50 
10.00 
1.27 
0.13 

550.00 
7.97 
15.78 
34.74 

Table TNS: Electric car, small size 

year 
Life time in years 
Specific investments (Fr/km/a) 
Fixed capital cost (Fr/a/km/a) 
Efficiency km/GJ 
Fuel cost in Rp/km 
Assumed price for ELC: Rp/kwh 
Total cost in Rp/Km 
Starting year 

1985 
10.00 
1.60 
0.16 

900.00 
4.44 
14.40 
37.79 
2000 

1995 
10.00 
1.60 
0.16 

900.00 
4.44 
14.40 
37.79 

2005 
10.00 
1.60 
0.16 

960.00 
4.69 
16.20 
38.04 

2015 
10.00 
160 
0.16 

1020.00 
4.90 
18.00 
38.25 

2025 
10.00 
1.60 
0.16 

1080.00 
4.63 
18.00 
37.98 
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Table TNM: Methanol car, small size 

year 
NOX emissions in gr/km 
Life time in years 
Specific investments (Fr/km/a) 
Fixed capital cost (Fr/a/km/a) 
Efficiency km/GJ 
Fuel cost in Rp/km 
Assumed price for MET: Rp/kwh 
Total cost in Rp/Km 
Starting year 

1985 
0.23 
10.00 
1.60 
0.15 

300.00 
10.00 
10.80 
42.35 
2000 

1995 
0.22 
10.00 
1.63 
0.15 

321.25 
11.98 
13.86 
44.61 

2005 
0.22 
10.00 
1.65 
0.15 

342.50 
14.16 
17.46 
47.05 

2015 
0.21 
10.00 
1.67 
0.15 

363.75 
13.33 
17.46 
46.50 

2025 
0.20 
10.00 
1.70 
0.15 

385.00 
12.60 
17.46 
46.03 

Table TNH: Hydrogen car, small size 

year 
NOX emissions in gr/km 
Life time in years 
Specific investments (Fr/km/a) 
Fixed capital cost (Fr/a/km/a) 
Efficiency km/GJ 
Fuel cost in Rp/km 
Assumed price for HDG: Rp/kwh 
Total cost in Rp/Km 
Starting year 

1985 
0.46 
10.00 
1.40 
0.15 

375.00 
12.80 
17.28 
42.98 
1995 

1995 
0.42 
10.00 
1.40 
0.15 

381.25 
12.59 
17.28 
42.77 

2005 
0.38 
10.00 
1.40 
0.15 

388.00 
14.18 
19.80 
44.36 

2015 
0.34 
10.00 
1.40 
0.15 

394.00 
15.23 
21.60 
45.41 

2025 
0.30 
10.00 
1.40 
0.15 

400.00 
15.00 
21.60 
45.18 
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Table TPD: Diesel car, limousine 
Simulation of improved performance 

and legislation. 
Assumed system: ABB comprex 

year 
S02 emissions in gr/km 
NOX emissions in gr/km 
Life time in years 
Specific investments (Fr/km/a) 
Fixed capital cost (Fr/a/km/a) 
Efficiency km/GJ 
Fuel cost in Rp/km 
Assumed price for DSC: Rp/kwh 
Total cost in Rp/Km 
Starting year 

1985 
0.22 
1.06 
10.00 
2.10 
0.20 

400.00 
7.11 
10.23 
49.88 
1985 

1995 
0.20 
1.04 
10.00 
2.10 
0.20 

410.00 
8.64 
12 75 
51.41 

2005 
0.18 
0.54 
10.00 
2.10 
0.20 

470.00 
933 
15.78 
52.10 

2015 
0.16 
0.52 
10.00 
2.10 
0.20 

525.00 
8.35 
15.78 
51.12 

2025 
0.14 
0.50 
10.00 
2.10 
0.20 

580.00 
7.56 
15.78 
50.33 

Table TPK: Gasoline car, limousine 
Simulation of improved performance 

and legislation. 

year 
S02 emissions in gr/km 
NOX emissions in gr/km 
Life time in years 
Specific investments (Fr/km/a) 
Fixed capital cost (Fr/a/km/a) 
Efficiency km/GJ 
Fuel cost in Rp/km 
Assumed price for GSL: Rp/kwh 
Total cost in Rp/Km 
Starting year 

1985 
0.03 
3.26 
10.00 
2.10 
0.20 

330.00 
9.49 
11.27 
52.26 
1985 

1995 
0.03 
0.85 
10.00 
2.10 
0.20 

340.00 
11.53 
14.11 
54.30 

2005 
0.03 
0.40 
10.00 
2.10 
0.20 

360.00 
13.53 
17.54 
56.30 

2015 
0.02 
0.35 
10.00 
2.10 
0.20 

385.50 
12.64 
17.54 
55.41 

2025 
0.02 
0.30 
10.00 
2.10 
0.20 

411.00 
11.85 
17.54 
54.63 
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Table TPM: Methanol car, limousine 

year 
NOX emissions in gr/km 
Life time in years 
Specific investments (Fr/km/a) 
Fixed capital cost (Fr/a/km/a) 
Efficiency km/GJ 
Fuel cost in Rp/km 
Assumed price for MET: Rp/kwh 
Total cost in Rp/Km 
Starting year 

1985 
0.23 
10.00 
2.20 
0.22 

270.00 
l i . l l 
10.80 
56.97 
1995 

1995 
0.22 
10.00 
2.20 
0.22 

290.00 
13.28 
13.86 
59.13 

2005 
0.22 
10.00 
2.20 
0.22 

310.00 
15.65 
17.46 
61.50 

2015 
0.21 
10.00 
2.20 
0.22 

330.00 
14.70 
17.46 
60.55 

2025 
0.20 
10.00 
2.20 
0.22 

350.00 
13.86 
17.46 
59.71 

Table TKD: Diesel truck of 3.5 tonnes 
Simulation of improved performance 

and legislation. 

year 
S02 emissions in gr/km 
NOX emissions in gr/km 
Life time in years 
Specific investments (Fr/km/a) 
Fixed capital cost (Fr/a/km/a) 
Efficiency km/GJ 
Fuel cost in Rp/km 
Assumed price for DSC: Rp/kwh 
Total cost in Rp/Km 
Starting year 

1985 
0.30 
13.5 
10.00 
1.50 
0.22 

320.00 
8.88 
10.23 
47.15 
1985 

1995 
0.28 
13. 

10.00 
1.50 
0.22 

340.00 
10.41 
12.75 
48.68 

2005 
0.27 
7.6 

10.00 
1.50 
0.22 

360.00 
12.17 
15.78 
50.44 

2015 
0.25 
6.8 

10.00 
1.50 
0.22 

380.00 
11.54 
15.78 
49.8 

2025 
0.24 
6. 

10.00 
1.50 
0.22 

400.00 
11. 

15.78 
49.27 
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Table TKK:GasoIine truck of 3.5 tonnes 
Regulated 3 way-cat. 

Simulation of improved performance 
and legislation. 

year 
NOX emissions in gr/km 
Life time in years 
Specific investments (Fr/km/a) 
Fixed capital cost (Fr/a/km/a) 
Efficiency km/GJ 
Fuel cost in Rp/km 
Assumed price for GSL: Rp/kwh 
Total cost in Rp/Km 
Starting year 

1985 
8.00 
10.00 
1.25 
0.20 

320.00 
9.78 
11.27 
43.34 
1985 

1995 
0.80 
10.00 
1.25 
0.20 

335.00 
11.70 
14.11 
45.25 

2005 
0.4 

10.00 
1.25 
0.20 

350.00 
13.92 
17.54 
47.47 

2015 
0.35 
10.00 
1.25 
0.20 

365.00 
13.35 
17.54 
46.90 

2025 
0.3 

10.00 
1.25 
0.20 

380.00 
12.82 
17.54 
46.38 

Table TLD: Diesel truck 
Simulation of improved performance 

and legislation. 

year 
S02 emissions in gr/km 
NOX emissions in gr/km 
Life time in years 
Specific investments (Fr/km/a) 
Fixed capital cost (Fr/a/km/a) 
Efficiency km/GJ 
Fuel cost in Rp/km 
Assumed price for DSC: Rp/kwh 
Total cost in Rp/Km 
Starting year 

1985 
0.80 
18.60 
10.00 
2.25 
0.22 

103.00 
27.59 
10.23 
73.99 
1985 

1995 
0.76 
13.00 
10.00 
2.25 
0.22 

117.25 
30.21 
12.75 
76.61 

2005 
0.73 
7.60 
10.00 
2.25 
0.22 

131.50 
33.33 
15.78 
79.73 

2015 
0.69 
6.80 
10.00 
2.25 
0.22 

145.75 
30.07 
15.78 
76.47 

2025 
0.65 
6.00 
10.00 
2.25 
0.22 

160.00 
27.39 
15.78 
73.79 
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Table TBD:Diesel Autobus 

year 
S02 emissions in gr/km 
NOX emissions in gr/km 
Life time in years 
Specific investments (Fr/km/a) 
Fixed capital cost (Fr/a/km/a) 
Efficiency km/GJ 
Fuel cost in Rp/km 
Assumed price for DSC: Rp/kwh 
Total cost in Rp/Km 
Starting year 

1985 
0.80 
17.44 
10.00 
2.25 
0.22 

103.00 
27.59 
10.23 
73.99 
1985 

1995 
0.76 
13.00 
10.00 
2.25 
0.22 

117.25 
30.21 
12.75 
76.61 

2005 
0.73 
7.60 
10.00 
2.25 
0.22 

131.50 
33.33 
15.78 
79.73 

2015 
0.69 
6.80 
10.00 
2.25 
0.22 

145.75 
30.07 
15.78 
76.47 

2025 
0.65 
6.00 
10.00 
2.25 
0.22 

160.00 
27.39 
15.78 
73.79 

Table TBB: Methanol Autobus 

year 
NOX emissions in gr/km 
Life time in years 
Specific investments (Fr/km/a) 
Fixed capital cost (Fr/a/km/a) 
Efficiency km/GJ 
Fuel cost in Rp/km 
Assumed price for MET: Rp/kwh 
Total cost in Rp/Km 
Starting year 

1985 
5.60 
10.00 
2.50 
0.25 

100.00 
30.00 
10.80 
82.11 
1990 

1995 
5.20 
10.00 
2.50 
0.25 

113.75 
33.85 
13.86 
85.95 

2005 
4.80 
10.00 
2.50 
0.25 

127.50 
38.04 
17.46 
90.15 

2015 
4.40 
10.00 
2.50 
0.25 

141.25 
34.34 
17.46 
86.44 

2025 
4.00 
10.00 
2.50 
0.25 

155.00 
31.29 
17.46 
83.40 
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13.7 Alternative transportation fuels 
We have considered a few synthetic fuels in this study which have a given chance to be 
introduced in the country. These fuels are hydrogen and methanol, while electric cars 
should be also classified as alternative transportation systems. In order to analyse the 
chances of these fuels to compete with the conventional transportation systems, we need 
to define the fuel price, either by producing it in Switzerland, or by defining import prices. 
Processes arc therefore defined which produce hydrogen out of electrolysis and methanol 
out of coal, biomass and gas. The sources for the specification of these systems are older 
KFA-Jülich and IEA report5.[9] The original information used to compile these data is 
outdated. The 'SMC process is based upon oxygen driven hard (brown) coal Lurgi 

Technical data on synthetic fuel production 
process symbol 
Technical data 

start 

availability 
efficiency 

life time 
sp. investments 
O & M 
variable 

units 
-

year 

% 

% 

years 
F r /GJ /a 

F r / a / G J / a 

Fr/GJ 

SMC 
coal to 

methanol 
2000 

80 
57-60 

20 
50 
2 

0.6 

SMW 
wood to 
methanol 

2000 

80 
56-58 

20 
35 
1 

1.2 

SSG 
gas to 

methanol 
2000 

80 
53-60 

20 
25 
2 

0.6 

SSH 
hydrogen 

electrolysis 
1995 
80 
85 
20 
35 
-

0.4 

pressurized gasification to synthesis gas. Methanol synthesis takes place in reaction tubes 
and by catalytic processes. Current methanol production is based on natural gas ('SSG'). 
Wood and /or other biomass could be used to produce synthesis gas and then methanol. 
(CO+2H2=CH3OH) 
Sulfuric acid is used as electrolyte for hydrogen production by water electrolysis. 

14 Appendix IV: Break-Down of CO2 Reduction Com
ponents 

14.1 Equations 

This Annex defines a way to specify the different CO2 reduction components of two sce
narios and it has been elaborated after a discussion with T. Kram and G. Tosato (ETSA 
Project). There are some differences in opinion among T. Kram's method and my specifi
cations. 

Definit ions 

• The fraction of fossil fuels to the primary energy P is: 

\i = pr, i refers to fossil fuels. 
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• The fraction of fossil fuel i to primary fossil energy or the inter-fossil distribution, is: 

Ji = ^p 

• the average COj emission coefficient is: 

• Finally the CO] emissions are estimated out of: 

C02 = »PC 

• The difference of C02 emissions among two scenarios is given as: 

AC02 = fiPC - n'P'C' 

• It can be shown that: 

AC02 = tiPAC + pC'AP + PC'AM 

Break-down 

Since A/x = Av + Ap i.e. the reduction of primary fossil fraction equals the in
crease of nuclear and renewable fraction, and since P — U + F-U + P — F thus 
P - P' = U -U' + A{F -U) + A{P - F) , 
a subsequent break-down of this relation could be obtained to the following items: 
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• inter-fossil fuel switching 

• abatement systems (if any) 

since c = e — Aa with Aa the reduction of specific emission due to abatement 

• reduction of useful demand AUs due to life style changes 
or due to investments in conservation 
n'C'AUs 

• reduction of end-use losses, i.e. A(Final — Useful) 
/i'C'A(Ftno/ - Useful) 

• reduction of primary convection losses, i.e. A(Primary — Final) 
fi C' A(Primary - Final) 

• reduction of fossil fuel fraction due to the increase of nuclear fraction 
PChv 

• reduction of fossil fuel fraction due to the increase of renewables 
PC'Sp 

These relations is nothing more than an identity. 
Although the interpretation of the different CO2 reduction components makes sense, it is 
difficult to obtain a general acceptance among all ETSAP participants. If these definitions 
are accepted, then the break-down is easily estimated out of the MARKAL results and 
an interesting comparison among countries could be obtained using this C02 break-down 
concept. 
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14.2 Calculating example 

Using the information given in the Tables 7.1 and 9.2 of the main report, the CO] break
down is calculated, applying the method described before and some conclusions are derived 
for the Reference case. Table IY 1 gives the fossil fraction, the inter-fossil distribution and 
the average COj emission coefficient. This information is then used to estimate the dis-

Table IV 1: C 0 2 break-down 
symbol 
Primary (PJ) 
fossil fraction (-) 
inter-fossil distr. 

/ - ( - ) 
U. (-) 
/ — ( - ) 
average C02 coef. (kg/GJ) 
Emissions (Mtonnes) 

statistics 85 
988 
.584 

.861 

.102 
.0367 

73.863 
42.6 

Reference free 25 
1240 
.45 

.6416 

.2688 

.0896 
71.95 
40.15 

Reference C02 25 
1190 

.33605 

.67125 
.2785 
.05 

71.225 
28.48 

tribution of CO2 break-down components in Mtonnes and in %: 
According to Table IV.2 the renewables and nuclear energy are the most important corn-

Table IV 2: C 0 2 break-down distribution 
component 
inter-fossil switch 
conservation 
nuclear energy 
renewables 
total 

Mtonnes/a 
0.406 
1.197 
3.86 
6.203 
11.67 

% 
3.5 
10.3 
33.1 
53.1 
100.0 

ponents in reducing C02 emissions, in the Reference case. Fuel switching and conservation 
have already contributed to a significant reduction between the years 1985 and 2025. This 
switch towards gas and nuclear energy has been obtained due to the economic competition 
of these energy carriers and it is quantified by the reduction of the fossil fraction (45% 
from 58.4%) as well as the reduction of the inter-fossil distribution of oil from 86% to 64%. 
The implicit introduction of conservation measures assumed in the demand model ( ap
proximately 30% per unit of value added) results also to a significant reduction of C02 

emissions between the years 1985 and 2025. This reduction could be farther quantified by 
comparing the reference CO2 free case to the results of the econometric model. 
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14.3 C 0 2 reduction cost 
Some examples are discussed, in this section, concerning the cost per kg of CO] reduction 
estimated in the Swiss model. The reason of including this information is the need to 
explain the high costs accounted in the Markal runs for Switzerland. 
Fuel Switching, Industrial sector: 
Switching from coal to oil, in the Industrial sector, due to the COj constraint, results to a 
cost penalty of (8-2.2) rp/kwh or 16.11 Fr/GJ. The reduction of C 0 2 emissions is 11 kg, 
thus, the cost per kg reduced is 1.46 Fr. 
Switching from coal to gas, we have a price penalty of 13.33 Fr/GJ for 38 kg COj reduc
tion, or .35 Fr/kg. 
Fuel Switching, Electricity sector: 
The main report explains that COj reduction is mainly obtained by switching to renew-
ables. In the Moratorium and Nuclear phase-out cases we see that the coal AFBC and 
other fossil electricity generating stations, which appear in the COj unconstrained cases, 
are substituted by photovoltaic systems. The AFBC plant using coal produces electric
ity at 8.1 rp/kwh and an efficiency of 37%. (Source [9]). Photovoltaic systems produce 
electricity with a cost varying between 42 to 18.6 rp/kwh (Source EGES paper No 15), 
depending upon their time of introduction. 

This gives a cost difference between 33.9 to 10.5 rp/kwr in favour of the AFBC system 
based on coal. The nuclear constraint makes AFBC competitive, while the COj constraint 
forces the photovoltaic system in the solution. The corresponding cost of COj reduction 
varies between .37 to .106 Fr per kg CO2 reduction. 
Conservation: 
Comparing the oil price in the residential sector with the "conservation supply curve" given 
in the Appendix III, we realize that most of the conservation options become competitive, 
for the assumed oil prices, and they are introduced directly in the emission free cases. 
What is more important is the conservation in the electricity market. Examining the re
sults concerning the Reference case, we realize that electricity savings are introduced in the 
COj constrained cases. The electricity production remains almost unchanged, while the 
electricity saved is used by electric cars in the intracity traffic. One concludes, therefore, 
that the "conservation supply curve" at the end period of analysis determines the price of 
electricity for the electric car. 

This equivalent electricity price, in the commercial sector, is 27 rp/kwh. Comparing now 
the cost difference between the gasoline car and the electric car per km travelled (Appendix 
III, 13.6.2) and adjusting for the proper electricity price, we estimate a cost difference of 
6.94 rp/km. This penalty is associated to a CO» reduction of 73 kg/480 km= .15 kg/km 
or .467 Fr/kg of C 0 2 reduction. 
Methanol cars: 
Similar estimations could be done when methanol cars substitute for gasoline cars. The 
production cost of methanol with biomass (wood) as primary resource is estimated to be 
56.4 Fr/GJ. This is mainly due to the wood price assumed in the model. Using the data 
given in Appendix III, and comparing methanol car to gasoline car, we estimate a cost of 
.847 Fr per kg C 0 2 reduction. The wood price could be even higher than this assumed in 
the model K biomass resources of 55 PJ/a are going to be used in the energy system. The 
wood price quoted by EGES is around 50 Fr/GJ. In such a case the cost is increased to 
1.44 Fr/kg C02 reduction. 


