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Abstract 

The present global energy system relies heavily on fossil resources and is 

responsible for emissions which alter the equilibrium of the Earth’s natural 

cycles. High potential efficiency improvements and corresponding technical 

applications are available low-hanging fruits. However, long-term robust and 

sustainable advances require a detailed re-designing of the complete system. 

Alternative energy carriers and new conversion processes (besides structural 

changes in the energy services) will play a key role in the decarbonization of 

the energy sectors. The diversification of conversion paths from primary to 

useful energy will become broader, and consequently, system complexity will 

increase. An in-depth understanding of these structures is prerequisite for the 

identification and correct exploitation of new efficient and clean conversion 

paths. 

The objective of this research thesis is to develop an instrument to aid decision 

makers in the comparative analysis of optional energy sub-systems. At the 

same time, the interdependencies between the energy sectors of a modern 

country have to be represented through a transparent framework which allows 

for a clear communication of the results. 

In the developed energy system model the technology oriented simulation of 

the energy sectors has been coupled with the boundary conditions of a scenario-

based approach. This is achieved through a dedicated analytical framework 

which converts general exogenous inputs into energy drivers taking into 
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consideration underlying macroeconomic dynamics. In order to allow for the 

representation of the increasingly important interdependencies between 

different sectors, single sub-modules have been designed including data fluxes 

through mathematical links. 

In a first application, the Swiss energy system has been simulated exemplarily 

until 2035 and compared with the results from the Energy Perspective of the 

Swiss Federal Office of Energy. However, the model structure can also be used 

with other geographical and temporal boundaries if the necessary input data are 

available. Two scenarios have been computed. In the reference scenario, energy 

and climate policies are assumed to be similar to the past, whereas in the policy 

scenario additional measures aiming at reducing GHG emissions and energy 

demand are implemented. 

 In a second stage, the model has been applied to simulate the interaction of the 

passenger car sector with the conversion sector, focusing on the assessment of 

alternative powertrain technologies with respect to global efficiency and total 

greenhouse gas emissions. 

The results of this work show that ambitious (as well as essential) targets for 

the limitation of climate change can be achieved only through very stringent 

policy measures. In fact, in the reference scenario CO2 emissions increase by 

about 10 % in the considered time frame. In the policy scenario, both energy 

demand and CO2 emissions decrease by about 10 %. However, this small 

reduction is very far from term climate goals, aiming at -80 % in 2050). 

The findings of the second part of this research give evidence for the 

importance of the integration of upstream conversion paths in the assessment of 

powertrain alternatives. Through this integrated analysis it is shown that there 

is significant potential for the reduction of both primary energy and CO2 

emissions. In particular, the electrification of powertrains is a promising path. 
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The related improvement of the tank-to-wheel efficiency of a factor 4 in 

comparison with reference internal combustion engines sets a robust basis for 

the exploitation of CO2 emissions reduction potentials. In order to achieve the 

lowest emission values the primary energy source has to be renewable. 

However, the outcome of the computations also show that most power 

generation options used for “feeding” battery electric cars would reduce total 

GHG emissions in comparison with the reference vehicle (with the only 

exception of electricity produced by coal-fired power plants). In the case of fuel 

cells, the additional conversion steps for production (assumed to be conducted 

through electrolysis), compression and transport of hydrogen, and the 

electrochemical conversion in the fuel cell itself, determine a primary energy 

demand of about twice that for battery electric vehicles. Assuming the same 

energy source mix, the related GHG emissions are consequently doubled. In 

addition, the electrification path presents the advantage of a possible stepwise 

implementation which, starting from the internal combustion engines, goes 

through the micro/mild/full hybridization, continues with the plug-in option 

(which enables the direct use of electricity from the grid), and ends with the full 

battery electric car, with first limited and finally extended range. The required 

time frame of decades would overcome the present major barriers for a 

substantial market penetration of these vehicles: high cost and low specific 

energy density of batteries as well as high infrastructural requirements. 
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Riassunto 

L’attuale sistema energetico globale dipende fortemente da risorse fossili ed è 

responsabile di emissioni che alterano l’equilibrio di cicli naturali terrestri. 

Grandi potenziali di miglioramento dell’efficienza con le relative applicazioni 

tecniche sono a disposizione e facilmente implementabili. Progressi sostenibili 

sul lungo termine richiedono tuttavia una dettagliata ridefinizione del sistema 

nel suo complesso. Vettori energetici alternativi e nuovi processi di conversione 

(oltre a cambiamenti strutturali nei servizi energetici) giocheranno un ruolo 

chiave nella decarbonizzazione dei settori energetici. La diversificazione delle 

tecniche di conversione dall’energia primaria in quella utilizzabile diventerà più 

ampia e di conseguenza la complessità del sistema aumenterà. Un’approfondita 

comprensione di queste strutture è il requisito indispensabile per 

l’identificazione ed il corretto sfruttamento di nuove combinazioni di processi 

di conversione efficienti e puliti. 

Lo scopo di questa tesi di ricerca è di sviluppare uno strumento che aiuti i 

responsabili delle decisioni istituzionali ed aziendali nell’analisi comparativa di 

sottosistemi energetici opzionali. Al contempo, l’interdipendenza fra i settori 

energetici di una moderna nazione deve essere rappresentata attraverso una 

struttura trasparente che consenta una chiara comunicazione dei risultati. 

Nel modello del sistema energetico sviluppato, la simulazione tecnologica dei 

settori energetici è collegata alle condizioni di contorno tipiche di un approccio 

basato su scenari. Questo è ottenuto tramite una struttura analitica dedicata che 
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converte fattori generali esogeni in determinanti del consumo energetico 

considerando la dinamica macroeconomica che sta alla base. I singoli moduli 

sono stati progettati includendo flussi di dati attraverso specifiche relazioni 

matematiche, in maniera da permettere un’appropriata rappresentazione delle 

sempre più importanti interconnessioni fra i diversi settori. 

In una prima applicazione il sistema energetico Svizzero è stato simulato fino al 

2035 e confrontato con i risultati delle “Prospettive Energetiche” dell’Ufficio 

Federale dell’Energia. La struttura del modello permette tuttavia di essere 

utilizzata con altre delimitazioni temporali e geografiche se i dati necessari 

sono a disposizione. Sono stati calcolati due scenari. In quello di riferimento, le 

politiche energetiche e climatiche sono definite in maniera analoga al passato, 

mentre nello scenario alternativo sono implementate misure supplementari per 

la riduzione dei gas serra e della domanda di energia. 

In una seconda fase il modello è stato applicato alla simulazione delle 

interazioni del settore del trasporto individuale tramite automobile con il settore 

della conversione, concentrando l’attenzione sulla valutazione di tecnologie di 

propulsione alternative con riferimento all’efficienza globale ed alle emissioni 

complessive di gas serra. 

I risultati di questo lavoro mostrano che obiettivi di limitazione del 

cambiamento climatico ambiziosi (ed essenziali) possono essere raggiunti solo 

attraverso misure politiche molto severe. In effetti, nello scenario di riferimento 

le emissioni di CO2 diminuiscono del 10 % circa. Questa piccola riduzione è 

però molto lontana dagli obiettivi climatici per il lungo termine, che mirano ad 

una contrazione dell’80 % entro il 2050. 

Le conclusioni della seconda parte di questa ricerca rendono inoltre evidente 

l’importanza dell’integrazione dei processi di conversione antecedenti quelli 

del veicolo nella valutazione di sistemi di propulsione alternativi. Quest’analisi 
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integrata mostra che ci sono significativi potenziali di riduzione sia per la 

domanda di energia primaria che per le emissioni di CO2. In particolare, una via 

promettente è rappresentata dall’elettrificazione dei sistemi di propulsione. La 

corrispondente efficienza di conversione dell’energia nel veicolo è quattro volte 

superiore rispetto a quella dei motori a combustione interna e pone una buona 

base per lo sfruttamento dei potenziali di riduzione delle emissioni di CO2. Al 

fine di limitare le emissioni il più possibile, la fonte di energia primaria 

dev’essere rinnovabile. I risultati delle simulazioni mostrano però che la 

maggior parte dei sistemi per la produzione elettrica, utilizzati per 

l’alimentazione di automobili puramente elettriche, ridurrebbe le emissioni di 

gas serra totali, in confronto al veicolo di riferimento (con la sola eccezione 

delle centrali a carbone). Nel caso delle pile a combustibile, gli ulteriori 

processi di conversione per la produzione (attraverso l’elettrolisi), la 

compressione e il trasporto di idrogeno, e la conversione elettrochimica della 

pila a combustibile, determinano una domanda di energia primaria pressappoco 

doppia rispetto a quella di veicoli elettrici a batteria. Ipotizzando la stessa fonte 

di energia primaria, le relative emissioni di gas serra sono di conseguenza sono 

anch’esse raddoppiate. Inoltre la via dell’elettrificazione offre il vantaggio di 

una progressiva implementazione che, cominciando dal motore a combustione 

interna, passa attraverso una ibridizzazione moderata prima, per proseguire con 

l’opzione “plug-in” (che permette l’utilizzo diretto di elettricità dalla rete) e 

concludere con l’automobile puramente elettrica, inizialmente con autonomia 

limitata ed in seguito estesa. I decenni necessari per questa transizione 

permetterebbero di superare le attuali maggiori barriere per una sostanziale 

penetrazione nel mercato di questi veicoli: gli elevati costi e la bassa densità 

energetica delle batterie, come pure i grandi requisiti a livello di infrastruttura. 
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1. Introduction and Background 

Most of the world’s energy needs are supplied by fossil fuels, i.e. oil, natural 

gas and coal (see Figure 1-1). Their share of the total primary energy supply in 

2006 was more than 80 %, whereas renewables still account for only a small 

ratio. 

 

 

Figure 1-1 Final shares of the world’s total primary energy supply in 2006. Data 
according to (IEA, 2008). “Other” includes wind, solar, geothermal, 
etc. 

 
Fossil resources are finite and inhomogeneously distributed, and their 

exploitation normally produces emissions which act as local pollutants as well 

as greenhouse-gases (GHG) which are responsible for global climate changes. 

Moreover, the regional distribution of the primary energy supply is very 
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inhomogeneous, with OECD countries accounting for more than 60 % of the 

total (IEA, 2008). 

When addressing the issue of sustainability, it is useful to recall one of its first 

definitions. This word has become very popular in the last few years and is also 

often wrongly applied. In 1987 the “Brundtland Report” (World Commission 

on Environment and Development, 1987), also known as “Our Common 

Future”, alerted the world to the urgency of making progress toward economic 

development that could be sustained without depleting natural resources or 

harming the environment. The report provided a key statement on sustainable 

development, defining it as “development that meets the needs of the present 

without compromising the ability of future generations to meet their own 

needs”. Based on this definition and on the previous comments, the present 

energy system cannot be considered sustainable. It is true that it has contributed 

to social development after the industrial revolution and is responsible for the 

living standards enjoyed today (at least in OECD countries). However, it has 

also caused the depletion, in a couple of centuries, of precious resources which 

required several million years to be formed. 

Projected population trends and the desire for economic development set major 

challenges for the energy system of the future. In the next decades it is 

predicted that the world population will increase, reaching in 2050 more than 9 

billion people according to the medium variant (UN, 2008). In addition, some 

of the most populated countries, like China and India, are now involved in rapid 

economic growth which is normally correlated with an increase in energy 

consumption as shown in Figure 1-2 exemplarily for Switzerland. 
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Figure 1-2 Correlation between final energy demand and economic development 
in Switzerland in the period 1950-2007 (BFE, 2008). 

 
Meeting the very large and growing energy demand whilst preserving and 

improving the social, economic and environmental framework represents one 

of society’s main targets. To meet this challenge we need a globally responsible 

and rational energy policy which encourages the employment of effective 

strategies as well as adequate and already available instruments. 

In the next sections, some topics related to important aspects of energy 

management, such as cost, security of supply and environmental impacts are 

explained. The pragmatic arguments presented suggest the need for redesigning 

the current Swiss energy system, and in particular, decreasing its dependence 

on fossil fuels. 
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1.1. Climate Change 
The greenhouse effect results from "the dirty of the atmospheric infrared 

window" by some atmospheric trace gases, permitting incoming solar radiation 

to reach the surface of the Earth unhindered, but restricting the outward flow of 

infrared radiation. These atmospheric trace gases absorb and reradiate the 

outgoing radiation, effectively storing some of the heat in the atmosphere, thus 

producing a net warming of the surface. The most important greenhouse gases 

are steam and carbon dioxide. 

Two anthropogenic factors altered the natural carbon cycle from the 19th 

century: the massive combustion of fossil fuels and deforestation. 

In the last decade forests shrank by 125 million hectares (FAO, 2006), a surface 

corresponding to more than 30 times that of Switzerland (see Figure 1-3). 

 

 

Figure 1-3 Deforestation in the last 15 years (FAO, 2006). 
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Approximately one billion years was the time required to create the fossil 

resources which we are now combusting in a couple of centuries. The 

comparison between formation and exhaustion periods shows that the 

consumption rate is about 2 million times quicker than the formation process. 

Deforestation and the combustion of fossil fuels cause on the one hand the 

reduction of the absorption capacity of atmospheric CO2 of plants and on the 

other hand the massive release of carbon (which was fixed from the 

atmosphere) in form of CO2. As a consequence, the atmospheric concentration 

of CO2 rose from 280 ppm in the pre-industrial era to 385 ppm in 2008 

(NOAA/ESRL, Pieter Tans, 2009). This increase, together with similar 

increases in other gases such as CH4, CFCs, N2O, tropospheric O3 and N2O, 

causes the so called enhanced greenhouse effect, i.e., an increase in the 

greenhouse radiative forcing due to the enhanced absorption of terrestrial 

infrared radiation, thus producing a net warming of the terrestrial surface. 

Carbon dioxide concentrations are projected to increase under all IPPC 

emissions scenarios during the 21st century. This fact will probably lead to, in 

addition to a temperature increase, other climatic, environmental and socio-

economic effects. Some of these are listed here (IPCC, 2001): 

 Rise in the global mean sea level with significant regional variations. 

 Widespread retreat of glaciers. 

 Increase of the globally averaged annual precipitation, though at regional 

scales both increases and decreases are projected. 

 Exacerbation of water shortages in many water-scarce areas of the world. 

 Changes in daily, seasonal, inter-annual and decadal variability. 

 Changes in frequency, intensity and duration of extreme events, and fewer 

cold days. 
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 Alteration of the ecological productivity and biodiversity by climate 

changes and sea-level rise, with an increased risk of extinction of some 

vulnerable species. 

 Greenhouse gas forcing could set in motion large-scale, high-impact, non-

linear and potentially abrupt changes in physical and biological systems. 

 Overall, climate change is projected to increase threats to human health, 

particularly in lower income populations. 

Projected climate change will have beneficial and adverse effects on both 

environmental and socio-economic systems, but the larger the changes and rate 

of change in climate, the more the adverse effects predominate. The severity of 

the adverse impacts will be larger for greater cumulative emissions of 

greenhouse gases. It is therefore reasonable to aim at reductions in greenhouse 

gas emissions, as a measure to stabilize radiative forcing. 

Figure 1-4 shows the global anthropogenic CO2 emissions required to stabilize 

the atmospheric concentrations at different levels and the corresponding 

temperature increase until the year 2300. 
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Figure 1-4: Emissions, concentrations and temperature changes corresponding to 
different stabilization levels for CO2 concentrations (IPCC, 2001). 

 

Stabilizing CO2 concentrations would require substantial reductions of 

emissions to below their current levels. To meet, for example, the target of 

stabilizing the concentration at 550 ppm, it would be necessary to decrease the 

global yearly per capita CO2 emissions to about 4.1 tons in 2050 (estimation of 

the population from (UN, 2008)). But the major reduction would occur in the 

following decades. 

Regarding the stabilization options, the following remarks can be made 

according to (Stern, 2007): 

 Stabilization requires that annual emissions be brought down to a level that 

balances the Earth’s natural capacity to remove GHG from the atmosphere, 

i.e., below 5 Gt CO2-eq. This is more than 80 % below the absolute level of 

current annual emissions. 
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 Stabilizing at or below 550 ppm CO2-eq would require global emissions to 

peak in the next 10 - 20 years, and then fall at a rate of at least 1 - 3 % per 

year. These cuts will have to be made in the context of a world economy in 

2050 that may be 3 - 4 times larger than today, so emissions per unit of 

GDP would need to be just one quarter of current levels by 2050. 

 GHG emissions can be cut in four ways. Costs will differ considerably 

depending on which combination of these methods is used, and in which 

sector: reducing demand for emissions-intensive goods and services, 

increased efficiency, action on non-energy emissions (such as avoiding 

deforestation), switching to lower-carbon technologies for power, heat, and 

transport. 

 Resource cost estimates suggest that an upper bound for the expected 

annual cost of emissions reductions consistent with a trajectory leading to 

stabilization at 550 ppm CO2-eq is likely to be around 1% of GDP by 2050. 

 In contrast, analyses that take into account the full ranges of both impacts 

and possible outcomes suggest that business as usual climate change will 

reduce welfare by an amount equivalent to a reduction in consumption per 

capita of between 5 and 20 %. 

Despite the above-mentioned findings, the observed trends show an evolution 

which is hardly compatible with the most suitable targets. According to 

(BAFU, 2009), between 1990 and 2007, worldwide CO2 emissions from fossil 

energy sources and industrial processes have increased by 34 to 38 % (sources 

vary), to more than 32 billion t CO2. To this must be added about 20 billion t 

CO2-equivalents, corresponding to the emissions of methane, laughing gas, 

synthetic gases and due to deforestation. Whist between 1990 and 1999 CO2 

emissions increased by only about 1 % per year, between 2000 and 2007 they 

rose by 3.5 % per year. This rise is higher than the worst-case scenario used by 

the IPCC for its prognoses and is therefore very alarming, even if the actual 
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worldwide economic crisis will probably slow this growth rate down. The 

global trend of increasing emissions is due in part to the rapid economic growth 

of emerging countries and to some extent to failed policies, whose 

implementation has been only fragmented. The five largest emitters, China (24 

% of global CO2 emissions), USA (21 %), EU-15 (12 %), India (8 %) and 

Russia (6 %) are responsible for almost three quarters of global emissions. 

However, the per capita emissions of these countries vary greatly. They amount 

to 19.4 t per person in the USA, to 11.8 in Russia, 8.6 in the EU-15, 5.1 in 

China and 1.8 in India. In Switzerland, this value is 5.8 t CO2 per inhabitant. If 

hidden emissions generated by imported goods and electricity are taken into 

account, then the Swiss yearly emissions rise to over 10 t per capita (BAFU, 

2009). 

1.2. Resources Limitation 
It is widely accepted that oil is a finite resource. The ratio between the present 

yearly world consumption and the total proved reserves amounts to about 40 

years (BP, 2008). There are basic laws which describe the depletion of any 

finite resource: production starts at zero, and then rises to a peak which can 

never be surpassed; once the peak has been passed, production declines until 

the resource is depleted. The point of maximum production tends to coincide 

with the midpoint of depletion. In the case of oil this means that when the peak 

is reached, half of all recoverable oil has been used. On this basis it is possible 

to calculate when production will peak if the “Ultimate”, i.e., the total amount 

of oil which was ever and will ever be available for production, is known. The 

Ultimate is in (Eq. 1-1). 
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(Eq. 1-1) 

 

The mid-depletion point, and therefore the peak of production, is reached when 

the cumulative production is equal to the half of the Ultimate. It should be 

noted that once the Ultimate is fixed, the shape of the curve representing the 

development of global oil production against time can vary, since only the area 

beneath it must remain constant. The global oil production curve is simply the 

sum of the contributions of individual countries. However, each country is in a 

different stage. Some of them peaked in the last century, like the USA in 1970; 

while others are still far away from peaking, like the major Middle East 

producers. These latter countries will supply an ever increasing share of the 

world oil production (see section 0). 

Figure 1-5 shows the past and projected world oil production by source 

according to the reference scenario of the IEA’s World Energy Outlook 2008 

(IEA, 2008). 

 

 

Figure 1-5 World oil production by source in the reference scenario of the World 
Energy Outlook 2008 (IEA, 2008). 
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Figure 1-5 also takes into account oil from fields which remain to be discovered 

as well as non-conventional oil. However, these additional capacities will be 

characterized by higher energy and economic investments in the production 

processes. 

Therefore, considering the relatively small elasticity of the demand, the 

upcoming maximum in global oil production of existing fields could imply 

relevant price increases. Due to this fact, the forced reduction of demand would 

be driven by high price rises. 

1.3. Dependence and Reconcentration 
Fossil resources are unevenly distributed. In the case of oil, this means the 

dependence of many countries on reserves concentrated in the Middle East 

which amount to 61 % of the total (see Figure 1-6). 

 

 

Figure 1-6 Distribution of proved oil reserves in 2007 (BP, 2008). 
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The ratio of the yearly oil consumption to the internal proved reserves amounts 

to 19 years for Europe & Eurasia and to 7 years for North America (BP, 2008). 

In Switzerland, about 45 % of the energy demand is fossil based (BFE, 2008). 

This high ratio, together with the fact that most reserves are located in 

politically instable regions, represents a remarkable risk for the security of 

supply. 

Additionally, in the next decades, a reconcentration of oil production in the 

OPEC will occur, probably bringing their share of the world total production to 

more than 60 % in 2020 (see Figure 1-7). 

 

 

Figure 1-7 Historical and projected development of the share of the OPEC and 
the OAPEC to the world oil production  (ESSO, 2000) . 

 
Already in the last few years, the price of oil has fluctuated massively by very 

small variations in the produced quantity (although speculative effects cannot 

be neglected). In a re-concentrated system, under- resp. overproductions of a 

single country would have a larger impact on the total quantity. This fact could 
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result in high price fluctuations which are very dangerous with respect to the 

actual almost complete dependence on oil of important sectors. The final 

energy consumed worldwide for transportation is based at more than 95 % on 

oil (IEA, 2008). 

However, it must be noted that if climate policies are to be successful in the 

next two decades, demand for oil will not increase, but more likely be reduced 

by efficiency and renewables. Meaning that if the long term goals regarding 

climate change will be achieved, then the resource problem will be 

automatically solved. 

1.4. The Swiss Energy System 
This section is based on (IEA, 2007). 

1.4.1. Supply 
Switzerland’s total primary energy supply was 27.2 Mtoe in 2005. From 1990 

to 2005, the supply increased by 9 %. All fossil fuels are imported, and all 

renewable energy is domestically produced. Import dependence has remained 

stable at roughly 60 % for the past two decades. In 2005, imports accounted for 

60.5 % of total primary energy supply. 

Compared to the IEA average, oil use (45.2 % of primary energy) is high, 

whereas coal use is minimal (0.7 %). Electricity generation is almost CO2-free: 

depending on hydrological conditions, hydro and nuclear power account for 

some 95-97 % of annual total generation. In recent years, renewable energy has 

provided some 14-16 % of primary energy demand; in 2005, its share was 15 

%. Owing to the structure of the Swiss economy and energy supply, energy and 

CO2 intensities are some of the lowest among the IEA countries, both per capita 

and per GDP. 
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In the short term, the government expects the primary energy demand to 

stabilize at current levels and start to decline after 2010. The government 

projects total electricity generation to remain more or less at today’s levels. 

Future generating capacity is a major question, because demand is expected to 

continue to grow. Overall, future energy supply remains subject to policy 

decisions. In February 2007, to support the formulation of a new energy policy, 

the government published four sets of energy scenarios spanning to 2035. 

1.4.2. Demand 
In 2005, total final consumption of energy was 22.5 Mtoe, an all-time high. 

From 1990 to 2005, final consumption grew by 14 %, slightly less than GDP 

(16 %). The final consumption increased faster than primary energy supply, 

implying improvements in energy efficiency. Oil remains the largest source for 

energy (57 % of final energy consumption in 2005). Oil use in heating is much 

more common than in most IEA countries. 

However, Figure 1-8 shows that per capita final energy demand for heating 

decreased remarkably in the last 35 years and heating oil has been partially 

replaced by natural gas and electricity (for heat pumps). Another factor that 

contributed to the increase in electricity demand is the higher per capita amount 

of electric appliances. Regarding individual transportation, efficiency 

improvements have been overcompensated by greater transport performances 

and heavier vehicles. The share of diesel cars increased and, assuming a 

progressive electrification of car powertrains, electricity will partly replace 

(over a longer time period) fossil fuels similar to the heating sector. Although 

the per capita total final energy demand has not changed significantly, a general 

trend towards exergetic high-value energy carriers for several energy services is 

visible. 
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Figure 1-8 Per capita final energy demand in Switzerland, differentiated for 
energy carriers, in 1973 and 2007. Data based on (BFE, 2008). 

 

1.4.3. Policy 
Switzerland’s energy policy is guided by Article 89 of the Federal Constitution, 

which calls for sufficient, reliable, diversified, cost-effective and 

environmentally-sound energy supply, and emphasizes the importance of 

energy efficiency. 

The federal government confirmed its energy policy principles on 21 February 

2007. To secure energy supplies and to mitigate climate change, more focus 

will be given to energy efficiency and renewable energy. Meeting the rising 

demand for electricity is a growing challenge, because from the late 2010s, the 

long-term import contracts with France start to expire, and from the early 

2020s, a third of Switzerland’s nuclear capacity reaches the end of its 

operational life. The government has suggested building more power plants 
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(nuclear and gas). Finally, attention will be given to international relations, in 

particular, those with the EU. 

Climate change is the leading environmental concern in Switzerland’s energy 

policy. The Swiss commitment to meeting the Kyoto target is to reduce GHG 

emissions by 8 % below the 1990 level by 2008-2012. Since 1990, emissions 

have remained flat. The government plans to meet the target through the use of 

a combination of domestic and international measures. 

To date, domestic measures have been primarily voluntary and weak. From the 

beginning of 2008, a CO2 “incentive tax” on heating and process fuels has been 

introduced to complement these measures. Since October 2005, transport fuels 

have been subjected to the Climate Cent surcharge. The government decided in 

September 2007 to maintain the surcharge until the end of 2012, though it can 

be supplemented with a CO2 tax on transport fuels, depending on trends in CO2 

emissions.  

The main policy instrument for increasing energy efficiency and the use of 

renewable energy is the SwissEnergy programme. Running from 2001 to 2010, 

it aims to reduce fossil fuel use and CO2 emissions as required by the 1999 CO2 

Law. It also has targets for electricity generation and heat production from 

renewables. SwissEnergy is managed by the SFOE. It includes a wide array of 

projects, most of them voluntary. The projects are normally run in close 

cooperation between the SFOE, cantons, municipalities, industry and 

environmental and consumer associations. Programme results are subject to 

detailed monitoring and verification. In 2006, programme funding from the 

SFOE amounted to CHF 42 million, supplemented by yet larger amounts of co-

funding from associations and cantons. 
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1.5. Motivation and Objectives 
The above-exposed aspects set major policy challenges for global and regional 

energy systems as well as for the corresponding Swiss framework. Energy 

demand can be reduced through smart energy services; conversion steps have to 

be minimized throughout the whole energy chain; consumer as well as supplier 

processes have to be optimized with respect to conversion efficiency; the share 

of renewables in the primary energy mix needs to rise. Understanding and 

assessing the effects of policy measures and induced structural changes, as well 

as planning and implementing a strategic roadmap are not trivial tasks 

considering the many interactions in the energy systems. Moreover, efforts for 

decarbonazing all sectors will involve the substitution of fossil fuels with 

secondary energy carriers (such as electricity, biofuels, hydrogen, etc.) whose 

production will increase the complexity of the actual Sankey diagram of the 

energy fluxes (see (BFE, 2008)). 

An analytical tool for the accurate representation and simulation of the energy 

framework can be extremely helpful for these purposes. The present work is 

based on a research project started on the occasion of the 150 year jubilee of the 

ETH Zurich with the following objectives: 

 Develop a computational energy system model that describes the energy 

demand and the CO2 emissions of Switzerland as a function of 

technological, economic and social development until 2035. The name 

given to this model is Energy Navigator. 

 Analyze options for different technical and energy policy development 

including their effects on CO2 emissions, energy intensity, costs and 

employment levels. 

 The project should show that the very complex interactions between energy 

economics and technical developments of an industrial country can be 
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clearly communicated. Furthermore, the sensitivity of the results should be 

tested depending on variations of individual parameters. 

 The simulation should offer a useful instrument for the evaluation of 

possible energy and climate policy strategies to decision-makers. 

Authorities and environmental offices, key players of industry and economy 

are the target audience. 

 The system model has to be usable for experts under the supervision of a 

developer. Input data and results should be accessible through a PC with a 

user-friendly interface. 

 Due to the very interdisciplinary character of this research, the integration 

of technical and scientific, economic, applied computer science and system 

model development knowledge is an important procedural goal. 

The main target of the present work is also the analysis of technical options in 

the field of powertrains and conversion systems for an optimal strategy aiming 

at the reduction of the CO2 emissions in the transport sector with reference to 

the Swiss boundary conditions. 

In fact, the reduction of GHG and pollutant emissions, as well as the specific 

energy consumption, represents important boundary conditions also in the 

automotive industry. The continuously growing mobility demand has to be 

compensated for also through technical progress if emission levels have to be 

controlled. Concerning the powertrain side, these trends imply the development 

of new concepts in vehicles that often lead to the utilization of alternative 

energy carriers. However, the overall balances for energy and greenhouse gas 

emissions must be taken into account in order to guarantee effective advantages 

in comparison to conventional fossil fuels. In fact, the energy investment for 

the production and the transportation of such energy carriers shows a big 

variability depending on of the considered process. This can strongly influence 

the assessment of individual technical measures and reduces or even totally 
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compensates for the potentials of efficiency increases and limitation of CO2 

emissions (due to the substitution with per se more efficient powertrain systems 

and less carbon-intensive fuels). A rigorous analysis of the quantitative fluxes 

on the entire energy chain is a prerequisite for the evaluation of the strengths 

and weaknesses of a specific well to wheel conversion path. 

The project has been financed by the ETH-jubilee fund, the electric utility of 

the city of Zurich “ewz” and through contributions of the Swiss Federal Office 

of Energy. Developers are the Aerothermochemistry and Combustion Systems 

Laboratory “LAV” and the Centre for Energy Policy and Economics “CEPE”, 

both of the ETH Zurich. The team consisted of two professors, two senior 

scientists, three PhD students and an informatics scientist. 
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2. Classification, Novelties and 
Comparative Analyses 

2.1. Models Classification 
This section is based on (Van Beeck, 1999). 

In recent years, the total number of available energy models has grown 

considerably, increasing also the models variety. This growth has been 

facilitated by a rapid improvement in computing power. A classification 

scheme can provide insight into the differences and similarities and furthermore 

highlight the particular characteristics of the Energy Navigator. Over time, 

numerous classifications have been made; today the vast amount of energy 

models developed for different purposes has clearly made any classification 

arbitrary. Therefore, an overview of different ways of classification can be 

helpful. According to the literature (see for instance (Vogely, 1974), (Meier, 

1984), (APDC, 1985), (Munasinghe, 1988), (Kleinpeter, Introduction to Energy 

Planning, 1989), (World Bank, UNDP, ESMAP, 1991), (Grubb, 1993), (IIASA, 

1995), (Kleinpeter, Energy Planning and Policy, 1995) (Hourcade, 1996)), 

eight of these ways, which represent the main model distinctions, were 

selected. They include: 

 General and Specific Purposes of Energy Models 

 The Underlying Methodology 

 The Analytical Approach: Top-Down vs. Bottom-Up 

 The Model Structure: Internal Assumptions & External Assumptions 
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 Geographical Coverage: Global, Regional, National, Local, or Project 

 Sectoral Coverage 

 The Time Horizon: Short, Medium, and Long Term 

 Data Requirements 

This list of ways is not exhaustive and the nine ways of classification are not 

entirely independent of each other. Moreover, there are many ways of 

characterizing the different models, while there are only few models - if any - 

that fit into one distinct category. 

Purposes of Energy Models 

Models are usually developed to address specific questions. (Hourcade, 1996) 

identifies three general purposes of energy models that reflect how the future is 

addressed in the model. 

- To project the future 

Because prediction is based on extrapolation of trends found in historical data, 

forecasting models are usually only applied for analyzing relatively short-term 

impacts of actions. 

- To explore the future possible developments (scenario analysis) 

Exploring the future is done by scenario analysis, in which a limited number of 

“intervention” scenarios are compared with a “business as usual” reference 

scenario. The alternative intervention scenarios are only relevant in the context 

of the reference scenario and rely on assumptions rather than parameters 

extracted from past behavior. Generally, assumptions must be made about 

economic behavior, physical resource needs, technical progress, and economic 

or population growth. Sensitivity analyses are crucial to provide information on 

the effects of changes in the assumptions. The scenario analysis approach can 

be used in the so-called “bottom-up” models as well as the “top-down” models. 
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- To look back from the future to the present (“backcasting”) 

The purpose of backcasting models is to construct visions of desired futures by 

interviewing experts in the fields and subsequently look at what needs to be 

changed to accomplish such futures. This approach is often used in alternative 

energy studies and can also be seen as a separate methodology (see Section 

2.4). However, it is possible to use this methodology as an analytical tool for 

assessing the long run (economic) consistency of the alternatives. In this way, 

the “bottom-up” models can be linked with the “top-down” models. 

More specific or concrete purposes of energy models are the aspects on which 

the models focus, such as energy demand, energy supply, impacts, or appraisal. 

Demand models regard demand as a function of changes in population, income, 

and energy prices. Supply models focus mainly on technical aspects concerning 

energy systems and whether supply can meet a given demand. Impact models 

assess the consequences of selecting certain options for the energy system and 

may include economic and social factors as well as changes in health and the 

environment. In appraisal models the consequences or impacts of different 

options are compared and appraised according to one or more preset criteria of 

which efficiency (technical as well as cost) is the most commonly used. 

The Underlying Methodology 

Methodologies used for the concrete development of energy models can be 

found in, among others, (APDC, 1985), (Grubb, 1993), (IIASA, 1995), 

(Kleinpeter, Energy Planning and Policy, 1995), (Hourcade, 1996). Below, an 

overview is given of commonly used methodologies described in the above 

literature. These methodologies include macro-economic, optimization, 

simulation and spreadsheet methodologies. 
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- Macro-Economic Models 

The macro-economic methodology focuses on the entire economy of a society 

and on the interaction between the sectors. Input-Output tables are used to 

describe transactions among economic sectors and assist in analysis of energy-

economy interactions. Macro-economic models are often developed for 

exploring purposes, using assumed parameters and scenarios which do not 

necessarily have to reflect reality. Often, macro-economic models do not 

concentrate on energy specifically but on the economy as a whole, of which 

energy is only a (small) part. The macro-economic methodology has the 

disadvantage that it does not represent specific technologies. General 

equilibrium models assume that the economic or goods flow occurs when there 

is an equilibrium between consumers and producers. Additionally, consumers 

maximize their consumption given their income constraints and producers 

maximize their profit given the constraints of competing products and 

consumer demand (Catenazzi, 2009). In these models, transition costs are 

normally understated. Similar to the general equilibrium model family, 

econometric models form another group of macroeconomic models. They apply 

statistical methods to extrapolate past market behavior into the future, with the 

help of relationships between energy drivers and technology-related 

parameters. These kinds of models rely on aggregated data that have been 

measured in the past to predict the short- or medium-term future in terms of 

labor, capital or other inputs. A disadvantage of this methodology is that, since 

variables are based on past behavior, a reasonable stability of economic 

behavior is required. 

- Optimization Models 

Optimization methodologies are used to optimize energy investment decisions 

endogenously (i.e., the results are directly determined by the input). The 
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outcome represents the best solution for a set of given variables while meeting 

the given constraints. Optimization generally applies to bottom-up energy 

supply models with sufficient detail on investment options. The underlying 

assumption is that all acting agents behave optimally under given constraints. 

The multi-criteria methodology can be used for including other criteria than just 

economic efficiency alone. It enables the inclusion of quantitative as well as 

qualitative data in the analysis. 

Commonly applied mathematical techniques include linear programming, 

mixed integer programming, and dynamic programming. Of course, 

combinations of techniques within a model are also possible. Linear 

programming is a practical technique for finding the arrangement of activities 

which maximizes or minimizes a defined criterion, subject to operative 

constraints (Slesser, 1982). All relationships are expressed in fully linearized 

terms. Linear Programming can be used, for instance, to find the most 

profitable set of outputs that can be produced with given type input and output 

prices. This technique is applied in national energy planning as well as 

technology related long-term energy supply research. Mixed Integer 

Programming is actually an extension of Linear Programming which allows for 

greater detail in formulating technical properties and relations in modeling 

energy systems. Decisions such as Yes/No or (0/1) are admitted as well as 

nonconvex relations for discrete decision problems. MIP can be used when 

addressing questions such as whether or not to include a particular energy 

conversion plant in a system. Dynamic programming is a method used to find 

an optimal growth path. The solution of the original problem is obtained by 

dividing the original problem into simple sub-problems for which optimal 

solutions are calculated. Consequently, the original problem is than optimally 

solved using the optimal solutions of the sub-problems. 

 



Classification, Novelties and Comparative Analyses 

26 

- Simulation Models 

According to (World Energy Conference, 1986), simulation models are 

descriptive models based on a logical representation of a system, and they are 

aimed at reproducing a simplified operation of this system. They are often used 

in scenario analysis. An example of this type is given by the ASTRA model 

(ISI, 2008). 

- Spreadsheet Models (Tool Boxes) 

What is meant by spreadsheet models is a highly flexible model which, 

according to (Munasinghe, 1988) is actually more like a software package to 

generate models than a model per se. The World Bank (1991, 6-9) refers to 

spreadsheet models as “tool boxes” which include a reference model that can 

easily be modified according to individual needs. Sectoral bottom-up models 

often use this method. 

The Analytical Approach: Top-Down vs. Bottom-Up 

The distinction between top-down and bottom-up models is particularly 

interesting because they tend to produce opposite outcomes for the same 

problem. (Grubb, 1993) states that the top-down approach is associated with the 

“pessimistic” economic paradigm, while the bottom-up approach is associated 

with the “optimistic” engineering paradigm. Therefore, the latter is also 

referred to as the engineering approach. 

A purely economic model has no explicit representation of technologies, but 

uses elasticities which implicitly reflect the technologies. Stated otherwise, 

technology is treated as a black box, which makes it difficult to convert detailed 

technological projections into the production functions of these models. 

Engineering bottom-up models, on the other hand, are independent of observed 

market behavior. They describe the techniques, the performances, and the direct 
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costs of all technological options. The engineering approach tends to ignore 

existing constraints, while the economic production frontier is based on market 

behavior. These constraints include among others hidden costs, costs of 

implementation measures and market imperfections.  

Another characteristic of top-down models is that they use aggregated data to 

examine interactions between the energy sector and other sectors of the 

economy. Past behavior can then be extrapolated into the future, which makes 

top-down models suitable for predictive purposes in the short term. 

In contrast, bottom-up models usually focus on the energy sector exclusively, 

and use highly disaggregated data to describe energy end-uses and 

technological options in detail. 

Concluding, the distinction between top-down and bottom-up can generally be 

typified as the distinction between aggregated and disaggregated models 

respectively, or as the distinction between models with a maximum degree of 

endogenized behavior and models with a minimum degree. Furthermore, top-

down models are generally used for prediction purposes, while bottom-up 

models are mainly used for exploring purposes. The different aspects associated 

with top-down and bottom-up models are summarized in Table 2-1. 
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Table 2-1 Characteristics of top-down and bottom-up models (Van Beeck, 1999). 
 

Today, the clear distinction between top-down and bottom-up is diminishing as 

more “hybrid” models become available in which the two approaches have 

been merged, in order to exploit specific advantages of both. 

The Model Structure: Internal and External Assumptions 

Models can also be distinguished according to the assumptions on which the 

structure is based. For each type of model, a decision has to be made on which 

assumptions will be embedded in the model causal relationships and which are 

left to be determined by the user. (Hourcade, 1996) distinguishes between four 

independent dimensions with which the structure of models can be 

characterized. 
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- The degree of endogenization 

Endogenization means the attempt to incorporate the relevant parameters within 

the model equations so as to minimize the number of exogenous parameters. 

“Predictive” models have an endogenized behavior, while exploring or 

backcasting models use external (or input) assumptions about behavior which 

make them more suited to simulate the effects of changes in historical patterns. 

- The extent of the description of non-energy sectors 

Non-energy sector components include investment, trade, consumption of non-

energy goods and services, income distribution, etc. (often considered in 

macro-economic models). 

- The extent of the description of energy end-uses 

The more detailed the model’s description of energy end-uses, the more 

suitable the model is for analyzing the technological potential for energy 

efficiency (often the case of bottom-up models). 

- The extent of the description of energy supply technologies 

The technological potential for fuel substitution and new supply technologies 

can be best analyzed if the model allows for a detailed description of 

technologies. Most models with an economic background represent technology 

only in a highly aggregated manner, treating it as a black box. This makes them 

less suited for analyzing different supply technologies. 

For each of the four dimensions there is a range from “more” to “less” and each 

energy model can be ranked somewhere on that range. If all the parameters of a 

model have to be determined exogenously, the model would be no more than a 

computational device, albeit an extremely flexible one. On the other hand, there 

will always have to be at least one external parameter. In practice, energy 

models will be placed somewhere between these two extremes. 
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Geographical Coverage: Global, Regional, National, Local, or 

Project 

The geographical coverage reflects the level at which the analysis takes place, 

which is an important factor in determining the structure of models. Global 

models describe the world economy or situation, the regional level frequently 

refers to international regions such as Europe, the Latin American Countries, 

South-East Asia, etc. National models treat world market conditions as 

exogenous, but encompass all major sectors within a country simultaneously, 

addressing feedbacks and interrelationships between the sectors. The local level 

is sub-national, referring to regions within a country. The selection of the level 

of the geographical coverage depends on the kind of decisions the model 

should support and on the corresponding stakeholders. 

Sectoral Coverage 

A model can be focused on only one sector, as many early bottom-up models 

do, or include more sectors. How the economy is divided into certain sectors is 

crucial for the analysis. Multi-sectoral models focus on the interactions between 

these sectors. Single-sectoral models only provide information on a particular 

sector and do not take into account the macro-economic linkages of that sector 

with the rest of the economy. The rest of the economy is represented in a highly 

simplified way. The decision regarding the most convenient sectoral coverage 

is based on the specific problem the model must address. 

The Time Horizon: Short, Medium, and Long Term 

There exists no standard definition of the short, medium, and long term. 

However, (Grubb, 1993) mentioned a commonly noticed period of 5 years or 

less for the short term, between 3 and 15 years for the medium term, and 10 

years or more for the long term. The time horizon is important because 
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different economic, social, and environmental processes are important at 

different time scales. For instance, the re-investment cycles vary a lot 

depending on the considered sector and on the specific goods. These time 

scales determine the horizon of the model so that relevant dynamics can be 

simulated. 

Data Requirements 

Models require certain types of data. For instance, most models will require 

data of a quantitative, cardinal type. However, sometimes data are not available 

or unreliable, in which case it might be important that the energy model can 

handle qualitative or ordinal data as well. Furthermore, data may be aggregated 

or disaggregated. Long-term global models will necessarily need highly 

aggregated data with little technological detail. Great detail in representing 

energy supply and consumption is only possible in models that are specific for 

the energy sector. 

2.2. Novel Features of the Developed 
Model System 

The state of the art of energy model systems is represented by two model types, 

the macro-economic equilibrium models and the very technically focused 

process-oriented simulation or optimization models. The restrictions and 

disadvantages of these two model types are complementary: the macro models 

are economically conclusive (with the exception of external effects), but highly 

aggregated and at the same time they do not properly simulate policy-induced 

technical advances. The process-oriented models are very flexible concerning 

technology, but they do not provide information about the effect of assumed 

technical developments on the economy (see section 2.1). In the last years, 
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efforts to combine the described approaches and exploit consequently the 

advantages of both model types have been made. 

The developed energy system model features the transformation module that 

forms a bridge between results of macro-economic models and the input values 

of the process-oriented, sector specific sub-modules, as well as the effects of 

changed investments and operating costs in a macro-economic model. The 

advantage lies not only in a better consistency of variable values and causal 

connections between the two model types but also in the possibility of a 

relatively fast calculation of new scenarios because of the implemented 

connection between the individual sectors and the macro-economic model, very 

helpful for scenario variations and sensitivity analysis (see section 3.5). On the 

contrary, the analysis performed in Switzerland until now based on a 

combination of sectoral sub-modules of private institutions and the data transfer 

is often time consuming and cost intensive. 

In the Navigator, the algebraic specifications of the modules are based on 

indicized parameters. New technologies and industrial innovations can 

therefore be integrated in the model specifications and implemented in the code 

quite quickly. 

The above-mentioned features make the model suitable for continuous 

development and extendable beyond the single group of scenarios generated. 

Another crucial characteristic of the Navigator is the interconnection between 

the different modules. For instance, if the use of alternative secondary energy 

carriers (like biofuels, electricity, hydrogen) is assumed in the transportation 

module, the resulting demand is delivered as an input to the corresponding 

conversion modules (see chapter 6). The same could be potentially 

implemented for the demand of materials. This structural framework is the 
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basis for addressing new problems of increasing relevance and provides an in 

depth understanding of the dynamics of the whole system. 

In addition, a graphical user interface facilitates access to the utilities of the 

developed model. 

2.3. Comparative Analyses 
At the Swiss level, the Energy Perspectives (BFE, 2007) of the Swiss Federal 

Office of Energy represent the most important comparative work. Since the 

70’s periodical Perspectives are published by the SFOE together with 

independent experts. They should serve to indentify options for the design of a 

long-term sustainable energy policy with respect to energy supply, 

environmental, economic and social compatibility. The most recent studies 

started in 2004 and the now available results are the basis for the political 

discussion regarding future Swiss energy and climate policies. They are not 

prognoses, but “what-if” analyses. Sensitivities show how the system reacts to 

high economic growth, high energy prices and in part also to climate changes. 

Four main scenarios were developed. 

Scenario I (“Weiter wie bisher”) applies a kind of business as usual perspective. 

It is measure-oriented and investigates the effects of already operative or 

previewed instruments. An autonomous trend towards energy efficiency is 

considered as well. 

Scenario II (“Verstärkte Zusammenarbeit”) is also measure-oriented and 

characterized by an enhanced cooperation between state and economy, a 

moderate increase of directives and the introduction of a CO2 tax for heating 

fuels. Efficiency in the electricity consumption is promoted through a climate 
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cent; boosting of renewables for power generation through a surcharge of the 

grid tariff. 

Scenario III (“Neue Prioritäten”) is target-oriented. It investigates which 

instruments and techniques are necessary in order to achieve the goals set. 

Worldwide priorities focusing on climate protection, energy efficiency and 

resource conservation are postulated. A key instrument is the increase in fossil 

energy prices with a steering tax (from 2011). 

Scenario IV (“2000-Watt-Gesellschaft”) is also target-oriented and sets the 

energy consumption at the average level of 2’000 Watt per capita in 2100. In 

order to achieve this goal, the path until 2035 requires a reduction in the per 

capita energy consumption and CO2 emissions of 35 %. The implementation of 

new technologies in all sectors is needed. In addition, structural changes are 

assumed (the rail transport performance doubles over the considered 

timeframe). 

The dedicated transportation module of the Energy Perspectives is exposed in 

(Keller, 2007). The simulation of the fleet dynamics is similar to that of the 

present work. However, new powertrain technologies (battery-electric, fuel 

cells) are almost completely neglected and the assumptions regarding 

penetration of hybrid concepts very conservative. No links between the 

transportation and conversion sectors are investigated. 

At the Swiss as well as at the international level, other studies have been 

conducted with focus on projections and strategies regarding the configuration 

of the future energy system (see for instance (CORE, 2007) and (IEA, 2008)). 

The Intergovernmental Panel on Climate Change (IPCC) develops periodically 

assessment reports focusing on the risks of climate change and on the 

corresponding prevention strategies. They represent the dominant basis of the 

political and scientific debate concerning global warming. Special Reports on 
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Emissions Scenarios (SRES) were published (IPCC, 2000). They describe in 

forty scenarios (grouped in the main categories A1, A2, B1 and B2) possible 

developments in population, technology, global economy, resources and 

environmental management and their effects on emissions. 

Regarding the transportation sector in particular, (Paul A. Steenhof, 2008) 

addresses the decarbonization of Canada’s passenger transport sector using a 

full system model of Canada's economy and compare greenhouse gas 

emissions, trade disposition of energy commodities and the physical resources 

required for energy production. Three scenarios are analyzed to compare the 

impacts of increasing either ethanol 85, hydrogen, or electricity powered 

vehicles in the vehicle fleet, with each starting to penetrate the light vehicle 

stock in 2010 to reach 100 % of the new vehicle market by 2050. For each of 

these three scenarios, a variation that considers the additional effects of 

decarbonazing electricity production was investigated. The approach is similar 

to the one described in chapter 6. 

(J. Van Mierlo, 2006) examines the performance of hybrid electric vehicles and 

battery electric vehicles in comparison with future hydrogen fuel cell based 

systems. 

A specific module for the transportation simulation was developed also in the 

context of the scenario and policy analysis of (Turton, 2006). 
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3. Methodological Approach and 
Model Structure 

The Energy Navigator is a computational energy system model for the 

simulation of energy demand, CO2 emissions and partially of the costs as a 

function of technical, economic and social development. It can be run through a 

user interface which uses the connection with an SQL database and has access 

to the underlying equations to compute and save the results of new scenarios or 

case variations. The database is filled with values for Switzerland until 2035 

(inputs and outputs), since the main application of the tool has a national focus 

and the results were compared with the Energy Perspectives of the SFOE that 

have an identical time horizon. Nevertheless, the analytical structure is general 

and can be adapted with little effort to other systems as well as different 

temporal boundaries. In fact, a specific version for the city of Zurich was 

developed on the basis of the Swiss model. Besides some adjustments 

regarding a slightly different structure, the key process for this adaptation 

concerned the data retrieval. 

An overview of the model structure is given in the following sections. 

3.1. Overall Design 
The analytical structure of the Energy Navigator consists of different sub-

modules connected with data fluxes according to the corresponding equations. 

The following main blocks constitute the skeleton of the model: 
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- Transformation module 

- Final energy sectors modules 

- Conversion modules 

- Balancing module 

- CO2 emissions module 

- Aggregation modules 

- Input/Output and cost module (only partially implemented) 

The transformation module serves as a connection between the top-down and 

the bottom-up parts (cf. Figure 3-1). Based on general boundary conditions 

regarding economic and demographic development, it determines the drivers 

for the process oriented final energy modules relative to each sector (e.g. 

persons kilometers, tons kilometers, floor area of new buildings, etc.), namely 

households (incl. electric appliances), transportation (person as well as freight), 

services and industry. On the other side it gives a feedback to the macro-

economic and input/output model regarding changes in investments and 

operating costs. 

The outputs of the transformation module represent an input for the final 

energy sectors modules which calculate the final energy demand according to 

the characteristic dimensions of the selected technical processes. 

Based on the final energy and in order to follow the fluxes of the energy chain, 

the primary energy is calculated in the conversion modules for the different 

secondary energy carriers, taking into account the specific conversion 

processes. In fact, this block includes electricity generation, cogeneration, fuel 

refinement as well as biofuels and hydrogen production. It should be noted that 

in the Energy Navigator the primary energy demand is defined as the energy 

input needed in the conversion processes occurring within the geographical 

boundaries, i.e., in Switzerland. This means for instance that extraction and 
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transportation of energy carriers are neglected and that imported oil products 

are assigned directly to the primary energy category. 

The resulting values are adjusted in the balancing module considering imports 

and exports over the national boundaries and then grouped on a sectoral basis 

as well as specifically for each type of energy carriers in the aggregation 

modules. 

Finally, the CO2 emissions can be calculated combining specific emissions 

values with the corresponding energy demand vectors. 

Figure 3-1 Logical structure of the Energy Navigator model system. 
 

Since the present work is based on the development and application of the 

transportation and conversion modules, a description of these model blocks is 

given in the following sections. 
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3.2. Transportation 
The transportation module includes passenger and freight transport as well as 

some off-road applications, even if not directly related to mobility (according to 

the approach of the Energy Perspective of the SFOE). The latter are for 

instance construction machines and mobile equipment such as lawn mower. For 

each category, different means of transportation are considered in the 

corresponding sub-modules, as summarized in Table 3-1. 

 

Passenger Transport Freight Transport 

Cars Trucks 

Trains, Trams and Trolley-Busses Trains 

Motorcycles Ships 

City Busses  

Overland Busses 

Aviation 

Ships 

Table 3-1 Overview of sub-modules of the transport sector. 
 

Two methodologies are used for these sub-modules: the dynamics of the 

vehicle fleet are simulated for the most relevant (from the point of view of 

energy demand) means of transportation. In this case, the technology is 

explicitly taken into account. For the other sub-models, just the overall specific 

consumption (energy demand over transport performance) is simulated. In the 

latter case efficiency improvements as well as shares of the different 

technologies on the vehicles fleet are implicit. 
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For both approaches, the differentiated transport performances are calibrated 

with the total value resulting from the transformation module. 

3.2.1. Passenger Transport 

3.2.1.1. Cars 
Detailed specifications of the cars sub-module are provided in Appendix A. 

Due to the central role of the car in the transport sector this sub-module is the 

most differentiated. The following categories for the powertrain are considered: 

internal combustion engines (ICE) driven by gasoline, diesel and gas, ICE-

electric hybrids driven by gasoline, diesel and hydrogen, plug-in hybrids driven 

by gasoline and diesel and electric motors with batteries or fuel cells driven by 

hydrogen. The differentiation also includes 7 power categories, 10 mass 

categories, and the cohort of the construction year of the car (yearly, starting 

from 1971; older vehicles are aggregated in a single category). The decision to 

take the cars power and not the engine displacement as a differentiation 

determinant is related to two aspects: on the one hand, power is an important 

factor for purchasing decisions; on the other hand, there is a stronger 

correlation with the specific consumption. 

The car fleet is simulated through the survival probability, which is calculated 

on the basis of the dynamics observed between the years 2001 and 2002. The 

removed cars are calibrated with the corresponding total value coming from the 

transformation module. Also the yearly overall number of new cars is given by 

the transformation module. The differentiation in several car categories is then 

performed based on an assumed development of the market share for the 

corresponding powertrain options. The database of the motor vehicles 
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information system (MOFIS) of the Swiss federal vehicle control bureau 

(EFKO) provides the input data for the starting year (2002). 

Changes in the cars average mass or power can be modeled by shifting the 

distribution of the new cars regarding the corresponding characteristics on 

higher or smaller categories. Two variations of the average weight are 

considered: one due to the employment of alternative powertrains which imply 

additional components and therefore mass and the other as a result of customer 

preferences (increase as well as reduction of the mass). 

The energy requirement is calculated by multiplying the specific consumption 

with the transport performance, both for each category. The specific 

consumption is projected in the future using technical progress factors 

differentiated for every powertrain option. The overall transport performance is 

an output of the transformation module which is allocated to different car 

categories according to the statistical distribution observed in the past. The 

module distinguishes between energy demand and energy sales. The divergence 

arises from tank tourism which is a consequence of the fuel price differences 

between Switzerland and its bordering countries. 

Regarding the selected powertrain technologies the following considerations 

can be made. In the ICE categories the energy source is a fuel: gasoline, diesel, 

natural gas or a mix of fossil fuels with biofuels in variable percentages. The 

value of the conversion efficiency is assigned also depending on fuel. The only 

energy converter is an internal combustion engine. This powertrain system is 

assumed to undergo a continuous development through several innovations 

over the considered timeframe. A major characteristic of future Otto and Diesel 

engines, as well as of engines based on intermediate combustion processes, will 

be the high variability of the components leading to the mitigation of traditional 

disadvantages of conventional ICE. Today this aspect encompasses primarily 
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the injection, the ignition and the charge process. In the future it will also 

include the valve train, the compression ratio and, as explained before, the 

capability of using many different fuels. In the car module there is no specific 

category for vehicles using biofuels or a mix of fossil fuels and biofuels. A 

parameter with a yearly value for each biofuel type provides the percentage of 

fossil fuel substituted with the corresponding biofuel. This macro perspective 

reflects the fact that fuelling stations increasingly offer combined fuel and 

allows the easy adaptation of the ratio with respect to the adopted mixtures. The 

effect of cars using 100 % biofuels is modeled by increasing the value of the 

above mentioned parameter, which can be interpreted as an implicit adjustment 

of the corresponding cars fleet. Vehicles with a natural gas ICE powertrain are 

assumed to be fueled only with gas. This involves a discrepancy between the 

real and the modeled ratio of gas demand over the car fleet, since today the cars 

available on the market which use natural gas are bi-fuel. However, this aspect 

can be taken into account in the model by simply reducing the amount of cars 

in the gas category in favor of cars of the gasoline category. 

In the hybrid category, the external energy source is solely a fuel as in the 

previous one. However, in addition to the internal combustion engine, an 

electric motor is co-responsible for the traction. The possible configurations are 

manifold. However, in the present model no further distinction is made in this 

category and just a common efficiency map is assumed for all hybrids. This 

does not reflect in detail possible future market developments, but the effect of 

different distributions of the market share of alternative hybrid configurations 

on the energy demand can be modeled by varying the average efficiency 

increase in comparison to the conventional ICE. Moreover, considering the 

highly differentiated model structure, a deeper disaggregation in this powertrain 

category would not make sense since the design of the hybrid configuration has 

to be adapted to a specific car’s characteristics. This would lead to the need for 
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a detailed vehicle simulation that is not feasible in a reasonable time 

considering the large amount of car categories in the fleet dynamic. 

The plug-in hybrid is a promising concept for the implementation of the 

electrification path. This powertrain configuration consists of the combination 

of an internal combustion engine with an electric motor as in the above-

mentioned hybrid category. However, in this case there is the possibility to 

connect the car to the electric grid and charge the bigger battery also from this 

external source. With the described configuration frequent short routes can be 

driven on purely electric (therefore more efficiently), and with the ICE as a 

range extender also longer trips are feasible. This variation can serve as a 

gradual transition from the present technology, based on the ICE, to the electric 

powertrain, increasing progressively the battery capacity depending on the 

corresponding developments. There is a great optimization potential for the 

interaction of the two systems by the design of these vehicles, both in 

determination of the corresponding power split as well as at the level of the 

driving strategy. The achievable savings can depend strongly on this fact. 

With the fuel cell option the traction is electric, but in contrast to battery driven 

cars, the electricity is produced on board. Some important advantages in 

comparison to the ICE are the higher efficiency in the partial load region of the 

engine map (which is very important in the urban traffic) and the local absence 

of emissions. Critical issues for the penetration of this technology today are the 

very high costs of fuel cells and the upstream losses for the hydrogen 

production and transportation as well as the additional mass for an energy 

storage which would allow a range comparable with conventional ICE cars. 

Additional mass, upstream losses and emissions as well as high costs are 

aspects which concern also the battery driven electric vehicles. A more specific 

comparison is given in chapter 6. 
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It has to be stressed that the share of the different powertrain systems in the 

new cars market is an exogenous input. These values are assumed considering 

the underlying boundary conditions of the corresponding scenario (e.g. energy 

prices) but there are no mathematical links between the economic framework, 

consumer preferences and penetration behavior of new technologies. The 

analysis of these aspects is not a goal of the present scenario tool. Other models 

are suitable for the description of economic decision processes which can be 

applied to the purchase decision of cars (see for instance (Mueller, 2009) and 

(de Haan, 2009)). Multinomial Logit Models (MNL) were used for these 

purposes among others in (Goldberg, 1995), (McCarthy, 1998) and 

(Brownstone, 2000). This approach foresees that by the purchase of a car, a 

person decides among several alternatives. The utility of a specific alternative 

is a function of different attributes (e.g. mass, power, carmaker, etc.) and other 

variables. The calibration of the coefficients of the utility function can be 

difficult and for alternative powertrains there are no data available. For this 

reason, and also because the projection in the future is reliable only in the very 

short term, the combination of this approach with the simulation of the fleet 

dynamic is not implemented. 

3.2.1.2. Motorcycles 
The dynamics of the fleet is simulated also for motorcycles. For the powertrain 

system only the ICE and the electric motor are considered. The differentiation 

includes 7 categories for the displacement and the cohort of the construction 

year (from 1971 yearly; all the older motorcycles are assigned to a single 

category). Also in this case, there is no specific category for motorcycles using 

biofuels. A parameter with a yearly value for each biofuel type provides the 

percentage of fossil fuel substituted with the corresponding biofuel. 
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The replacement rate is determined through the survival probability and the 

number of new motorcycles which are marketed yearly. The survival 

probability is calculated on the basis of the dynamics observed between the 

years 2001 and 2002. The removed motorcycles are calibrated with the total 

amount coming from the transformation module. The yearly overall number of 

new motorcycles is also determined in the transformation module. The 

differentiation in several motorcycles categories is then performed based on an 

assumed development for the market share of the corresponding powertrain 

options and displacement range. The MOFIS-database provides the input data 

for the starting year (2002).  

The energy demand is calculated by multiplying the specific consumption with 

the transport performance, both for each category. The specific consumption is 

projected into the future using technical progress. The overall transport 

performance is an output of the transformation module which is allocated to the 

different car categories according to the statistical distribution observed in the 

past. 

3.2.1.3. Trains, Trams & Trolley-Busses 
Trains, trams and Trolley-busses are modeled with the same approach, without 

direct simulation of the vehicles fleet. Therefore, the algebraic specifications 

differ from each other only for the index of the means of transportation. An 

overall specific consumption is given on the basis of the statistical data for 

electricity demand and transport performance (in p-km). The development of 

the specific consumption is calculated with an assumed factor for technical 

improvements, considering also projected changes in the vehicle load. 

The transport performance is an input of the sub-module calculated in the 

transformation module (as for all transportation sub-modules). 
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3.2.1.4. City Busses 
The category “city busses” includes all the busses used for public transport 

which have no electric powertrain (nowadays mainly diesel). The simulation 

approach is similar to that for trains and the same considerations regarding the 

development of the specific consumption and the transport performance can be 

made (see section 3.2.1.3). 

The allocation of the p-km to vehicles with different fuel types (diesel, gas, 

hydrogen) is assumed depending on the scenario conditions. Biofuels demand, 

in the form of first generation biodiesel, Fischer-Tropfsch diesel and biogas, is 

modeled assuming specific ratios in the sold fuel mix. 

3.2.1.5. Overland Busses 
The category “city busses” includes all the busses used for longer trips, most of 

them for organized excursions. The simulation approach for overland busses is 

similar to those used for city busses and trains and the same considerations 

regarding the development of the specific consumption and the transport 

performance can be made (see sections 3.2.1.3 and 3.2.1.4). The load here is 

not considered, because its influence on the final fuel demand is not relevant. 

For the overland busses only conventional diesel internal combustion engines 

are taken into account. However, also for this sub-module first generation 

biodiesel and Fischer-Tropfsch diesel have a share in the resulting fuel mix 

which can be set depending on the boundary conditions of the simulated 

scenario. 

3.2.1.6. Aviation 
In this sub-module only domestic flights are considered, according to the 

accounting rules for the calculation of national GHG emissions. The simulation 
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approach for aviation is similar to that for trains and busses and the same 

considerations regarding transport performance and development of specific 

consumption can be made (see sections 3.2.1.3 and 3.2.1.4). However, in this 

case the overall specific consumption is set to 6.2 liters kerosene per 100 p-km 

for the starting year. 

3.2.1.7. Ships 
Due to the very small share of this sub-module in the energy demand for 

transportation, the simulation is much aggregated and does not consider the 

fleet dynamics. Only heavy oil is taken into account as a fuel. The simulation 

approach for ships is similar to that for busses and trains and the same 

considerations regarding development of specific consumption and transport 

performance can be made (see sections 3.2.1.3 and 3.2.1.4). 

3.2.2. Freight Transport 

3.2.2.1. Trucks 
The simulation approach for road freight transport is similar to that for cars. 

Two main categories of trucks are considered: light duty trucks, with an overall 

weight smaller than or equal to 3.5 tons, and heavy duty trucks, with an overall 

weight of up to 40 tons. In addition, a more detailed classification is provided 

depending on the payload. 

The truck fleet is simulated through the survival probability which is calculated 

on the basis of the dynamics observed between the years 2001 and 2002. The 

MOFIS-database provides the input data for the starting year (2002). The 

specific consumption for each payload category is given on the basis of data 

from truck manufacturers (see section 4.1.3). The development of the specific 

consumption is calculated with an assumed factor for technical improvements. 
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The specific transport performance (in vehicle-km) is given on the basis of a 

survey of road freight transport (ARE, 2000) and differentiated taking into 

account the payload and the age category of the trucks (see section 4.1.2). It is 

then calibrated using the overall value of the transformation module which is 

set according to statistical data (BFS, 2001). The t-km are calculated by 

multiplying the vehicle-km with the capacity utilization and the payload of each 

category. 

Biofuels (first generation biodiesel, Fischer-Tropfsch diesel, bioethanol and 

biogas) are also considered, assuming a specific share of the fuel mix available 

on the market. 

3.2.2.2. Trains 
The overall specific consumption is given here on the basis of the statistical 

data for electricity demand and transport performance (in tons-km) in the 

starting year. The development of the specific consumption is calculated with a 

factor for the assumed technical and logistic improvements. 

The transport performance (in tons-km) is an input calculated in the 

transformation module. 

3.2.2.3. Ships 
The simulation approach for water freight transport is similar to that for rail. 

The overall specific consumption is given on the basis of statistical data for fuel 

demand and transport performance (in tons-km) in the starting year. The 

development of the specific consumption is calculated with a factor for 

assumed technical improvements. 

The transport performance (in tons-km) is an input calculated in the 

transformation module. 
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3.3. Conversion 
The conversion module includes the centralized electricity production systems 

as well as the production of hydrogen and biofuels. Different electricity 

generation technologies are considered with their corresponding sub-modules 

(see Table 3-2). 

 

Nuclear power plants Steam turbine plants 

Hydro power plants Other thermal plants 

Waste combustion plants Windmills 

Table 3-2 Electricity production systems according to the classification of the 
Energy Navigator. 

 

The Energy Navigator is a simulation and not an optimization tool. The 

development of the capacities of different plant types is given exogenously 

according to the specific scenario conditions. Two main results are calculated 

in each sub-module: the produced electricity and the energy needed for it (and 

the related CO2-emissions). The main inputs, besides the capacity, are the 

efficiency of the energy conversion system and for some sub-modules the 

operation time, whereas for others, the specific energy input (yearly energy 

input per capacity unit) is used. The approach is in both cases the same; in fact 

the specific energy input can be considered as a kind of operation time which 

takes into account efficiency. The use of the specific energy input has been 

preferred for systems with a renewable energy source. For such systems this 

quantity has a more intuitive physical meaning in comparison with the 

operation time and the data availability is respectively larger. 

The equation for calculating CO2-emissions is available in all the sub-modules, 

even if the present approach takes into account only the CO2 directly produced 
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from power generation. For facilities with renewable energy sources, like hydro 

or windmills, the factor for the specific emissions is set to zero. Nevertheless, 

this modeling approach potentially allows for consideration of the emissions 

relating to grey energy, by simply adjusting the specific emissions factor on the 

basis of life cycle analysis.  

The modules have a yearly integration period (as do all Navigator modules); 

therefore, they take into account neither seasonal nor daily dynamics. 

Cogeneration systems are treated separately. 

3.3.1. Nuclear Power Plants 
The electricity production of the five Swiss nuclear power plants is calculated 

through capacity and operation time. The overall capacity as well as the 

average operation time for past years (before 2002) is known from statistics. 

Existing plants are treated as a homogenous group (the same cohort is assigned 

to all facilities installed before 2002). The development of the capacity for 

future years underlies the chosen power generation option. In chapter 5, the 

selected alternative corresponds to option C of the Energy Perspectives. The 

future operation time is an assumption based on the present data. 

The efficiency is calculated for the past with the ratio of the produced 

electricity through the energy input. Future values are set on the basis of 

technical considerations (generation III and IV reactors). 

3.3.2. Hydro Power Plants 
The electricity production of Swiss hydro power plants is calculated through 

the capacity and the specific energy input. The overall capacity as well as the 

average specific energy input for the past (before 2002) is known from 

statistics. Existing plants are treated as a homogenous group (the same cohort is 
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assigned to all the facilities installed before 2002). The development of the 

capacity for future years underlies the upgrading potential according to (BFE, 

2005) and to the Energy Perspectives. This value does not depend on the 

scenario (the total capacity varies only slightly). The future specific energy 

input is an assumption based on the present data. The energy needed for 

pumping in the reservoir power stations is subtracted from the gross electricity 

production. 

The efficiency is calculated for the past with the ratio of the produced 

electricity through the energy input. Future values are assumptions. 

3.3.3. Waste Combustion Plants 
The electricity production of waste combustion plants is calculated through the 

corresponding electrical capacity and operation time. The overall electrical 

capacity as well as the average operation time for the past years (before 2002) 

is known from statistics. Existing plants are treated as a homogenous group (the 

same cohort is assigned to all the facilities installed before 2002). The 

development of the capacity for future years supports planned upgrades. The 

future operation time is an assumption based on the present data. 

Besides electricity production, heat recovery is also taken into account. It is 

calculated with a parameter which gives the ratio between the electricity 

produced and heat used. This parameter could be extracted from statistical data 

and is modeled by considering the planned renovation interventions. 

The efficiency is calculated for the past with the ratio of the produced 

electricity and heat through the energy input. Future values are assumptions. 

Different types of energy inputs are considered according to the statistics: 

besides garbage, industrial waste, gas and oil are also considered. The operation 

time is differentiated into these categories. The calculated energy input is split 
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into the part needed for electricity production and into that needed for heat 

production. The ratios are proportional to the produced quantity (with a 

different approach in comparison with the one for cogeneration plants). 

3.3.4. Steam Turbines Plants 
The category of steam turbine plants includes all facilities, which are driven 

with oil and produce electricity through a rankine cycle with a steam turbine. 

The largest power plant of this type in Switzerland was that of Vouvry (284 

MW); it was shut down in 1999 after 34 operation years. 

The importance of this plant category is nowadays small. Rather more 

interesting are smaller and decentralized thermal facilities which recover the 

waste heat (treated in the cogeneration model) and the gas combined power 

plants (section 3.3.5). Nevertheless, the Energy Navigator allows their 

simulation in order to provide computational flexibility, e.g., to compare them 

with other electricity production systems or to investigate possible (although 

not suitable) conversion paths for the energy production for traction purposes. 

The simulation approach is similar to that for nuclear power plants. The 

electricity production is calculated through the capacity and the operation time. 

The overall capacity as well as the average operation time for the past (before 

2002) is known from statistics. The development of the capacity is generally 

assumed to decrease to zero in the next 20 years, except for the above-

mentioned comparisons. The efficiency is calculated for the past with the ratio 

of the produced electricity through the energy input. Future values are 

assumptions. 
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3.3.5. Other Thermal Plants 
The category of other thermal plants includes combined gas-steam, coal-fired 

and simple gas turbine power plants. 

In Switzerland, the importance of coal and other fossil-fired power plants is 

marginal. Nevertheless, the Energy Navigator allows their simulation for the 

same considerations of section 3.3.4. Combined gas-steam plants could be an 

option for the replacement of nuclear power plants. 

The simulation approach for these three categories is similar to those of the 

nuclear power plants. The electricity production is calculated through the 

capacity and operation time. The overall capacity for the past (before 2002) is 

known from statistics. The development of the capacity for gas-steam plants 

underlies the chosen power generation option. For coal and gas turbine 

categories the capacity for future years is generally set to zero, except for the 

above-mentioned comparisons. Efficiency and operation times are given on the 

basis of technical considerations and their development is set according to 

(Enquete-Kommission des Deutschen Bundestages, 2002). 

3.3.6. Windmills 
The simulation approach for this category is similar to that for hydro power 

plants. The electricity production is calculated through the capacity and the 

specific energy input. The overall capacity as well as the average specific 

energy input for the past (before 2002) is known from available statistics. 

Existing plants are treated as a homogenous group (the same cohort is assigned 

to all the facilities installed before 2002). The development of the capacity for 

future years underlies the upgrading potential and is set considering (BFE 

BUWAL, 2004). The future specific energy input is an assumption based on 

present data. 
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The efficiency is calculated for the past with the ratio of the produced 

electricity through the energy input. Future values are assumptions. 

3.4. Software Design and User Interface 
All the data related to the model system are stored in a database on an MS-SQL 

server in the form of tables. The connection to the software database can be 

done externally, for example using MS Access. There are many tables in the 

database that can be divided into the following categories: input tables, output 

tables and views tables. 

Input tables 

In general, the first column of these tables is the DATASET_ID, followed by a 

column for each index of the parameter and a final column with its value. These 

are the tables that have to be filled with input data before each run. A dataset 

can be used as input for different runs.  

Output tables 

These tables contain the output data of each run. They are filled with data 

automatically when the program runs. In general, the first column of these 

tables is the RUN_ID, followed by a column for each index of the variable and 

a final column with its value. The value of the run ID identifies only one single 

run. 

Views tables 

These tables contain output data of each run. However, they do not contain 

hard-coded data but they are calculated in the server whenever they are called. 

It is only a different implementation for some output tables used for better 

performance. They normally refer to variables resulting from the summation 
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over different indices. In general, the first column of these tables is the 

RUN_ID, followed by a column for each index of the variable and a final 

column with its value. 

In addition there is a scenario table which contains one entry for each run. A 

unique ID and description is given to each new run. 

The equations structured in the different sub-modules are implemented in the 

Java Runtime Environment and the developed software application connects to 

the above-mentioned SQL server for accessing the required data while running. 

The Energy Navigator has a user interface which experts can use to control the 

application. A specific user table contains the log in information and it is used 

to prevent two or more users from logging into the program at the same time. 

The user has the following options: create, delete, load and compare runs as 

well as import, export and edit data. 

For creating a new run, an existing run must be chosen which serves as a 

template. Its id numbers for the input tables are automatically assigned to the 

new run. The user can now choose another id number for each input, checking 

first that such a dataset already exists in the database. A full run takes about 90 

minutes to complete. As the run continues, the progress of the calculations is 

shown on a bar. There is also the possibility to add one or more runs to the 

queue and then start the computation sequentially. 

By deleting a run, all the corresponding output data are canceled. This action 

does not affect the input data, since they may be needed in other runs. 

The user can load input tables and change the data for preparing a new run, 

either by editing them by hand, updating them by a chosen percentage or by 

importing them from an external file. The dataset id is automatically updated, 

so that the data can be changed without altering an already existing dataset. 
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Input and output data can be loaded and then visualized in line or stacked area 

charts, depending on the number of indices of the corresponding table. Data can 

be exported to a text file; charts saved as pictures. Optionally, there is the 

possibility of choosing two or more runs and compare them. 

Documentation files for each sub-module can be accessed in a separate window 

directly from the application. 

3.5. Simulations Nomenclature 
The Navigator uses a scenario approach allowing the transparent simulation of 

changing boundary conditions, the evaluation of uncertainties through 

sensitivities and the assessment of different technical oriented development 

path for specific sub-systems. 

The following differentiation in the nomenclature can be made regarding the 

simulation runs. 

Scenario 

The term “scenario” refers to a simulation run with a specific and 

comprehensive set of boundary conditions which have to be internally 

consistent and plausible. 

A new scenario requires therefore a whole dedicated dataset of exogenous 

inputs. The adjustments in comparison with other runs can concern the general 

framework, such as demographic or economic development, or implicit 

assumptions regarding the energy policy. Examples of scenarios are given in 

chapter 5. 
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Variation 

The term “variation” refers to a run based on boundary conditions of a specific 

scenario, with a changed parameter group regarding a sector or a module that 

the simulation focuses on. 

This approach is useful for the case of assessment of different options for a 

specific sub-system. Examples of variation are given in chapter 6. 

Sensitivity 

Sensitivities are involved in the adjustment of a single parameter. They are 

performed in order to evaluate the resulting effect on specific dimensions, e.g., 

allowing for benchmarking policy measures. 

Sensitivities are often used for the case of uncertainties regarding assumed 

inputs. Varying the corresponding values singularly and calculating the 

deriving deviations of a selected result gives information concerning the 

magnitude of error bars. 
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4. Data Retrieval and Processing 

4.1. Transportation 
The energy system model needs data for all considered means of transportation. 

Depending on the corresponding modeling approach, the retrieval of some 

inputs is similar for specific sub-modules and is therefore grouped in the next 

sections for the parameters which are most relevant for the present work. The 

main differentiation arises in the modules with a simulation of the fleet 

dynamics (cars, trucks and motorcycles) and modules without it. For the former 

category the determination of fleet stock, transport performance, specific 

consumption, survival probability as well as trends for future market 

development is crucial. 

For the latter category, represented for instance by trams and busses, the data 

retrieval shows a much smaller detail level and involves in collecting 

aggregated statistical data (most of them from the Federal Statistical Office) for 

the transport performance and the energy consumption (see description in 

sections 3.2.1 and 3.2.2). The related retrieval is not explained further in this 

chapter. 

4.1.1. Fleet 
In this section the retrieval of data regarding the fleet in the starting year of the 

sub-modules cars, trucks and motorcycles is explained. 
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• Cars 

The disaggregation level for the cars sub-module is the highest. This is a 

consequence of the fact that cars are the most relevant means of transportation 

and that the data basis is broad. 

The amount of matriculated cars in Switzerland for each considered category 

has to be known for the starting year 2002. The detailed fleet data required are 

provided by the MOFIS-database. In this database every vehicle is stored with 

the indication of its authorization number, first registration, curb weight and 

fuel type (gasoline, diesel and gas). Since the data of the vehicle power are 

missing, the MOFIS database was linked through the authorization numbers to 

other databases containing this information. In this way, the desired fleet values 

for 2002 were aggregated according to the categories of the Navigator and 

exported. Since the above-mentioned database is affected by errors, the invalid 

entries were first filtered and then deleted. For this reason, the resulting fleet 

data had to be calibrated using the total amount of matriculated cars given by 

the Federal Statistical Office (FSO). The classification chosen in the Navigator 

for the curb weight categories is the same of the FSO (see also (BFS, 2003), 

(BFS, 2004)): 0-900 kg, 100-1099 kg, 1100-1199 kg, 1200-1299 kg, 1300-1399 

kg, 1400-1499 kg, 1500-1599 kg, 1600-1699 kg, 1700-1799 kg, 1800 kg and 

more. In contrast, the FSO does not distinguish between power categories, 

focusing instead on the distribution of the engine displacement only. Thus, the 

displacement categories of the FSO have been converted into the power 

categories of the Navigator using a correlation (cf. Figure 4-1). This has been 

derived using information from a database of the association of the Swiss cars 

importers (“Auto-Schweiz”) with more than 17’500 entries of new cars sold 

between 1996 and 2004. 
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Figure 4-1 Correlation between displacement and power of new cars sold in 
Switzerland between 1996 and 2004. 

 

The resulting correspondence between power and displacement categories is 

reported in Table 4-1. 

 

Power [kW] Displacement [cm3] 

0 - 47 0 - 862 
47 - 70 862 - 1316 

70 - 92 1316 - 1750 

92 - 104 1750 - 1987 

104 - 131 1987 - 2519 

131 - 161 2519 - 3111 

≥ 161 ≥ 3111 

Table 4-1 Displacement categories corresponding to the power categories of the 
Energy Navigator defined on the basis of the correlation of Figure 4-1. 
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• Trucks 

Similar to cars, the number of trucks in each category of the Energy Navigator 

has been calculated on the basis of values contained in the MOFIS database for 

the starting year. In this database the information for trucks include the curb 

weight, the total weight, the payload, the displacement, the fuel type, the 

authorization number and the first registration. After filtration of the invalid 

entries, the total amount had to be calibrated. Since the classification of the 

FSO does not correspond to the one of the Navigator, data from the Federal 

Office for the Environment (FOEN, formerly Federal Office for Environment, 

Forest and Landscape) have been used for this purpose (BUWAL, 2003). 

Nevertheless, the Navigator features the same total weight and payload 

categories of the FSO (BFS, 2003), (BFS, 2004) (cf. Table 4-2) which are also 

particular of a specific duty category (light or heavy). 

  

Trucks type Payload [kg] Payload code 

Light duty trucks 

(total weight ≤ 3.5 t) 

0 – 999 1 

1’000 – 1’499 2 

≥ 1’500 3 

Heavy duty trucks 

(total weight ≥ 3.5 t) 

0 – 4’999 4 
5’000 – 6’999 5 

7’000 – 9’999 6 

10’000 – 14’999 7 

≥ 15’000 8 

Table 4-2 Classification for the payload of trucks used in the Navigator. 
 

The resulting distribution over payload and fuel type categories is shown in 

Figure 4-2. Trucks fueled with natural gas are not considered in this figure, 

since the share on the total amount is negligible. More than 50 % of light duty 
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trucks are fueled with gasoline (however, the share is decreasing rapidly), 

whereas for heavy duty trucks almost exclusively diesel is used. 

 

 

Figure 4-2 Truck fleet of Switzerland in 2002; payload codes according to Table 
4-2. 

 

• Motorcycles 

The differentiation level chosen for motorcycles is less detailed in comparison 

to the car and truck sub-modules. The classification for the displacement 

corresponds to that of the FSO and includes the following categories: less than 

51 cm3, 51-125 cm3, 126-250 cm3, 251-500 cm3, 501-750 cm3, 751-1’000 cm3 

and more than 1’000 cm3. Also in this case, invalid entries of the MOFIS 

database have been removed and the total number of motorcycles has been 

calibrated. 



Data Retrieval and Processing 

64 

4.1.2. Specific Transport Performance 
In this section the retrieval of data regarding the vehicle specific transport 

performance in the starting year of the sub-modules for cars, trucks and 

motorcycles is explained. 

• Cars 

A prominent source for data regarding transport performance in Switzerland is 

the survey “Mikrozensus zum Verkehrsverhalten” (BFS, 1996), (ARE, 2002). 

This study is issued every five years by the Federal Office for Spatial 

Development (ARE) and investigates the mobility behavior of the Swiss 

population. Since in this survey the data for the specific transport performance 

of cars are given depending among others on the displacement, a conversion 

into power categories has been made according to the correlation of Figure 4-1, 

in order to refer to the Navigator categories. The differentiation concerning fuel 

types has been implemented using a factor which allocates diesel cars a specific 

transport performance 1.37 times higher in comparison with that of gasoline 

cars (ARE, 2004). Another important determinant is the age of the cars. For this 

further differentiation (ARE, 2000) was used. The resulting distribution is 

given in Table 4-3. 
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Fuel 
Power 

[kW] 

Age of the car [years] 

<4 4-6 6-8 8-10 10-12 12-16 >16 
G

as
ol

in
e 

< 47 9'118 9'117 8'445 7'774 6'985 5'939 3'158 

47–70 13'076 13'073 12'110 11'148 10'016 8'516 4'529 

70–92 15'455 15'452 14'314 13'177 11'839 10'066 5'353 

92–104 17'322 17'319 16'043 14'768 13'269 11'282 6'000 

104–131 18'841 18'837 17'449 16'063 14'432 12'271 6'525 

131–161 19'423 19'419 17'989 16'559 14'879 12'650 6'727 

> 161 20'152 20'148 18'664 17'181 15'437 13'125 6'980 

D
ie

se
l 

< 47 11'970 11'951 10'921 9'761 8'205 7'539 5'529 

47–70 17'166 17'138 15'660 13'997 11'767 10'811 7'929 

70–92 20'289 20'257 18'510 16'544 13'908 12'778 9'371 

92–104 22'740 22'704 20'746 18'543 15'588 14'322 10'503 

104–131 24'734 24'694 22'564 20'168 16'954 15'577 11'424 

131–161 25'498 25'458 23'262 20'792 17'479 16'059 11'777 

> 161 26'455 26'413 24'135 21'572 18'134 16'661 12'219 

Table 4-3 Specific transport performance in km/year, depending on age, power 
and fuel type of the car. 

 

Transport performance decreases with increasing age of a car. However, for 

diesel cars the drop is not as sharp as for gasoline cars. In fact, the transport 

performance of cars older than 16 years and less than 47 kW in the gasoline 

category decreases to almost one third of the value for new cars, whereas in the 

diesel category the transport performance for the oldest cars is almost half of 

the original value. 

Since for cars with alternative powertrain systems the data basis is too small or 

does not exist at all, the transport performance is set equal to that of 

conventional gasoline and diesel ICE cars. 
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In the Energy Navigator it is assumed that the specific transport performance of 

cars, whose matriculation year corresponds to the simulation year, is half of the 

one that should be according to the information reported in Table 4-3. This is 

true if the new sold cars are homogenously distributed over the whole year. 

Of course, the total transport performance varies over time, according to the 

outcome of the transformation module. Therefore, the specific transport 

performance is calibrated on the basis of the development of the fleet. What 

remains constant is the relative distribution over the different car categories. 

This assumption is made for the whole simulation timeframe. Nevertheless, if 

data from projections in the literature are available, they can easily be stored in 

the database to replace the original ones. 

• Trucks 

The total transport performances of each payload category are calculated based 

on (BFS, 2001). These values are then divided by the corresponding number of 

trucks in order to determine the specific performance (cf. Table 4-4). 
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Trucks 

type 

Payload 

code 

Transport 

performance 

[m km/a] 

Number of 

trucks in 

1998 

Spec. transport 

performance 

[km/(truck∙a)] 
Li

gh
t d

ut
y 1 930 68'885 13'501 

2 1'769 116'420 15'195 

3 404 32'169 12'559 

Total 3'102 217'474 14'264 

H
ea

vy
 d

ut
y 

4 93 6'158 15'102 

5 255 7'478 34'100 

6 805 19'538 41'202 

7 480 11'573 41'476 

8 246 5'159 47'684 

Total 1'880 49'906 37'671 

Table 4-4 Specific transport performance of trucks calculated on the basis of 
(BFS, 2001). 

 

As in the case of cars, the age of a vehicle is an important factor for the 

distribution of the specific transport performance. In order to integrate this 

aspect in the inputs of the energy model, the survey (ARE, 2000) is used for 

disaggregating the data reported in Table 4-4 into age categories. Since the 

classification of ARE does not match exactly that of the Navigator, the 

available data are first aggregated into the categories light and heavy duty 

trucks. The results are shown in Table 4-5. 
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Trucks type 
Age of the truck [years] 

< 4 4 - 6 6 - 8 8 - 10 10 - 12 12 – 14 > 14 

Light duty 19'117 18'879 14'879 12'624 10'738 8'757 5'780 

Heavy duty 58'838 58'338 50'000 42'534 37'435 32'876 22'498 

Table 4-5 Specific transport performance of trucks in km/(truck∙a) calculated 
on the basis of (ARE, 2000). 

 

Combining the information given in Table 4-4 and Table 4-5, the 

corresponding values can be calculated for the required differentiation level.  

 

 

Figure 4-3 Specific transport performance of trucks depending on age and 
payload category. 

 

Also for this case, the specific transport performance of trucks, whose 

matriculation year corresponds to the simulation year, is set equal to half of the 

value calculated based on the distribution given in Figure 4-3. The total 

transport performance over time is determined in the transformation module, 
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but the relative distribution over the different truck categories is assumed 

constant over the whole simulation timeframe.  

• Motorcycles 

The data from the “Mikrozensus” survey (ARE, 2002) serve as basis for the 

calculation of data regarding transport performance. Since the displacement 

categories of “Mikrozensus” do not match with those of the Navigator, the 

desired values have been derived through a regression based on the available 

inputs (cf. Figure 4-4). 

 

 

Figure 4-4 Regression for the specific transport performance of motorcycles 
depending on engine displacement; data based on (ARE, 2000). 

 

Using (ARE, 2000), the distribution has been further differentiated by 

considering the age of a motorcycle. The resulting values are given in Table 

4-6. 
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Displacement [cm3] 
Age of the motorcycle [years] 

< 4 4 - 6 6 - 8 8 - 10 10 - 14 > 14 

< 50 2'357 1'528 996 1'030 819 518 

50 – 125 2'552 2'512 2'323 2'220 1'995 1'469 

125 – 250 2'990 2'934 2'704 2'587 2'491 1'685 

250 – 500 3'412 3'348 3'085 2'952 2'842 1'922 

500 – 750 3'714 3'645 3'358 3'213 3'094 2'092 

750 – 1000 4'060 3'948 3'625 3'495 3'167 2'325 

> 1000 5'150 5'009 4'599 4'434 4'017 2'950 

Table 4-6 Specific transport performance in km/(motorcycle∙a), depending on 
age and engine displacement. 

 

The decrease in the transport performance over time for motorcycles with a 

displacement smaller than 50 cm3 is much stronger in comparison with that of 

other categories. 

4.1.3. Specific Consumption 
In this section the retrieval of data regarding the specific consumption of 

vehicles in the starting year of the sub-modules cars, trucks and motorcycles is 

explained. 

• Cars 

The determination of the specific consumption for all the car categories of the 

Navigator relies on the database of “Auto-Schweiz” which contains technical 

information on every new car model sold in Switzerland. The differentiation 

level of the model is very high and some categories do not exist in the database 

of “Auto-Schweiz”. This is the case for cars with combinations of 

characteristics which are not available on the market now. For instance there 
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are consumption values for very light cars with a powerful engine. For other 

categories, the number of available models is so small that the corresponding 

consumption values are not representative. Therefore, since all the future 

specific consumption values of the Navigator are derived from the ones of the 

starting year assuming a yearly reduction simulated through a technical 

progress factor, a regression has been calculated based on the values from the 

“Auto-Schweiz” database. This regression links the specific consumption of a 

car with its technical characteristics, defined by matching the classification of 

the Navigator, and in this way allows for delivering the needed data for car 

categories which will be available on the market in the future. 

Specific consumption data of new car models with sales greater than 2 million 

between 1998 and 2004 have been used in order to derive the regression. Curb 

weight, power, fuel type (gasoline or diesel) and construction year are the 

variables selected as determinant factors. Several linear and non-linear 

regressions have been implemented using the statistical software SPSS® and 

then analyzed with respect to the quality of the correlation. The chosen function 

is a third order polynomial sum (cf. (Eq. 4-1). Higher order functions did not 

result in a better correlation quality. 

 

  

(Eq. 4-1) 

 

, where: P = power [kW] W = curb weight [kg]  

 Y = construction year F = fuel type (0 for gasoline, 2 for diesel) 
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Setting as a criterion the minimization of the squares of the deviation of the 

consumption values obtained with (Eq. 4-1) from the corresponding values of 

“Auto-Schweiz”, the parameter set given in Table 4-7 has been determined. 

 

a1 = 5.71E-05 c1 = -8.03E-07 x1: 5.11E-18 z1: -7.09E-15 

a2 = -2.53E-02 c2 = 5.25E-03 x2: -7.65E-11 z2: 6.31E-09 

a3 = 2.58E+00 c3 = -1.16E+01 x3: 3.08E-04 z3: -1.28E-03 

b1 = -4.26E-08 d1 = 1.61E+03 y1: 3.85E-07 c: 8.60E+03 

b2 = 3.15E-04 d2 = 3.58E+03 y2: -1.29E-04  

b3 = -6.27E-01 d3 = 1.00E+04 y3: -1.75E+01  

Table 4-7 Parameter set for the consumption according to (Eq. 4-1), obtained 
through minimization of the deviation squares. 

 

A comparison between the outcome of the formula and the original data is 

shown in Figure 4-5. 
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Figure 4-5 Deviation of the consumption values calculated with (Eq. 4-1) from 
the ones given in the database of “Auto-Schweiz”. 

 

The determination coefficient of the regression is 0.83. For the vast majority of 

considered cars the specific consumption is approximated very well by the 

derived formula. For 95 % of the 17’542 car models the difference is less than 

20 %, for 71.3 % less than 10 % and for 42 % less than 5 %. However, a more 

important dimension is the average relative difference between the 

consumption given by the formula and the real one. In fact, it is normal that 

there are several consumption values for a specific car category since the 

regression does not consider all the relevant influence parameters with respect 

to the high number of available models with different technologies and 

characteristics. Nevertheless, if the deviation is symmetric, the singular 

differences will sum up over the available models to a total consumption 

coherent with the real one. An analysis of this dimension is shown in Figure 4-6 

for different consumption categories. 
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Figure 4-6 Average relative difference of the specific consumption calculated 
with (Eq. 4-1) in comparison to the real one given in the database of 
“Auto-Schweiz” depending on the consumption classes and on the fuel 
type; distribution of sold cars between 1998 and 2004. No diesel cars 
with consumptions higher than 15 l/100 km were available in that 
period. 

 

Deviations of more than 10 % exist only for the categories with a specific 

consumption higher than 15 l/100 km. These models accounted for only 0.74 % 

of all new cars sold. For the other classes, the deviation is almost symmetric 

(i.e., 0 % in Figure 4-6) and the average weighted with the sales number of 

each consumption category is 1.77 %, meaning that the values calculated with 

the formula are on average a bit higher than the real ones. A very strong 

asymmetry is visible also for gasoline cars with consumptions smaller than 5 

l/100 km. However, since in this category diesel engines are predominant and 

the corresponding deviation is almost symmetric, the relative difference 

averaged over all models is relatively small (4.20 %). 
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The statistical data are available only for gasoline and diesel cars and over a 

limited time period. However, the Energy Navigator has to be fed with specific 

consumption data until 2035 including those for alternative powertrain systems. 

The development is described by the parameter “technical progress” (TP) 

which is given by the ratio between the specific consumption of new cars of 

two subsequent years and is differentiated for each car category. TP values 

lower than 1 represents a reduction in specific consumption. In order to identify 

possible trends, the average yearly TP weighted on the sales of diesel and 

gasoline cars have been calculated on the basis of the statistical data from 1996 

to 2006 of “Auto-Schweiz” (Auto-Schweiz, 1996-2006). The development of 

TP does not show an obvious trend. However, the analysis reveals that the 

average TP over the last 10 years was 0.9797 for gasoline and 0.9834 for diesel 

cars which corresponds to around a 2 % yearly reduction in specific 

consumption. 

Future reduction potentials, as well as consumption values for alternative 

powertrain systems with respect to the conventional ICE, have been evaluated 

by means of expert interviews and a detailed literature review (Kromer, 2008). 

The resulting assumptions are shown in Figure 4-7. 
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Figure 4-7 Assumptions for the development of specific consumption for cars 
with different powertrains and the same curb weight and power, 
normalized to gasoline-ICE in 2002. Overall, improvements in 
aerodynamics and rolling resistance are assumed to be 10 % for all 
categories (own estimates). 

 

These values do not take into account that some alternative powertrain systems 

are responsible for a higher curb weight of the car. This aspect is considered by 

shifting the market share of new cars to higher weight categories in order to 

maintain a comparable utility of the car (see section 4.1.5). 

Until 2006 the relative specific consumptions of gasoline and diesel cars given 

in Figure 4-7 are set in order to match the available statistical data. The 

technical progress is then assumed to remain constant from 2007 to 2035 for all 

powertrain technologies and calculated based on the relative consumption 

chosen for 2035. 

The decrease in specific consumption is not only due to an enhancement of the 

powertrain efficiency; it is also the result of better aerodynamic as well as 
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better rolling resistance properties (10 % aerodynamic and rolling resistance 

enhancement for all powertrain technologies until 2035 is assumed). 

In recent years, gas vehicles on the market showed higher specific energy 

consumption than gasoline vehicles. However, this difference is mostly due to 

the fact that these engines are designed for bi-fuel purposes; in the Navigator it 

is assumed that the described disadvantage will be outweighed within a few 

years. For the specific consumption of fuel cell vehicles as shown in Figure 4-7, 

the energy source is assumed to be pressurized hydrogen at 700 bar. For the 

specific consumption of the battery-electric cars a battery charge/discharge 

efficiency of 0.75 in 2002 and 0.85 in 2035 is considered and accounted for. 

Specific consumptions for plug-in hybrids are interpolated between battery-

electric and conventional hybrid-electric vehicles. The interpolation is weighted 

with the factor ES (Electric Share). The factor ES is time-dependent and 

represents the share of kilometers driven in purely electric mode. The 

assumptions for ES are displayed in Figure 4-21. 

Technical progress is not differentiated for the curb weight and power 

categories. It only depends on the powertrain and on the year of first 

matriculation. Therefore, the distribution of the specific consumption within 

each powertrain class remains the same of the starting year. 

• Trucks 

In contrast to cars, consumption values for trucks are not available with a high 

level of detail and they are not systematically classified. Therefore, data have 

been derived from information provided by different truck manufactures. 

Specific consumption values for truck categories not directly represented by the 

producers have been calculated through interpolation between available data. 

The resulting set for diesel trucks is shown in Figure 4-8. 
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Figure 4-8 Specific consumptions for trucks with diesel engines in the starting 
year 2002 used in the Energy Navigator; payload codes according to 
Table 4-2. 

 

For gasoline trucks a specific consumption 10 % higher has been assumed. 

• Motorcycles 

For motorcycles, the data basis regarding the specific consumption is not broad. 

Values have been collected for 81 vehicles from producers, test reports and 

motorcycle magazines. Based on this, a function for the specific consumption 

depending on engine displacement has been derived. The result is shown in 

Figure 4-9. 
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Figure 4-9 Specific consumption values of several motorcycle models available on 
the market and corresponding derived function. 

 

The real values are scattered around the trendline resulting from the calculated 

function. However, the average deviation is only 1.24 %, meaning that the 

differences are almost symmetric and that the derived relation between specific 

consumption and engine displacement delivers reasonable values. 

Thus, the specific consumptions in the Navigator are calculated with the above-

mentioned function, using a value for the displacement of each category which 

is an estimation of the average of the available models (50 cm3 for less than 50 

cm3, 125 cm3 for 51-125 cm3, 250 cm3 for 126-250 cm3, 500 cm3 for 251-500 

cm3, 635 cm3 for 501-750 cm3, 950 cm3 for 751-1’000 cm3 and 1050 cm3 for 

more than 1’000 cm3). 
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4.1.4. Survival Probability 
Each year a certain number of vehicles are replaced. These vehicles are not 

necessarily only the oldest ones. In fact, it is possible that relatively new 

vehicles are replaced as a consequence of accidents. On the other hand, 

oldtimers can “survive” even if they are more than 30 years old. A dimension 

that represents the share of vehicles with specific characteristics that remain 

matriculated the subsequent year is needed for a robust simulation of the fleet 

dynamic. The survival probability has been calculated for the Energy Navigator 

comparing the fleet data of 2002 with the ones of 2001. This parameter is 

described in (Eq. 4-2). 

 

 (Eq. 4-2) 
 

 
, where: SP = survival probability k = year of the first matriculation 
 

The disaggregation level and the specific dimensions of the categories have to 

be defined after the analysis of the available data for each vehicle type. This 

aspect, together with the corresponding results used in the Navigator, is 

explained for cars, motorcycles and trucks below. 

• Cars 

The first hypothesis that has been checked concerns the differentiation of the 

survival probability according to the fuel type (gasoline or diesel). For this 

purpose cars have been first separated according to these categories and then 

the corresponding fleets in 2002 and 2001 have been compared. The results are 

shown in Figure 4-10. 
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Figure 4-10 Survival probability of cars depending on fuel type and age of the 
vehicle; values derived comparing the fleet in 2002 with the one in 
2001. 

 

It is remarkable that for diesel cars the values for cars with a diesel engine 

fluctuate massively. This is a consequence of the very small number of cars of 

this category in the fleet. These values are not representative and therefore the 

differentiation depending on the fuel type has been rejected. 

Another considered classification takes into account the curb weight of the cars. 

The results are shown in Figure 4-11. 
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Figure 4-11 Survival probability of cars depending on curb weight and on age of 
the vehicle; values derived comparing the fleet in 2002 with the one in 
2001. 

 

The survival probability in the first 10 years is similar for all the categories. 

After that, cars with higher curb weight show slightly higher values. However, 

since most of the cars in the fleet are not older than 10 years, a differentiation 

according to weight categories has been rejected. 

Furthermore, the analysis of the survival probability differentiated for the 

power categories of the Navigator has been conducted, where no obvious 

difference between the trends has been recognized. 

Therefore, the introduction of different classes for the survival probability of 

cars has been considered irrelevant. Only the dependence on age of the car has 

been evaluated in computations. The derived trend is shown in Figure 4-12. 
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Figure 4-12 Survival probability of cars depending on age, averaged over all 
vehicles; values derived comparing the fleet in 2002 with that in 2001. 

 

The raw values of the survival probability calculated on the basis of the data of 

the MOFIS database show fluctuations due to the fact that only the fleets of 

2002 and 2001 have been compared. On the other hand, as explained above, in 

some cases, especially for categories with a small number of cars, the results 

are not representative. Therefore, after deciding which differentiation must be 

applied to the survival probability and the calculation of the specific values, the 

resulting development over age has been smoothed. The curve in Figure 4-12 

has already undergone this adjustment. The same approach has also been used 

for the determination of the survival probability of motorcycles and trucks. 

• Motorcycles 

The Energy Navigator distinguishes between different categories for engine 

displacement of motorcycles. Although the modeling also considers different 

energy sources and powertrain systems (ICE, electric), the vast majority of 
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motorcycles in the fleet are driven by gasoline. Therefore, the analysis of 

possible differentiations for the survival probability takes into account the 

engine displacement categories only (in addition to the age of the motorcycle). 

Figure 4-13 show the results. 

 

 

Figure 4-13 Survival probability of motorcycles depending on engine displacement 
and age of the vehicle; values derived by comparing the fleet in 2002 
with that in 2001. 

 

It is evident that the survival probability for motorcycles with bigger 

displacements is higher. Thus, the following three categories have been 

defined: smaller than 50 cm3, between 51 and 500 cm3, and greater than 500 

cm3. The resulting differences in the survival probability are shown in Figure 

4-14. 
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Figure 4-14 Survival probability of motorcycles depending on age of the vehicle, 
averaged over three categories of engine displacement; values derived 
by comparing the fleet in 2002 with that in 2001. 

 

• Trucks 

Similar to cars, the differentiation into fuel type categories for the survival 

probability has been assessed also for trucks. The results are shown in Figure 

4-15. 
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Figure 4-15 Survival probability of trucks depending on fuel type and age of the 
vehicle; values derived comparing the fleet in 2002 with that in 2001. 

 

No obvious differences between the trends have been observed. Therefore, the 

fuel type has not been included in the differentiation of the survival probability 

of trucks. This is reasonable also considering that the share of diesel trucks has 

continuously increased and today approaches almost 100 %. 

Differentiating by the payload category, small differences in the survival 

probability between heavy duty and light duty trucks can be recognized (see 

Figure 4-16). A more disaggragated differentiation does not reveal particular 

trends. Thus, the survival probability in the Navigator just accounts for the age 

and the duty category of the truck. 
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Figure 4-16 Survival probability of trucks depending on the duty category and on 
vehicle age; values derived comparing the fleet in 2002 with that in 
2001. 

 

The survival probabilities are assumed to be constant for all the considered 

vehicles over the entire simulation timeframe. The resulting yearly number of 

vehicles which are replaced is calibrated with the total value calculated in the 

transformation module. The sensitivity of the fleet dynamic to variations in the 

survival probability (higher or lower replacement rate) has been analyzed in 

specific runs. 

4.1.5. Market Share 
For some parameters past data have also been retrieved (if available) and 

analyzed in order to identify possible trends. This is the case for the market 

share. 
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• Cars 

The market share of new cars has been studied focusing on the average curb 

weight, power and specific consumption. Data from “Auto-Schweiz” provide 

the information shown in Figure 4-17. 

 

Figure 4-17 Development of the average curb weight, power and specific 
consumption of new cars sold in Switzerland in the period between 
1998 and 2007; data from “Auto-Schweiz”. 

 

The average curb weight of new cars increased in the considered timeframe by 

more than 150 kg (+ 11.4 %). This general trend showed an interruption only in 

2000, as a consequence of the introduction of new, very light models. In fact, in 

this year the average weight for diesel cars even decreased due among others to 

the sales of Smart, VW Lupo 3L, Fiat Punto JTD and Audi A2. The number of 

new cars lighter than 1’000 kg with a power smaller than 47 kW increased in 

the same period 733 %, whereas the total number of sold cars decreased 0.7 %. 

However, this trend didn't last long time and the sale numbers of the smallest 

weight category sank until 2004 to 18 % of the level of 2000 for diesel cars. 
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Moreover, the share of heavy vehicles (over 2’200 kg) increased strongly 

between 2000 and 2004 (+ 228 %), in comparison with the growth of the entire 

diesel car sector (+ 121 %). Therefore, from 2001, a clear increase in average 

weight can be again recognized. 

In general, the increase in curb weight can be explained through the intensified 

adoption of safety and comfort elements like airbags and air conditioning. In 

addition, consumer preferences shifted towards bigger cars. 

In parallel, the average power increased, 15.6 kW (+ 16.9 %) from 1998 to 

2007. Therefore, despite additional weight, the average power to weight ratio 

increased. 

Considering the above-mentioned aspects, the development of the average 

specific consumption is impressive. For both gasoline and diesel cars, the 

decrease is evident. This shows that the technical progress more than 

compensated for the other specific growth drivers. Also here the increment in 

the sale of light cars with low specific consumption (VW Lupo: 3l/100 km, 

Smart diesel: 3.4 l/100 km, Audi A2: 4.3 l/100 km) in 2000 is visible. The 

overall average specific consumption of new cars decreased from 1998 to 2007 

by almost 13 %. This was a consequence of technical progress and of an 

increase in the diesel share (from 5.0 % in 1998 to 32.5 % in 2007). 

The trends for the cars sold in the last ten years can be observed also for a 

single model over more than 30 years. Figure 4-18 shows a comparison 

between the VW Golf GTI model year 1976 and 2009. The curb weight 

increased in this period 65 %, the power almost 90 %, while the specific 

consumption decreased about 7 %. 

 



Data Retrieval and Processing 

90 

 

Figure 4-18 Comparison of specific consumption, curb weight and power for the 
VW Golf GTI model year 1976 and 2009. 

 

The distribution of the market share for new cars over the weight and power 

categories has been kept constant for the whole simulation timeframe. This 

does not mean that the average weight and power of the car fleet does not vary. 

In fact, the distribution of new cars sold differs from the fleet distribution in the 

starting year; in this particular instance average weight and power of new cars 

are higher than those of the fleet. Therefore, even with the assumption of 

constant distribution of market share, these two dimensions increase until 2035. 

Nevertheless, previous trends show a general rise in average weight and power 

for new cars (see Figure 4-17). Therefore, an algorithm has been implemented 

to create a market share input with fl exible distribution. The user can choose 

between an increasing and a decreasing trend (both for weight and power), by 

specifying the corresponding magnitude. The algorithm determines on this 

basis a yearly factor for each car category which serves as multiplicator for the 

original market shares of the corresponding classes. In the case of an average 

power increase, market share of the lowest power categories are multiplied with 
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a value smaller than 1, resulting in a decrease in the number of new cars. In 

parallel, cars of the highest categories increase their market share. The 

distribution of this shifting is sinusoidal and is illustrated exemplarily in Figure 

4-19. 

 

 

Figure 4-19 Multiplicator factor for the market share of new cars depending the 
power category in the case of the simulation of an increase of the 
average power. Each line is specific for a simulation year. The values 
for a specific category increase sequentially over the simulated 
timeframe. The amplitude of the deviation from 1 can be chosen. 

 

An increase in the average weight of new cars would result in a similar plot for 

the corresponding multiplicator factor. If both weight and power are varied 

simultaneously then the factor for each category is calculated by multiplying 

the two single factors. 

Since the market share is not homogenously distributed, varying the number of 

cars by the factors shown in Figure 4-19 would lead to an increase or a decrease 

in the total number of new cars, i.e., the sum of the market share of all classes 
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would differ from 1. Therefore, the derived values are scaled in order to keep 

the number of new cars equal to those calculated in the transformation module. 

Figure 4-20 shows the weight and power trends that have been chosen for the 

base case of chapter 6, in which a smooth penetration of alternative powertrains 

is assumed (see Figure 6-1). 

 

 

Figure 4-20 Average curb weight and power of new cars in Switzerland, 
statistically and in the basis case of chapter 6, in which a smooth 
penetration of alternative powertrains is assumed (see Figure 6-1). 

 

Since the starting year of the Energy Navigator is 2002, the values for the 

market share have been set until 2006 in order to match the statistical data 

reported by “Auto-Schweiz”. 

It must be noted that a technology-based increase in weight has also been 

implemented. In fact, a vehicle with an alternative powertrain can, in some 

cases, be heavier than an equivalent conventional car. This is due to an 
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additional motor (for electric-hybrid cars), heavier tanks (for vehicles running 

on compressed gases) and extra battery weight (for electric-hybrid, battery-

electric and plug-in hybrid cars). Therefore, the distribution of new cars over 

the weight categories of the Navigator has to be adjusted for cars with 

alternative powertrains, taking into account the additional weight, so that the 

structure of the cars size remains similar. Table 4-8 shows the assumptions used 

in the Navigator regarding the additional weight due to alternative powertrains. 

These values have been derived according to (Kromer, 2008). 

 

Powertrain Weight category Weight [kg] 

Gasoline hybrida) + 1 + 100 
Diesel hybridb) + 1 + 100 

Gas ICEa) + 1 + 100 

Battery-electrica) + 3 + 300 

H2 hybrida) + 1 + 100 

H2 fuel cella) + 1 + 100 

Plug-in hybridc) + 1-2 + 100-200 

Table 4-8  Increase in the curb weight for cars with alternative powertrain 
technologies in comparison to equivalent cars with: a) gasoline ICE 
powertrain, b) diesel ICE powertrain, c) ICE powertrain. Values of 
the additional weight according to (Kromer, 2008). 

 

For a plug-in hybrid car the extra weight of the battery depends heavily on the 

design of the powertrain system, in particular on the electric range of the car 

which is likely to increase over the next decades. In the Energy Navigator an 

electric range increase from 5 miles in 2002 to 60 miles in 2035 has been 

assumed (see Figure 4-21). 
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Figure 4-21 Development of the electric range of plug-in hybrids assumed in the 
Navigator and corresponding electric share according to (Kromer, 
2008). 

 

The share of km which can be driven in purely electric mode (the electric share 

of Figure 4-21) is a function of the statistical distribution of the trips length and 

of the battery capacity. It has been calculated according to (Kromer, 2008) and 

to data for the traffic behavior from the Swiss Federal Office for Spatial 

Development and the Swiss Federal Statistical Office (BFS ARE, 2007). 

Assuming that the energy density of the batteries increases over the next 

decades, the development of the battery weight can be derived according to the 

electric range for plug-in hybrids of Figure 4-21 (see Figure 4-22). 
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Figure 4-22 Assumptions of the Navigator regarding the development of the 
energy density of batteries over the electric range that these would 
enable, and corresponding battery weight. 

 

Assuming 80 kg of extra weight for components (Kromer, 2008) plus the 

corresponding battery weight (according to Figure 4-21 and Figure 4-22), the 

total weight increase for plug-in hybrids compared to cars with conventional 

ICE powertrain varies from 100 to 200 kg (see Figure 4-23). Since the weight 

categories of the Navigator have a range of 100 kg, a progressive increase 

cannot be simulated. Instead, the discrete assumption of a shift of one to two 

categories has been made (see Figure 4-23). 
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Figure 4-23 Assumptions for the additional weight of plug-in hybrids. Since the 
weight categories of the Navigator are discrete, the displacement to 
higher classes is assumed to take place entirely in one year (own 
estimate based on (Kromer, 2008)). 

 

• Motorcycles 

The data regarding new motorcycles have been exported directly from the 

reports of the Federal Statistical Office, since the differentiation level for this 

sub-module is rather low. The distribution of new motorcycles sold over the 

categories considered in the Navigator is assumed to preserve the same 

structure in the future. 

• Trucks 

The data regarding new trucks have not been extracted from the publications of 

the Federal Statistical Office, since in this case the classification differs from 

the one of the Navigator and does not provide the desired differentiation level. 
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It has been assumed that all new heavy duty trucks have a diesel engine. In fact, 

heavy trucks fueled with gasoline accounted for only 0.47 % of the fleet in 

2002 and most of them with a relative remote year of first matriculation. The 

future distribution over the payload categories of the Navigator has been set 

equal to the one of the fleet in the starting year, according to the values of the 

MOFIS-database. 

4.2. Hydrogen Production 
For H2 production with electricity two possibilities are assessed in chapter 6: 

atmospheric electrolysis at ambient temperature (water electrolysis) and high-

temperature electrolysis (steam electrolysis) at 1073 K, both with downstream 

H2 compression to 700 bar. According to (Roy, 2006) the energy consumption 

in an atmospheric electrolyzer with a downstream compression to 700 bar is 

4.92 kWh per Nm3 hydrogen output, of which 4.45 kWh are used for the 

electrolysis and 0.47 kWh for the compression. Related to the lower heating 

value of hydrogen (2.96 kWh/Nm3) this corresponds to a total efficiency of 

60.2 %. According to (Berry, 2004) high-temperature steam electrolysis needs 

30 % to 40 % less electrical energy input than ambient-temperature water 

electrolysis (Berry, 2004). For the model a factor of 0.65 for the required 

electric input in comparison with the one for the water electrolysis is applied. 

However, high-temperature steam electrolysis requires substantial additional 

thermal energy to generate steam for operation at that temperature level. 

According to (Ni, 2007), the thermal energy input for hydrogen production by 

high-temperature steam electrolysis at high current densities (> 4000 A/m2) and 

at a temperature of 1073 K, amounts to about 31.5 % of the energy output in 

the form of H2 (Ni, 2007). Including the energy used for compression to 700 

bar, this leads to a total efficiency of 69.3 % related to the lower heating value 
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of hydrogen. Table 4-9 provides an overview of the energy demand for 

hydrogen production and compression. These numbers suggest an electricity 

consumption of 15.9 % of the hydrogen energy content (related to the lower 

heating value) for compression from 1 to 700 bar. (Bossel, 2005) calculated the 

electricity consumption for the same compression to be around 13 % of the 

hydrogen energy content related to the higher heating value (or 15.5 % related 

to the lower heating value). This result is compatible with the numbers 

presented here. 

 

 Energyel 

[kWh/Nm3] 

Energyth 

[kWh/Nm3] 

Energytot 

[kWh/Nm3] 
Efficiency 

H2 production by 

water electrolysis 
4.45 0 4.45  

H2 production by 

steam electrolysis 
2.89 0.925 3.82  

Compression 

to 700 bar 
0.47 0 0.47  

Total (700 bar, 

water electrolysis) 
4.92 0 4.92 0.60 

Total (700 bar, 

steam electrolysis) 
3.36 0.925 4.29 0.69 

Table 4-9 Electric, thermal and total energy demand for hydrogen production 
by water and steam electrolysis and for downstream compression as 
well as total efficiency. Data derived according to (Roy, 2006), (Berry, 
2004), (Ni, 2007). 
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5. Reference and Policy Scenarios – 
Definition, Results and Discussion 

5.1. Definition of Scenarios 
The developed energy system model described in chapter 3 was used with two 

explorative scenarios in order to test the causal structure, to check the 

functionality of the model, to validate the calibration of the basis year’s input 

values and to verify the accuracy of the implemented equations through the 

attained results. The two scenarios do not differ in the macro boundary 

conditions like population and economic growth but mainly in the subordinated 

energy and climate policy and in some sector’s specific parameters. The 

reference scenario with an autonomous, and not policy driven technical 

progress, serves as a benchmark, in order to determine the deviations (partially 

including the costs) of a policy driven scenario. 

The reference scenario corresponds in a large extent to scenario I of the Energy 

Perspectives of the Swiss Federal Office of Energy. The assumptions and 

results of the policy scenario imply moderate energy efficiency and climate 

policies. This simulation run can be placed between scenario II and scenario III 

of the Energy Perspectives. 

5.1.1. Reference Scenario 
The reference scenario assumes energy and climate policies similar to the past 

in Switzerland and in Europe. This does not reflect the likely development of 
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the Swiss energy system. Rather, this approach is a methodological construct in 

order to identify the energy, ecological and economic effects of an adapted 

future energy and climate policy. Such a policy scenario is exposed in sections 

5.1.2 and 5.2.2. 

Some assumptions concerning the central drivers of the future energy demand 

for Switzerland are the population trends, increasing by 200’000 people until 

2020, then remaining stagnant (cf. Table 5-1), and the Gross Domestic Product, 

increasing 0.9 % per year or barely 540 CHF per capita and year. On a sector 

specific basis, the number of private households rises a bit faster to 3.6 million 

because of smaller household sizes; the floor area too, however from 2010 in 

favor of the one-family houses, while the area of the multiple-family dwellings 

decreases after 2010. In the service sector, the area increases almost linearly 

until 2035, reaching 183 million m2. 

The outline data of the industry sector were derived from the projections of the 

Energy Perspectives (Ecoplan, 2006). The added value of the industry rises in 

the period between 2003 and 2035 approximately 0.7 % annually. The 

passenger transport performance increases by 49 %; the corresponding value 

for freight transport is 61 % (cf. Table 5-2). As exposed in section 3.2.1.1, the 

considered data comprise of the person kilometers for cars, railway, 

tram/trolley, city and overland busses, motorcycles, airplanes (only domestic 

flights), and ships as well as the freight kilometers for railway, light and heavy 

trucks and ships. 

 

 

 

 



Reference and Policy Scenarios – Definition, Results and Discussion 

101 

 2002 2010 2020 2035 

Population1) *) 7’230’281 7’332’105 7’389’997 7’376’286 

GDP2) *)  [bn CHF] 421.222 475.348 524.126 565.363 

Households size3) *) 

[persons/household] 
2.26 2.16 2.10 2.02 

GDP/cap**) 58’592 64’831 70’924 76’646 

Area services**) 

[million m2]  
143 155 169 183 

Area single-family 

house**) [million m2] 
133 155 185 199 

Area multi-family 

house**) [million m2] 
197 261 238 216 

Number of 

households**) 
3’194’998 3’394’493 3’519’046 3’651’626 

Table 5-1 Reference scenario of the Energy Navigator - Key influence 
parameters for future energy demand, Switzerland. 

 1) (BFS, 2004), Scenario Trend 
2)  Past: (Staatssektretariat für Wirtschaft, 2005) 
 Perspective: (Staatssekretariat für Wirtschaft, 2004) 
3) (Prognos, 2005) 

 *) preset 
 **) calculated 
 

Concerning energy and climate policy, it was not assumed that policy remains 

unchanged, but that the existing resolutions and laws, for example the “CO2-

law” with 35 CHF per t CO2 for combustibles (meaning, fuels not used for 

transportation) and the climate penny for fuels are applied from 2007. It was 

also assumed that construction standards are periodically adjusted for each 
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canton, that electric appliances are allocated in energy consumption classes for 

labeling purposes and that cars are charged depending on the specific CO2 

emissions. However, these changes reflect nothing more than the autonomous 

technical progress in energy efficiency for the different sectors under a low 

increase in the energy price over the considered period until 2035. 

 

 2002 2010 2020 2035 

Gross value added 

Industry1)*) [m CHF] 
106’167 116’609 125’697 132’131 

Chemicals**) [MI] 133.4 150.5 166.0 179.0 

Paper**) [1’000 t] 1’771 2’138 2’480 2’783 

Cement**) [1’000 t] 3’944 3’841 3’764 3’724 

Steel**) [1’000 t] 1’100 1’300 1’300 1’300 

P-km total**) [m p-km] 109’342 125’562 145’414 163’338 

P-km car**) [m p-km] 82’687 92’424 105’099 116’775 

T-km total2)*) [m t-km] 23’604 29’066 34’062 38’021 

T-km heavy duty trucks2)*/**) 

[m p-km] 
13’343 16’792 18’886 20’000 

Table 5-2 Reference scenario of the Energy Navigator - Key influence 
parameters for the energy demand of industry and transportation, 
Switzerland. 

 1) (Ecoplan, 2006), Scenario Trend; (Nathani, 2006) 
2)  (ARE, 2004) 

 *) preset 
 **) calculated 
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5.1.2. Policy Scenario 
The policy scenario described here is not a target-oriented scenario, i.e., no CO2 

reduction goals or energy efficiency targets are preset. Rather, it is an 

explorative scenario with a series of additional assumptions including more 

intensive energy and climate policies. The changes to the boundary conditions 

of the energy and climate policies on crucial drivers like economic growth or 

structural development are indeed low, however, they are calculated by the 

transformation module endogenously, or for consistency reasons they are 

assumed by estimations according to the available literature. 

The data regarding the population used in the policy scenario are the same as 

that of the reference one since there are no causes of an alteration. Regarding 

energy prices, in the policy scenario a linear increase in the CO2 tax on 

combustibles and fuels starting from 35 CHF per ton CO2 in 2011 and ending 

with 85 CHF in 2035 is assumed. The climate penny is replaced by the CO2 tax 

from 2011. Albeit this is a national measure, it is assumed that the basic policy 

trends in the European Community are similar to those in Switzerland 

(coherence principle). In this respect, the assumptions on CO2 tax can also be 

interpreted as an indicator of the prices for CO2 certificates. Concerning the 

dependence between energy policy measures and structural changes in the 

economy, positive effects on the employment are assumed, especially for the 

capital goods sector (NOGA 25-31), the construction sector (NOGA 45) and 

some small service sectors (cf. Table 5-4 and Table 5-2). In fact, because of the 

higher efficiency in energy conversion and use and the more intensive 

substitution through renewable energy carriers, part of the energy which was 

imported until now is replaced by domestic investments and therefore by work 

and capital. 
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 2002 2010 2020 2035 

Population1)*) 7'230’281 7'332’105 7'389’997 7'376’286 

GDP*)  [bn CHF] 421.222 475.348 524.599 566.686 

Households size1) *) 

[persons/household] 
2.26 2.16 2.10 2.02 

GDP/cap**) 58’592 64’831 70’988 76’825 

Area services**) 

[million m2]  
143 155 169 184 

Area single-family 

house**) [million m2] 
133 155 185 199 

Area multi-family 

house**) [million m2] 
197 261 238 216 

Number of 

households**) 
3'194’998 3'394’493 3'519’046 3'651’626 

Table 5-3 Policy scenario of the Energy Navigator - Key influence parameters for 
the future energy demand, Switzerland. 

 1) Like in the reference scenario of the Energy Navigator 
 

On the contrary the conversion sectors (NOGA 40) are negatively concerned. 

Aggregated over all sectors, it is assumed that the gross value added in 2035 

lies about 0.23 % higher than in the reference scenario. Similarly, the GDP is 

also increased by 0.23 % in 2035 in comparison with the reference level (cf. 

Table 5-3). 
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Since the GDP changes, also the GDP per capita as well as the heated floor area 

in the service sector and in the private households are adjusted. However, the 

change in the latter is marginal (cf. Table 5-4 and Table 5-2). 

 

 2002 2010 2020 2035 

Gross value added Industry1)*) 

[m CHF] 
106’167 116’609 126’093 133’282 

Chemicals**) [MI] 1’805 2’168 2’477 2’672 

Paper**) [1’000 t] 133.4 150.5 166.1 179.4 

Cement**) [1’000 t] 3’944 3’841 3’767 3’728 

Steel**) [1’000 t] 1’100 1’300 1’300 1’300 

P-km total2)**) [m p-km] 109’031 125’645 144’658 161’736 

P-km car2)**) [m p-km] 82’687 92’424 103’231 112’104 

T-km total3)*) [m t-km] 23’604 27’921 32’832 36’780 

T-km heavy duty trucks3)*/**) 

[m p-km] 
13’343 15’113 16’998 18’000 

Table 5-4 Policy scenario of the Energy Navigator - Key influence parameters for 
the energy demand of industry and transportation, Switzerland. 

 1) (Ecoplan, 2006), Scenario Trend; (Nathani, 2006) 
2)  Assumptions 

 3) (ARE, 2004) 
 *) preset 
 **) calculated 

Due to the above-mentioned substitution of imported energy through 

domestically produced capital goods and services, industrial production 

increases (+ 0.9 % until 2035 in comparison with the reference development). 

On the contrary, due to the energy prices, passenger transport decreases by 
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approximately 1 % (the road passenger transport even by 4 %). Freight 

transport decreases by approximately 3.3 % (the heavy duty road transport even 

by 10 %, cf. Table 5-4 and Table 5-2). The transport performances of the policy 

scenario of the energy navigator correspond to the ones from the basis scenario 

of the „Perspektiven des schweizerischen Güterverkehrs bis 2030“ from the 

Federal Office for Spatial Development. The values for the period between 

2030 and 2035 were extrapolated. 

5.2. Scenarios Results 

5.2.1. Reference Scenario 
• Final energy demand 

Altogether, the final energy demand of Switzerland rises from 809 PJ in 2003 

to 831 PJ in 2035 (approximately + 2.7 %), however, over a maximum of 854 

PJ in 2020. This is explained through fuel demand that increases by 29 % on 

641 PJ only until 2020 and then goes back within the second period until 2035 

by 2.7 % under the level of 2003 (cf. Table 5-5). All the final energy sectors 

contribute to this decline in the second period, especially private households 

with 5 % (12 PJ), and the transport sector with 5.5 % (14 PJ). The electricity 

demand, with a continuous increase (barely 21 percent) in all sectors shows 

another picture, particularly in the rise of the service sector by 21 % (about 21 

PJ). The share of electricity demand on the final energy demand increases 

consequently from 23 % to 27 %. On a relative basis, the electricity demand 

has the biggest increase in the transport sector (+ 42 %). As a result of the 

improved energy efficiency of cars (due to the technical induced reduction of 

the specific consumption and the increase of the diesel share) the fuel demand 

for transportation starts decreasing after 2020 and reaches approximately 
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present-day levels in 2035. This trend is also reflected in industry. Since the 

fuel intensity decreases with the same rate of the net value added, the fuel 

demand levels off at approximately 105 PJ after a temporary peak in 2010. By 

contrast, the electricity intensity decreases less strongly than the net value 

added from 2003 until 2035, and this leads to an increase in the electricity 

demand for the industry. 

 

 

Fuels [PJ] Electricity [PJ] 

2003 2010 2020 2035 2003 2010 2020 2035 

Households 214.7 214.6 214.6 202.6 57.5 60.7 63.3 64.8 

Services 72.3 70.4 68.2 65.3 55.9 61.4 68.9 77.0 

Industry 107.1 111.3 110.9 105.2 63.9 66.6 69.4 70.5 

Transportation 
228.9 

276.71) 238.5 247.2 233.4 8.8 10.2 11.7 12.5 

Total 
623 

670.81) 634.8 640.9 606.5 186.1 198.9 213.3 224.8 

Table 5-5 Development of final energy demand, Switzerland, reference scenario 
of the Energy Navigator. 

 1) With kerosene sales 
 

These results are similar to the ones of the scenario Ia of the Perspectives, but 

there are some remarkable differences in the demand values (cf. Table 5-5 and 

Table 5-6): 

The fuel demand in the scenario Ia decreases already after 2010 until 2035 -4 % 

with respect to 2003, which is a greater reduction compared with the outputs of 

the navigator. In the transport sector, the reduction of the demand takes place 
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from 2010 in the Perspectives, however, it is not sinking monotonously, in 

contrast to the later starting decreasing trend of the navigator. 

 

 

Fuels [PJ] Electricity [PJ] 

2003 2010 2020 2035 2003 2010 2020 2035 

Households 208.1 206.0 197.2 182.9 69.0 73.6 77.1 82.4 

Services 72.3 70.4 68.1 65.1 55.7 61.2 68.8 77.1 

Industry 108.5 112.4 111.3 106.9 64.0 68.5 71.8 72.1 

Transportation 226.2 233.2 229.5 234.5 9.21) 9.6 10.4 10.2 

Total 615.1 622.0 606.1 589.4 197.9 212.9 228.1 241.8 

Table 5-6 Development of final energy demand, Switzerland, scenario Ia of the 
Energy Perspectives (Prognos, 2005) (Aebischer, 2006) (Basics, 2005) 
(Infras, 2005). 

 1) Interpolation between 2000 and 2005 
 

The increase in electricity demand of 44 PJ (or 22 %) until 2035 compared with 

2003 in scenario Ia is a bit more accentuated, especially as a consequence of the 

increase in private households, due in particular to additional electrical 

appliances and to the intensive utilization of heat pumps in new residences. 

Furthermore, in the reference run of the navigator it was assumed that the 

production of aluminum cans is stopped in 2010 which corresponds to a 

reduction in electricity demand of about 0.6 TWh. 

• Conversion sector and primary energy 

The combined heat and power production admittedly rises remarkably in the 

reference development compared with the starting year (+ 74 %), but its 

contribution to electricity and heat production still remains low (4.5 % of the 

entire electricity demand, cf. Table 5-7). The biggest growth is for small CHP 
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plants. Therefore, electricity production within private households as well as in 

the services increases the most strongly in relative terms (approximately 3.1 % 

per year). In the industry sector, small CHP plants are responsible for 

approximately 70 % of additional electricity generation in 2035 compared with 

2003. Electricity production from big CHP plants increases as a result of the 

rise in paper production as well as for the onward growth in the chemical 

industry. In the conversion sector the district heat is the driving force for 

additional CHP plants. So, the electricity generation from district heating plants 

increases from 2003 to 2035 by approximately 125 GWh. Moreover, the 

electricity from geothermal installations increases by approximately 45 GWh 

until 2035. 

 

 Electricity [GWhel] 

 2003 2010 2020 2030 2035 

Priv. households 

Services 
305 377 512 697 813 

Industry 695 845 998 1'144 1'214 

Conversion 620 663 730 781 797 

Total 1'620 1'885 2'241 2'622 2'824 

Table 5-7 Development of the CHP in the energy sectors, Switzerland, reference 
scenario of the Energy Navigator. 

 

In the reference scenario for domestic electricity generation a decline in nuclear 

energy is assumed (share of the electricity production 39.7 % in 2003 and 21.4 

% in 2035). The substitution and upgrading investments regard fossil power 

plants (approximately 22 TWh, especially gas and steam power plants) and 



Reference and Policy Scenarios – Definition, Results and Discussion 

110 

different renewable energies (0.32 TWh, cf. Table 5-8). Hydro power 

production increases by approximately 1 TWh, but its share of electricity 

generation decreases to 47 % in 2035 compared with 56 % in 2003, since the 

electricity demand and also the domestic production rises remarkably (+ 14.7 

TWh or 23 % in 2035 compared with 2003). 

 

 Electricity [GWhel] 

 2003 2010 2020 2030 2035 

Hydro power plants 36'188 36'418 36'745 37'072 37'236 

Nuclear power plants 25'492 25'492 22'602 16'902 16'902 

CHP, fossil, thermal 

power plants 
2'498 4'767 8'064 14'829 24'439 

Other renewables 19 60 139 260 342 

Total 64'197 66'736 67'550 69'064 78'919 

Table 5-8 Development of the electricity generation, Switzerland, reference 
scenario of the Energy Navigator. 

 

Concerning primary energy demand, a sensible increase for fossil energy 

carriers take places from 2003 to 2035 (+ 695 PJ or + 18 %, cf. Table 5-9 

without considering the kerosene exports). This can be attributed to the 

considerable utilization of natural gas for electricity generation. To what extent 

the utilization of natural gas can be reduced, through the decrease of electricity 

exports, depends on the assumptions of the peak load electricity deliveries of 

hydro power and of the imported electricity quantities for the storage power 

plant pumps. The more intensive exploitation of renewable energies (about 18 

PJ) cannot compensate for this increase. However, the sales of oil based 
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products in 2003 (63 PJ) is smaller than in 2035, and therefore under the 

assumption of constant kerosene sales, the relatively high oil import 

dependence decreases from 47.1 % in 2003 to 40.9 % in 2035. The data 

regarding none-energetic consumption assume that the two domestic refineries 

still exist in 2035. 

Altogether, in the reference scenario, the primary energy demand slightly 

increases until 2020 (+ 45 PJ) and then decreases smoothly. The primary 

energy intensity decreases therefore from 2.6 PJ per billion CHF GDP to 

approximately 1.95 PJ per billion CHF GDP (about 0.9 % per year, cf. Table 

5-9). This value was also observed in the past for many OECD countries. 

 

 [PJ] 2003 2010 2020 2030 2035 

Crude oil and  products 465.4;513.21) 462.5 451.9 419.4 404.0 

Not energy-related consumption 21.6 22.0 22.0 21.0 20.0 

Natural gas 110.1 134.8 167.0 215.8 275.3 

Coal 6.2 6.0 5.7 5.4 5.3 

Hydro power 140.4 141.3 142.6 143.9 144.5 

Nuclear power 278.1 278.1 246.6 184.4 184.4 

Other renewables, waste 96.0 101.7 109.5 112.8 114.1 

Net electricity import 2) -31.1 -26.3 -13.8 -10.0 -42.4 

Total 1'087;1'1351) 1'120 1'132 1'093 1'105 

Primary energy intensity 

[PJ/bn CHF GDP] 
2.6 2.35 2.15 2.0 1.95 

Table 5-9 Development of the primary energy demand and of the energy 
intensity, Switzerland, reference scenario of the Energy Navigator. 

 1) With kerosene sales 
2)  According to the option C of the Energy Perspectives 
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• CO2 emissions 

The CO2 emissions of the Navigator are not directly comparable with the 

statistical data of the Federal Office for the Environment because some fuel 

demands, like for example the ones for military and railway (diesel 

locomotives) and consequently their related CO2 emissions were not included 

in the calculations. This leads in total to a difference compared with the CO2 

emissions according to the CO2 law of 2.88 million t, resp. 7 % (cf. Table 

5-10). 

Nevertheless, assuming this difference remains constant, comparative 

considerations on the general emissions development can be made. The CO2 

emissions increase in the period between 2003 and 2035 in the reference 

scenario by approximately 11 % (4.5 million t). The fuel related CO2 emissions 

contribute to this increase especially until 2020 and the emissions from gas and 

steam power plants from 2020. Although natural gas has a smaller 

characteristic value for specific CO2 emissions, the additional demand of 

electricity production leads to higher net CO2 emissions of approximately 6 

million t in 2035 (cf. Table 5-10). 

[m t CO2] 2003 2010 2020 2030 2035 2003-35 

Combustibles 23.33 23.30 23.64 24.64 27.15 + 16.4 % 

Fuels 14.73 15.72 16.57 15.88 15.51 + 5.3 % 

Total 38.06 39.02 40.21 40.52 42.67 + 12.1 % 

Total, according to 

CO2 law1) 
40.94 41.90 43.08 43.40 45.54 + 11.3 % 

Table 5-10 Development of the energy related CO2 emissions, Switzerland, 
reference scenario of the Energy Navigator. 
1) (BAFU, 2006) 
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The CO2 intensity, i.e., the relationship between CO2 emissions and gross 

domestic product, decreases in this reference scenario from 97.2 t/1’000 CHF 

in 2003 to 80 t/1’000 CHF in 2035 (- 0.6 % per year), i.e., even more slowly 

than the energy intensity. The trend of the decarbonization of the Swiss energy 

system is to be assessed as extremely slow under the conditions of the reference 

scenario. 

• General remarks 

The CO2 targets of the CO2 law cannot be achieved and also in the next decades 

the improvement of the energy efficiency due to the autonomous technical 

progress are enough just to compensate the growth effects of the economy.  

The demand for natural gas related to the substitution of nuclear power plants 

through gas and steam power plants leads to approximately 6 million t 

additional CO2 emissions in 2035. The reduction of the exploitation of nuclear 

energy can be compatible with the CO2 reduction targets only with stringent 

policy measures on the efficiency side and at the same time with the promotion 

of new renewable energies (cf. Table 5-10). 

5.2.2. Policy Scenario 
• Final energy demand 

On the basis of the assumption of more intensive energy and climate policies 

after 2006, the final energy demand for combustibles in Switzerland decreases 

by 13.3 % in the policy scenario (compared with the value of the reference 

scenario), reaches 526 PJ in 2035 (cf. Table 5-11 and Table 5-5). This trend 

also applies to the fuel demand for transportation, whose demand decreases by 

4 % in 2035 compared to 2002, because of improved energy conversion 

(among others through more efficient powertrain systems), a clear break with 

past trends, that could be even more marked with advanced energy and climate 
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policies (compare scenario III or IV, the goal-oriented scenario of the 

Perspectives). Consequently, the fuel and combustible demand slightly 

increases until 2010 and then declines approximately one decade earlier than in 

the reference development. 

On the electricity demand side, the decrease is clearly smaller, i.e., 5 % 

compared with the reference development (compare table 4-3). This difference 

is due to the fact that the structural change in the production of process heat and 

low temperature heat requires additional electricity for pumps, ventilators, 

control equipments and heat pumps. Consequently, the share of electricity on 

the final energy demand increases from 23 % in 2003 to almost 29 % in 2035, 

i.e., about two percentage points higher than in the reference development, even 

if the electricity demand in 2035 in the policy scenario is lower than in the 

reference development (cf. Table 5-11 and Table 5-5). 

 

 Fuels [PJ] Electricity [PJ] 

 2003 2010 2020 2035 2003 2010 2020 2035 

Households 214.7 214.5 205.8 177.2 57.5 60.1 62.7 61.8 

Services 72.3 70.4 65.0 57.1 55.8 61.3 67.9 73.5 

Industry 107.2 108.8 104.9 94.8 64.0 65.5 67.0 65.8 

Transportation 
228.9 

276.71) 
231.3 223.2 196.9 8.7 10.2 11.7 12.4 

Total 
623.1 

670.91) 625.0 598.9 526.0 186.0 197.1 209.3 213.5 

Table 5-11 Policy scenario of the Energy Navigator - Development of the final 
energy demand, Switzerland. 

 1) With kerosene sales 
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Altogether, in the policy scenario the final energy demand decreases from 810 

PJ in 2003 to 740 PJ, i.e., about 70 PJ or 9 %. This reduction is due to private 

households and the transport sector, contributing with 12 % each, while the 

final demand for industry declines by approximately 6 % and that of the service 

sector even increases 2 %, reaching 131 PJ in 2035 and emphasizes the trend to 

a service society in Switzerland. Interesting in this sector is that the electricity 

share in 2020 is about equal to the fuel share (cf. Table 5-11). 

In general, the results of the policy scenario of the Energy Navigator in 2035 lie 

between the results of the scenarios II and III of the Perspectives. The increase 

in the final energy demand from the basis year to 2035 is 3 % in the reference 

scenario of the Navigator and 2 % in the scenario Ia of the Perspectives (cf. 

Table 5-12), i.e. very similar. The same comparison is about – 9 % in the policy 

scenario of the Navigator, between the two results of the Perspectives scenarios 

II and II (- 4 % resp. - 14 %, cf. Table 5-12). This applies also to the electricity 

in the principle; however the increase until 2035 in the reference scenario is 

about 9 percent point smaller than in the scenario Ia (also because of the 

assumed cessation of the production of aluminum cans). In the policy scenario 

the increase of the electricity demand over the same period is about 15 %, more 

close to the result of the scenario III of the Perspectives (cf. Table 5-12). 

Regarding the developments of the individual sectors following remarks can be 

made. 

Private households 

The results of the Energy Navigator and those of the Perspectives differ 

considerably from each other regarding electricity demand, while they are 

comparable in the total final energy demand. The lower values for electricity 

demand in the Navigator are related to the different assumptions regarding 
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electric heating and boilers as well as the extent and the efficiency of electrical 

appliances. 

Services 

The electricity demand in the policy scenario is higher than in the Perspectives 

scenarios II and III. Admittedly the efficiency improvements in the policy 

scenario are based on the Perspectives scenario III, however they are 

implemented less fast and they are altogether a bit smaller. The difference 

compared with scenario II can be explained considering the fact that in the 

policy scenario the effects of business optimizations were included. 

Industry 

The final energy demand rises in the reference in the same way of the 

Perspectives scenario Ia. The results for industry in the policy scenario lie close 

to the ones of the scenario III. In the case of the electricity demand, the increase 

of the Navigator is smaller than in the Perspectives. The lower level can be 

explained through the shutdown of the aluminum cans production. 

Transportation 

The smaller increase in total transport performance in the policy scenario in 

comparison with the reference one is characterized by a stronger increase in the 

persons and tons kilometers by railway. This is partially compensated for by the 

assumption of a stronger technical improvement, similar to the development of 

the scenario II of the Perspectives. In the policy scenario, the fuel demand 

peaks later (around 2014) in comparison with the Perspectives II and III, then 

sinks faster, however, and reaches in 2035 a lower value in comparison with the 

scenario II. The increase of the demand continues longer in the Navigator due 

to the fact that the transport performances rise more strongly compared with the 

Perspectives, especially for cars. 
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[%] Electricity Final energy 

Navigator1) Perspectives2) Navigator1) Perspectives2) 

REF POL Ia II III REF POL Ia II III 

Priv. households 13 7 33 32 13 -2 -12 -4 -7 -19 

Services 38 32 40 22 21 11 2 14 0 -4 

Industry 10 3 15 13 6 3 -6 4 1 -8 

Transportation 42 43 33 33 19 3 -12 1 -7 -20 

Total 21 15 29 23 13 3 -9 2 -4 -14 

Table 5-12 Difference of the final energy demand of Switzerland in 2035 
compared to 2000/2003 in the Energy Navigator and in the Energy 
Perspectives (Prognos, 2006). 

 1) Basis year 2003 
 2) Basis year 2000 
 

• Conversion sector and primary energy 

Combined heat and power generation rises significantly compared to the 

reference development (cf. Table 5-13). The relevant increase in this scenario is 

due almost exclusively to the small CHP plants. In the households and service 

sectors, the electricity production from CHP more than doubles compared to 

the reference (1’715 GWh in 2035 instead of 813 GWh). While the electricity 

production from CHP plants increases in the household and service sectors by 

approximately 5.5 %, the growth in the industry lies lower (+ 2.3 % per year). 

The growth of the CHP in the industry is due to the largest part to the small 

CHP plants that are responsible for approximately 85 % of the increase 

between 2003 and 2035. In the conversion sector, the electricity generation 

from CHP stagnates since the district heating demand in 2035 in the policy 
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scenario is 18 % lower than in the reference development (cf. Table 5-7 and 

Table 5-13). 

 

[GWhel] 2003 2010 2020 2030 2035 

Priv. households 

Services 
305 383 694 1'267 1'715 

Industry 699 886 1'129 1'343 1'449 

Conversion 620 659 685 693 692 

Total 1'624 1'927 2'507 3'303 3'856 

Table 5-13 Policy scenario of the Energy Navigator - Development of the CHP in 
the energy sectors, Switzerland. 

 

The biggest differences in the domestic electricity generation compared to the 

reference scenario are the more intensive utilization of the new renewable 

energies (1 TWhel in 2035), the higher share of CHP plants as well as the 

development of the electricity production of gas and steam plants. The latter 

was shaped similarly to the electricity supply option C of the Perspectives. 
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 2003 2010 2020 2030 2035 

Hydro power plants 36'188 36'418 36'745 37'072 37'236 

Nuclear power plants 25'492 25'492 22'602 16'902 16'902 

CHP, fossil, thermal 

power plants 
2'499 5'009 5'299 10'952 13'890 

Other renewables 20 85 294 723 1'037 

Total 64'199 67'003 64'941 65'650 69'065 

Table 5-14 Policy scenario of the Energy Navigator - Development of the 
electricity generation, Switzerland. 

 

The primary energy demand in 2035 in the policy scenario is 10 % lower than 

in the reference one. The reduction is due exclusively to the fossil energy 

carriers, whose share on the total primary energy amounts to 56.5 % at the end 

of the considered time period (63 % in the reference). In the policy scenario, 

under the assumption of constant kerosene exports, the oil dependence sinks to 

38.5 % in 2035 compared to 40.9 % in the reference. Also the share of the 

natural gas on the primary energy demand falls with 20 % in 2035 5 % lower 

than in the reference, since less gas-fired electricity generation plants must be 

built as a consequence of the higher efficiency in the electricity utilization. 

Finally, the increase of renewable energy (25 PJ between 2003 and 2035) is 

higher than in the reference scenario (+ 18 PJ), but it still remains small from 

an energy economic point of view. 

 

 

 

 



Reference and Policy Scenarios – Definition, Results and Discussion 

120 

 2003 2010 2020 2030 2035 

Crude oil and  products 
465.4 

513.21) 452.3 411.7 357.8 334.0 

Not energy-related consumption 21.6 22.0 22.0 21.0 20.0 

Natural gas 110.1 137.1 150.1 187.6 205.5 

Coal 6.2 5.7 5.0 4.3 4.1 

Hydro power 140.4 141.3 142.6 143.9 144.5 

Nuclear power 278.1 278.1 246.6 184.4 184.4 

Other renewables, waste 96.0 101.5 112.3 118.4 121.4 

Net electricity import 2) -31.1 -28.6 -8.4 -5.6 -16.9 

Total 
1'086.7 

1'134.41) 

1'109.4 

 

1'081.9 

 

1'011.8 

 

997.0 

 

Primary energy intensity 

[PJ/bn CHF GDP] 
2.6 2.35 2.05 1.85 1.75 

Table 5-15 Policy scenario of the Energy Navigator - Development of the primary 
energy demand and of the energy intensity, Switzerland. 

 1) With kerosene sales 
2)  According to the option C of the Energy Perspectives 

 
In the reference scenario the annual growth rate of the GDP and the annual 

reduction of the primary energy intensity are similar so that the primary energy 

demand in 2035 is approximately on the same level of 2003 (+ 1.7 % in 2035 

compared with 2003). The stronger efficiency measures of the policy scenario 

are reflected in a higher annual reduction of the primary energy intensity. So 

the energy intensity decreases 1.2 % per year while the GDP increases 0.9 % 

annually. As a result the primary energy demand in 2035 is 90 PJ (about 8 %) 

lower than in 2003. 
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• CO2 emissions 

The CO2 emissions in the policy scenario sink barely 10 % until 2035 while 

they climb in the case of the reference development approximately 11 % (cf. 

table 4-8). In contrast to the reference scenario, beside the CO2 emissions from 

fuels, also the ones from combustibles sink, although the emissions from the 

electricity generation account for additional 3.3 million t CO2 in 2035. 

Summarizing, on the one hand the energy efficiency measures lead to a reduced 

need of steam and gas plants and on the other hand the decrease of fossil 

combustibles and fuels more than compensate the additional CO2 emissions due 

to the electricity generation. 

The CO2 intensity, the ratio between CO2 emissions and gross domestic 

product, decreases in this reference scenario from 97.2 t per 1’000 CHF in 2003 

to barely 60 t per 1’000 CHF in 2035 (on average 1.5 % per year, i.e. 0.3 % per 

year faster than the energy intensity). The decarbonization of the Swiss energy 

system under the conditions of the policy scenarios is faster, but still inadequate 

with respect to the necessary CO2 reduction targets. 

 

[m t CO2] 2003 2010 2020 2030 2035 2003-35 

Combustibles 23.33 23.20 21.61 21.30 21.30 - 8.7 % 

Fuels 14.73 15.22 14.88 13.49 12.86 - 12.7 % 

Total 38.06 38.41 36.49 34.79 34.16 - 10.2 % 

Total according to 

CO2 law1) 
40.94 40.56 38.64 35.21 33.70 - 9.5 % 

Table 5-16 Policy scenario of the Energy Navigator - Development of the energy 
related CO2 emissions, Switzerland. 
1) (BAFU, 2006) 
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5.2.3. Development of Global Indicators in the 
Reference and Policy Scenarios 

Figure 1-5 shows that in the reference scenario, both CO2 emissions and 

primary energy demand increase. On the contrary, in the policy scenario, that 

can be placed between the scenarios II and III of the energy Perspectives, CO2 

emissions decrease by about 10 % and primary energy demand by about 8 % 

over the considered 30 years time frame. The reductions are mainly due to the 

technical improvements and the related higher efficiency. However, these 

changes are too little considering the present challenges regarding climate 

change and security of energy supply. 

 

 

Figure 5-1 Development of CO2 emissions and primary energy demand in 
Switzerland, according to the reference and policy scenarios of the 
Energy Navigator. 
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Figure 5-2 shows the corresponding development of carbon-intensity. Whilst in 

the policy scenario, this value remains almost constant, in the reference 

scenario a clear increase is visible. In fact, the replacement of nuclear power 

plants with combined gas-steam plants leads to a more carbon-intensive energy 

supply mix. 

 

 

Figure 5-2 Development of carbon-intensity of primary energy in Switzerland, 
according to the reference and policy scenarios of the Energy 
Navigator. 

 

Figure 5-3 shows the primary energy- and CO2 intensity with respect to GDP. 

Despite the increase in energy demand and CO2 emissions of the reference 

scenario (see Figure 5-1), both corresponding intensities decrease, meaning that 

the economic efficiency of the energy system continuously increases. In the 

policy scenario, this trend is even stronger, reaching about 1.2 % in annual 

reduction of the primary energy intensity and a 1.5 % yearly reduction of the 

CO2 -intensity. This outcome shows that more stringent energy and climate 
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policies do not affect GDP, which can be kept at the same level whilst reducing 

at the same time energy demand and CO2 emissions. 

 

Figure 5-3 Development of primary energy- and carbon-intensity with respect to 
the GDP in Switzerland, according to the reference and policy 
scenarios of the Energy Navigator. 

 

Nevertheless, the relatively moderate changes of the results of the policy 

scenario ask for a re-thinking of the whole energy system strategy which in the 

first phase gives priority to the more efficient energy and material utilization. 

This option, recognized also from the IEA as the most cost effective 

opportunity, consists not only in the technical innovations but also in structural 

changes which aim at delivering mobility, investments goods, and in general 

high quality energy services through new, alternative and energy efficient 

paths. In parallel new the renewable energies have to replace progressively the 

portfolio of the primary energy exploitation. Summarizing: more efficient 

conversion processes, break-through technologies in specific sectors, 

innovative energy related services and decarbonization of the energy mix are 

needed. 
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6. Assessment of Powertrain Systems 
and Interactions with the 
Conversion Sector in the Future 

In this section a comparison of different powertrain options for cars is 

performed considering also the upstream conversion paths from well to tank. 

The latter are important especially for new alternative powertrains implying the 

use of secondary energy carriers like hydrogen or electricity which are 

considered to be important steps towards decarbonization. In fact, while in the 

case of ICE the production of gasoline and diesel involves in similar conversion 

steps and consequently does not strongly differ in the required invested energy, 

the production paths for electricity and hydrogen are manifold and the deriving 

efficiency and CO2 emissions vary over a broad range. 

In the present assessment the production of hydrogen is assumed to be driven 

by electrolysis. This approach allows performing a direct comparison between 

fuel cells and battery electric vehicles, focusing on the specific demand of the 

same energy carrier, namely electricity. The consideration of this production 

method only does not intend to indicate the electrolysis as the most appropriate 

option. In fact, other production ways are contemplated in the model and 

additional runs could investigate these paths (for instance methane reforming, 

which is a currently available technology). Also first analysis of the 

corresponding efficiencies has been performed in order to feed the database of 

the Energy Navigator with the needed input values. However, the collected data 

refer in part to processes which are at different development stages (research, 
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first experimental scale-up, industrial application) and the underlying 

methodology is not homogeneous. Additional consistency check and post 

processing is needed in order to rise the robustness of the results to the suitable 

level for the implementation into dedicated simulation runs. 

6.1. Underlying Technical Dimensions 
The calculation of the final energy demand for cars with different powertrains 

is performed on the basis of the specific consumption values given in section 

4.1.3. Using the factors of the ecoinvent database (Ecoinvent Centre, 2007) it is 

then possible to convert the resulting values into primary energy demand as 

well as equivalent CO2 emissions, considering all upstream processes. This has 

been done in a first stage with a static perspective, for new cars in 2035. The 

results are shown in Table 6-1 and Table 6-2. 

 

 
Primary energy CO2-eq. emissions 

Gasoline ICE 1.00 1.00 

Diesel ICE 0.84 0.85 

Natural gas ICE 0.98 0.80 

Gasoline hybrid 0.74 0.74 

Diesel hybrid 0.70 0.70 

Gas hybrid 0.67 0.54 

Table 6-1 Normalized primary energy demand and equivalent CO2 emissions 
(1=ICE gasoline) for cars with powertrains which do not use 
electricity as external energy source in 2035. Upstream conversion 
losses for fuel production processes are included. Values result from 
the combination of the data from Figure 4-7 with the ecoinvent factors 
(Ecoinvent Centre, 2007). Additional weight for alternative 
powertrains is considered, where applicable. 
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Electricity 
production 

Primary 
energy 

CO2-eq. 
emissions 

Ba
tt

er
y 

el
ec

tr
ic

 c
ar

s Hydro PP 0.37 0.03 

Wind PP 0.41 0.04 

Gas combined PP 0.71 0.61 

Coal PP 1.20 1.53 

Nuclear PP 1.25 0.03 

CH consumers mix 0.91 0.20 

UCTE mix 1.08 0.74 

Pl
ug

-in
 h

yb
ri

ds
 

Hydro PP 0.55 0.38 

Wind PP 0.57 0.39 

Gas combined PP 0.73 0.68 

Coal PP 0.97 1.14 

Nuclear PP 0.99 0.38 

CH consumers mix 0.82 0.47 

UCTE mix 0.91 0.74 

Fu
el

 c
el

l c
ar

s 

Hydro PP 0.85 0.06 
Wind PP 0.93 0.10 
Gas combined PP 1.63 1.40 
Coal PP 2.73 3.50 
Nuclear PP 2.84 0.07 
CH consumers mix 2.07 0.46 
UCTE mix 2.46 1.69 

Table 6-2 Normalized primary energy demand and equivalent CO2 emissions 
(1=ICE gasoline) for cars with powertrains which use electricity 
directly or indirectly as external energy source in 2035. Upstream 
conversion losses for fuel production processes are included. 
Hydrogen is assumed to be produced through water electrolysis. For 
plug-in hybrid an electric share over the whole transport performance 
of 50% is assumed. Values result from the combination of the data 
from Figure 4-7 and Table 4-9 with the ecoinvent factors (Ecoinvent 
Centre, 2007). Additional weight for alternative powertrains is 
considered. 
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The given data are normalized for cars with ICE driven by gasoline in the year 

2035 and reported in two tables depending on the type of energy carrier needed 

as external source. When electricity demand is involved, 7 types of generation 

are considered. The UCTE mix is the European electricity production mix 

according to the “Union for the Co-ordination of Transmission of Electricity”. 

If the considered powertrains account for additional weight, a corresponding 

increase in the specific final energy demand is taken into account. 

Following remarks can be made comparing the data of Table 6-1 andTable 6-2: 

 Powertrain type and upstream conversion paths have to be considered 

together to assess an alternative option. 

 Reduction potential in the primary energy demand is limited. The lowest 

demand value (battery electric cars with hydro electricity production) shows 

a reduction potential of about 63%. 

 If the primary energy source is renewable, CO2 equivalent emissions can 

drop in the best case by more than 95%. 

 The per se higher efficiency of alternative powertrains against conventional 

ICE powertrains can be more than compensated from upstream conversion 

losses (see cars using electricity produced by coal power plants). The same 

consideration is valid also for the equivalent CO2 emissions. 

 An interesting trade-off between battery electric cars and plug-in hybrids 

can be observed: efficiency and equivalent CO2 emissions are better for the 

former in combination with selected electricity generation types. With the 

UCTE mix the equivalent CO2 emissions are practically the same and are 

also equal to the ones of gasoline hybrid cars. For electricity production 

with higher specific emissions values, the plug-in option shows lower 

values. 
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Some of the above-explained findings highlight the importance of a strategic 

roadmap aiming at the reduction of the GHG emissions. Shifting to electric 

powertrain makes sense only in combination with a mix of “clean” generation 

capacity. This is the prerequisite for an overall positive balance. 

6.2. Penetration Paths and Consequent 
Overall Conversion Profiles 

In a second stage, in order to quantitatively analyze paths towards the 

decarbonization of the individual mobility several runs have been performed 

with the Energy Navigator, simulating also the fleet dynamics. A basis case has 

been defined and serves as term of comparison for the alternative runs with 

respect to their energy and emissions saving potentials and their additional 

electricity demand. All inputs of the passenger car sector until 2006 are given 

according to the statistical data (MOFIS and (BFS, 2003)). The differentiation 

between the analyzed runs occurs starting from 2007. In the basis case minor 

changes in the market shares in comparison with the present sales structure are 

assumed. The observed trends to hybridization as well as growing market 

shares for diesel and gas vehicles in the last years is carried on. The share of 

gasoline vs. diesel cars is given according to (Keller, 2007). Also, minor shares 

for both battery electric and plug-in hybrid vehicles are introduced. Still, the 

market in 2035 mainly consists of propulsion systems using hydrocarbons as 

energy source (see Figure 6-1). The thereby resulting shares in the fleet are 

shown in Figure 6-2. The assumed weight and power increases for new cars are 

given in Figure 4-20. 
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Figure 6-1 Market share of new cars depending on the powertrain system for the 
basis case. 

 

 

Figure 6-2 Fleet share depending on the powertrain system for the basis case. 
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The transport performance for all the analyzed cases is the one of the base 

scenario of the Swiss passenger car traffic outlook from the Federal Office for 

Spatial Development (ARE, 2006). The scenario has been extrapolated by 5 

years to 2035 (see Figure 6-3). 

 

 

Figure 6-3 Development of the transport performance of cars according to (ARE, 
2006). 

 

To characterize the basis case, the share in the final energy demand versus the 

fleet shares for all weight and power categories, from 2002 to 2035 (following 

the arrows) is shown in Figure 6-4. Low weight and power categories are 

located underneath the 45 degree line and show decreasing final energy and 

fleet shares over time. High weight categories, on the other hand, are situated 

above the 45 degree line and have increasing final energy and fleet  shares over 

time. The final energy share for cars with power lower than 47 kW falls from 

3.9 % in 2002 to 0.04 % in 2035, whereas the final energy share for cars with 

power higher than 161 kW rises from 6.9 % in 2002 to 24.0 % in 2035. For cars 

lighter than 1000 kg, the final energy share drops from 11.6  % in 2002 to 0.9 % 
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in 2035, while the final energy share for cars heavier than 1800 kg rises from 

7.4 % in 2002 to 26.4 % in 2035. 

 

 

Figure 6-4 Development of the share in the final energy and of the fleet share for 
all curb weight and power categories of the Navigator in the basis case. 
Arrows indicate trajectories over time, for the period 2002-2035. 
p = power, w = curb weight 
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Fixing the development of the transport performance and varying the diffusion 

of new technologies individually in different simulation runs enables to assess 

the effects of changes in the fleet structure. Four variations for the forced 

penetration of different powertrains have been performed, i.e. for hydrogen ICE 

hybrids, gasoline or diesel ICE plug-in hybrids, hydrogen fuel cells and battery 

electric cars. According to (Meyer, 1996) and (Daden Limited, 2008) new 

products usually penetrate the market S-shaped over time. This seems to be 

valid for alternative propulsion system technologies too (see e.g. (Janssen, 

2005)). In the comparative runs, an S-shaped market penetration from 2006 to 

2035 for the specific technologies is assumed. The penetration of only one 

technology at the time is examined. The market share of the specific technology 

is set in order to rise to 100 % until 2035. The S-curve is described in (Eq. 6-1, 

where t corresponds to the time where the market share MSt is reached: 

 

 

(Eq. 6-1) 

  

 

 

For plug-in hybrid cars a linear increase of the diesel share to 40% in 2035 is 

assumed (similar to the share of diesel cars within the conventional ICE 

categories in the basis case). Figure 6-5 shows exemplarily the development of 

the market shares of new cars for the run focusing on battery electric cars 

according to (Eq. 6-1). 
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Figure 6-5 Market share of new cars depending on the powertrain system for the 
run focusing on the penetration of battery electric cars. 

 

The weight and power distribution are equal to the basis case with the 

exception of the technology dependent weight increase due to the additional 

weight of alternative components. On the conversion side water and steam 

electrolysis have been considered for the production in the cases which involve 

in the demand of hydrogen. 

Figure 6-6 shows the results for the final energy demand
 
in 2035 for all selected 

cases of powertrain technologies. The lowest bar is the final energy demand for 

cars with conventional powertrain systems that are still in the fleet in 2035. 

Hydrogen demand is displayed in the form of electricity needed to produce the 

hydrogen by water and steam electrolysis. Figure 6-6 reveals that all the 

investigated technology options aside from the penetration of hydrogen ICE 

hybrids show reduced final energy demand compared to the basis case, which is 

almost exclusively based on fossil fuels. On one hand, the tank-to-wheel 

efficiency of the hydrogen ICE hybrid powertrain is lower compared to the 

other technologies assessed and on the other hand the electrolysis accounts for 
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additional losses. The battery electric vehicles option saves more than 50 % 

final energy in 2035 in comparison with the basis case. 

 

 

Figure 6-6 Final energy demand for cars in 2035 for the analyzed penetration 
cases. 

 

Figure 6-7 reveals the additionally needed installed power in 2035 in 

comparison with the basis case, assuming a power plant with around 90 % 

capacity utilization (this corresponds to about 8000 hours per year and is a 

realistic assumption for baseload power plants). Figure 6-7 refers to the 

electricity output of the power plant (7 % grid losses are taken into account). 

Depending on the powertrain, the new cars require an extra installed power 

which varies from 1 GW (in the case of plug-in hybrids) to 5 GW (in the case 

of hydrogen hybrids with water electrolysis for hydrogen production). 

However, it has to be noted that for plug-in hybrids additional fuel is needed 

(see Figure 6-6). 
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Figure 6-7 Additional capacity demand for the production of the electricity 
needed in the analyzed powertrain options in comparison with the 
basis case in 2035 assuming an usage rate of 90 %. 

 

For a comparative analysis of different powertrain technologies, not only the 

final energy demand, but also the primary energy demand is of major concern. 

The primary energy demand for alternative powertrain technologies involving 

electricity is, of course, heavily dependent on the efficiency of the electricity 

production. Also in this case, the conversion factors of the ecoinvent database 

(Ecoinvent Centre, 2007) have been used to calculate the primary energy 

demand considering the whole energy chain and not only the conversion taking 

place in the car. 

Figure 6-8 shows the primary energy demand for passenger car transportation 

in 2035 for all analyzed powertrain cases as a function of the efficiency of the 

electricity production (electric energy output per primary energy input). The 

penetration of the hydrogen ICE hybrid technology would not save primary 

energy with respect to the basis case at realistic efficiencies (< 100 %) for the 

electricity production, whereas hydrogen fuel cell technology can save primary 
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energy at electricity production efficiencies greater than 60 % if hydrogen is 

produced through steam electrolysis. The primary energy demand for battery 

electric and plug-in hybrid vehicles lies below the basis case at electricity 

production efficiencies higher than 30 %. At 40 % efficiency the battery 

electric and the plug-in hybrids cases have their break-even point. At higher 

efficiencies the primary energy demand for battery electric cars is smaller than 

the one for plug-in hybrids, meaning that the electrification of the powertrain 

features a reduction potential only if specific requirements at the level of the 

power generation are fulfilled. 

 

 

Figure 6-8 Primary energy demand for cars in the analyzed penetration cases in 
2035 as a function of the efficiency of the electricity production. 

 

Also the total equivalent CO2 emissions of cars in 2035 have been investigated 

(see Figure 6-9). Like the primary energy demand, GHG emissions depend 

heavily on the power plants (equivalent CO2 intensity) that are used for the 

electricity production. The equivalent CO2 emission coefficients for this 
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analysis are taken again from the ecoinvent database (Ecoinvent Centre, 2007). 

Figure 6-9 shows that all assessed options allow for a reduction of the 

equivalent CO2 emissions in comparison with the basis case if electricity is 

produced at carbon intensity lower than 0.2 kg CO2-eq/kWh. With higher 

carbon-intensities, the hydrogen ICE hybrid options are no longer advantageous 

in comparison with the reference. The hydrogen fuel cell technology implies a 

reduction of the equivalent CO2 emissions at intensities up to 0.4 kg CO2-

eq/kWh, if hydrogen is produced through steam electrolysis. Plug-in hybrids can 

abate emissions at electricity productions with up to 0.8 kg CO2-eq/kWh, 

whereas in the battery electric case the equivalent CO2 emissions exceed the 

basis emissions already at an electricity production with 0.75 kg CO2-eq/kWh. 

The break-even point of battery electric and plug-in hybrid technologies lies at 

0.6 kg CO2-eq/kWh. At higher equivalent CO2 intensities the emissions of 

battery electric cars are higher than the ones of plug-in hybrids. The emissions 

given in Figure 6-9 are significant even assuming specific equivalent CO2 

emissions for the electricity production equal to zero. This is due to the fact that 

even if a market penetration of 100 % in 2035 is assumed, the fleet still 

accounts for older vehicles with conventional ICE driven by fossil fuels, since 

the corresponding dynamic has a characteristic substitution rate which implies a 

dilution in the penetration of new cars. 
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Figure 6-9 CO2 equivalent emissions for cars in the analyzed penetration cases in 
2035 as a function of the specific emissions of the electricity 
production. 

 

The analysis of the assessed alternative technologies reveals that powertrains 

driven by hydrogen rank behind the ones based on electricity as energy carrier 

on board of the vehicle, concerning final energy demand, primary energy 

demand as well as GHG emissions. This is due to the losses occurring during 

the conversion processes from electricity to hydrogen and back to electricity (in 

the case of a fuel cell vehicle) and mechanical energy. Plug-in hybrids as well 

as battery electric cars on the other hand have substantial potential to reduce 

both, primary energy demand and equivalent CO2 emissions in comparison 

with the basis case. However, the potential savings heavily depend on the 

electricity production processes. With electricity-based powertrains, primary 

energy can be saved for an electricity production efficiency of 30 % or higher 

and GHG emissions can be reduced if the electricity needed to drive the cars is 

produced at carbon intensity lower than 0.8 kg CO2-eq/kWh. The average 
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efficiency and specific emissions value of the actual Swiss electricity consumer 

mix are 34 % and 0.16 kg CO2-eq/kWh, respectively. However, a fair 

comparison with the basis case must take into account that additional electricity 

for transportation may require other power plants, with different efficiency and 

emission characteristics, depending on the load profile. 

By selecting specific power generation options, primary energy demand and 

CO2 emissions have been calculated for the analyzed penetration cases. The 

results are shown in Figure 6-10, which is actually derived from Figure 6-8 and 

Figure 6-9. Also in this case, CO2 emissions never reach values close to zero 

(even if renewable power generation is used), because old vehicles are still 

present in the fleet. Nevertheless, the forced penetration of battery electric cars 

shows potentials for big reductions, especially regarding CO2 emissions. All 

options with (partial) electrified powertrains result in emissions savings in 

comparison with the basis case, with the exception of the combinations with 

coal-based electricity production. 

 

Figure 6-10 CO2 emissions and primary energy demand of cars in Switzerland in 
2035, for the analyzed penetration cases, assuming that the required 
electricity is produced by several power generation options, in 
comparison with the basis case. 
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It has to be noted that in the present work the grey energy for the production 

and recycling of cars is assumed to be equal for all powertrain technologies and 

is not taken into account. Especially for battery electric and fuel cell vehicles 

this might not be the case, since their additional components (e.g. batteries, fuel 

cells) determine a different structure of the life cycle analysis in comparison 

with conventional powertrain systems. Furthermore, the energy invested for 

manufacturing devices for the fuel production (such as electolyzers) has to be 

considered too. Hence, a broader analysis focusing on these aspects could 

deliver interesting integrative information. 
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7. Conclusions and Outlook 

7.1. Summary and Conclusions 
The goals of the research thesis have been achieved: an energy system model 

has been developed successfully and shows plausible results which confirm the 

outcomes of the scenarios of the Energy Perspectives of the Swiss Federal 

Office of Energy. A user interface has also been developed and is available for 

experts to use. 

The computations for the national reference frame show that climate related 

energy targets cannot be achieved without an especially targeted policy. 

“Autonomous” technical improvements of the reference scenario are 

compensated for by increases in population size and activity levels, as well as 

growing demand for energy services in general driven by an expanding 

economy. In fact, this trend was also observed in the past, for instance in 

transportation, where significant efficiency enhancements did not prevent 

increases in GHG emissions and in energy demand. This was mainly due 

increases in transport performance, passenger safety and comfort standards, as 

well as “energy-intensive” consumer preferences, resulting in much higher 

values of the relevant drivers. In the policy scenario, greater technical progress 

resulting from more stringent boundary conditions for climate targets, results in 

a net decrease of CO2 emissions. Although the achieved 10 % reduction till 

2035 is too small with respect to the required path for the stabilization of the 

climate, the simulations revealed the availability of technical options with 
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significant potentials. The corresponding theoretical reduction values should 

serve as benchmark for the evaluation of different policy measures. 

Another important outcome of the computations is the development of a deeper 

understanding of the impact of re-investment cycles on the demand structure. 

The simulation of the stock (for buildings, vehicles, power plants) allows for 

the determination of characteristic substitution times and highlights the 

importance of rapid action, especially in the sectors where these cycles show 

time periods of decades (for buildings, heating systems and power generation 

facilities). 

The integrated assessment of optional powertrain systems reveals that 

technology will play a key role in the design of future mobility systems which 

will lead to sensible efficiency gains and emission reductions. The (partial) 

electrification of the propulsion chain outperforms the switch to hydrogen-

driven concepts. The implementation of the latter would realize an 

improvement over the basis case only under very strict constraints on efficiency 

and equivalent CO2 intensity of the related power plants. This is a consequence 

of the lower primary-to-useful energy efficiency which is, in the case of fuel 

cells combined with hydrogen production through electrolysis, about half of 

that of battery electric vehicles. 

The progressive substitution of fossil fuels towards the electrification of the 

system for greater energy efficiency and lower carbon intensive individual 

mobility will have complex effects on the conversion sector. New interactions 

will be induced between the demand and the supply side which have to be 

considered for suitable planning, and also in order to recognize and exploit 

synergetic effects. 

Finally, each future consumption and emissions reduction potential in 

motorized individual transportation will strongly depend on the power 
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generation mix. This sets stringent requisites and a strategic roadmap that 

envisages the application of policy measures aimed at the decarbonization of 

the energy sectors as a logical series of steps. The conclusions drawn are also 

valid for Switzerland, which is part of an international production and 

distribution system. 

7.2. Outlook 
Besides the yearly integrated total energy, the corresponding evolution over 

time would provide very important information. A 24h-simulation could reveal 

interesting aspects related to fluctuating demand and supply, in particular, for 

the electricity sector. This is a major issue considering future interactions of the 

transportation and conversion sectors, assuming a progressive (partial) 

electrification of the powertrain. The resulting values given in chapter 6 could 

be differentiated over time, and would deliver crucial information for 

determining the real capacity needed. Moreover, this structure enables further 

developments such as vehicle-to-grid applications and intelligent load 

management systems. These could facilitate the integration of typical 

discontinuous renewable energy sources into the electrical grid through storage 

in vehicle batteries. The exact analysis of interactions, efficiency, profitability 

and infrastructural requirements necessitate for a detailed simulation of traffic 

fluxes. A new project which utilizes the competences of three groups of the 

ETH Zurich (the Aerothermochemistry and Combustion Systems Laboratory, 

the Institute for Transport Planning and Systems and the Power Systems 

Laboratory), with the technical and financial support of ewz, started beginning 

2009, addressing these highly exciting research questions with concrete 

applications. 
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Another possible improvement concerns the transportation module itself. The 

specific consumption values for cars used in the present work have been 

determined based on a comparative approach between the different powertrain 

options. This means that the same factor for all the weight and power categories 

has been applied for setting the corresponding specific consumption ratios 

equal over the whole range. Real values of consumption can show a different 

structure, and there can be variation between different powertrain designs, 

especially for alternative options involved in the integration of two propulsion 

systems. A detailed vehicle simulation will deliver more precise inputs for the 

simulation and will be implemented in the above-mentioned project. 

Finally, in addition to the sometimes higher energy investment for the 

production of alternative fuels, additional components must be used in new 

powertrain concepts, as for example batteries or fuel cells for electrochemical 

energy conversion. The corresponding production and disposal of these 

components can have an effect on the energy balance of the entire life cycle of 

the vehicle and must therefore be taken into account. Efforts towards a 

reduction in specific consumption requires the utilization of more complex 

powertrain types, which alter the distribution of energy consumption over the 

vehicle lifetime and involve in the substitution of “operating energy” in favor 

of investment energy. The variety of applied technologies and their embryonal 

development phase calls for an elaborate analysis that must also include 

foreseeable learning and economy of scale effects. 
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Symbols, Abbreviations and Definitions 

Combustibles Fuels not used for transportation 

a Annum 

bn Billion 

CHF Swiss Francs 

CHP Combined Heat and Power 

CO2-eq CO2 equivalent 

ES Electric Share (of the total transport performance) 

ewz Elektrizitätswerk der Stadt Zürich 

FSO Federal Statistical Office 

GDP Gross Domestic Product 

GHG Greenhouse gases 

ICE Internal Combustion Engines 

IEA International Energy Agency 

IPCC Intergovernmental Panel on Climate Change 

LP Linear Programming 

m Million 

MIP Mixed Integer Programming 

MOFIS Motorfahrzeuginformationssystem 

Mtoe Million Tons of Oil Equivalent 

http://www.ipcc.ch/�
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NOGA Nomenclature Générale des Activités économiques 

OECD Organisation for Economic Co-operation and Development 

p-km Person kilometers 

PP Power Plants 

ppm Parts Per Million 

SFOE Swiss Federal Office of Energy 

SQL Structured Query Language 

t Tons 

t-km Tons kilometers 

TP Technical Progress 

UCTE Union for the Co-ordination of Transmission of Electricity 

 

http://www.ucte.org/�
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Appendix A 

(A) Specifications of the Cars Sub-Module 
INDICES 

ID Description 
t Year 
ep es x pt: Energy source and power 

train 
p Power 
w Weight 
k Cohort (year of construction) 
b Biofuels 

 
t 

Category Code 
2002 2002 
2003 2003 
... ... 
2035 2035 

 
ep 

Category Code 
Gasoline-ICE (es=0 x pt=0) 0 
Gasoline-Hybrid (es=0 x pt=2) 1 
Diesel-ICE (es=1 x pt=0) 2 
Diesel-Hybrid (es=1 x pt=2) 3 
Gas-ICE (es=2 x pt=0) 4 
Electricity-Electric (es=3 x pt=1) 5 
Hydrogen-ICE (es=4 x pt=0) 6 
Hydrogen-Fuel cell (es=4 x pt=3) 7 
Gasoline-Plug-in hybrid 8 
Diesel-Plug-in hybrid 9 
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p [kW] 
Category Code 
p<47 0 
47≤p<70 1 
70≤p<92 2 
92≤p<104 3 
104≤p<131 4 
131≤p<161 5 
p≥161 6 

 
w [kg] 

Category Code 
w<1000 0 
1000≤w<1100 1 
1100≤w<1200 2 
1200≤w<1300 3 
1300≤w<1400 4 
1400≤w<1500 5 
1500≤w<1600 6 
1600≤w<1700 7 
1700≤w<1800 8 
w≥1800 9 

 
k≤t 

Category Code 
≤1970 1970 
1971 1971 
... ... 
2035 2035 

 
b 

Category Code 
Bioethanol 1 
Biodiesel 2 
Biogas 3 
FT-Diesel 4 
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INPUTS 
ID Description Unit 
GDt Real gasoline demand J/year 
DDt Real diesel demand J/year 
ETPt  Effective transport performance cars km/year 

STPt,ep,p,k 

Statistical transport performance: yearly 
mileage pro car of the corresponding 
category 

car’s km / 
(car * year) 

MAt,k=t New cars cars 
MA1t=0,ep,p,w,k Car asset in start year (t = 2002 and k≤t) cars 

MSt,ep,p,w 
Market share 
(where Σep Σp Σw  MSt,ep,p,w=1 for each t) 

new cars/ 
total new cars 

SPt,k 
Survival probability 
(one probability for all cars) [-] 

SC1ep,p,w,k Specific consumption (for k ≤ 2002) J/car’s km 
SCE1p,w,k Specific consumption (for k ≤ 2002) J/car’s km 
SCF1ep,p,w,k Specific consumption (for k ≤ 2002) J/car’s km 
TPep,p,w,k Technical progress [-] 

TPEp,w,k 
Technical progress for the charge depleting 
mode of plug-in cars [-] 

SEt,ep Specific emissions kg CO2/J 

HVep 
Heating value (for ep=0,1,2,3,4,6,7)  
(or simply for ep≠5) J/kg 

DEep Density kg/liter 
HVBb Heating value of biofuels J/kg 
EPt,ep Energy price CHF/J 

WRAt,ep Weight reduction factor: t

t-1

EW_mean 1
EW_mean

−   [-] 

WCAt,ep Weight change factor: t

t-1

EW_mean 1
EW_mean

−   [-] 

PCAt,ep Power change factor: t

t-1

P_mean 1
P_mean

−  [-] 

Ww Average weight for each weight category kg 
Pp Average power for each power category [kW] 

CFB1 t=0,ep 
Calibration factor B: effective vs. calculated 
energy demand (= 1 for ep=4,5,6,7) [-] 



 

160 

ESt 
Electricity share in the drive cycle of the 
plug-in hybrids [-] 

DW1 Dummy variable for light construction [-] 

DW2 Dummy variable for weight change in the 
market [-] 

DP Dummy variable for power change in the 
market [-] 

DCB Dummy variable for calibration B [-] 

BIOSt,b 
Energy share of biofuel in the consumption 
of a specific conventional fuel (gasoline, 
diesel, gas) 

[-] 

SCCt,b 

Ratio between the specific energy 
consumption using biofuels and the specific 
energy consumption using the substituted 
fuel 

[-] 
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OUTPUTS 
ID Description Unit 
RMt Retired cars cars 
MSt,p Market share [-] 
MSt,w Market share [-] 

TEDep,p,w,k 
Theoretical energy demand (before calibrating 
with CFB) (applies only to t=0) J/year 

EDt,ep,p,w,k Energy demand (k≤t) J/year 
EDt,ep Energy demand J/year 
EDt,w Energy demand J/year 
EDt,p Energy demand J/year 
EDt Energy demand J/year 
GLDt Gasoline demand J/year 
DIDt Diesel demand J/year 
GSDt Gas demand J/year 
ETDt Electricity demand J/year 
HYDt Hydrogen demand J/year 
FDt,ep Fuel demand kg fuel/year 
ELDt Electricity demand kWh/year 
CO2t,ep CO2 emissions kg CO2/year 
CO2t CO2 emissions kg CO2/year 
CO2Nt,ep,p,w,k=t CO2 emissions of new cars kg CO2/year 
CO2Nt,w,k=t CO2 emissions of new cars kg CO2/year 
CO2Nt,k=t CO2 emissions of new cars kg CO2/year 

CO2BNt,ep,p,w,k=t 
CO2 emissions of new cars (considering 
biofuels) kg CO2/year 

CO2BNt,w,k=t 
CO2 emissions of new cars (considering 
biofuels) kg CO2/year 

CO2BNt,k=t 
CO2 emissions of new cars (considering 
biofuels) kg CO2/year 

NACO2EPt,ep 
Average specific CO2 emissions of the new 
cars g CO2/km 

FACO2t,ep 
Average specific CO2 emissions of the cars 
fleet g CO2/km 

NCO2t,ep,p,w Specific CO2 emissions of the new cars g CO2/km 

NCO2Bt,ep,p,w Specific CO2 emissions of the new cars 
considering biofuels use g CO2/km 

NACO2Wt,w Average specific CO2 emissions of the new 
cars g CO2/km 
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NACO2Pt,p 
Average specific CO2 emissions of the new 
cars g CO2/km 

NACO2WBt,w Average specific CO2 emissions of the new 
cars considering biofuels use g CO2/km 

NACO2PBt,p 
Average specific CO2 emissions of the new 
cars considering biofuels use g CO2/km 

ETPt,ep,p,w,k Effective transport performance (k≤t) carskm/year 
ETPt,ep Effective transport performance carskm/year 
ETPt,w,k=t Transport Performance of new cars carskm/year 

ASt,ep,p,w,k Asset share (k≤t) cars of ep/ 
total cars 

ASt,ep Asset share cars of ep/ 
total cars 

ASt,w Asset share cars of w/ 
total cars 

ASt,p Asset share cars of p/ 
total cars 

MA0t,ep,p,w,k Cars asset (k≤t) cars 
MAt,ep,k=t New cars cars 
MAt,p,k=t New cars cars 
MAt,w,k=t New cars cars 
MAt,ep Cars asset cars 
MAt,p Cars asset cars 
MAt,w Cars asset cars 
MAt,k Cars asset cars 
MAt Cars asset cars 
MA_tmp_at,ep,p,w,

k=t 
Temporary table used for intermediate 
calculations cars 

MA_tmp_bt,ep,p,w,

k=t 
Temporary table used for intermediate 
calculations cars 

MA_tmp_ct,ep,p,w,

k=t 
Temporary table used for intermediate 
calculations cars 

RMt,ep,p,w,k Removed cars (k<t) cars 
RM_AGGRt Removed cars (k<t) cars 
SC0ep,p,w,k Specific consumption J/car’s km 
SCE0p,w,k Specific consumption J/car’s km 
SCF0ep,p,w,k Specific consumption J/car’s km 
ECt,ep,p,w,k Energy related costs CHF/year 
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CFAt 
Calibration factor A: effective vs. statistical 
derived transport performance [-] 

CFB0t,ep 

Calibration factor B: effective vs. calculated 
energy demand 
(for ep=0,1,2,3)  

[-] 

WRBt,ep Factor for weight reduction [-] 
WCBt,ep Factor for weight change [-] 
PCBt,ep Factor for power change [-] 
AWt Average weight of the new cars kg 
FAWt Average weight of the cars fleet kg 
APt Average power of the new cars kW 
FAPt Average power of the cars fleet kW 

NACt,ep 
Average consumption of the new 
cars(weighted on the sales) J/cars km 

NACLt,ep 
Average consumption of the new cars 
(weighted on the sales) l/100 km 

CPCt,ep 
Average progress of the consumption of new 
cars by power train category [-] 

ACTt 
Average consumption of the new cars 
(weighted on the sales) J/cars km 

CPTt 
Average progress of the consumption of new 
cars [-] 

FACt,ep Average consumption of the cars fleet J/cars km 
FACLt,ep Average consumption of the cars fleet l/100 km 
ETHt Electricity demand for hybrids J/year 
BIODt,b Biofuels demand J/year 
BIODt Biofuels demand J/year 
EDBt,ep Energy demand considering biofuels use J/year 
EDBBt Energy demand considering biofuels use J/year 

SBIOt 
Share of fuel energy demand substituted with 
biofuels [-] 

FDBt,b Fuel demand for biofuels kg/year 
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EQUATIONS 
 
Dynamic of the cars asset 

, , , , , , , ,0 1t ep p w k t ep p w kMA MA  , for t=2002 and all k=  

, , ,t,p t ep p w
ep w

MS = MS  , for t>2002∑∑
 , , ,t,w t ep p w

ep p
MS = MS  , for t>2002∑∑

 t,k t-1,ep,p,w,k
t,ep,p,w,k t

t,k t-1,ep,p,w,k
ep p w k

(1-SP ) MA0
RM =RM  , for t>2002 and k<t

(1-SP ) MA0
⋅

⋅
 ⋅ ∑∑∑∑

 

, , , ,_ t t ep p w kep p w k
RM AGGR t>2002 and k<tRM  , for = ∑∑∑∑  

t,k=t t,ep,p,w
t,ep,p,w,k

t-1,ep,p,w,k t,ep,p,w,k

MA MS , for t>2002 and k=t
MA0  = 

MA0 -RM  , for t>2002 and k<t
⋅




 

, , , , , ,0t ep k t t ep p w k tp w
MA MA  , for all t= ==∑∑  

, , , , , ,0t p k t t ep p w k tep w
MA MA  , for all t= ==∑∑

 
, , , , , ,0t w k t t ep p w k tep p

MA MA  , for all t= ==∑∑
 

, , , , ,0t ep t ep p w kp w k
MA MA  , for all t=∑∑∑  

, , , , ,0t p t ep p w kep w k
MA MA  , for all t=∑∑∑  

, , , , ,0t w t ep p w kep p k
MA MA  , for all t=∑∑∑  

, , , , ,0t k t ep p w kep p w
MA MA  , for all t=∑∑∑  

, , , , ,0t t ep t ep p w kep ep p w k
=MA MA MA  , for all t=∑ ∑∑∑∑  

)w t,ep,p,w,k=t
w ep p

t
t,ep,p,w,k=t

ep p w

(W MA0
AW =  , for all t

MA0

⋅∑ ∑∑
∑∑∑

 

)w t,w
w

t
t

(W MA
FAW =  , for all t

MA

⋅∑

 )p t,ep,p,w,k=t
p ep w

t
t,ep,p,w,k=t

ep p w

(P MA0
AP=  , for all t

MA0

⋅∑ ∑∑
∑∑∑
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)p t,p
p

t
t

(P MA
FAP=  , for all t

MA

⋅∑

 
,t,ep,p,w,k

t, ep,p,w,k
t,ep,p,w,kep p w k

MA0
AS =   for all t and k tMA0 ≤

∑∑∑∑
 

, , , , ,t ep t ep p w kp w k
AS AS  , for all t= ∑∑∑  

, , , , ,t w t ep p w kep p k
AS AS  , for all t= ∑∑∑

 
, , , , ,t p t ep p w kep w k

AS AS  , for all t= ∑∑∑
 

 
Transportation performance 

( )
t

t
t,ep,p,k t,ep,p,w,k

ep p w k

ETPCFA  =  , for all t and k t
STP MA0

≤
⋅∑∑∑∑

 

t,ep,p,w,k t t,ep,p,k t,ep,p,w,kETP =CFA STP MA0  , for all t and k t⋅ ⋅ ≤  

, , , ,t,ep t ep p w k
p w k

ETP = ETP  , for all t∑∑∑  

t,w,k=t t,ep,p,w,k=t
ep p

ETP = ETP , for all t and k=t∑∑  
Specific consumption 

ep,p,w,k
ep,p,w,k

ep,p,w,k-1 ep,p,w,k

SC1  , for ep=0-7 and k 2002
SC0  =  

SC0 TP  , for ep=0-7 and k>2002
≤

 ⋅
  

p,w,k
p,w,k

p,w,k-1 p,w,k

SCE1  , for k 2002
SCE0  =  

SCE0 TPE  , for k>2002
≤

 ⋅
 

ep,p,w,k
ep,p,w,k

ep,p,w,k-1 ep,p,w,k

SCF1  , for ep=8,9 and k 2002
SCF0  =  

SCF0 TP  , for ep=8,9 and k>2002
≤

 ⋅

 

( ), , , , , , ,

,
, , , ,

0 0

0

ep p w k t t ep p w k t
p w

t ep
t ep p w k t

p w

SC MA
NAC  , for ep=0-7 and all t

MA

= =

=

⋅
=
∑∑

∑∑
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( )

( )

1

, . ,
0

1

. ,
0

3

, . ,
2

, 3

. ,
2

1

, 0 . , .
0

100

100

t ep t ep k t
ep

ep ep
t ep k t

ep

t ep t ep k t
ep

t ep
ep ep

t ep k t
ep

t ep t ep k t t,ep=2 t
ep

NAC MA
 , for ep=0 and all t

HV DE MA

NAC MA
NACL  , for ep=2 and all t

HV DE MA

NACL MA +NACL MA

=
=

=
=

=
=

=
=

= =
=

⋅
⋅

⋅

⋅
= ⋅

⋅

⋅ ⋅

∑

∑

∑

∑

∑
3

,
2

3

. ,
0

ep k t
ep

t ep k t
ep

 , for ep=3 and all t
MA

=
=

=
=



















∑

∑

 

,
,

1,

1 t ep
t ep

t ep

NAC
CPC  , for ep=0-7 and t>2002

NAC −

= −  

( )
9

, , , , , ,
8

0t p w k t ep p w k
ep p w k

ETH ES SCE ETP  , for all tt
=

= ⋅ ⋅∑∑∑∑  

( )

( )

7

, , , , , , ,
0

9

, , , , , , ,
8

, , , ,

0 0

1 0 0

0

ep p w k t t ep p w k t
ep p w

t ep p w k t t ep p w k t t
ep p w

t
t ep p w k t

ep p w

SC MA

ES SCF MA ETH

ACT ,for all t
MA

= =
=

= =
=

=

⋅ +

 + − ⋅ + 
=

∑∑∑

∑∑∑
∑∑∑

 

1

1 t
t

t

ACTCPT  , for t>2002
ACT −

= −  

( ), , , , , , ,

,
, , , ,

0 0

0

ep p w k t ep p w k
p w k

t ep
t ep p w k

p w k

SC MA
FAC  , for ep=0-7 and all t

MA

⋅
=
∑∑∑

∑∑∑
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( )

( )

1

, .
0

1

.
0

3

, .
2

, 3

.
2

1 3

, 0 . .
0 2

3

.
0

100

100

t ep t ep
ep

ep ep
t ep

ep

t ep t ep
ep

t ep
ep ep

t ep
ep

t ep t ep t,ep=2 t ep
ep ep

t ep
ep

FAC MA
 , for ep=0 and all t

HV DE MA

FAC MA
FACL  , for ep=2 and all t

HV DE MA

FACL MA +FACL MA

MA

=

=

=

=

=
= =

=

⋅
⋅

⋅

⋅
= ⋅

⋅

⋅ ⋅

∑

∑

∑

∑

∑ ∑

∑
 , for ep=3 and all t



















 

 
Energy demand (domestic) 

ep,p,w,k ep,p,w,k t=0,ep,p,w,kTED  = SC1 ETP , for k 2002⋅ ≤   (k≤t) 

t=0
1

ep,p,w,k
ep=0 p w k

t=0,ep
t=0

3

ep,p,w,k
ep=2 p w k

, ep=0,1 and t=0
TED

=
, ep=2,3 and t=0

TED

GD

CFB0 DD











∑ ∑∑∑

∑ ∑∑∑

  for k≤t 

(So, CFB0t=0,ep=0 = CFB0t=0,ep=1 and CFB0t=0,ep=2 = CFB0t=0,ep=3) 
( )
( )

1 1

1 1

(1 )

t=0,ep ep,p,w,k t,ep,p,w,k

t,ep,p,w,k t=0,ep ep,p,w,k t,ep,p,w,k

t ep,p,w,k t,ep,p,w,k

DCB CFB0 SC0 ETP  , for ep=0-3, all t and k t

ED  = DCB CFB1 SC0 ETP  , for ep=4-7 all t and k t

ES SCF0 ETP

 + ⋅ − ⋅ ⋅ ≤ 
 + ⋅ − ⋅ ⋅ ≤ 
− ⋅ ⋅  , for ep=8,9 all t and k t







≤

 

, , , , ,t w t ep p w kep p k
ED ED  , for all t= ∑∑∑

 
, , , , ,t p t ep p w kep w k

ED ED  , for all t= ∑∑∑

 
, , , , ,t ep t ep p w kp w k

ED ED  , for all t= ∑∑∑
 

, , , ,t t ep p w kep p w k
ED ED  , for all t= ∑∑∑∑  
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( )

( )

( )

, 1 , , , ,

, 2 , 4 , , , ,

,
, 3 , , , ,

, , , ,

1

1

1

t b t ep p w k
p w k

t b t b t ep p w k
p w k

t ep
t b t ep p w k

p w k

t ep p w k
p w k

BIOS ED  , for ep=0,1,8 and all t

BIOS BIOS ED  , for ep=2,3,9 and all t
EDB

BIOS ED  , for ep=4 and all t

ED  , 

=

= =

=

− ⋅

− − ⋅

=
− ⋅

∑∑∑

∑∑∑

∑∑∑

∑∑∑ for ep=5-7 and all t












 

( )

( )

( )

, 1 , , , , ,
0,1,8 0,1,8

, 2 , 4 , , , , ,
2,3,9 2,3,9

, 3 , 4, , , , 4

, 5

1

1

1

t t b t ep p w k t ep
ep p w k ep

t t b t b t ep p w k t ep
ep p w k ep

t t b t ep p w k t ep
p w k

t t ep t

GLD BIOS ED EDB

DID BIOS BIOS ED EDB

GSD BIOS ED EDB

ETD EDB ETH

HY

=
= =

= =
= =

= = =

=

= − ⋅ =

= − − ⋅ =

= − ⋅ =

= +

∑ ∑∑∑ ∑

∑ ∑∑∑ ∑

∑∑∑

7 7

, , , , ,
6 6

t t ep p w k t ep
ep p w k ep

 , for all t, k t

D ED EDB
= =








≤





= = 


∑∑∑∑ ∑

 
, ,

,

, ,
,

, 2 , 4

, ,

,

1

1

1

t b t b t

t b

t b t b t
t b

t b t b

t b t b t

t b

SCC BIOS GLD
 , for b=1 and all t

BIOS
SCC BIOS DID

BIOD  , for b=2,4 and all t
BIOS BIOS

SCC BIOS GSD
 , for b=3 and all t

BIOS

 
= =

 ⋅ ⋅


−
 ⋅ ⋅=  − −
 ⋅ ⋅


−

 

,t t b
b

BIOD BIOD  , for all t= ∑
 

t t t t t t t t,ep t t
ep

EDBB GLD DID GSD ETD HYD BIOD = EDB ETH BIOD  , for all t= + + + + + + +∑  

,

,

t b

t bb
t

t t

BIOD
SCC

SBIO  , for all t
ED ETH

 
 
 =

+

∑  

t

t

t

t,ep
t

, for ep=0,1,8 and t>2002
GLD

=
, for ep=2,3,9 and t>2002

DID

GD

CFB0 DD








 

t,ep
t,ep

ep

EDB
FD  =  , for all ep

HV
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t,b
t,b

b

BIOD
FDB  =  , for all b

HVB
 

63.6 10
t

t
ETDELD  =  , for all t
⋅

 

 
CO2 emissions 

t,ep t,ep t,epCO2  = SE EDB  , for all t⋅  

,2 2t t ep
ep

CO CO  , for all t=∑  

1 3

, , , ,
0 2

3

, ,
0

3
, ,10

ep ep t,ep t,ep

t,ep=0 t ep k t t,ep=2 t ep k t
ep ep

t ep k t
ep

t,ep
t ep t ep

10 HV DE NACL SE  , for ep=0,2 and all t

NACO2EP MA NACO2EP MA
 , for ep=3 and all t

MA
NACO2EP  = 

NAC SE  , for ep=4 and all

= =
= =

=
=

⋅ ⋅ ⋅ ⋅

⋅ + ⋅∑ ∑

∑

⋅ ⋅
3

, , , 4,
0

4

, ,
0

t,ep=3 t ep k t t,ep=4 t ep k t
ep

t ep k t
ep

 t

NACO2EP MA NACO2EP MA
 , for ep=9 and all t

MA

= = =
=

=
=











⋅ + ⋅∑

 ∑

 

1 3

, ,
0 2

3

,
0

3
, ,

,

10

ep ep t,ep t,ep

t,ep=0 t ep t,ep=2 t ep
ep ep

t ep
ep

t,ep
t ep t ep

t,ep=3 t

10 HV DE FACL SE  , for ep=0,2 and all t
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