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Abstract

Strategic Energy System Planning Models can be used to support different energy policies. Therefore, it is important to be critical, when model calculations are used as documentation and argumentation for given politics. It is also important to know, when the different models can be used and for what purpose. 

This paper is focusing on the use of models to guide a way to a sustainable development for the energy system in Denmark. In these terms an energy system is not only supply technologies, but also include the consumer side and transportation.

Different models can lead to different conclusions depending on the question asked and type of model. Here are some examples of conclusions based on Danish and international models:

· It is not realistic to reduce CO2-emissions by 50%, relative to 1988 level, only by introducing energy and CO2-taxes
.

· EU can save money, while reducing CO2-emission by 30% relative to 1990
.

· With a CO2-shadow price below 400 DKK, we can fulfil Energy 21

· There are great economic benefits (less costs) by sharing the CO2-reduction burden with Norway and Sweden
.

· If the transportation sector have to reduce their CO2-emission, it will be harmful to the economic growth in Denmark

The models used (ADAM, EMMA, ELEPHANT, SESAM and others) are more or less describing the same energy system. And yet, they are giving different and in some cases inconsistent results and advise. This is not only due to the different types of models, but also to how they are used and the assumptions behind the calculations. Therefore, it is difficult to compare the conclusions from different models.

It is concluded that there is a need for more co-operation and coordination between representatives for the two main modelling approaches (macroeconomic models and technical models). There is also found a big difference in the advices you can get from the two approaches in relation to a sustainable development. There is a tendency that macroeconomic models gives high greenhouse gas mitigation costs, while the technical models operates with “no regret” options up till a 25% reduction of the yearly emission of greenhouse gasses (compared to base year level).    

It is also concluded that it is necessary to have specific knowledge about the strategic energy planning models, to be able to interpret and compare their results. This is a democratic problem, because politicians and other people have to rely on the objectivity of the experts.

The work is based on experience from models used for Strategic Energy System Planning in Denmark in the Danish Energy Agency, the Utility Companies and at Research Institutes. 

Sustainability

We will not include a detailed discussion about “sustainability”. But, using the results from the IPCC 
 climate models, allows us to get a clear idea of the direction, we have to take, to insure an environmental sustainable development.

The reliability of IPCC models is not treated in this paper, but IPCC models also contain uncertainties and questionable assumptions. IPCC always presents several scenarios testing the sensibility of different assumptions because of these uncertainties. 

In the following we shall focus on the IPCC scenario (“S450”), which are used as background scenario for the Danish Energy plan “Energy 21”.

IPCC has made a stabilisation scenario, where the equivalent CO2 concentration in the atmosphere is stabilised on 450 PPM CO2 (“S450”). In this scenario the IPCC models predict that within the next century one can expect an increase in global mean temperature around 2 degree Celsius an increase of sea level around half a meter. It should be mentioned that this “S450” scenario is quite ambitious when looking at the development to day.

The industrialised countries (so-called Annex-1 countries) have to carry the main burden of reducing the emissions of greenhouse gasses. Therefore most of the IPCC scenarios incorporate a delay for developing countries around twenty years. Developing countries is thus allowed to increase their emissions the next 20 years, to give room for an economic development, and after twenty years they have to follow the same goals for reduction as the industrialised countries.
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The Climate Group in the Danish Energy Agency have translated the IPCC goals into the Danish government official energy plan “Energy 21”, resulting in the picture given in Figure 1. This implies that industrialised countries (like Denmark) have to reduce their greenhouse gas emission by 50% by 2030 (plan scenario in Energy 21) and 90% in 2100 (no planning object yet) relative to the 1988 level.

Figure 1 Stabilisation scenario for greenhouse gasses

at 450 ppm made by The Climate Group in the Danish 

Energy Agency (www.dea-ccat.dk/dea-dk).

Strategic planning models discussed in the paper will be seen from the point of view, that Denmark as a minimum has to fulfil the long-term goals in “Energy 21”. This implies radical changes in the energy system, especially, if we also want to keep on expanding the economy.

Conclusions on sustainability

“Energy 21” and the IPCC scenario “S450” can lead to simple and operational goals for the long-term energy planning in Denmark (and in principle for the rest of the industrialised world too):

· Fossil fuel consumption has to be reduced by 70% within the next fifty years and more or less totally phased out before next century. For the energy supply system this means, that it may be accepted to keep some peak load/back up natural gas fired units, but that is all. The transportation sector has to quit diesel, gasoline etc. and rely on electric vehicles, fuel cells etc. Also air transport has to reduce the use of fossil fuels.

· The energy system has to rely on renewable energy as wind power, solar heating, photovoltaics, hydropower, wave power and to some extend biomass.

· The demand for energy has to decrease dramatically, while keeping or increasing the energy service level. Otherwise, land restrictions can endanger a sustainable development.
It is therefore important to point out, that the planning goal of reducing Danish carbon emission by 50% in 2030 relative to 1988 is only a step on the way to a 90-100% reduction within this century.

The main criteria of success, in evaluating models in this paper, will be whether they can cope with these radical changes in the energy system.

Strategic Energy Planning Models (SEPM)

SEPM´s are here defined as models covering energy planning for a major planning area. Often the models cover a whole country or several countries like e.g. the EU-countries. The main function of a SEPM´s is to be a working tool to planners and politicians, analysing the technical, environmental and economic issues of the area’s energy system.

The models can be based on economic theory, thermodynamics or both. 

Model Types

Very roughly the strategic models used for energy planning can be divided according to their theoretical basis and the subsystems included:

Theory:
1. Macroeconomics (Econometric Models and General Equilibrium models

/top-down approach)

2. Physics/thermodynamics (Technical Models/ bottom-up approach)

Subsystems:
a. Energy supply

b. Energy consumption

A “total” model describing an energy system should include economic, physical and environmental impacts of political decisions. But models like that are rare. There are several reasons for not building such a big model; for one thing it would be very large and therefore it would be difficult to overview results coming out – another major reason is that a model like that combine two big subject fields and theoretical backgrounds, namely economics and engineering. 

At least in Denmark this has brought about some discussion between economists and engineers.

In the table below are shown some combinations of elements in the existing strategic models. 1.b. and 2.a. are the dominating types of models, 1.a.b. and 2.a.b. are more rare, while 1.2.a.b. is almost non-existing.

Table 1. Rough table of the combinations of elements in existing models


1.b.
2.a.
1.a.b.
2.a.b.
1.2.a.b.

Economics
*

*

*

Physics

*

*
*

Energy supply

*
*
*
*

Energy consumption
*

*
*
*

MacroEconomic Models (MEM)

A macroeconomic model is a simplified mathematical description of central economic relations in society. The equations are describing the behaviour of the agents in the macro economy, see Figure 2.
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Figure 2 Macroeconomic model of the capital flows in the Danish economy
. 

The arrows in Figure 2 represent monetary transactions. It is the equations based on macroeconomic theory describing the interaction of these transactions (behavioural relations) that constitutes a macroeconomic model.

The monetary transactions/flows can be subdivided into different sectors of the economy i.e. industries, households etc. In the sub-sectors economic relations will describe each sectors demand for different goods and services under the restriction that the macroeconomic relations are respected. This means that the relations (equations) at a lower level always have to sum up to the level above – that is why this approach is called “Top Down”.

Figure 3 is illustrating how the economy is disaggregated in the Danish ADAM
 model, from macro level to different economic sectors.
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Figure 3 Hierarchy in a macroeconomic model (ADAM). The functions illustrate that for each sector economic relations are describing the demand for goods, services and production factors, based on the prices relative to each other.

In the following we will focus on energy demand and supply in macroeconomic models. 

It is important to remember that in the macroeconomic models the energy system is a small part of a system (the economy), while for instance technical energy models mainly describes the energy system. 

Monetary transactions related to energy consumption and production (including offshore activities) are totally around 5-10% of GDP in Denmark. This means that alternative investment plans for the energy system – i.e. fuel switch, investing in more expensive renewables and energy savings – will typically differ in costs by less than half a percent of GDP.

Equations for energy demand in a macroeconomic model for e.g. households are typically at the form below, but the description of demand for al other consumer goods, is in principle the same. 
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The demand for energy depends on the price on energy (Pe) in relation to, in principle, the price of all other consumer goods (P1, P2,…Pn ) and on the amount of money available for private consumption (Y). Price elasticities are used to describe the reaction on changes in prices 
.

The macroeconomic models often have an aggregated bottom up modelling of the supply sector, including maybe 5-10 supply technologies for a country like Denmark. The load distribution between plant types will be controlled by their marginal production costs, with certain limitations. All demand and supply is dealt with as yearly averages.

In Figure 4 is shown an example of a satellite model on energy and emissions to a macroeconomic model. The example is based on the ADAM and EMMA system described later in the paper.
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 Partial model of the energy system. In the satellite (or partial) model there is a sort of translation of the monetary transaction, related to energy consumption, into a demand in the physical world – i.e. litres of oil, kWh of electricity, MJ of district heat, tonnes of biomass etc. There is typically a bottom up modelled energy supply system to meet the demand for electricity and district heat (illustrated by the box “Supply Technologies” in the figure). 

Technical Models
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The technical models are often named as “bottom up models”. The energy demand depends on, in principle, the specific energy consumption for each known appliance (kk) and on the number (Dk) of certain appliances in households and industries. 

Figure 5 Illustrates an example of a technical model. All technologies (or groups of technologies) are described, and their energy consumption and emissions are calculated at unit level, and then summed up to a general demand for electricity, fuels and heat in the heating districts. These demands are then met by the supply system.
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Figure 5 Example of a typically technical energy system model with a bottom up approach.

The supply system is typically modelled in detail, often with each of the existing power plants represented. The load distribution can either rely on marginal costs or technical parameters. The system can be balanced by using duration curves or “real time” computations with one hour (or less) time steps.

MacroEconomic Models versus Technical Models

As mentioned above, there is a significant difference in the modelling of especially the demand for energy in the two approaches, while many macroeconomic models are using a bottom up approach for the energy supply sector. 

The difference in the modelling of energy supply systems is then mainly based on technical details and the number of technologies included in the models. The technical models often include many technologies, while macroeconomic models are treating it at a more aggregated level. When focusing on emissions, the specific choice of technologies actually has a big influence.

When it comes to the modelling of demand for energy, one could ask; who can describe the dynamics in our society? The economist with a theory based on historical empirical data, or the technician thinking it is possible to predict the development in technologies 30 years ahead?

An important part of answering this question is a description of the purpose of the models. None of the models treated in this paper can be said to be prognosis models. The models do not claim to predict the future – but the models can be used to test some possible developments (scenarios) within their focus area. 

Technical models are documenting and validating physical interactions in the chosen energy system, while the macroeconomic models describe a possible influence from the national economy to the energy system and the feed-back from the energy system. There are two different approaches behind the macroeconomic and the technical description of the future development:

1. In the macroeconomic approach it is a question whether the theory is a reasonable description of reality. If the demand for goods and energy in reality follows the empirical theoretical equations in the model, then it is likely that the model can describe the future economic system. 

2. In the technical approach the question is, whether the model will have some reasonable guesses of the stock of different energy consuming hardware (houses, appliance’s, cars etc.) and to some factors as indoor temperature, hot water consumption etc. Nobody is questioning the basic theory (thermodynamics).

The main part of the equations in a macroeconomic model is behavioural relations not taking the specific technologies into account. While in a technical model the nearest we get to behavioural relations, is the indoor temperature in buildings.

Macroeconomic models and technical models do not describe exactly the same system. The MEM´s includes the whole economy, and thereby also consequences for the costs in all sectors. Technical models give very detailed information of direct costs in the energy system, but leave the rest of the economy out. This gives some disagreements on for instance the valuing of greenhouse gas mitigation costs.

Greenhouse gas mitigation costs

[image: image8.wmf]The EMMA model

Energy

 og

 Emission models for ADAM

ADAM

Production values (

fX

)

Private

consumption

Emissions

Energy

 consump

.

Energy prices

Load dispatch

(yearly average)

Number of cars

Taxes

Trends/ 

efficiencies

Electr

.

District heat

Oil

Coal

Transportation

Supply sector

Number of dwellings

E=e(

pel

,

 pDH

,

 pfuel

,

 Ye

)

E=e(

pGas

,

 pCoal

,

 pOil

,

 pimport

, etc.)

E=e(

fX

, Y)

In a large EU project “Economic Foundations For Energy Policy”, finished in December 1999 [The Shared Analysis Project, 1999], volume N(13 called “Evaluation of costs response strategies to climate change” [Jochem et. al., 1999] is comparing the greenhouse gas mitigation costs from several economic models with the mitigation costs found in technical bottom up models. Figure 6 is a graph of the results showing a systematically deviation between the two approaches.

Figure 6 Differences in greenhouse gas mitigation costs using top-down and bottom-up models
. The bold lines show the typical span in top-down and bottom-up models. The grey lines show a wider span for bottom-up models if different effects and pricing are included in the modelling.
From Figure 6 it can be seen, that use of bottom up models gives “no regret” options for reducing greenhouse gas emissions up till 25%. While the mitigation cost always is positive using top down models. The mitigation cost in top down models increase dramatically with the size of reduction. 

There are several explanations of this difference in valuing the cost. Here we shall give a short and simplified description of some of the identified explanations.

Transaction Costs (TC)

TC is referring to indirect costs caused by restructuring or changes in systems. It may be the extra administration costs in an expanded bureaucratic system. I.e. if you want to promote renewables in the energy system, it might need some feed-in arrangement, which is dependent on administration. The TC can also cover e.g. necessary extra investments in the electric grid as a result of installing wind turbines, consumer preferences and legal barriers etc.

The size of TC´s is difficult to estimate, and they are often not included in bottom up models. But the TC´s are implicit included in the macroeconomic models, which are based on historical connections in the macro economy. So, macroeconomic models include TC´s, as long they have a relative size, as known from historical data. 

TC´s are thought to be one of the main explanations of the difference in costs between the two model approaches. 

R&D (Research and Development)

R&D makes a technology more competitive. This is often included in bottom up models by letting a technology become more costs effective during time. But the costs of the research are often not included.

Macroeconomic models may incorporate R&D effects at an aggregated level. But often the R&D effects are estimated more optimistic in the bottom up models, as they are focusing at the technologies. Bottom up models is often said to be technology optimistic, while top down models can be technology pessimistic. 

The difference in mitigation costs between the two approaches is important to discuss. If you are using top-down modelling, environmental protection policy will lead to a decrease in economic welfare - while bottom-up modelling to a certain limit gives an economic profit.

A case from Denmark

The following case study of models, describing the Danish energy system, is focusing on two models; a partial macroeconomic model called EMMA
 and a technical model named SESAM
. 

EMMA

EMMA is an energy and emission module interacting with the ADAM model (ADAM is a macroeconomic model of the Danish economy [ADAM, 1995].

EMMA is build to investigate the influence of taxes on emissions from energy consumption, in the light of governmental emission reduction goals. One purpose of EMMA is to be able to give an environmental evaluation of the fiscal budget.

EMMA is a demand driven econometric model based on relations between some macroeconomic variables and the demand for energy. These macroeconomic variables are given as exogenous inputs derived from ADAM for every year in the scenario period, see Figure 7.
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 Diagram of the EMMA model (Energy and eMission Model to ADAM).
EMMA then returns energy prices, energy consumption and taxes for each sector every scenario year to ADAM (ADAM and EMMA operate with 20 sectors). After some iteration the results should converge. 

The effects you can investigate with EMMA are mainly effects on energy demand and emissions, caused by general or sector specific energy and carbon taxes.

The “Trends and Efficiencies” in EMMA are exogenous variables describing technology improvements not giving extra costs. It is a sort of “natural” development in technologies.

EMMA can also run as “stand alone” model, but then it is only possible to investigate the impacts on energy consumption and emissions and not the effects on the rest of the economy (for that you need ADAM).

SESAM

SESAM is a technical model with a typically bottom up approach, as shown in Figure 5. It has a quite detailed modelling of buildings, electrical appliances, industrial processes, transportation and the supply system. All major energy-producing units are individually modelled and small units are put together in groups. 

The energy consumption computed in SESAM is linked to a geographical position (called an “end-use district”) and so are the energy producing plants. This is especially important for the delivery of district heat. It means, that the model only establish new district heat producing plants in areas, where there is a need for the heat.

[image: image10.wmf]Total accum. costs (1000 mio. DKK)

Discount rate

0%

5%

SA

1531

720

SF

1579

737

SH

1492

717

SQ

1531

728

S2

1595

754

CO2-

shadow price less

than

 200 DKK/

ton

 CO2

SESAM Computations

0

10

20

30

40

50

60

1996

2005

2010

2015

2030

Year

mio .tonnes CO2/year

SA

SF

SH

SQ

S2

SESAM is based on databases and programme files. The databases should in principle include all thinkable developments for the different technologies and their costs. “Macro variables” are used to point at the values in the databases to be used in the computations, see Figure 8. With the “macro variables” you choose whether you want a “big”, “medium” or “small” effort on each of the elements in the databases to reduce the CO2-emission. There are many possible combinations of the “macro variables” and therefore it is normal to run 20-30 scenarios at a time testing different combinations.

Figure 8 Illustration of the architecture of the SESAM model. The “macro variables” are used to point at the data in the databases you want to use in a given scenario. With the “macro variables” you choose whether you want a “big”, “medium” or “small” effort on each of the elements in the databases to reduce the CO2-emission. There are many possible combinations of the “macro variables” and therefore it is normal to run 20-30 scenarios at a time testing different combinations.
Economic activities as production volumes in the industry, transport work, demand for energy services in households etc., are exogenous inputs to SESAM. These inputs can be derived from a macroeconomic model as ADAM.

SESAM can be called a multi-scenario model. You programme the model with possible actions and costs for each technology (databases) and SESAM let you compose physical consistent combinations of the possible actions listed in the databases. 

Fulfilling “Energy 21” with SESAM and EMMA

In the following analysis the EMMA model is used separate from ADAM – so there is no feed back from the energy system to the rest of the economy. Thereby there are no income effects of environmental taxes and no impacts on competitiveness of Danish industry. As a lack of this feed back from ADAM, the resulting environmental taxes will probably be higher than if EMMA was in an iteration process with ADAM (the taxes would affect production – and if production goes down, the energy demand goes down).

As a starting point the two models have been set up with same constant economic growth
, demand for transportation and same development in efficiencies in industries, energy technologies, electrical appliances etc. wherever it has been possible
. The main goal for the scenarios is to fulfil the long-term goals in “Energy 21”
 for reduction of CO2-emissions (50% reduction in 2030 relative to the level in 1988). Some of the means to reach this goal are including installed wind capacity around 5500MW in 2030 and using more biomass for energy production, see the table below.

Table 2. Targets in Energy 21

Action
1998 (statistics)
2005
2030

Installed wind capacity
1470 MW
1500 MW
5500 MW

Reduction in CO2
8 % 
20 %
50 %

Biomass for energy
64 PJ/Year
85PJ/Year
150 PJ/Year

The scenario period in the calculations is 1996 to 2030. This period is chosen, to make the results from the two models comparable. 

SESAM computations

In the table below are listed some results from five SESAM scenarios. These are some of the variables explaining the CO2-emission reduction shown in Figure 9.

Table 3. Results from SESAM computations

Year 2030


Electricity demand

(Index 1996=1)
Heat demand

(Index 1996=1)
CO2-emission from transportation

(Index 1996=1)
Installed wind capacity

(MW)
Utilised biomass for energy production (PJ/year)

SA
0.99
1.02
1.37
2215
113

SF
0.90
0.87
0.42
5555
79

SH
0.94
0.97
0.70
2215
108

SQ
0.88
0.86
0.44
2215
175

S2
0.88
0.87
0.33
5555
174

“SA” is a sort of “business as usual” scenario where no big changes are made in the supply system and there is no special efforts in energy savings. It is only the “natural” development in technology and existing legislation, which effects the energy demand.

“SF” differentiates from “SA” by including a strong effort in electricity and heat savings, heavy substitution of fossil fuels in the transportation sector and installing twice as much wind capacity.

“SH” has a moderate increase in efficiencies in the energy supply system compared with “SA”. There is a moderate effort in electricity and heat savings and a moderate substitution of fossil fuels in the transportation sector.

“SQ” is having even higher efficiencies in the supply system than “SH” and there is a strong effort in electricity and heat savings and a heavy substitution of fossil fuels in the transportation sector.

“S2” represents the strongest total effort to reduce the CO2-emissions of all the scenarios. So, “S2” includes electricity and heat savings as “SF” and “SQ”, substitution of fossil fuel in the transportation sector as “SF” and “SQ”, supply system efficiencies as “SQ” and installed wind capacity as “SF”.

These scenarios give a yearly CO2-emission as seen in Figure 9. So actually three scenarios are fulfilling the reduction goal, namely “SF”, “SQ” and “S2”.
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Figure 9 Results from SESAM computations. The diagram shows CO2-emissions and the table is listing the total accumulated national economic costs for each scenario in the scenario period. The 50% reduction goal in the SESAM scenarios is 26 mio. tonnes CO2 per year.
SESAM is also calculating the total national economic costs of the energy system for each scenario. The costs include investments, maintenance and fuels for energy producing units and in principle also costs of improved efficiencies for buildings, appliances, cars etc. 

In these calculations there have not been allocated costs to electricity and heat savings and neither to substitution of fossil fuels in the transportation sector. With this in mind, it is still interesting to see that the reduction goal, according to SESAM, can be reached with a CO2-shadow price below 150 DKK/tonnes CO2 (1996 DKK)
.

This could be financed by an average increase in the electricity price around 5 øre/kWh.

EMMA computations

In EMMA it is also possible to make a large number of scenarios testing different means of reducing the CO2-emission. But when we want to keep an economic growth at 2% a year as an exogenous given parameter, then it is quite difficult to bring down the emissions in EMMA. This is due to the demand for energy in EMMA being strongly connected to the production values of industry and to private consumption for households, see Figure 4 and Figure 7. Therefore, there is only presented one scenario from EMMA here, which is called the “Max Effort” scenario.

In the “Max Effort” scenario we are doing “everything” possible to force EMMA to fulfil “Energy 21” except reducing the growth in the economy given by ADAM.  

Here is a short description of the actions:

· Growth in efficiencies is more than doubled compared to the “same” efficiencies in SESAM. This is not giving extra costs in EMMA.

· 98 % of all district heat is produced on co-generation plants and the de-central CHP plants are only using biomass.

· There is installed around 9000 MW wind by 2030.

· There is introduced a growing CO2-tax ending up at 8000 DKK/tonnes CO2 in relative prices in 2030.

· The general energy taxes are raised 10% for heat and natural gas, while it is raised 5 times for coal and doubled for oil and electricity compared to the taxes today.

This is a heavy taxation program.

In the table below are shown some of the results from EMMA to be compared with the SESAM results.

Table 3. Results from EMMA computations

Year 2030


Electricity demand

(Index 1996=1)
Heat demand

(Index 1996=1)
CO2-emission from transportation

(Index 1996=1)
Installed wind capacity

(MW)
Utilised biomass for energy production (PJ/year)

Max

Effort
0.77
0.30
1.13
9000
60

Surprisingly, when thinking of the strong connection to the economic growth, the demand for energy is going down dramatically in the scenario period, except in transportation. If we hold that together with the CO2-emission (see, Figure 10), then it is becoming clear that the different results from SESAM and EMMA, mainly is caused by the difference in the modelling of the supply and the transportation sector (the supply sector is bottom up modelled in both cases).

The dramatic fall we see in demand for energy in EMMA is due to the extremely high energy prices, and in some cases unrealistic improvements of the efficiencies in the different sectors. The demand for energy in EMMA is a function of money available for private consumption, the production values in the industries and the price of energy relative to other goods. 
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Figure 10 Results from EMMA computations. The graph is showing CO2-emission and electricity price as bars and the introduced CO2-tax as a line. The 50% reduction goal in EMMA is 32 mio. Tonnes CO2 per year.
In Figure 10 can be seen that the reduction goal is almost reached in 2030. But it includes an increasing carbon tax ending up at 8000 DKK/tonnes CO2. This leads to an electricity price for private consumers (before taxes) in 2030 around 16 DKK/kWh (1990 DKK). 

Comments on the results

The different levels of CO2-emission in the base year in the SESAM and EMMA computation are due to difference in definition of the boundaries of the energy system. EMMA are including offshore activities and refineries, while SESAM are leaving those out. This is anyway a minor detail when looking at the main results from the analysis.

A first look at the main results from the models tells us that according to EMMA (the macroeconomic model) it is almost impossible to reduce the CO2-emission by 50%, while SESAM (the technical model) gives us a number of opportunities, without making the energy system more expensive.

A number of assumptions and model constraints are affecting the results:

· The supply sector in EMMA is too simple to handle big changes in the energy system as the ones tested here. The supply model does not permit the replacement of oil by natural gas, because the oil consumption is defined as a residual. And when you force through an effort in de-central CHP plants (they can exogenously be defined to use gas and biomass) then you can get a negative production of heat at the central plants, as their heat production is defined as a residual.

· Also the modelling of transportation technologies differs between the two models. The transportation sector is an important counterpart to the supply system in SESAM, as there is a symbiosis between fluctuating electricity supply and electric vehicles. This can not be utilised in EMMA, where cars and lorries can not be electrical.

· There is not allocated costs to electricity and heat savings and neither to substitution of fossil fuels in the transportation sector in this version of the SESAM model (it is possible to do so – the problem is to find documented data). This makes the SESAM scenarios look economical better than they are.

With this in mind it does not make sense to compare EMMA and SESAM including the supply and transportation sector. The technological descriptions of these sectors are too simplified and restricted in this version of EMMA in comparison with SESAM.

Concluding remarks on the models

EMMA has, like any econometric model, a useful working area not too fare from the empirical data used for its estimation. Therefore it should be mentioned, that EMMA has probably been pushed too far in this case.

SESAM is on the other hand built to make this type of analysis, including drastically changes in the energy system.

The main difference in the two approaches is the starting point of the analysis. In the technical model you know where you want to go. You set up some predefined needs as energy service level, economic growth and some limitations as mitigation of emissions. And then the model builds up a possible energy system that fulfils your needs and limitations.

In the macroeconomic model the user do not know where the model will end up. The questions her is more like “If I do this, what will then happen?”

Conclusion

One important conclusion from this work is that it is necessary to have specific knowledge about the models, to be able to interpret and compare their results. This is a democratic problem, because politicians and other people have to rely on the objectivity of the experts.

Getting back to the intention of the paper, we should evaluate whether the treated models were suitable to guide a way to a sustainable development for the energy system in Denmark.

SESAM can illustrate the technical/physical possibilities for fulfilling a CO2-reduction goal. The guidelines you get from SESAM are a physical description of several possible energy systems, which may fulfil the goal. SESAM is not giving any advise of the institutional implementation of the technologies. 

When looking at the supply sector in Denmark it has been pretty much under governmental control, and if this was to be continued, then the SESAM results could be a guide to which type of plants should be approved. But that is only half of the energy system. If you go to the demand side, you will meet something very much dependent on behaviour of the people. SESAM does not include a tool to influence behaviour. 

EMMA can give some of these institutional tools we are missing in SESAM. These are tools like energy- and emission taxes. But the version of EMMA used here, can not say anything reasonable about the emissions from the transportation and the supply sector, in the light of the big changes in these systems required by “Energy 21”. Therefore, the resulting taxes in this paper are not realistic and EMMA would need a more realistic modelling of supply and transportation to solve this problem.

The conclusion is that none of the models alone can guide us the way to a sustainable energy system. But models like SESAM are capable of describing the physical conditions in a sustainable energy system. It has not within this paper been possible to evaluate and compare the demand side alone in EMMA and SESAM. It would though be interesting to study the gap between the demand sides in the two models. 

A more general conclusion is that there is a need for more co-operation between the different model approaches and the institutions using models. Otherwise we will just keep getting inconsistent advice from the model operators. The economist has to take technical possibilities seriously and the technicians have to take economy of the society seriously. This may be done by letting the different model operator’s work together to create consistent scenarios for the future of Denmark. 

One possible frame for this work could be the programme presented by the author of SESAM, Klaus Illum, at a seminar at the Technical University of Denmark last year:

Given some overall political goals like reduction of the CO2 emission, energy planning can be divided into three steps:

Step 1


Objective analysis of technical feasible ways and means. In this phase, the space and technically possible scenarios for the future development should be examined in order to find development programs, which fulfil stipulated sustainability criteria at the least social costs.

Step 2

Then a likewise objective analysis of the institutional conditions (organizations, tariffs, taxation etc.) is required to enable the implementation of the appropriate development programs presented as a result of phase one. 

Step 3

Political decision process based on the information acquired from phase one and two.

SESAM describes the physical construction of the energy system and it is designed to answer the questions in step 1. SESAM is not saying anything about how to implement the technologies institutionally, but only how the physical system can be constructed to fulfil certain goals.

The econometric models can play a role in step 2, where the task is to settle all the institutional things that will support the wanted development. This will involve where to put taxes, which technologies to subsidise and legislation to promote the development.

In step 2 also analysis of feed-back to rest of the economy is appropriate.

In step 3 the political system can choose which direction they want the energy system to take by choosing a development from step 1 and use the means for reaching that goal from step 2.

This frame for establishing scenarios should be supplemented with the comment that step 1 and 2 should run side by side. The technical models needs input from the macroeconomic (growth in production volumes, transport of goods etc.) and the macroeconomic models needs input from the technical models (efficiencies, technologies to model etc.).  Therefore step 1 and 2 should constitute an iteration process ending up with some consistent scenarios illustrating the spectra of the future development. 

The essential point is that the different experts agree on some overall goals like fulfilling “Energy 21”. If there has to be adjustments in goals or basic assumptions to make consistent scenarios – then the experts should agree on and argue for those changes. It is not certain that it is possible to keep an economic growth at 2% a year, and at the same time fulfil environmental goals as described in “Energy 21”.  
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� Referring to the EMMA model calculations presented later in this paper.


� From an EU project report, “Cutting Carbon Emissions While Making Money” [Krause et. al.,2000].


� Calculation with the SESAM model in 1999 presented in a Danish report “Danmarks Teknologiske Råderum” [Illum, Möller, 1998] also seen from SESAM computations in this paper and from “Energy 21”, the Danish Government official energy plan from 1997, [Energy 21, 1996].


� Working Paper from the Danish Economic Council (DØR), “Nordic Carbon Dioxide Abatement Costs” [Hauch, 1999], based on the “ELEPHANT” model [Hauch,.1999b].


� In the latest follow up on “Energy 21” from the Government, it was declared that the CO2-reduction goal for the transport sector is now removed. The Government will then accept an increase in CO2-emissions from this sector.


� International Panel of Climate Change (IPCC) (www.ipcc.ch/).


� The figure is copied from a Danish textbook written as an introduction to macroeconomic theory by Professor Jesper Jespersen in 2000 [Jespersen, J, 2000]. The figure is translated by the author of this paper. 


� ADAM is a model of Danish economy used by the Ministry of Finance and several other institutions [ADAM, 1995].


� The prices on the different goods are somehow multiplied with a factor called the price elasticity, which describes how much weight a change in price for the certain product, will influence the demand for the good. I.e. if the price on gasoline raises 1%, then maybe the demand for gasoline will go down 0.5% - in this case, the price elasticity for gasoline is 0.5.


� Figure from “The Shared Analysis Project, Economic Foundations for Energy Policy” vol. 13 (“Evaluation of costs of response strategies to climate change”) page 13. This volume is a part of a big project of energy issues financed by the European Commission [Jochem et.al.,1999].


� EMMA (Energy and eMission Models for ADAM), [EMMA, 1997]. 


� SESAM (Sustainable Energy System Analysis Model), [SESAM, 1995].


� Around 2% p.a. for private consumption and production values in the industry. 


� In the EMMA scenario presented later, the efficiencies are though increased compared to the values in SESAM to force EMMA to fulfil “Energy 21”.


� ”Energy 21” is the Danish Government’s official energy plan from 1996 [Energy 21, 1996].


� The CO2-shadow price for “SF” is 140 DKK/tonnes CO2 , for “SQ” it is  0 DKK/tonnes CO2 and for “S2” it is 130 DKK/tonnes CO2.
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Ark1


			SA 1000 tons/year        1996     2005     2010     2015     2030   Accum


			Total: SO2            58.90    24.16    23.64    22.71    19.70   946.90																					mill.tons/year			1996			2005			2010			2015			2030			Akk.


			NOx           129.68    96.73    89.80    76.45    61.06  2993.14																					SA			52			49			49			46			41			1635


			CO2/1000       52.44    49.47    48.93    45.72    41.28  1634.94																					SF			52			46			41			34			22			1290


			Ashes        1111.29  1001.60   909.34   757.20   619.08 29392.86																					SH			52			50			47			40			30			1472


			Cinders       273.98   227.73   196.92   141.48   104.53  6114.89																					SQ			52			45			40			32			20			1235


			Particles      30.84    35.24    38.53    46.31    43.13  1407.82																					S2			52			44			38			29			15			1151


																								Total accum. costs (1000 mio. DKK)


			SF 1000 tons/year        1996     2005     2010     2015     2030   Accum																					Discount rate			0%			5%


			Total: SO2            58.90    23.77    21.22    20.65    14.03   863.25																					SA			1531			720


			NOx           129.68    90.01    73.41    55.57    39.51  2472.30																					SF			1579			737


			CO2/1000       52.44    46.31    41.04    33.50    22.30  1289.84																					SH			1492			717


			Ashes        1111.29   916.50   747.64   602.07   459.78 25083.36																					SQ			1531			728


			Cinders       273.98   204.66   155.06   108.96    78.13  5194.56																					S2			1595			754


			Particles      30.84    33.49    33.18    34.21    26.02  1102.35


			SH 1000 tons/year        1996     2005     2010     2015     2030   Accum


			Total: SO2            58.90    24.07    22.17    19.76    13.60   857.55


			NOx           129.68    99.41    91.59    75.94    71.15  3101.57


			CO2/1000       52.44    49.59    46.77    39.73    30.31  1471.94


			Ashes        1111.29   995.04   857.92   659.45   545.45 27486.42


			Cinders       273.98   225.65   183.87   121.88    89.41  5710.58


			Particles      30.84    35.40    36.13    36.97    35.38  1237.75


			SQ 1000 tons/year        1996     2005     2010     2015     2030   Accum


			Total: SO2            58.90    18.64    15.97    16.00    11.52   733.24


			NOx           129.68    89.12    78.92    66.06    62.21  2791.38


			CO2/1000       52.44    44.81    39.64    31.59    20.20  1235.41


			Ashes        1111.28   899.01   758.94   599.55   539.75 25671.90


			Cinders       273.98   191.69   146.33    89.60    54.84  4668.50


			Particles      30.84    40.95    44.72    51.30    67.26  1733.74


			S2 1000 tons/year        1996     2005     2010     2015     2030   Accum


			Total: SO2            58.90    17.06    13.65    15.36     9.35   685.72


			NOx           129.68    87.35    74.97    62.83    53.53  2653.13


			CO2/1000       52.44    43.91    37.74    29.08    15.12  1151.29


			Ashes        1111.28   871.65   712.39   595.71   469.47 24611.95


			Cinders       273.97   184.51   134.26    88.72    39.52  4418.88


			Particles      30.84    40.33    43.69    51.10    67.88  1727.56
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res_EMMA_SESAM


			SA 1000 tons/year        1996     2005     2010     2015     2030   Accum


			Total: SO2            58.90    24.16    23.64    22.71    19.70   946.90																					mill.tons/year			1996			2005			2010			2015			2030			Akk.


			NOx           129.68    96.73    89.80    76.45    61.06  2993.14																					SA			52			49			49			46			41			1635


			CO2/1000       52.44    49.47    48.93    45.72    41.28  1634.94																					SF			52			46			41			34			22			1290


			Ashes        1111.29  1001.60   909.34   757.20   619.08 29392.86																					SH			52			50			47			40			30			1472


			Cinders       273.98   227.73   196.92   141.48   104.53  6114.89																					SQ			52			45			40			32			20			1235


			Particles      30.84    35.24    38.53    46.31    43.13  1407.82																					S2			52			44			38			29			15			1151


																								Totale omkostninger, 1000 mio. DKK


			SF 1000 tons/year        1996     2005     2010     2015     2030   Accum																					Diskonto			0%			5%


			Total: SO2            58.90    23.77    21.22    20.65    14.03   863.25																					SA			1531			720


			NOx           129.68    90.01    73.41    55.57    39.51  2472.30																					SF			1579			737


			CO2/1000       52.44    46.31    41.04    33.50    22.30  1289.84																					SH			1492			717


			Ashes        1111.29   916.50   747.64   602.07   459.78 25083.36																					SQ			1531			728


			Cinders       273.98   204.66   155.06   108.96    78.13  5194.56																					S2			1595			754


			Particles      30.84    33.49    33.18    34.21    26.02  1102.35


																											DKK/ton CO2


			SH 1000 tons/year        1996     2005     2010     2015     2030   Accum																					SF			139.0901188061


			Total: SO2            58.90    24.07    22.17    19.76    13.60   857.55																					SH			-239.263803681


			NOx           129.68    99.41    91.59    75.94    71.15  3101.57																					SQ			0


			CO2/1000       52.44    49.59    46.77    39.73    30.31  1471.94																					S2			132.3270960405


			Ashes        1111.29   995.04   857.92   659.45   545.45 27486.42


			Cinders       273.98   225.65   183.87   121.88    89.41  5710.58


			Particles      30.84    35.40    36.13    36.97    35.38  1237.75


			SQ 1000 tons/year        1996     2005     2010     2015     2030   Accum


			Total: SO2            58.90    18.64    15.97    16.00    11.52   733.24


			NOx           129.68    89.12    78.92    66.06    62.21  2791.38


			CO2/1000       52.44    44.81    39.64    31.59    20.20  1235.41


			Ashes        1111.28   899.01   758.94   599.55   539.75 25671.90																								Scenario:			EMMA


			Cinders       273.98   191.69   146.33    89.60    54.84  4668.50																								Max efforts			Unit			1996			2005			2010			2015			2030


			Particles      30.84    40.95    44.72    51.30    67.26  1733.74																								Brutto energy cons.


			S2 1000 tons/year        1996     2005     2010     2015     2030   Accum																								CO2-emission


			Total: SO2            58.90    17.06    13.65    15.36     9.35   685.72																								(qczdkk)			1000 ton CO2


			NOx           129.68    87.35    74.97    62.83    53.53  2653.13																					1996			64197


			CO2/1000       52.44    43.91    37.74    29.08    15.12  1151.29																					2005			37376


			Ashes        1111.28   871.65   712.39   595.71   469.47 24611.95																					2010			35076


			Cinders       273.97   184.51   134.26    88.72    39.52  4418.88																					2020			33953


			Particles      30.84    40.33    43.69    51.10    67.88  1727.56																					2030			34894


																											CO2tax			DKK/ton CO2


																											(co2txi)


																											40


																											2147


																											3318


																											5659


																											8000


																											Electricity price			DKK/MWh


																											MWh


																								1996			40												CO2-emission			CO2-tax (1990 DKK)			Electricity price


																								2005			385												mill.ton CO2/år			DKK/ton CO3			DKK/kWh


																								2010			588									1996			64.197			40			0.40


																								2020			1054									2005			37.376			2147			3.85


																								2030			1579									2010			35.076			3318			5.88


																																				2020			33.953			5659			10.54


																																				2030			34.894			8000			15.79


																																							CO2-emission, EMMA			CO2-emission,SESAM			CO2-tax, EMMA			CO2-shadow price, SESAM


																																							mill.ton CO2/år			mill.ton CO2/år			DKK/tonnes CO2			DKK/tonnes CO2


																																				1996			1.0			1.0			40			200


																																				2005			0.6			0.8			4264			200


																																				2010			0.5			0.7			6611			200


																																				2020			0.5			0.6			8958			200


																																				2030			0.5			0.3			15999			200
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res_EMMA_SESAM


			SA 1000 tons/year        1996     2005     2010     2015     2030   Accum


			Total: SO2            58.90    24.16    23.64    22.71    19.70   946.90																					mill.tons/year			1996			2005			2010			2015			2030			Akk.


			NOx           129.68    96.73    89.80    76.45    61.06  2993.14																					SA			52			49			49			46			41			1635


			CO2/1000       52.44    49.47    48.93    45.72    41.28  1634.94																					SF			52			46			41			34			22			1290


			Ashes        1111.29  1001.60   909.34   757.20   619.08 29392.86																					SH			52			50			47			40			30			1472


			Cinders       273.98   227.73   196.92   141.48   104.53  6114.89																					SQ			52			45			40			32			20			1235


			Particles      30.84    35.24    38.53    46.31    43.13  1407.82																					S2			52			44			38			29			15			1151


																								Totale omkostninger, 1000 mio. DKK


			SF 1000 tons/year        1996     2005     2010     2015     2030   Accum																					Diskonto			0%			5%


			Total: SO2            58.90    23.77    21.22    20.65    14.03   863.25																					SA			1531			720


			NOx           129.68    90.01    73.41    55.57    39.51  2472.30																					SF			1579			737


			CO2/1000       52.44    46.31    41.04    33.50    22.30  1289.84																					SH			1492			717


			Ashes        1111.29   916.50   747.64   602.07   459.78 25083.36																					SQ			1531			728


			Cinders       273.98   204.66   155.06   108.96    78.13  5194.56																					S2			1595			754


			Particles      30.84    33.49    33.18    34.21    26.02  1102.35


																											DKK/ton CO2


			SH 1000 tons/year        1996     2005     2010     2015     2030   Accum																					SF			139.0901188061


			Total: SO2            58.90    24.07    22.17    19.76    13.60   857.55																					SH			-239.263803681


			NOx           129.68    99.41    91.59    75.94    71.15  3101.57																					SQ			0


			CO2/1000       52.44    49.59    46.77    39.73    30.31  1471.94																					S2			132.3270960405


			Ashes        1111.29   995.04   857.92   659.45   545.45 27486.42


			Cinders       273.98   225.65   183.87   121.88    89.41  5710.58


			Particles      30.84    35.40    36.13    36.97    35.38  1237.75


			SQ 1000 tons/year        1996     2005     2010     2015     2030   Accum


			Total: SO2            58.90    18.64    15.97    16.00    11.52   733.24


			NOx           129.68    89.12    78.92    66.06    62.21  2791.38


			CO2/1000       52.44    44.81    39.64    31.59    20.20  1235.41


			Ashes        1111.28   899.01   758.94   599.55   539.75 25671.90																								Scenario:			EMMA


			Cinders       273.98   191.69   146.33    89.60    54.84  4668.50																								Max efforts			Unit			1996			2005			2010			2015			2030


			Particles      30.84    40.95    44.72    51.30    67.26  1733.74																								Brutto energy cons.


			S2 1000 tons/year        1996     2005     2010     2015     2030   Accum																								CO2-emission


			Total: SO2            58.90    17.06    13.65    15.36     9.35   685.72																								(qczdkk)			1000 ton CO2


			NOx           129.68    87.35    74.97    62.83    53.53  2653.13																					1996			64197


			CO2/1000       52.44    43.91    37.74    29.08    15.12  1151.29																					2005			37376


			Ashes        1111.28   871.65   712.39   595.71   469.47 24611.95																					2010			35076


			Cinders       273.97   184.51   134.26    88.72    39.52  4418.88																					2020			33953


			Particles      30.84    40.33    43.69    51.10    67.88  1727.56																					2030			34894


																											CO2tax			DKK/ton CO2


																											(co2txi)


																											40


																											2147


																											3318


																											5659


																											8000


																											Electricity price			DKK/MWh


																											MWh


																								1996			40												CO2-emission			CO2-tax (1990 DKK)			Electricity price


																								2005			385												mill.ton CO2/år			DKK/ton CO3			DKK/kWh


																								2010			588									1996			64.197			40			0.40


																								2020			1054									2005			37.376			2147			3.85


																								2030			1579									2010			35.076			3318			5.88


																																				2020			33.953			5659			10.54


																																				2030			34.894			8000			15.79


																																							CO2-emission, EMMA			CO2-emission,SESAM			CO2-tax, EMMA			CO2-shadow price, SESAM


																																							mill.ton CO2/år			mill.ton CO2/år			DKK/tonnes CO2			DKK/tonnes CO2


																																				1996			1.0			1.0			40			200


																																				2005			0.6			0.8			4264			200


																																				2010			0.5			0.7			6611			200


																																				2020			0.5			0.6			8958			200


																																				2030			0.5			0.3			15999			200
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