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ABSTRACT

The assessment of the impacts of the French nuclear program on atmosphere pollution is based on a macroeconomic long term
model particularly detailed for the energy sector. The French energy strategy, characterized by its nuclear program, is compared
with an alternative coal strategy based on coal-fired power plants. The coal strategy would have entailed different economic
performances, a different energy balance, and, consequently, a different quality of air. For instance, by 1990, carbon emissions
would have been 60 % higher with the coal strategy ; actually, they are 27 % lower today than heir 1973 level. The French nuclear
program resulted both in a carbon emission reduction similar to the Toronto Conference target, and in a significant improvement
of economic performances.

!-INTRODUCTION

Nuclear energy, among all energy sources, should continue to play an important role to meet electricity
demand in the future. It should exceed its 17 per cent present contribution to the world electricity
production provided nuclear technology recovers public confidence. In order to obtain better social
acceptability, and, in parallel, to bring relevant information to decision makers, various and numerous
assessments of the advantages and risks of the nuclear option compared with fossil energy options have
been carried out for a long while. These comparisons cover important aspects such as investment
requirements, energy production, generating costs, environmental impacts, but they are more often
carried out in a rather disconnected way, so that the scope of the matter is not entirely covered,
especially in economics, and the results do not reach the best level of consistency because of the
microeconomic approach generally used.

In fact, a relevant assessment of a national energy and environmental policy has to be carried out at the
macroeconomic level for four major reasons. Firstly, the economic transfer among national actors, and
even across boundaries, can occur through the price structure, and so, could be modified by significant
changes in energy processes. Secondly, microeconomic efficiency differs from macroeconomic
efficiency : energy consumption could be highly modified by economic changes, so that price effects or
income mechanisms could strengthen the ecological efficiency of the technical process. Thirdly, a
national energy policy must be assessed on a global basis. Macroeconomic impacts, including



economic activity, employment, inflation, international trade, etc... should be evaluated in a sound and
reliable way. Fourthly, environmental issues are of a worldwide nature, and international actions such
as worldwide ecological standards or aid packages may be needed to cope with ilieiii.

That is why, to improve assessment quality in the field of energy policy, a comprehensive method and a
specific macroeconomic model have been developed by the Division of Strategy and Evaluation in the
French Atomic Energy Commission.

After a brief description of our MELODY model, and of the general approach adopted, the assessment
of the French nuclear power program is presented with special attention to its environmental impacts.

Atmospheric pollution is the only environmental aspect to be considered in this study. For the power
generation sector, it is a major environmental issue because of the difficulty in estimating external cost
and in apportioning the corresponding economic burden at national and international levels. By
contrast, the radioactive waste management is totally taken into account in the nuclear power
generating costs, and, for this reason, is not an economic factor able to induce changes in the energy
mix in the future.

2 - THE MELODY MODEL

The main specifications of MELODY are shown in Fig. l.a ; and a simplified description of the model is
given in Fig. l.b.

MELODY is a long-term model, because energy problems need long-term assessments. Indeed, the
lifetime of equipments for energy production or utilisation, and the lead times for their implementation,
are quite long. For a nuclear power plant, e.g., construction time is about 10years and operating
lifetime is more than 30 years.

MELODY gives a complete description of the French economy but the methodology used can be
adapted to any other country. The models built for Algeria, Morocco, Jordan and Tunisia are examples
of such an adaptation. It should be noted that building a model adapted to energy/economy interaction
measurements needs complete description, first, of the major role that prices play in the economy and,
secondly, of the structure of energy production and consumption..

The model includes three producing sectors (electricity, fossil fuels and non-energy products), but for
energy studies purposes, especially in the electricity field, the fossil fuel sector has been highly
disaggregated. Hence, inputs of solid fuels, crude oil, petroleum products and the whole nuclear cycle
(uranium extraction, enrichment, fuel fabrication and reprocessing) are described separately. All the
equations describing the technologies of these sectors are included in the "SUPPLY" box.

Let us restrict the description to the electricity sector as shown in Fig. 2. Electricity production is
described from a technical point of view. The generating capacity management is performed by pooling
the different power plants under the load duration curve, itself fitted on the basis of the sectorial
demand of electricity. Moreover, the quantities of inputs needed to produce electricity (labor, materials,
fuels) are computed by the model which also builds the whole account of the French utility (Electricité
de France, EDF), including funding and debt services. This result then allows evaluation of the
adequate average selling price of electricity.



The "USER PRICES" box, which includes econometric equations for computing the final user prices,
the investment price and the labor price, and the "FINAL DEMAND" box, which mainly includes
econometric equations of household behaviour UIIL. investment, are detailed in [1], with the more
important specifications of the model.

As shown in Fig. 2, the model includes two main parts, a price loop and an income loop. In the price
loop, tax rates and foreign prices are exogenous. For a given level of input prices, capital, labour and
intermediate consumption prices, the output price level results from the producer decisions. This price
in turn plays a role in the evolution of the prices of the factors and again in the output price growth.
Then, the inflation rate in the economy is directly linked to the evolution of the purchasing power of
wages. This loop shows the significant impact that an energy price can have on economy. It modifies the
production costs and consequently the production structure. The final uses of each product are also
affected through the output price change.

The income loop corresponds to the Keynesian multiplier. Increased investment in the energy sector,
results in increased requirement for goods, that is, increased production. Additional investments and
labour are then necessary to meet those requirements. The increment of labour results in an increased
household income. The additional income is partly saved and partly consumed, resulting in an
additional growth of final demand. Since this process is iterative, goods supply increases again, leading
to a new final demand, and so on. The Keynesian loop plays an important role in the present analysis
because investments in the energy sector are higher when electricity is generated by nuclear power
plants rather than by coal-fired plants.

The price loop and the income loop are, of course, running together in the model. The primary link
between these loops is made by the equations determining household consumption where income, but
also prices, are dependent variables. In addition, it should be noted that long-term evolution of the
endogenous variables mainly depends on the structure of prices. The income loop mainly determines
short and medium term evolutions. This is a characteristic of long-term models, where prices are
leading variables.

The model also computes polluting emissions such as nitrous oxides, sulphur dioxide and carbon
dioxide. These emissions depend on the type of fuel used and sometimes on the technology adopted,
especially as regards electricity generation. The model gives a complete picture of man made air
pollution in the country. Such an evaluation is of utmost importance in the assessment of the
environmental impacts of energy policies.

3-GENERALAPPROACH

The assessment of the French nuclear program is achevied by comparing through the MELODY model
two energy strategies : one is the actual historical French energy strategy mainly characterized by its
nuclear program, the other is an alternative strategy with coal-fired units installed instead of nuclear
ones.

The study covers the period from 1970, when the first 900 MWe-PWR units were launched, to around
201S ; it includes the construction time of the nuclear power system and fuel cycle facilities and the
major part of their lifetime.



Economic performances at the national level, and consequently the energy balance, are evaluated for
each strategy, as well as the resulting air pollutant emissions. This consistent approach permits
assessment of real impacts of the French nuclear program on the quality of air.

3.1 - Description of the French Nuclear Program

The French nuclear program, based on PWR technology, has been very often described [2] [3]. It is
summarized in Fig. 3 which indicates the ordering date for the thirty-four 900 MWe units, the seventeen
130OMWe units and one 120OMWe FBR, which are presently on operation, and for the three
130OMWe units and the two 14SOMWe units under construction. These units totalize 6OGWe net. It
must be added to this program the investment effort in the fuel cycle industry which mainly consists in
uranium mines, conversion facilities, the Eurodif enrichment plant (10.8 MSWU a year) plant,
fabrication plants, the La Hague reprocessing plant (2 x 800 tonnes HM a year) and low level waste
storage plants (Centre Manche and Centre de Stockage de l'Aube);

3.2 - Description of the Alternative Coal Strategy

In the coal strategy, all the above mentioned nuclear power stations (except the GCR ones ordered
before 1970) are replaced by around 900 MWe coal-fired power units, equipped with scrubbers for
desulphurization to reduce SO2 emissions. However, four 600 MWe units, built in Lorraine (North East
part of France, location of the only workable coal mines) and burning regional coal with low sulphur
content, do not need desulphurization equipment. Besides, technology improvements and a better
thermal efficiency are progressively taken into account : for instance fluidized bed power plants are
commissioned from 2000-2005 onwards.

Except the coal mined in Lorraine, coal has to be imported from overseas countries and burnt in power
stations located near harbours able to receive large ore tankers. New harbour infrastructure has to be
implemented consequently.

4 - ASSESSMENT OF THE FRENCH NUCLEAR PROGRAM

4.1 - Impacts on Investment

The investments related to the two strategies are evaluated in constant money (in 1990 FF).

For the nuclear strategy, this evaluation, carried out unit by unit, reflects the trend observed in
construction cost from 1970 up to 1985. The investment for the nuclear power system as described in 3.2
will reach FF 360 billion when completed in 1993. Most of the fuel cycle facilities were launched and
completed after 1970, for an investment of FF 100 billion. The total investment of the French nuclear
program built from 1970 up to 1993 accounts for FF 460 billion.

For the coal strategy, the construction cost evaluated for coal power plants, except those built in
Lorraine, is in average 9 per cent higher than for the existing coal burning plants associated with nuclear
strategy. This overcost results from opposite effects due to the large deployment of coal-fired plants in
the coal strategy : on the one hand, economies of scale and size effect result in decreased engineering,
manufacturing and erection expenditures ; on the other hand, burning large amounts of coal requires a
significant and costly desulphurization effort, and moreover, as for nuclear, the need for many sites
adapted to large size coal-burning plants entails an incremental cost. However, the nuclear power



capacity needed to supply the Eurodif enrichment plant (2 GWe) has not to be replaced. So the coal-
fired power plant investment reaches FF 285 billion corresponding to an installed power of 58 GWe.

The new harbour infrastructure and the new coal mines in Lorraine require FF 45 billion investment. It
is assumed that France does not build the 150 ore tankers needed for overseas coal transportation. If so,
the additional investment cost would be FF 80 billion. Regarding manufacturing industry related to
power plants, the required investment referred to one installed kWe is about the same for coal and
nuclear plants.

The coal program would have then cost a total investment of FF 330 billion (or 410 billion in case of ore
tankers built in France).

It must be underlined that the installed capacity associated with the coal strategy would be about 20 per
cent less than in the nuclear strategy because of a lower electricity demand as it will be shown in 4.3 ; as
a matter of fact the total investment for the coal program would have cost FF 295 billion.

The investment gap between the two strategies is evaluated to FF 165 billion (without tankers) ; it
represents only 0.75 per cent of the gross domestic investment achieved in France between 1970 and
1989.

4.2 - Impacts on Electricity Prices

Impacts analysis of a given strategy on electricity prices, requires to consider the global framework of
pricing and tariff setting adopted by the French utility EDF. Its pricing policy allows EDF investment
capacity to be maintained and an adequate level of return from the invested capital. The debt level adds
another constraint to the pricing policy which aims at a global financial equilibrium.

Coal prices are influencing factors of power generating cost and electricity competitiveness. The two
assumptions adopted in the present study are derived from data given by French authorities in charge of
energy planning ; the lower one corresponds to a price stabilization, the higher one to moderate
tensions in the energy markets and a 30 per cent increase in coal prices between 1990 and 2015.

Several electricity pricing policies may be adopted to meet the objectives and cope with the limiting
constraints. However, according to model simulations, possible price policies are pretty close and lead
to similar macroeconomic impacts at least in the medium term. Compared to nuclear, the coal strategy
results in a slight decrease of the electricity price from 1975 to 1982, but today the average price would
be around 15 per cent higher, and assuming high coal price, the increase would reach 30 per cent by the
year 2000.

The tariff structure policy allows differentiation of prices charged to various users according to their
cumulated consumption and their consumption variations over time. The electricity price is more
affected for industrial than for household users in the coal stragegy ; by the year 2000, according to the
low or high coal price hypothesis, electricity for the industrial sector costs 21 or 36 per cent more
meanwhile for household sector respective values are 14 or 28 per cent.

These electricity price rises, evidenced for the coal strategy compared to nuclear, are key factors leading
to a lower electricity demand, substitutions for other energies and a higher inflation rate which results in
worse economy performances regarding industry competitiveness and in decrease of the purchasing
power of households.



4.3 - Impacts on Electricity and Energy Demands

The impact on energy demand of such an increase in electricity prices has been assessed using the mode'
simulation. In order to confirm the results obtained by the simulation, two different approaches, a
technico-economic study of fuels, sectors and energy uses, and an econometric analysis at a
disaggregated level were adopted. The agreement between these approaches is fairly good and leads to
estimated values given in table 1 for the year 1989.

In the energy sector, lower electricity consumption is due to cancellation of the Eurodif enrichment
plant (about 2OTWh) and reduction of distribution losses (about 3.3 TWh) associated with reduction of
electricity production. However a slight increase (O.ITWh) in internal electric consumption is to be
considered for other energy branches. In the industry sector, reduced electricity consumption (6.2 TWh)
occurs mainly in heavy industries, such as steel and aluminium production and in chemical industries.
Electricity demand in the service sector is fairly non-elastic to prices and its impact is limited to a
reduction of only 1.6TWh. In the household sector, the impact is more significant with a reduction
totalizing 16.3TWh, of which 10 TWh are due to the lesser demand for electric heating. In the
agriculture and transportation sectors the impact of higher electricity prices is negligible.

TABLE 1 - ELECTRICITY BALANCE FOR 1989 IN TWh

SECTOR

Energy

Industry

Services

Household

Agriculture

Transportation

TOTALNATIONAL

CONSUMPTION

NETEXPORTS

PRODUCTION

ACTUAL CONSUMPTION

56.6

114.0

73.1

93.0

2.0

6.6

345.3

42.2

387.5

IMPACT OF THE COAL

STRATEGY

-23.2

-6.2

-1.6

-16.3

O.

O.

-47.3

-42.2

-89.5

The electricity exports actually achieved with the nuclear strategy do not occur with coal due to lack of
competitiveness and, consequently, power generation is reduced by 42.2TWh. The total decrease in
power generation reaches around 9OTWh, meanwhile the decrease in domestic consumption is 24TWh
(only 8 per cent).

On the demand side, lower electricity consumption induces substitutions mainly by oil (+ 2.4 Mtoe) and
gas (+1.7 Mtoe) and to a lesser extent by coal (+0.1 Mtoe).



On the supply side, in the coal strategy, the national fossil fuel consumption would be incremented by
near 58Mtoe, of which around 54Mtoe consist of coal to be burnt for power generation. The energy
independence, which presently reaches 48 per cent, would be reduced to around 20 per cent.

4.4 - Environmental Impacts

The environmental assessment of the two strategies deals with the major pollutant emissions, that is to
say the acid emissions (SO2 and NO1) and the main greenhouse gas emissions (CO2). It is a
comprehensive assessment since it considers the emissions of the whole energy system and takes into
account the impacts induced by the use of an other technology for power generation, the lower
electricity demand, the substitution of fossil fuels for electricity at the end-use level and the changes
induced in economic activity. By contrast, the changes in primary energy balance for countries
importing French electricity are not taken into account.

The direct impact of the replacement of nuclear by coal-fired power plants is by far the most important ;
it totalizes the emissions from power plant operation, those from the fuel industry and those embodied
in the investments. The emissions embodied in the investments can be derived from an input/output
analysis which gives the energy content of the electricity generating plants and their associated fuel
cycle facilities. The energy content of a coal fired power plant is about 3100 thermies per kWe of
capacity, of which 800 are imported, while the energy content of a nuclear power plant is of some 5500
thermies , of which 1500 are imported. The pollutant gas emissions from fuel cycle facilities compared
to the direct emissions of power plants are small in both scenarios.

Dioxide sulphur emissions in coal strategy would be only 230 000 tonnes per year higher than their
present value (1270 000 tonnes in 1989). This rather good performance results from the assumptions
concerning the implementation of advanced coal technologies. However energy substitutions at the
end-use level play a significant role in this increase, especially by the incremental use of fuel oil in
industry.

By the year 2000, the excess SO. emissions would be kept at 220 000 - 250 000 tonnes per year, that is to
say SO2 emissions would be stabilized at their 1990 level : the effect of economic growth would be
roughly compensated by the generalized use of very low sulphur content fuel oil.

Nitrogen oxide emissions would be, today, 510 000 tonnes per year higher than their present level
(1 760 000 tonnes in 1989), that is 28 per cent more. This excess amount is relatively high as nearly three
quarters of NOx emissions are today associated with transportation activities. By the year 2000 the same
relative gap would be maintained between the two strategies.

Carbon dioxide emissions are the air pollutant productions the most sensitive to the implementation of a
nuclear program. In the coal strategy, CO2 emissions would be today 230 million tonnes per year higher
than their present level (387 millions tonnes in 1989), that is to say an increase of 60 per cent. By the year
2000 these excess emissions would reach 310-340 million tonnes per year. Over the next twenty years, the
French nuclear program will avoid the production of more than 6 billion tonnes of CO2.

Three main effects on pollutant emissions (power generation, substitutions for electricity and other
effects including the energy embodied in the investments) have been evidenced on the historical period
in Fig. 5, 6 and 7. As explained above, the contribution of substitutions is particularly high for SO2.



Two remarks highlight the outstanding impact of the French nuclear program on CO2 emissions.

The coal strategy would have led CO2 emissions per capita in France close to those of the United
Kingdom and Germany.

In 1973, CO2 emissions were 530 million tonnes per year in France. Without nuclear energy, and taking
into account the energy intensity decrease, they would have reached today 620 million tonnes per year,
that is an increment of 17 per cent. With the nuclear power system they are only 387 million tonnes per
year, that is about 27 per cent less.

4.5 - Macroeconomic Impacts

Although national economic performances are beyond the scope of this presentation, macroeconomic
impacts of the two strategies complement the environmental assessment [4]. Macroeconomic impacts of
the coal strategy mainly result from lowered investments in the electricity branch during the eighties
higher electricity prices, and the drop in energy independence rate. The first of these three effects began
to play a role in the mid seventies, the two others in the early eighties when the plants started up and the
international coal market prices rose.

Higher electricity price induces both an increased inflation rate and a lowering purchasing power of
wages. The latter would be 0.8 per cent today and reach 1.2 ou 1.9 per cent, depending on the coal
market price hypothesis, by the year 2000. The unemployment would be 100 000 higher and the
household consumption 0.9 per cent lower in 1990, and economy activity lower by 1.3 per cent.

The balance of payments, including flows of goods and services and payment of debt interest, is
substantially modified by the coal strategy. Imports of primary energies are different. The energy bill
would be FF 30 billion heavier in 1990 with coal. Exports also are different : in coal strategy, it has been
assumed that each one or two years, one additional 60OMWe coal-fired power plant is exported.
Nevertheless, overall French exports are lower : nuclear technology exports associated to the nuclear
program are canceled, and other exports are reduced due to lack of competitiveness of the French
industry. The balance of payment cumulated deficit over the last ten years would have exceeded
FF 110 billion, and, for the coming decade, it would be between FF 190 billion and FF 230 billion
depending on the coal market price hypothesis.

5 - CONCLUSIONS

The use of a macroeconomic energy environmental model such as MELODY allows to incorporate in
the same framework the technological aspects of an energy policy, its consequences at the
macroeconomic level, mainly in term of costs, its influence both on the energy markets and the whole
economy, and its environmental impacts.

Compared to the traditional supply side approach and, more generally, to technico-economic energy
models without price effects, this integrated approach has two main advantages. First, it allows
quantitative assessment of macroeconomic and environmental impacts of alternative energy policies ;
second, the economy structural changes induced by those policies are described as well as their first
order consequences. For example, the coal strategy presented in this study induces a large decrease of



electricity demand, due to lower economic growth, and higher price of electricity which in turn leads to
a lesser generating capacity to be installed.

The French nuclear programme was launched in the early seventies to enhance energy independence
and protect the French economy against the impacts of possible fossil fuel price increases. At that time,
environmental protection was not a prime concern. However the impact of nuclear on air quality is very
important ; by the end of the eighties, with coal, CO2 emissions would have been 60 per cent higher,
SO2 emissions 18 per cent higher and NOx emissions 28 per cent higher. These results illustrate the role
of energy policies regarding environmental protection and show that energy policies may have even
higher impacts on environment than on economy.

From 1973 to 1990 France already achieved 27 per cent reduction OfCO2 emissions thanks to its nuclear
program, instead of 17 per cent increase with the coal strategy despite observed energy intensity
improvements. This is even better than the Toronto Conference target of 20 per cent reduction of the
1988 CO2 emissions by the year 2005. How many countries will meet it ? France did it, even if a bit too
early.
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Fig. Ia Main features of MFI ODY-KR ANCF.

Specificities Long-term energy model taJcing into account all the links between the
energy sector and the whole economy. High disaggregation of the
electricity generation sector, especially for the nuclear part.

Modelling background Econometric and technical approaches.

Field of analysis French economy.

Periodicity Annual model.

Running period 1970 - 2015.

Utilization mode Dynamic.

Sectorial disaggregation Three productive sectors including a fuel sector and an electricity
sector with high disaggregation of the latter for the purpose of
measuring macroeconomic impacts of the French nuclear programme.

Economic sectors Four: producers, households, govemmenf and external trace.

Number of equations 200.

Main endogenous var. GDP1 employment, unemployment, inflation, energy balance in
physical and rronetary units, balance of trade, government budget
deficit.

Main exogenous var. Demography, external prices and demands, economic policy, technical
variables.

Applications Main energetic studies in France, methodology applied in Algeria,
Jordan, Morocco and Tunisia with the support of the World Bank
and UNDP.

Fig. Ib The MELODY model.
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Fig. 2 Electricity production and electricity prices.

( ) Voriobte computed by the mocroeconomic port of the model

Exogenous vorioble



Fig. 3
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Fig. 5
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Fig. 7
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Fig. 9
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