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1. Introduction

This overview aims at describing a number of models available or under con-
sideration for the description of large-scale dispersal of releases associated
with energy production and use. The ultimate purpose is to provide tools that
may contribute to a life-cycle assessment of different energy sources. This is a
project of truly interdisciplinary nature, and it both requires the input from ex-
perts in fields such as system dynamics, meteorology, biology, agriculture and
medicine, and also the overviewing ab111ty of scientists trained in multidisci-
. plinary work.

The models of interest in this context certainly comprise those, where a
released substance will follow the general circulation, that is the wind and cur-
rent fields, before it eventually is deposited or transformed. The wind fields
may be derived from measured values, in case of after-the-fact studies, or they
may be obtained from meteorological models of the circulation, as they would
have to be, in order to provide predictions for the dlsperswn and derived effec-
ts of the substance in question.

A next step may be to construct models that include both the general circula-
“tion and the substances released, in a coupled mode. This implies that the

release of a given substance can alter the general circulation and vice versa (as

for example carbon dioxide may, due to its influence on the radiation balance

and due to its transfer between ocean and atmosphere compartments being in-

fluenced by e.g. temperature). Both physical and chemical processes may take
" part in such feed-back processes. The time-scale associated with feed-back
loops turn out to be of decisive importance.

General experience with coupled models is becoming available in meteorol-
ogy, e.g. through coupling of hydro cycle models and wind circulation models.
Consideration of clouds, precipitation, ice formation and melting, evaporation,
etc., as well as the processes associated with absorption of radiation, have
brought to surface many of the issues connected with the coupling of different
physical and chemical processes characterized by different time scales and dif-
ferent spatial behaviour. ‘ :

In some cases, where neither circulation nor geographical dispersal pattern are
important, one may simplify the calculations by using a compartment model.
A compartment could be all tropical forest, but it could also be a particular
forest on a particular location. The effort consists in identifying proper com-
partments, which make it meaningful to treat these compartments as single en-




tities and to consider only the time-dependent transfer between different com-
partments. Some dispersion models treat ocean volumes in this fashion, while
maintaining a circulation model for the atmosphere. The prime consideration
associated with employing a compartment model is to justify the simplifica-
tion and to demonstrate the plausibility of assuming average transfer rates be-
tween compartments. - :

The review-is structured in the following way: Section 2.describes the releases-
“of various substances, from their source in the-energy handling and conversion
chain, through pathways in soil, water and the atmosphere, noting how they
may undergo changes in chemical or physical form, e.g. by chemical reactions,
by radioactive decay, or by physical processes such as attachment of particles
to rain droplets.

In section 3, models used for the description of long-range transport of various
substances through the ecosphere are described. A variety of models suited for

describing dispersal on different time-scales are mentioned, including com-

partment models as well as models based on general circulation simulation

techniques. The state of each of these model areas is discussed.

Section 4 describes, by way of examples, the knowledge pertaining to the
large-scale or global circulation of individual materials, such as carbon dioxide
from combustion of fossil fuels, trace gases and particulate matter from the
conversion of fossil and other fuels of biological origin, as well as radioiso-
topes arises from nuclear power plants, either in normal operation or being
released during accidents.

In section 5, the models are subjected to a brief discussion, aimed at establish-
ing the limitations of each type of model, identifying the key parameters need-
ed to perform an actual calculation, ‘and the relationship between the nature of
the questions asked, and the model appearing most appropriate for answering
those questions.

One should bear in mind, that the decision-making process eventually relies on
a comparative assessment of a variety of health, social and environmental im-
pacts. Therefore, the models selected should provide outputs suitable for car-
rying out such evaluations.




2. Releases from ener gy conversion activities

The various emissions, effluents and other reject material arising from the
generation and subsequent conversions of energy may differ greatly in sub-
stance and form, depending on the type of energy system being considered.
Because different energy systems may have their most severe impacts in dif-
ferent stages of the conversion chain, it is important to include all stages of
conversion in any assessment. This may be referred to as a life-cycle assess-
ment (Serensen, 1992). In the case of fuel-based energy systems, the term "fu-
el-cycle approach” is sometimes used (IAEA, 1992).

In this section, the sources of environmentally important substances associated
with energy systems are identified, the nature of the substances is described,
the form of release, the pathways through the global environment, and finally
the transformations and transfers, that may take place, and in some cases may
render the material less offending (deposition, decay, chemical transformation,
etc.). - : '

EXTH?CTION / COLLECTION (primary or gross energy)
REFINEMENT /TREATMENT

CONVERSION g‘,;g,'g‘; e g:‘;‘:;‘:n o)
TRANSMISSION /DISTRIBUTION (d‘:m:?;f{em,,g,,
END-USE CONVERSION {quarternary of

final energy)

ENERGY SERVICE

GOAL-SATISFYING
PRODUCT OR
ACTIVITY

Figure 1. Outline of energy conversion chain (Serensen, 1988).
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Heat
Electric
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Figure 2. Coal usage chain with indication of inputs, energy losses, and out-
puts including environmental impacts. The quantities correspond to annual
use by a 1 GWe) power plant based on hard coal. Alternative usage paths in-
dicated are: A Gasification or liquefaction, B. Industrial combustion (with
use of Jensen and Serensen, 1984).
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Figure 3. Oil product usage chain, highlighting an automobile consuming 2000

Iitres of gasoline annually, and with indication of energy losses and environ-
mental impacts (Jensen and Serensen, 1984).
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Figure 4. Natural gas usage chain, for production of 1 GJ of low-

temperature heat and domestic hot water for a building environment. (Based

upon UNEP, 1985).
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Figure 5. Uranium usage chain for 1 GWe) electric power generation,
indicating some environmental impacts of normal operation (MCi denotes
million curies) (with use of Serensen, 1974; UNEP, 1985).
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Noise, visual im—

Wind turbines .. . pact, telecommu-
Partial land use ——| —> nication interfer—
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J/ - and microclimate

Electric power

/(énnual average power production 1GW(e))

Figure 6. Wind power usage chain for 1 GW{e) turbine array, indicating
possible environmental impacts during normal operation. For use in
isolated mode, impacts associated with some energy storage facility
must be added.

2.1. Sources

The sources of possible environmental releases are all stages of energy pro-
duction and use, throughout the life-cycle stages. Examples are effluents from
mining, refining, primary conversion, distribution activities such as transport
or transmission, end-use conversion, waste disposal ,and decommissioning.
Figure 1 gives an overview of the chain of conversion, and Figures 2-6 show

- examples-of-the-primary-steps in the chain;for-some-typical energy-sources;———

along with a number of associated impacts.

The need to consider all stages of fuel handling and energy conversion is of
course, that some energy sources have major impacts in one area, while other
have their main impacts in a different area.

It is clear that every time some equipment is needed, or an industrial process is
required, there will be construction, operation and maintenance work with as-
sociated environmental impacts. Furthermore, equipment replacement or de-
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INPUTS OUTPUTS:

during construction, operation :

and decommissioning: . desired energy services

impacts on humans,

Meterials (including fuels) on biasphere,

Labour and machinery on local and global

Ideas, such as environment
energy plans on local and global
system design society
structural setup

operational setup
maintenance and

replacement plans .
phase—~out options

ENERGY SYSTEM

TECHNICAL PARAMETERS:

Technology employed,
and implied efficiency of
conversion or use,
implied resilience

and security, etc.

Figure 7. Overview oflife-cycle inputs and outputs for an energy
system (Serensen, 1992).

commissioning may entall separate impacts, as indicated in the overview of
Figure 7.

Figures 2-6 illustrate the normal operation of energy facilities. In all cases
there is the further possibility of accidents, ranging from minor to in some cas-
es major ones. Accident types are specific for each type of energy conversion
process and involve different impacts, such as fires, release of chemicals,
release of radio-nuclides, occupational hazards (physical or health-related), ex-
posure to dangerous materials, etc. Only in some cases, normal operation or
accidents lead to global circulation of undesirable substances. These will be
looked closer at in the following. :

2.2, Substances released

For selected types of enérgy chains, one may attempt to extract a list of those
releases, that can contribute to global dispersal of substances of concern.

In case of fossil fuels, this includes fines and residues from mining and hand-
ling, solid and liquid residues from combustion (ashes and filter contents), as
well as a number of substances released to the atmosphere. They comprise par-
ticulate matter, sulphur and nitrous oxides, carbon monoxide, heavy metal and
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radioactive trace elements, and organic compounds such as poly-aromatic and
unburned hydrocarbons. Furthermore, there is the main combustion product,
carbon dioxide. :

Measures are normally being taken to reduce the emissions. A major exception
is CO», for which current research has not identified removal options, except
at costs far above the present cost of the fuel itself. The actual amounts of con-
trollable releases depend on filter efficiencies and other details of the con-
version system.

Accidental releases are mainly of the hydrocarbons themselves (oil tanker
spills, gas explosions, etc.). Additional environmental impacts along the fuel
cycle conversion chain are associated with waste heat, e.g. from power plants.

Except for the larger particles, which will settle on the ground near the point of
release, most of the releases mentioned are candidates for long range and
sometimes global dispersal.

For nuclear fuel cycles, the main problem is radioactive substances, although
waste heat is also produced at the power plants. Due to the low concentration
of materials such as uranium in nature, the formation of residues, tailings and
dust from mining and milling operations are of importance. In the enrichment
process, during normal operation of power plants, and during reprocessin% of
spent fuel, most potential releases are controlled. Exceptions are tritium, 14C
and noble gases, which are often released to the atmosphere.

Spent fuel and power plant decommissioning poses problems of disposal of
highly radioactive material. The present philosophy is to attempt to confine
these materials for a very long time, possible after extracting those materials
that can be re-used (such as plutonium). Sea dumping of lower level radioac-
tive waste materials from the operation of nuclear facilities has been a
widespread practice, but the tendency is towards halting this practice, for

— . _.._which a de facto moratorium exists at present... . _. .

In case of accidents, core fission and activation products are released into the
environment. Notable among these are 1311, 9OSr, 137¢Cs and 239Pu, plus a
number of less abundant isotopes, characterized by a long half-life and thus
the possibility of long-range impacts.

For renewable energy, the environmental impacts vary quite substantially
among the different technologies. For photovoltaic and thermal solar panels,
the impacts are practically restricted to the manufacturing process, and possi-
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bly work accidents during construction and maintenance.

For wind turbines, additional impacts include land use, noise and
telecommunication interference, none of Wthh are in the global category
(Serensen, 1981; 1986).

For biofuels, the situation is closer to that of fossil fuels. Substantial air pollu-
tion and solid residues may derive from burning of wood. For biogas and lig-
uefied biofuels such as ethanol or methanol, there is a co-production of carbon
dioxide, which however should be smaller than the amount of carbon dioxide
originally assimilated by the plant. Biogas has some positive side-effects, re-
lated to the waste treatment processes often associated with biogas production.
If the source of biomass is not waste or residues, but energy crops, then there
may be environmental side-effects similar to those of agriculture (Jensen and
Serensen, 1984).

Energy storage facilities, which are requlred to a larger extent 1n some energy
systems than in others, entail further 1mpacts

2.3. The physical and chemical form of release

Knowledge of the physico-chemical form of releases from energy facilities is
important for modelling the behaviour of substances released into the environ-
ment. Typical forms include gases, aerosols and larger particles, soluble sub-
stances, liquid wastes and solid waste (fines, residues, complex chemical com-
pounds, including organic material and heavy metal compounds, etc.).

Synergisms between different forms of release have been discussed (IAEA,
1975).

The effect of releases may be direct or indirect. Toxicity of a substance would

‘imply a direct effect, while - as an example of indirect effects - one may con-
sider the change in the radiation balance caused by aerosol releases. These
changes may lead to warming or cooling, depending on the aerosol size distri-
bution (Volz, 1983; Serensen, 1979).
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2.4, Pathways -

Airborne emissions from energy-related facilities often originate from point-
like sources, although there are exceptions (e.g. releases from surface mining
activities). If the release is gaseous, it may be transported along with the air,
but it may also move independently from the air masses, e.g. due to differ-
ences in density or diffusivity. Particulate emissions may travel independently
by the rules of gravity and up-draft, or they may become adsorbed on e.g. wa-
ter particles or droplets. Finally, several emitted substances would be capable
of ‘entering into chemical reactions with other substances. Temperature differ-
ences between emissions and air play a role for the dispersal. This is relevant,
not only during the initial phases, in case of radioactive materials. The physi-
cal properties of the released material may change in time, and several of the
mechanisms indicated may come into play during different stages of atmo-
spheric transport.

Typical processes of depletion along the path of transport are rainout and
washout, which lead to deposition on the underlying surface, as do dry deposi-
tion mechanisms.

Material released to waterways are also subject to a multitude of possible path-
ways, e.g. following the transport of water to a certain degree, but occasionally
behaving differently.

Material released to soil or other surfaces may sieve down to ground water,
may adhere to soil particles, may be washed away by rain and continue travel
along the sewage system. Ground water motion is usually a slow process, that
eventually brings the material into streams, rivers and finally into the oceans.
However, retention processes are at play all along the chain, and deposition at
each stage is possible.

-2.5. Removal by deposition.and transformation

Processes such as deposition of airborne material on the ground remove the ef-
fluents from the pathways relevant for global dispersion. For a review of dry
deposition see e.g. Davidson and Wu (1989), for aspects of wet deposition e.g.
Barrie and Schemenauer (1989). Figure 8 shows an example of wet deposition
(of 137Cs) in Sweden following the Chernoby! nuclear accident.

Chemical processes or radioactive decay may transform the substance into
other materials, with altered importance for the global environment. A review
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of the sources, sinks and transformation processes for aerosols in the atmo-
sphere may be found in Heintzenberg (1989). .

Figure 8. Measured deposition of 137Cs (kBq/m2 ) in Sweden (aircraft mea-
surements May 1-23, 1986) (Persson and Robertson, 1991).
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3. Brief survey of models used in the description
of the dynamical behaviour of released matter.

3.1. The need for models

Models are needed to bring out the messages contained in data, and for allow-
ing evaluation also in cases where insufficient data are available, including of
course any attempt to make predictions regarding the future. The final purpose
of these efforts is to find mitigating strategies against negative impacts of the
releases in question, and models serve to evaluate the implications associated
with different strategies. As some impacts are delayed and some releases can
cause impacts over very large intervals of time, a number of different models
may be needed in order to arrive at a full understanding of short-term and
long-term effects and options. The dispersion models generally aim at predict-
ing the amounts of substances with potential impacts, that will be found at dif-
ferent times at locations of interest, whether at sea, on land or in the atmo-
sphere.

3.2. Time scales

Important for the selection of model to use is the time scale of events on which
statements need to be derived. Often, the size of the time scale translates into a
length scale: short time-interval behaviour of a point release cannot be associ-
ated with global effects, but long-term behaviour may. The assumptions on the
relation between length and time scales are contained in the ergodic hypothesis
(see Serensen, 1979).

The present survey focusses on impacts requiring large-scale or global out-
look. That implies that methods such as plume models aimed at short-term, lo-

- -cal dispersal are not of interest. Also models-with only regional scope may-be -~ -

unsuited, but there is a smooth transition between regional and large-scale or
global model capabilities, and the selection of model will depend very much
on the type of release and on the questions likely to be asked.

For example, radioisotopes such as 85Kr and 3H behave very differently, since
one is a noble gas and the other enters into a variety of different chemical
compounds relevant both for the physical processes of the environment, and
also for the biological compartments. In one case, one may be satisfied with a
long-term distribution of the radionuclide in a steady state situation, while in
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the other case, the dynamical behavior is needed in order to assess the range of
possible 1mpacts -

For estimating the impacts associated with radioisotopes, the half-life of the
substance is clearly the basic parameter for deciding what time scale that will
be appropriate. For non-radioactive substances, the impacts could persist for-
ever, but in many cases, there is an ultimate transfer to a compartment, where
little harm is expected, or a transformation of the substance into a form where
impacts are considered small. As a general observation, one may say that if a
substance is going to remain in the environment for a very long time and with
a fairly smooth distribution of concentrations, then a detailed modelling of the
dynamical behaviour may not be relevant. In such cases, compartment models
. may be useful. They allow the calculation of total amounts of substances as
function of time, for each compartment used.

The class of models based on general circulation models may be said to be
compartment models with so many compartments, that they simulate a contin-
uum. The real difference, however, is in the way the rate of transfer between
locations (infinitesimal "compartments") is derived. Real compartment models
must derive the transfer rates from data, and thus, a sufficiently long time-
series of data is required to be available, and one which grows with the num-
ber of compartments in the model. On the other hand, the general circulation is
given by basic physical laws, and transport models based on general circula-

tion models also have as foundation the proper physwal and chem1ca1 laws for
describing the substance in question.

Hence, even if the circulation-based transport model is compartmentalized for
numerical reasons, it still is based on accepted theory (i.e. laws of nature) and
not on ad hoc parametrization of some data. In practice, the distinction may be
weaker, because also in general circulation models, an averaging has to be
made, which again poses the question of how one can deduce the laws govern-
ing averages from the microscopic laws for whatever is inside the boxes being
averaged over. More precisely, one can prove that for linear interactions, the
averaging leads to meaningful laws for the averages, whereas for most non-
linear systems, the averages do not behave dynamically in ways that depend
only on averaged quantities. This will be discussed further below.

The question of scales is then a question of averaging, and thus is tightly con-
nected to the problems of averaging over non-linear effects. Any calculation,
which confines itself to a certain scale (rather than doing the entire calculation
on a microscopic scale and averaging only the results) must address the prob-
lem of non-linear couplings to motion on scales below the selected one.
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3.3. General cifculation models

A model of global circulation can be formed by suitably averaging the physi-
cal equations of motion for continuous media (i.e. the motion of air or water).
Additional equations may be written for each substance of interest, including
sources and sinks to describe processés outside the model.

The basis is Euler’s transport equation'for a éiVen substance A
D(pA) + div(vpA) + div(op) = SA

where t is time, p density, v the velocity field in the medium, o a vector de-
scribing the transport by molecular processes, and S a source term. Using the
density weighted average q* of a quantity q,

q*=<pq/p
one may introduce q=q* + q’ into Euler’s equation and obtain
Dy(pA¥*) + div(pv*A* + «pv’A> ) + div(<0p> ) =Sp

It is seen, that it has not been possible to fully eliminate the deviations from
the averages, v’ and A’, from the equation of motion, and hence the descrip-
tion of the general circulation cannot be made without knowledge of the small-
scale motion, called turbulence or chaotic motion. In practice, what one does is
to neglect the term depending on v’ and A’, or replace it by some parametrized
average, and integrate the remaining terms. Also the source term S will have to
be assumed to depend only on averaged quantities. The result is a solution,
which will be valid only as long as the chaotic terms stay negligible. For wind
fields, this may be periods of a few days to one or two weeks, depending on
the conditions. This is the reason, that it is fundamentally impossible to make

- valid weather-predictions-for periods exceeding-the-indicated values:

If, on the other hand, diurnal weather patterns are not considered important,
the same equations may be used to predict long-term behaviour. The reason is,
that the forcing of the system (through solar radiation), and the boundary con-
ditions that make oceans and atmosphere stay around the world, place some
constraints on the effects of the chaotic terms, which makes it possible to ex-
tract climate statements from integrating the Euler equations. Climate is de-
fined as the set of (e.g. 30 years) averages of weather parameters.
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The averaged Euler equations may comprise a quite large set of coupled equa-
tions: For A = 1, it is the mass continuity equation, for A equal to a velocity
component, 04 is the stress tensor and SA the external forces (gravitational
and Coriolis, assuming that a coordinate system following the Earth’s rotation
is used). By introducing an equation of state for the fluid (ocean or atmo-
sphere; in the latter case, the ideal gas law is often used), and the first law of
thermodynamics, Eulers equation becomes an equation for temperature, with
source terms representing absorption of solar radiation and heat from conden-
sation of water.’ ' :

The treatment of releases is made be increasing the number of Eulerian equa-
tions. Each substance is described by a mixing ratio A, and its injection or re-
moval is described by suitable source terms S A;. Chemical processes and oth-
er transformations (cloud formation, etc.) not covered by the Euler equations
must be added through auxiliary equations. In summary, a coupled set of equa-
tions of motion will have to be solved with a number of side calculations, de-
scribing physical and chemical processes taking place at a given place in the
atmosphere-hydrosphere-lithosphere system (Serensen, 1979).

The averaging time scale is typically of the order of 10 minutes to 1 hour in
time for the motion of air in the atmosphere, and much more for water in the
oceans. In practice, general circulation models include a number of further ap-
proximations needed for numerical purposes. Either, an integration mesh is es-
tablished in physical space (typical current calculations use about 3° horizontal
boxes and around 10 vertical layers in the atmosphere, and a much coarser -
mesh in the oceans), or a spectral transformation is performed on the horizon-
tal part, with Fourier components up to about 30 included (IPCC, 1990). As
stated, the variables describing small-scale motion are neglected, but the cou-
pling terms between small-scale motion and large-scale motion are, as men-
tioned, averaged in such a way, that only the large-scale variables remain
(Boussinesq approximation, cf. Serensen, 1979). In meshed models, the finite
size of each box gives rise to undesired integration effects such as pseudo-
diffusion (motion from box to box faster than is physically possible). There are
standard techniques for approximetely getting rid of such problems. '

In case of releases from energy production, they are treated just like other
scalar quantities (for example temperature), by adding one more equation de-
scribing the transport of the substance (coupled to other equations through the
wind velocity), and describing the sources, sinks and transformation properties
for the quantity in question (with further possibility of coupling to other
among the equations). Many calculations use extremely simplified versions of
these relations. For instance, the effect of carbon dioxide doubling would be
estimated by simply adjusting the source term describing the heat sources and
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sinks in the temperature equation, and repeating the calculations for different
fixed amounts of CO7 being present globally in the atmosphere. B
Most recent atmosphere-ocean coupled models have tried to incorporate the
mechanisms of transfer of CO7 between oceans and the atmosphere. This goes
along with other ocean-atmosphere 'transfer, say of heat or of momentum.
Each of these transfers have been subjected to detailed study, e.g. exploring
the penetration of radiation into the oceans, and the variations in the extent of
a mixed layer (Woods, 1985). The boundary conditions between the ocean and
the atmosphere have been particularly difficult to reproduce, and in many cas-
es, model fluxes have been arbitrarily adjusted, in order to get an equilibrium
ocean model and an equilibrium atmosphere model to match (IPCC, 1990).

Important issues in the construction of circulation models is the modelling of
cloud chemistry. This issue is reviewed e.g. by Iribarne and Cho (1989). Pre-
sent efforts aim at improving the realism of the modelling regarding ocean-
atmosphere coupling, cloud behaviour, role of particulate matter and ice dy-
namics, i.a. (IPCC, 1990). The methods used for solving the models, whether
meshed or spectral, are in current implementations reaching the limit of
available computer power, especially for time-dependent study of transient be-
haviour over time-scales of say hundred years (recall that the integration step
is typically a fraction of an hour, as required due to the forcing from the diur-
nal radiation cycle.

Figure 9 shows the horizontal windfield calculated for January over the tropi-
cal Pacific (top), and the corresponding measurements (bottom) (Gates et al.,
1985; each half barb corresponds to 1 m/s).

Figure 10 shows the key features being modelled by present generations of
global circulation models, and Figure 11 shows an example of the validation
against available temperature data of a 3-dimensional ocean-atmosphere mod-
el. Both validation and sensitivity analysis are important tasks for any mod-

elling effort in this regime. Less interésting are the benchmark studies, that
used to be popular some years ago. A benchmark study compares different
model implementations and is useful in disclosing e.g. programming errors.
However, it does not validate the models, and the mutual agreement between
ten models, which do not reproduce experimental data well, may even lead to
misinterpretations, if poorly communicated to decision-makers. '
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Figure 10. The components of present-day general circulation models
(white arrows indicate processes internal to the calculations, black ar-
rows indicate external processes; some processes are only partly inter-
nalized) (Houghton, 1984). )
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Figure 11. Comparison of observed December-January-February zonal
mean temperatures (right) and values calculated by a coupled ocean-
atmosphere model (IPCC, 1990; calculation from Washington and Meehl,
1989; observed atmospheric temperatures from Newell et al., 1972, ob-
served oceanic temperatures from Levitus, 1982),
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the other, startmg with the wind fields, that enter in many of the subsequent
transport equatlons

For example, in many calculations of the effect of altered carbon dioxide lev-
els, one has decoupled the problem by translating the new CO7 level into a
modified heat source term, with which the standard calculation of the circula-
tion is repeated (either once, for a radical change in CO9, or in a time-
dependent way, with small annual increases in CO7 incorporated into the radi-
ation terms). Such calculations are still in a preliminary state, with simplified
assumptions on the coupling between ocean and atmosphere models, and with
ad hoc adjustments for discrepancies arising from mlsmatch between the
ocean and atmosphere models (cf. IPCC, 1990).

Simplified calculations would solve only the transport equation for the sub-
stance of interest, using standard meteorological data or standard circulation
model runs as input. In this approach, dispersal and deposition can easily be
included. An example is provided in Figure 12, for SO3 in the troposphere.

One further step of simplification would be not to use the mixing ratio of the
substance as variable, but to consider one or more puffs released from each -
-source. The meteorological data or circulation model (wind fields) are used to
transport the pointlike puff, thus decoupling the transport from the dilution (in-

tsofnes are: 10, 25, 30, 100, 250[, $00, 000

| 10 L ——l—p5 =L 16
200 / 50— "

Pressure (hPq)
[0)]
S
o
I \
N
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Z—}
T
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Altitude (km)

10001 T ‘ , L , \ 0
-90 -60 -30 0 .30 60 90
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Figure 12. Longitudinally averaged results of a calculation of tropo- .
spheric sulphur distribution (unit: ppt volume), including cloud trans-
port and chemical transformation. Standard monthly wind fields are in-
put as data (Langner and Rodhe, 1991).
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Figure 13. Backward calculation of trajectories that at different times reach

the same point. The left hand Figure contains trajectories for a period of
very low (lead) pollution, the right hand Figure trajectories for a period of
very high (lead) pollution (Petersen, Weber and Grassl, 1989).

crease of puff dimensions). Such models, called trajectory models, are clearly
inadequate when the puff has grown to such a size, that different parts of it
will be affected differently by the wind fields. Trajectory models can be
worked backwards, and they have played a role in identifying the origin of
pollution observed in given locations. Trajectory models were first highlighted
at the UN Environment Conference in Stockholm (Swedish Ministries for For-
eign Affairs and Agriculture, 1971). Figure 13 shows a recent example of us-
ing the method to trace lead pollution.

The simplest form of trajectory model considers only the wind velocity at the
point-of release,-and uses a uniform (e:g-Gaussian) expansion of the plume.

Such plume models, which may be adequate for estimating pollution close to a
stack, have been misused extensively for describing radioactive releases asso-
ciated with nuclear reactor accidents (e.g. Rasmussen, 1975). The inadequacy
of models implying monotonously decreasing concentrations as function of
distance from the point of release is demonstrated by the measured activity
levels in Europe following the nuclear accident in Windscale 1957 (see Figure
14).
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Figure 14. Time-integrated 1 3pacti vity in air (pCi-days per m3), following
the 1957 Windscale nuclear reactor accident (Stewart and Crooks, 1958;
Lindell and Lofveberg, 1972).

3.5. Coupled models of circulation, transport and processes.

In the future, it is likely to become possible to run larger, realistic coupled
models, in those cases, where couplings are important. There would still be
processes modelled by auxiliary calculations, and transport equations decou- -
pled from the rest. )

For example, as the CO7 models have become time-dependent models for the
transition to a different climate (as distinguished from earlier steady state cal-
culations for a fixed, higher value of CO9), then it is no longer reasonable to.
neglect the geographical and temporal distribution of CO7 releases and trans-.-
fers. Rather than modelling CO7 as an overall change in the radiation source
term, one would have to include the effects on the circulation of a realistic
COy cycle (see section 4.1 below), and to include the influence of clouds, cir-
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culation and ocean-atmosphere transfers, as well as of vegetation, on the dis-
position of CO». This is just one example of the more complex models needed
at the present stage.

The ingredients of such models are largely available, and the limiting factor is
computer power, or ingenuity in selecting and improving numerical methods.

In case of other greenhouse gases, e.g. CFC’s, the stratospheric processes are
of decisive importance, implying a need for integrating the chemical mod-
elling with the transport of the CFC’s to the stratosphere, and the geographi-
cally varying effects on the radiation source term. The same is true for mod-
elling of ozone.

3.6. Compartment models

Compartment models are characterized by a box structure. The boxes are not
necessarily small, but an assumption of homogeneous mixing and a well-
defined interaction between boxes has to be made, in order to treat each of
them as an entity. Examples of typical compartments are top soil, fresh water
lakes, mixed layer of oceans, deep ocean, sea beds, etc. Compartment models
can be used to study fairly local problems, such as the consequences for a giv-
en region of radioactive fallout (Serensen, 1975), or entirely global problems
of atmosphere, hydrosphere and lithosphere fallout (Bjorkstrom, 1983; IAEA,
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Figure 15. Simplified compartment model of global hydrological cycle (lev-
els in m3, fluxes in m3/y) (NCRP, 1979).
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1985, cf. Figure 15).

Sometimes a compartment model can capture the main behaviour of complex
systems, at a very small computational effort, and these models are often used
to get a first orientation in-a new kind of problem . e

The compartmentizing of a problem necessarily hides some levels of interac-
tion, and granted that most interactions in systems of interest are non-linear, it
is clear that models dealing only with compartment averages can be very
wrong. It also implies, that the laws governing the interaction between boxes
has to be determined from selected data, because the underlying physico-
chemical laws generally cannot be generalized to the averaged compartments,
unless they are linear. In other words, there is no way to theoretically derive
the laws of transfer between compartments. There is then no guarantee, that
the compartment model will be applicable to a new piece of data not used in.
the construction of the model, and the only type of verification possible is to
withhold some fraction of the available data, and then test the model on these.
There will be problems if too many data have been used in formulating the

model, but also if too few are used

Scientifically speaking, except for linear systems, compartment models are on-
ly suitable for depicting flows and levels in a known system, not for predictive
work. For linear systems or systems with small deviations from linearity, com-
partment models can be very useful. An example of linear behaviour is ra-
dioactive decay of given substances, but the transport of such substances may
be governed by very non-linear processes
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4. Transport of individual materials

“This section will 'éXeﬁiplify the results of measurements and modelling for in-

dividual substances released from the activities associated with energy produc-
tion and use. The substances are grouped as large-scale releases from fossil fu-
el conversion, trace releases from fossil and renewable energy conversion, and
finally releases from nuclear energy conversion.

4.1. Carbon dioxide and other substantial residues

Substantial releases from conversion of fossil fuels include carbon dioxide

~ emitted into the atmosphere (Figure 16), and residues (mostly solid) either de-
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Figure 16. Estimated global emissions of CO2 (IPCC, 1990).
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posited or used in construction work (road beds, building materials). Also the
combustion of biomass or generation of biogas produces CO», but in these
cases the time delay between CO7 assimilation and re-release is much shorter.
The average residence time of carbon dioxide in the atmosphere is several
years, and that in oceans is orders of magnitude larger, which makes the prob-
lem a global one. CO7 emissions as function of time have been reconstructed
from a multitude of data sources, including ice core studies (Slegenthaler and
Oeschger, 1987; Tans et al., 1990). '

From a global dispersion point of view, CO2 is of interest. Because the possi-
ble adverse effect is a long-range modification of the radiation disposal, the
short-term distribution of CO2 is of minor interest:CO» is predominantly emit-
ted into the northern hemisphere, but after a few years, such a release has been
fairly homogeneously distributed over the entire atmosphere. The time frame
for effects on the greenhouse warming to reach a new equilibrium is beheved
to be of the order of 70-100 years (IPCC 1990). ‘ :

The short-term distribution of CO is characterized by the hemisphere differ-
ences (Figure 17) and a seasonal pattern (Figure 18). The uncertainty in deriv-
ing these values is significant (Enting and Mansbridge, 1989). The main cause
of the seasonal pattern is the seasonal variations in CO7 assimilation by green
plants. They explain most of the seasonal variation and some of the North-
South difference (due to larger land masses on the Northern hemisphere). The
rest Of the differences may be explained by the difference in burning of fossil
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Figure 18. Seasonal variations in COZ for two selected locations (latitude
45°Nand 75°S) (Taylor, 1989).

fuels between the hemispheres, and possibly an effect of the higher rate of fos-
sil fuel combustion during winter is contributing, although it cannot quite
compete with the spring plant growth peak.

Substantial effort has gone into trying to predict the global warming caused by
the measured increase in the atmospheric content of CO» from all sources (fu-
el combustions, land use changes, etc.)(IPCC, 1990). Figure 19 gives the result

4

Figure 19. Response to a

gradual doubling of CO2 in
_the atmosphere over a_peri-

od of 100 years, as calculat-
- ed using a two-dimensional,
zonally averaged model with
atmosphere-ice-ocean cou-
plings (Fichefet et al,, 1989).
The values indicated are
surface temperature changes
in °C.
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of a global circulation caiculatibn assuming a gradual doubling of CO7 over a
100 years period, and viewing the temperature variation as functlon of time
and latitude. - .

4.2. Trace materials and minor residues from fuels of biological
origin '

Among the trace substances released from fossil energy conversion activities
are SOy, NOy, N2O, trace metals, PAH (Polyaromatic hydrocarbons) and un-
burned hydrocarbons (CH4, oil products, etc.), plus other particulate matter
with different size distributions. Bumning of biomass exhibit similar releases, .
and other biofuel technologies may produce isolated releases, e.g. of methane).

The physical and chemical form of these releases cause them to mainly stay in
the lower troposphere and to become deposited during time intervals typlcally
in the range of days or weeks. Thus, the main environmental problem is re-
gional rather than global. For this reason, adequate results have often been ob-
tained with simple models such as forward or backward application of trajec--
tory models. As an example, Figures 21-23 show lead concentration in the air

Figure 20.
Emission
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Figure 21, Lead content of surface air over Europe, January 1980, as calcu-
lated by using a trajectory model (Petersen, Weber and Grassl, 1989).
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Figure 22. Dry deposition of lead over Europe, January 1980, as calculated

by using a trajectory model (Petersen, Weber and Grassl, 1989).
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Figure 23. Wet deposition of lead over Europe, January 1980, as calculat-
ed by using a trajectory model (Petersen, Weber and Grassl, 1989).
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Figure 25. Latitude-height distribution of volume mixing ratio (ppb) of
NOy, calculated for summer and winter months using a global circulation
model (Levy and Moxim, 1989).

Figure 26. Latitude-
 longitude distribu-
tion of volume mix-
ing ratio (ppb) of
NOy, at the height
990 mb in the sur-
face layer of the at-
mosphere, as calcu-
| lated using a global
circulation model
(Levy and Moxim,
1989).

Figure 27. Latitude-
longitude distribu-
tion of wet deposi-
tion of nitrogen
(mMole/m2/y), as
calculated using a
global circulation
model (Levy and
Moxim, 1989).
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over Europe, along with dry and wet deposition of lead, as calculated using a
trajectory model and available emission data for 1980, depicted in Figure 20.

Global circulation models may give a more detailed view of the dispersal. As-
suming the NOy- sources shown in Figure 24, Levy and Moxim (1989) finds
the latitude-height distributions shown in Figure 25, and the latltude-longltude
distribution and wet deposition given in Figures 26 and 27.

Several trace elements have natural sources, as well as originating from energy
conversion. Among these are sea salt spray processes, volcanic eruptions,
forest fires, biogenic emissions, and erosion followed by dust and aerosol dis-
persal by wind.

Some trace materials may reach the stratosphere and take part in complex
chemical reactions there, including ozone depleting processes.

Figure 28 shows the latitude and seasonal distribution of methane in the atmo-
sphere. Indications from radio-isotope analysis are, that about 20% derives
from energy production, mainly coal mining activities and wood burning
(IPCC, 1990).
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4.3, Radioactive materials from nuclear fuel cycles

Among the radioisotopes released from nuclear power plants during normal
operation as well as accidents are tritium, l4c, isotopes of noble gases and io-
dine, cesium, strontium, plutonium and others. A survey of dispersion models
used on a medium and long scale may e.g. be found in Reiter (1974). Esti-
mates of emissions and dispersion of radionuclides with potential global im-
' pact, such as 3H, 14C, 85Kr and 1291, have been made by IAEA (1985).

Figure 29 shows the oceanic distribution of tritium in the North Atlantic, as
modelled by a 3-dimensional general circulation model and compared with
available data. The main source of tritium is atmospheric bomb tests. Small
fractions presently derive from nuclear facilities and cosmic ray impact. How-
ever, it has been estimated, that reactor tritium may become the dominant
source in the not so distant future, depending of course on the development of
nuclear energy, including possible actions taken to reduce emissions (Cohen,
1975).

Trajectory models have been used to study the transport of 1311 following the
1957 Windscale accident, with reasonable agreement with the data (Figure 14)
(ApSimon et al., 1980).

Figure 29. Tritium levels in the North Atlantic one decade afler major
bomb tests. Lefi: GEOSEC observations (IPCC, 1990). Right: results of 12
level circulation model (Sarmiento, 1983).
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Based upon a compartment model, Figure 30 shows calculated distribution
among the compartments of 1291, as function of time after release into the
compartment "atmosphere over land”". Figure 31 gives similar results for 3H,
based on the compartment model depicted in Figure 15.

The Chernobyl accident gave rise to substantial fallout at large distances from
the point of release (Figure 32 and 33). A radionuclide transport model, based
upon a calculation of the general circulation and adapted to measured wind
speeds, is used to simulate the time evolution of global dispersal. Figures 34-
36 show examples of the calculated distribution of 1311 as function of time,
height and location, while Figure 37 show the activity at a given location as
function of time, as compared with measurements. It is seen that this kind of
modelling is capable of reproducing quite closely the actual data (Pudy-
kiewicz, 1989). ' : B

- Figure 30. Distribution
of iodine-129 on com-

~ partments, calculated as
function of time after
release into the atmo-
sphere over land (Kock-
er, 1981; TAEA, 1985).
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Figure 31. Distribution
of tritium on compart-
ments, calculated as
finction of time after

. release into atmosphere
over land (NCRP, 1979;
IAEA, 1985).
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Figure 32. Accumulated 1311 fallout pattern following the nuclear acci-

dent at Chernobyl (kBg/m?). Numbers in italics are integrated over each
quadrant (1 73] Bq) (Serensen, 1987).
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Figure 33. Accumulated 137Cs fallout pattern following the nuclear

accident at Chernobyl (chq/m2 ). Numbers in italics are integrated over
each quadrant (1 1M Bq) (Serensen, 1987).
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Figure 34. 1317 activity fields (Bg/kg) at mean sea level; A: 2d, B: 4d, D:
13d after release (Figure 35 give the values 7d afier release). Dashed areas
have activities between 104 and 10-2, and black areas above 102 Bg/kg
(Pudykiewicz, 1989). '

A 18 GMT MAY 2

Figure 35, 1311 activity fields (Bg/kg) 7 da ys afer release, at different
heights. Dashed areas have activities between 104 and 10-2, and black ar-
eas above 10-2 Bg/kg (Pudykiewicz, 1989).

Figure 36. 1311 activity field

(Bg/kg) 7 days afler release, at
300mb, for North America.
" Dashed areas have activities be-

tween 10-4 and 102, and black

areas .above 102  Bglkg

(Pudykiewicz, 1989).
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5. Discussion

The combination of general circulation models and transport models for indi-
vidual substances of interest is in principle the most proper models for estimat- -
ing global dispersal. However, these models can become extremely complex,
e.g. if the substances of interest interact chemically or undergo many physical
transformations. In practice, at least at the present stage of computer technol-
ogy, one is thus confined to dealing with simplified models, that focus on
some aspects deemed important. For instance, the effect of the substance under
study on the general circulation of winds and currents is often small and may

“be neglected. This allows the large number of equations to be partlally decou-
pled, so that the calculation can proceed sequentially.

Still, there may be situations, where this approach is not good enough. One
case is that of dispersal depending on chaotic behaviour of winds and currents
(i.e. eddies and other motion on a scale below the scale defining the averaging
that is part of any actual calculation). Some help may in such cases be fur-
nished by stochastic calculations, but this depends on the kind of questions be-
ing asked.

This is a quite general criterion for the selection of models to use. The kind of
questions being addressed will to a large degree determine the type of approxi-
mations that would be useful and that are permitted. The kind of effects in-
cluded in combined circulation models with transport and chemistry models of
various substances depends strongly on the lengths of time during which it is
desired to follow the substances. Much depends on whether the dynamical be-
haviour on a latitude-longitude-height basis is important for the questions be-
ing asked. If the substances of interest move from say atmosphere to soil and
water on a short time scale, but lead to health or environmental effects on a
much larger time-scale, then a combination of two (or more) differently struc-
tured models may be the best solution, just as the time-scales of atmospheric
and oceanic motion do often warrant separate treatment because of the differ-
ence in scale involved.

In some cases the model may be simplified to a point-like description of the
release (as opposed to a three-dimensional field). This allows trajectory mod-
els to be used, for a time-series of such "puffs", eventually with the addition of
a dilution estimate. The aim of such models are normally singular events on a
regional scale. In special weather situations, even plume models may be used
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close to the source of release. Such models predict monotonously decreasing
concentrations with distance from the source.

In cases where the dispersal seems to be governed by linear processes, and
where natural compartments can be defined, compartment models can serve a
useful purpose. ' '

The next years are likely to see a further development in our ability to run cou-
pled models with more and more equations. Still, all dispersal models are ap-
proximate, and there are questions that will never become feasible to seek an-
swers to. These are questions influenced by the non-linear couplings to chaotic
motion in the atmosphere or in the oceans. An important task will be to identi-
fy useful ways of characterizing various kinds of release dispersal, which do
involve such non-accessible quantities. In other words, to be able to determine
the conditions for being able to answer a given question, or reversely to deter-
mine the set of questions, that may be answered in a given situation.
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2. "ADVANTACES AND DISADVANTAGES OF DECENTRALIZATT
ENERGY SERIES NO. 4.

Af: Bent Sgrensen.

"HISTORISKE UNDERS@CELSER AF DE EKSPERIMENTELLE FOR-
UDSETNINGER FOR RUTHERFORDS ATOMMODEL".
Projektrapport af: Niels Thor Nielsen.

Vejleder: Bent C. J#rgensen,

45/82

46/82
1+11

47/82

Er aldrig udkommet.

"EKSEMPLARISK UNDERVISNING OG FYSISK ERKENDESE-
ILLUSTRERET VED TO EKSEMPLER".

Projektrapport af: Torben 0.0Olsen, Lasse Rasmussen og
Niels Dreyer Sgrensen.

Vejleder: Bent C. Jgrgensen.

"BARSEBACK OG DET VERST OFFICIELT-TENKELIGE UHELD".
ENERGY SERIES NO. 5.
Af: Bent Sg¢rensen.

48/82

49/82

50/82

51/82

"EN UNDERS{CGELSE AF MATEMATIKUNDERVISNINGEN PA ADGANCS-
KURSUS TIL K¢BENHAVNS TEKNIKUM".

Projektrapport af: Lis Eilertzen, Jgruen Karrebak, Troels
Lange, Preben Norregaard, Lissi Pedesen, Laust Rishgj,
Lill R#n og Isac Showiki.

Vejleder: Mogens Niss.

"ANALYSE AF MULTISPEKTRALE SATELLITBILIEDER".
Projektrapport af: Preben Ngrreqaard.
Vejledere: Jdrgen larsen og Rasmus Ole Rasmussen.

"HERSLEV ~ MULICGHEDER FOR VEDVARENLE ENERGI I EN
TANDSBY".

ENERGY SERIES NO. 6.

Rapport af: Bent Christensen, Bent Howe Jensen, Dennis
B. Mpller, Bjame Laursen, Bjarme Lillethorup og Jacob
Mprch Pedersen.

Vejleder: Bent Sgrensen.

"HVAD KAN DER GJRES FOR AT AFHJELPE PICERS BLOKERING
OVERFOR MATEMATTK ?"

Projektrapport af: Lis Eilertzen, Lissi Pedersen, Lill
R#n og Susanne Sterder.

52/82

"DESUSPENSION OF SPLTTTING ELLIPTIC SYMBOLS"

- Af: Bernhelm Booss og Krzysztof Wojciechowski.

53/82

54/87

55/82

56/82

"THE CONSTTIUTION OF SUBJECTS IN ENGINEERING
EDUCATICN".
Af: Arne Jacobsen og Stig Andur Pedersen.

“FUTURES RESEARCH" - A Philocophical Analysis
of Its Subject-Matter and Methods.
Af: Stig Andur Pedersen og Johannes Witt-Hansen.

"MATEMATISKE MODELLER" - Litteratur pad Roskilde
Universitetsbibliotek.

En biografi.

Af: Else Hgyrup.

Vedr. tekst nr. 55/82 se ogsd tekst nr. 62/83.
"EN - TO - MANGE" - :

En underspgelse af matematisk gkologi.
Projektrapport af: Troels Lange.
Vejleder:-Anders Madsen.

57/83

58/83

“ASPECT EKSPERIMENTET"-

Skjulte variable i kvantemekanikken?
Projektrapport af: Tom Juul Andersen.
Vejleder: Peder Voetmann Christiansen.
Nr. 57 er udgdet.

"MATEMATISKE VANDRINGER" - Modelbetragtnin-—
ger over spredning af dyr mellem smibiotoper
i agerlandet.

Projektrapport af: Per Hammershgj Jensen og
Lene Vagn Ragsmussen.

Vejleder: Jg¢rgen Larsen.

59,/83"THE METHODOLOGY OF ENERGY PLANNING".

60/83

61/83

62/83

63/83

“647/83"VON MATEMATIK UND KRIEG".

65/83

66/83

67/83

68/83

ENERGY SERIES NO. 7.
Af: Bent Sgrensen.

"MATEMATISK MODEKSPERTISE"- et eksempel.
Projektrapport af: Erik O. Cade, Jgrgen Kar-
rebek og Preben Ngrregaard.

Vejleder: Anders Madsen.

"FYSIKS IDEOLOGISKE FUNKTION, SOM ET EKSEMPEL
PA EN NATURVIDENSKAB — HISTORISK SET".
Projektrapport af: Amnette Post Nielsen.
Vejledere: Jens Hgyrup, Jens Hpjgaard Jensen
og Jprgen Vogelius.

"MATEMATISKE MODELLER" - Litteratur pd Roskilde
Universitetsbibliotek.

En biografi 2. rev. udgave.

Af: Else Hgyrup.

"GREATING ENERGY FUTURES:A SHORT GUIDE TO ENER-
GY PLANNING".

ENERGY SERIES No. 8.

Af: David Crossley og Bent Spgrensen.

Af: Berhelm Booss og Jens Hgyrup.

"ANVENDT MATEMATIK - TEORI EILER PRAKSIS".
Projektrapport af: Per Hedegird Andersen, Kir—
sten Habekost, Carsten Holst-Jensen, Annelise
von Moos, Else Marie Pedersen og Erling Mpller
Pedersen.

Vejledere: Bernhelm Booss og Klaus Griinbaum.

"MATEMATISKE MODELLER FOR PERIODISK SELEKTION
I ESCHERICHIA QOLI".

Projektrapport af: Hamne Lisbet Andersen, Ole
Richard Jensen og Klavs Frisdahl.

Vejledere: J¢rgen Larsen og Anders Hede Madsen.

"ELEPSOIDE METODEN - EN NY METODE TIL LINEER
PROGRAMMERING?"

Projektrapport af: Ione Biilmann og Lars Boye.
Vejleder: Mogons Brun Heefelt.

"STOKASTISKE MODELLER I POPULATIONSGENETIK®
— til kritikken af teoriladede modeller.
Projektrapport af: Lise Odgdrd Gade, Susanne
Hansen, Michael Hviid og Frank Mplgdrd Olsen.
Vejleder: Jgrgen Larsen.



69/83

- 70/83

71/83

72/83

73/83

"ELEVFORUDSETNINGER I FYSIK"
- en test i 1l.g med kommentarer.

Af: Albert C. Paulsen.

"INDLERINGS - OG FORMIDLINGSPROBLEMER I MATEMATIK

PR VOKSENUNDERVISNINCSNIVEAU" .

Projektrapport af: Hanne Lisbet 2ndersen, Tor—
ben J.. Andreasen, Svend Age Houmann, Helle Gle—
rup Jensen, Keld Fl. Nielsen, Lene Vagn Ras-
mssen.

¥ejleder: Klaus Grinbaum og Anders Hede Madsen.

"PIGER OG FYSIK"

- et problem og en udfordring for skolen?

Af: Karin Beyer, Sussanng Blegaa, Birthe Olsen,
Jette Reich og Mette Vedelsby.

"VERDEN IFYLGE PEIRCE"
om og af C.S Peirce.
Af: Peder Voetmann Christiansen.

- to metafysiske essays,

""EN ENERGIANALYSE AF LANDBRUG"

- gkologisk contra traditionelt,

ENERGY SERIES N3. 9

Specialeopgave i fysik af: Bent Hove Jensen,
Vejleder: Bent Sprensen.

-74/84

75/84

76/84

77/84

78/84

79/84

80/84

81/84

82/84 *

"MINIATURISERING AF MIKROELEKTRONIK” - om vi-

. denskabeliggjort teknologi: og nytten af at lare
fysik.

Projektrapport af: Bodil Harder og Li.nda Szko—
tak Jensen.

Vejledere: Jens Hpjgaard Jensen og Bent C. Jgrgensen,

"MATEMATTKUNDERVISNINGEN 1 FMNI’IDEINS GYMNASTUM"
— Case: Line®r programmering.

Projektrapport af: Morten Blomhgj, Klavs r‘risdahl
og Frank Mplgaard Olsen.

Vejledere: Mogens Brun Heefelt og Jens Bigmeboe.

"KERNEKRAFT I DANMARK?" - Et hgringssvar indkaldt
af miljegministeriet, med kritik af miljgstyrelsens
rapporter af 15. marts 1984.

ENERGY SERIES No. lo

Af: Niels Boye Olsen og Bent Sgrensen.

"POLITISKE INDEKS - FUP ELLER FAKTA?"
Opinionsundersggelser belyst ved statistiske
modeller.

Projektrapport af: Svend Age Houmann, Keld Nielsen
og Susanne Stender.

Vejledere: Jprgen Larsen og Jens Bjgrmeboe.

" JEVNSTRMSLEININGSEVNE OG GITTERSTRUKTUT I
AMORFT GERMANIUM".

Specialrapport af: Hans Hedal, Frank C. Ludvigsen
og Finn C. Physant.

Vejleder: Niels Boye Olsen.

"MATEMATIK OC ALMENDANNELSE".

Projektrapport af: Henrik Coster, Mikael Wenner—
berg Johansen, Povl Kattler, Birgitte Lydholm
og Morten Overgaard Nielsen.

Vejleder: Bernhelm Booss.

"KURSUSMATERIALE TIL MATEMATIK B".
Af: Mogens Brun Heefelt.

"FREKVENSAFHANCIG LEDNINGSEVNE I AMORET GERMANIUM'.

Specialerapport af: Jgrgen Wind Petersen og Jan
Christensen.
Vejleder: Niels Boye Olsen.

'"MATEMATIK - OC FYSIKUNDERVISNIN(EN I DET AUTO ~

MATISERELE SAMFUND".

Rapport fra et seminar afholdt i Hvidovre

25-27 april 1983.

Red.: Jens Hgjgaard Jensen, Bent C. Jprgensen
og Mogens Niss.

100/85

101/85

102/85

83/84 "ON THE QUANTIFICATICN -OF SECURITY":
PEACE RESEARCH SERIES NO. I .
Af: Bent Sgrensen .
nr. 83 er p.t. udgdet

84/84 "NOGLE ARTIKLER OM MATEMATIK, FYSIK OG ALMENDANNELSE".
Af: Jens Hpjgaard Jensen, Mogens Niss m. fl.

85/84"CENTRIFUGALRECULATORER OG MATEMATIK".
Specialerapport af: Per Hedegird Andersen, Carsten Holst-
Jensen, Else Marie Pedersen og Erling Mgller Pedersen.
Vejleder: Stig Andur Pedersen.

~ 86/84 "SECURITY IMPLICATICONS OF ALTERNATIVE DEFENSE OPTIONS

FOR. WESTERN EURCPE".
PEACE RESEARCH SERIES NO. 2
Af: Bent Sgrensen.

87/84 “A SIMPLE MODEL OF AC HOPPING CONDUCTIVITY IN DISORDERED
SOLIDS". .
Af: Jeppe C. Dyre.

88/84 "RISE, FALL AND RESURRECTION OF INFINITESIW\[S
Af: Detlef Laugwitz.

89,/84 . "FJERNVARMEOPTIMERING" .
Af: Bjarne Lillethorup og Jacob Mgrch Pedersen.

90/84 "ENERGI I 1.G - EN TEORI FOR TILRETTELAGGELSE".
Af: Albert Chr. Paulsen.

91/85 "KVANTETEORI FOR GYMNASIET".

1. Larervejledning

Projektrapport af: Biger lLundgren, Henning sten llansen
og John Johansson.

Vejleder: Torsten Meyer.

92/85 "KVANTETEORI FOR GYMNASIET".
2. Materiale
Projektrapport af: Biger Lundgren, Henning Sten Hansen
og John Johansson.
Vejleder: Torsten Meyer.

93/85 "THE SEMIOTICS OF QUANTUM - NON - I.OCALITY"
Af: Peder Voetmann Christiansen.

94/85 "’I'REEINIGD:DEN BOURBAKI - generalen, natanat:.keren
og &nden".
Projektrapport af: Mortenh Blomhgj, Klavs I‘rlsdahl
og Frank M. Olsen.
Vejleder: Mogens Niss.

95/85 "AN ALTERNATIV DEFENSE PIAN FOR WESTERN EUROPE".
PEACE RESEARCH SERIES NO. 3
Af: Bent Sgrensen

96,/85"ASPEKTER VED KRAFTVARMEFORSYNING".
Af: Bjarme Lilletorup.
Vejleder: Bent Sgrensen.

97/85 "ON THE PHYSICS OF A.C. HOPPING CONDUCTIVITY".
Af: Jeppe C. Dyre.

98/85 "VALQWLIGHEDER I INFORMATIONSALDEREN".
Af: Bent Sgrensen.

99/85 "Der er langt fra Q til R".

Projektrapport af: Niels Jgrgensen og Mikael Klintorp.

Vejleder: Stig Andur Pedersen.

"TALSYSTEMETS OPBYQNING".
Af: Mogens Niss.

"EXTENDCED MOMENTUM THEORY FOR WINDMILLS IN
PERTURBATIVE FORM".
Af: Ganesh Sengupta.

OPSTILLING OG ANALYSE AF MATEMATISKE MODELLER, BELYST

VED MODELLER OVER KZERS FODEROPTACELSE OG - OMSATNING".
ProYjektrapport af: Lis Eilertzen, Kirsten Habekost, Lill Rgn
og Susanne Stender.

Vejleder: Klaus Griinbaum.



103/85 "¢DSLE KOLDKR;CERE oG VIDENSKABENS LYSE IDEER".
Projektrapport af: Niels Ole Dam og Kurt Jensen.
Vejleder: Bent Sgrensen.

104/85 "ANALOCREGNEMASKINEN OC LORENZLIGNINGER".
Af: Jens Jxger.

105/85"THE FREQUENCY DEPENDENCE OF THF. SPFCIFIC HEAT AF TIHE
CTASS REANSITICN".
Af: Tace Chrlstensen.

"A SIMPLE MODEL AF AC HOPPING CONDUCTIVITY".

Af: Jeppe C. Dyre.

Contributions to the Third International Conference
on the Structure of Non - Crystalline Materials held
in Grenoblc July 1985

106/85 "OUANI‘UM THEORY OF EXTENDED PARTICLES".
Af: Bent S¢grensen. -

107/85 "EN MYG CffR INGEN EPIDIMI“,
- flodblindhed som eksempel p&-matematisk modelle-
ring af et epidemioclogisk problem.
Projektrapport af: Per-Hedegdrd Andersen, lars Boye,
CarstenHolst Jensen, Else Marie Pedersen og Erling
Mpller Pedersen.
Vejleder: Jesper Larsen.

108/85 “APPLICATIONS AND MODELLING IN THE MATEMATICS CUR -
RICULIM" - state and trends -
Af: Mogens Niss.

109/85 "COX I STUDIETIDEN" - Cox's regressionsmodel anvendt pa
studenteroplysninger fra RUC.

ler og Torben J. Andreasen.
Vejleder: Jprgen larsen.

120/86

122/86

123/86

124/86

25/86

126/86

127/86

128/86

"ET ANTAL STATISTISKE STANDARDMODELLER" .
Af: Jprgen Larsen

- 121/86"SIMULATION I KONTINUERT TID".

Af: Peder Voetmann Christiansen.

"CON THE MECHANISM OF GLASS IONIC CONDUCTIVITY".
Af: Jeppe C. Dyre.

"GYMNASIEFYSIKKEN OG DEN STORE VERLEN".
Fysiklererforeningen, IMFUFA, RLI:.V

"OPCAVESAMLING I MATEMATIK".
Samtlige opgaver stillet i tiden 1974-jan. 1986.

"UVBY,B - systemet — en effektiv fotametrisk spektral-
klassifikation af B-,A- og F-stjemer".
Projektrapport af: Birger Lundgren.

"OM UDVIKLINGEN AF DEN SPECIELLE RELATIVITETSTEORI".
Projektrapport af: Lise Odgaard & Linda Szkotak Jensen
Vé&jledere: Kairin Béyer & Stig Andur Pedersen.

"GALOIS' BIDRAG TTL UDVIKLINGEN AF DN ABSTRAKTE
ALGEBRA"

Projektrapport af: Pernille Sand, lieine Larsen &
Lars Frandsen.

Vejleder: Mogens Niss.

"SMAXRYB" - an ikke-standard analyse.
Projektrapport af: Niels Jergensen & Mikacl Klintorp.
Vejleder: Jeppe Dyre.

129/86 "PHYSICS IN SOCIETY"
Projektrapport af: Mikael Wennerberg Johansen, Poul Kat-

130/86

Lecture Notes 1983 (1986)
Af: Bent Sgrensen

110/85"PLANNING FOR SECURITY". "Studies in Wind Power"
/ - Af: Bent Sgrensen Af: Bent Sorensen
111/85 NSORCEN RUNDT PR FTIALE KORT". 131/86 "FYSIK OG SHMFUND" - Et integreret fysik/historie-
Projektrapport af: Birgit Andresen, Beatrlz Quincnes projekt om naturanskuelsens historiske udvikling
og Jimmy Staal. og dens samfundsmessige betingethed.
Vejleder: Mogens Niss. Projektrapport af: Jakob Heckscher, Seren Brend,
Andy Wiered.
112/85 "VIDENSKABELIGGRELSE AF DANSK TEKNOLOGISK INNOVATION Vejledere: Jens Hoyrup, Jergen Vogelius,
FREM TIL 1950 - BELYST VED EKSEMPLER". Jens Hojgaard Jensen.
Projektrapoort af: Erik Odgaard Gade, Hans Hedal, N N
Frank C. Ludvigsen, Annette Post Nielsen og Fimn 132/86 FYS.IK OG DANNELSE .
Physant. Projektrapport af: Seren Brend, Andy Wiered.
Vejleder: Claus Bryld og Bent C. Jgrgensen. Vejledere: Karin Beyer, Jergen Vogelius.
113/85 "DESUSPENSION OF SPLITTING ELLIPTIC SYMBOLS 11". 133/86 "CHERNOBYL ACCIDENT: ASSESSING THE DATA.
Af: Bernhelm Booss og Krzysztof Wojciechowski. ENERGY SERIES NO. 15.
AF: Bent Serensen.
114/85 "ANVENDELSE AF GRAFISKE METODER TIL ANALYSE
AF KONTIGENSTABELLER" . -- - ittt
Projektrapport af: Lone Biilmann, Ole R. Jensen
OglAnne—Lise von Moos. 134/87 "THE D.C. AND THE A.C. ELECTRICAL TRANSPORT IN AsSeTe SYSTEM"
Veileder: J% .
3 r rgen Larsen Authors: M.B.El-Den, N.B.QOlsen, Ib Host Pedersen,
115/85 "MZ\TIZW-\TIIGﬂENS UDVIKLING OP TIL. RENESSANCEN", Petr Viscdr--
' Af: Mogens Niss.
116/85 “A PHENOMENOLOGTCAL MODEL FOR THE MEYER- 135/87 "INTUITIONISTISK MATEMATIKS METODER OG ERKENDELSES~ '
NELDEL RULE". TEORETISKE FORUDSETNINGER"
Af: Jeppe C. Dyre. MASTEMATIKSPECIALE: Claus Larsen
117/85 "KRAFT & FJERNVARMECPTIMERING! Vejledere: Anton Jensen og Stig Andur Pedersen
Af: Jacob Mprch Pedersen.
jX H . . . R :
Vejleder: Bent Sgrensen 136/87 "Mystisk og naturlig filosofi: En skitse af kristendammens
118/85 TILFELDIGHEDEN OG NPOVENDIGHEDEN IFPLGE forste og andet mede med grzsk filosofi”
PEIRCE OG FYSIKKEN". Projektrapport af Frank Colding Ludvigsen
Af: Peder Voetmann Christiansen Vejledere: Historie: Ib Thiersen
Fysik: Jens Hejgaard Jensen
137/87 "HOPMODELLFR FOR ELEKTRISK LEDNING 1 UORDNEDL

119/86 "Dl ER CANSKE VIST - — EUKLIDS FEMIE POSTULAT
KUNNE NOK SKABE RORE I ANDEDAMMEN".
Af: Iben Maj Christiansen
Vejleder: Mogens Niss.

FASTE STOFFER" -~ Resume af licentiatafhandling
Af: Jeppe Dyre

Vejledere: Niels Boye Olsen og
Peder Voetmann Christiansen.



138/87 “JOSEPHSON EFFECT AND CIRCLE MAP."

Paper presented at The International
Workshop on Teaching Nonlinear Phenomena
at Universities and Schools, "Chaos in

Education". Balaton, Hungary, 26 April-2 May 1987.

By: Peder Voetmann Christiansen

13987 "Machbarkeit nichtbeherrschbarer Technik
durch Fortschritte in der Erkennbarkeit
der Natur"

Af: Bernhelm Booss-Bavnbek
Martin Bohle-Carbonell

140/87 "ON THE TOPOLOGY OF SPACES OF HOLOMORPHIC MAPS"

By: Jens Gravesen

141/87 "RADIOMETERS UDVIKLING AF BLODGASAPPARATUﬁ -
" ET TEKNOLOGIHISTORISK PROJEKT"
Projekf.rapport af Finn C. Physant
Vejleder: Ib Thiersen

142/87 "The Calderdn Projektor for Operators With
Splitting Elliptic Symbols"

by: Bernhelm Booss-Bavnbek og
Krzysztof P. Wojciechowski

143/87 "Kursusmateriale til Matematik p& NAT-BAS"

af:.Mogens Brun Heefelt

144/87 "Context and Non-Locality - A Peircean Approach

Paper presented at the Symposium on the
Foundations of Modern Physics The Copenhagen
Interpretation 60 Years after the Camo Lecture.
Joensuu, Finland, 6 - 8 august 1987.

By: Peder Voetmann Christiansen

145/87 "AIMS AND SCOPE OF APPLICATIONS AND
MODELLING IN MATHEMATICS CURRICULA"

Manuscript of a plenary lecture delivered at
ICMTA 3, Kassel, FRG 8.-11.9.1987

By: Mogens Niss

146/87 "BESTEMMELSE AF BULKRESISTIVITETEN I SILICIUM"
- en ny frekvensbaseret milemetode.
Fysikspeciale af Jan Vedde
Vejledere: Niels Boye Olsen & Petr Visdor

147/87 "Rapport om BIS p& NAT-BAS"
redigeret af: Mogens Brun Heefelt

148/87 "Naturvidenskabsundervisning med
Samfundsperspektiv"

af: Peter Colding-Jergensen DLH
Albert Chr. Paulsen
149/87 "In-Situ Measurements of the density of amorphous
germanium prepared in ultra high vacuum"
by: Petr Visdor
150/87 "Structure and the Existence of the first sharp

diffraction peak in amorphous germanium
prepared in UHV and measured in-situ"

by: Petr Viédor

151/87 "DYNAMISK PROGRAMMERING"

Matematikprojekt af:
Birgit Andresen, Keld Nielsen og Jimmy Staal

Vejleder: Mogens Niss

152/87 "PSEUDO-DIFFERENTIAL PROJECTIONS AND THE ‘TOPOLOGY
OF CERTAIN SPACES OF ELLIPTIC BOUNDARY VALUE
PROBLEMS" '

by: Bernhelm Booss-Bavnbek
Krzysztof P. Wojciechowski

153/88 "HALVLEDERTEKNOLOGIENS UDVIKLING MELLEM MILITERE
0G CIVILE KREFTER" ‘

Et eksempel pd humanistisk teknologihistorie
Historiespeciale

Af: Hans Hedal
Vejleder: Ib Thiersen'

154/88 "MASTER EQUATION APPROACH TO VISCOUS LIQUIDS AND
THE GLASS TRANSITION' '

By: Jeppe .Dyre

155/88 "A NOTE ON THE ACTION OF THE POISSON SOLUTION
OPERATOR TO THE DIRICHLET PROBLEM FOR A FORMALLY
SELFADJOINT DIFFERENTIAL OPERATOR"

by: Michael Pedersen

156/88 "THE RANDOM FREE ENERGY BARRIER MODEL FOR AC
CONDUCTION IN DISORDERED SOLIDS"

by: Jeppe C. Dyﬁe
157/88 " STABILIZATION QF PARTIAL DIFFERENTIAL EQUATIONS
BY FINITE DIMENSIONAL BOUNDARY FEEDBACK CONTROL:
A pseudo-differential approach.”

by: Michael Pédersen

158/88 "UNIFIED FORMALISM FOR EXCESS CURRENT NOISE IN
RANDOM WALK MODELS"

by: Jeppe Dyre

159/88 "STUDIES IN SOLAR ENERGY"

by: Bent Serensen

160/88 "LOOP GROUPS AND INSTANTONS IN DIMENSION TWO"

by: Jens Gravesen

161/88 "PSEUDO-DIFFERENTIAL PERTURBATIONS AND STABILIZATION

OF DISTRIBUTED PARAMETER SYSTEMS:
) Dirichlet feedback control problems"

by: Michael Pedersen

162/88 "PIGER & FYSIK - OG MEGET MERE"
AF: Karin Beyer, Sussanne Blegaa, Birthe Olsen,

Jette Reich , Mette Vedelsby

163/88 "EN MATEMATISK MODEL TIL BESTEMMELSE AF
PERMEABILITETEN FOR BLOD-NETHINDE-BARRIEREN"

Af: Finn Langberg, Michael Jarden, Lars Frellesen

Vejleder: Jeséer Larsen

164/88 "Vurdering af matematisk teknologi
Technology Assessment
Technikfolgenabschatzung"

Af: Bernhelm Booss-Bavnbek, Glen Pate med ]
Martin Bohle-Carbonell og Jens Hejgaard Jensen

165/88 "COMPLEX STRUCTURES IN THE NASH-MOSER CATEGORY"

byf'Jens Gravesen



166/88 "Grundbegreber i Sandsynligheds-. 178/89 "BIOSYNTESEN AF PENICILLIN - en matematisk model"
regningen"
af: Ulla Eghave Rasmussen, Hans Oxvang Mortensen,

Af: Jergen Larsen Michael Jarden
vejleder i matematik: Jesper Larsen

biologi: Erling Lauridsen |

167a/88 "BASISSTATISTIK 1. Diskrete modeller"

Af: Jorgen Larsen

. - - —_ - 179a/89 “LERERVEJLEDNING M:M. til et-eksperimentelt forleb -
167b/88 "BASISSTATISTIK 2. Kontinuerte om kaos"
7 modeller® af: Andy Wiered, Seren Brend og Jimmy Staal

Af: Jergen Larsen
Vejledere: Peder Voetmann Christiansen
- - - R Karin Beyer

168/88 "OVERFLADEN AF PLANETEN MARS"
L.aboratorie~simulering og MARS-analoger 179b/89

I "ELEVHEFTE: Noter til et eksperimentelt kursus om
undersegt ved Mossbauerspektroskopi. P

kaos"

Fysikspeciale af: : y
af: Andy Wiered, Seren Brend og Jimmy Staal

Birger Lundgren

Vejleder: Jens Martin Knudsen Vejledere: Peder Voetmann Christiansen
Fys.Lab./HC@ Karin Beyer

169/88 "CHARLES S. PEIRCE: MURSTEN OG M@RTEL
TIL EN METAFYSIK."
Fem artikler fra tidsskriftet '"The Monist"
1891-93. af: Andy Wiered, Seren Brend og Jimmy Staal
Vejleder: Peder Voetmann Christiansen

180/89 "KAOS I FYSiSKE SYSTEMER eksemplificeret ved
torsions- og dobbeltpendul®.

Introduktion og oversattelse:
181/89 ""A ZERO-PARAMETER CONSTITUTIVE RELATION FOR PURE

Peder Voetmann Christéansen SHEAR VISCOELASTICITY"

by: Jeppe Dyre
170/88 "OPGAVESAMLING 1 MATEMATIK" _ _ .

Samtlige opgaver stillet i tiden
1974 - juni 1988 183/89 "MATEMATICAL PROBLEM SOLVING, MODELLING. APPLICATIONS

AND LINKS TO OTHER SUBJECTS - State. trends and
171/88 "The Dirac Equation with Light-Cone Data"

af: Johnny Tom Ottesen

issues in mathematics instruction

by: WERNER BLUM, Kassel (FRG) og

MOGEN: .
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