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PREFACE 

Risks have emerqed as a major constraint to the intro- 
duction and development of technological systems. The work of 
the Joint IAEA/IIASA Research Project (IAEA = International 
Atomic Energy Agency) is directed toward gaining an improved 
understanding of how societies judge the acceptability of new 
technologies and how objective information on risks, and the 
anticipated responses to them, may be considered in decision- 
making. A conceptual framework is being used for risk assess- 
ment studies which includes in addition to the consideration of 
physical risks, the perception of risk situations and the 
resulting psychological and sociological levels of risk. 

This paper deals with the identification of physical 
risks. A model to calculate the future C02-burden to the 
atmosphere is presented and is applied to various energy supply 
strategies. 





ABSTRACT 

The combust ion  o f  f o s s i l  f u e l s  l e a d s  t o  ca rbon  d i o x i d e  
e m i s s i o n s  which may s i g n i f i c a n t l y  d i s t u r b  t h e  g l o b a l  c a r b o n  
c y c l e .  T h i s  l e a d s  t o  a  p o t e n t i a l  r i s k  on a c c o u n t  o f  t h e  
i n f l u e n c e  on  t h e  r a d i a t i o n  b a l a n c e  o f  t h e  e a r t h .  An e i g h t -  
l e v e l  tandem-model, based  upon n o n - l i n e a r  d i f f e r e n t i a l  
e q l ~ a t i o n s ,  was deve loped  t o  s i m u l a t e  t h e  p o s s i b l e  e f f e c t s  o f  
a l t e r n a t i v e  s t r a t e g i e s  which m igh t  be  used  t o  m e e t  f u t u r e  
ene rgy  demands. 

T h i s  tandem-model a l s o  c a l c u l a t e s  C-14-f lows, t h e r e f o r e  
making it p o s s i b l e  t o  s i m u l a t e  t h e  S u e s s - e f f e c t  and t h e  
i n f l u e n c e  of  C-14-emiss ions f rom t h e  n u c l e a r  power f u e l  c y c l e .  
The r a d i a t i o n  e x p o s u r e  d u e  t o  C - 1 4  d o e s  n o t  depend upon i t s  
a b s o l u t e  a t m o s p h e r i c  c o n c e n t r a t i o n ,  b u t  upon t h e  C-12/C-14- 
i s o t o p e  r a t i o ;  t h e r e f o r e ,  two e f f e c t s  a r e  c o u n t e r a c t i n g .  
The C-14- f ree C02-emiss ions  o f  f o s s i l  f u e l  consumpt ion  d i l u t e  
t h e  r e l a t i v e  c o n c e n t r a t i o n  and l e a d  t o  a  d e c r e a s e  i n  r a d i a t i o n  
exposu re .  

Even based upon 0 p t i m i s t . i ~  assumpt ions  f o r  t h e  i n t r o -  
d u c t i o n  o f  n u c l e a r  e n e r g y ,  a n  a v e r a g e  g l o b a l  t e m p e r a t u r e  
i n c r e a s e  o f  1 .aOc i s  p r e d i c t e d  by t h e  end o f  t h e  n e x t  c e n t u r y .  
The r a d i a t i o n  d o s e  d u e  t o  C-14  would i n c r e a s e  2 . 4  mrem/yr 
above  n a t u r a l  l e v e l .  Assuming ene rgy  needs  a r e  m e t  s o l e l y  
f rom f o s s i l  f u e l ,  a n  a v e r a g e  t e m p e r a t u r e  i n c r e a s e  of  - ~ O C  i s  
e s t i m a t e d .  
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A Non Linear Eiffht Level Tandem Yodel to Calculate 

the Future C02 and C-14-Burden to the Atmosphere 

Friedrich N! ehaus * 

I. Introduction 

Traditionally the side-effects of new technologies 

have been determined through 2 process of trial and error, 

the primary criteria for application being the direct 

technical or economic aspects. However, as technical systems 

have become larger their side-effects have become correspon- 

dingly larger, sometimes being global in character. When these 

man-made disturbances are in the same range as natural 

processes then there is little hope that nature can compensate 

for them. This is the case for some common metals, (e-g., 

lead, iron, copper) where the mining rates are more than ten 

times as high as natural material flow rates due to the wash- 

out by rivers. The natural flow rate of carbon by net- 

assimilitation of plants is still about 15 times as high as 

the emissions from fossil fuel combustion, but will soon be 

of the same order of magnitude. 

Thus, potentially important side-effects of technology 

must now be taken into account prior to application. This 

"identification of the side-effects of a decision and the 

subsequent estimation of their probabilities and the magni- 

tude of the associated consequences" has been defined as 

risk estimation which is the first step in the complex 

process of risk assessment. The second step then is risk 

evaluation, which is the "process of determining the meaning 

or value of the estimated risks to those affected, that is 

* Seconded by the FRG to the Joint IAEA/IIASA Research Pro- 
ject, International Atomic Energy Agency, P.O.Box 590, A-1011 
Vienna, Austria. 



individual, group and society". A conceptual framework for 

risk assessment studies and preliminary research results, 

havebeen reported by Otway and Pahner (1). 

In the following paper, a simulation method based on 

non-linear differential equations is applied to estimate 

some side-effects of various global enerqy supply strategies.* 

The calculated risks with regard to carbon dioxide are of 

less public concern than would be expected considering their 

magnitude. One reason seems to be that it is very difficult 

for people to realise that a process which man has used for 

decades or centuries may actually be causing a high risk. 

This is another example of the necessity of better under- 

standing the social and psychological factors which deter- 

mine the ultimate acceptance of technological risks by the 

public. 

* 
The results of these calculations were partly published 

in the report series of the Nuclear Research Centre Juelich, 
FF.G (See Reference 3). 



11. Model-Simulation and Prognosis 

By building a model the characteristics of the real 

system which influence the behaviour under consideration 

are translated into a set of mathematical equations, thus 

rendering the possibility of conductin? experiments which, 

upon the real system, would either be too expensive or not 

be possible at all. To be sure that conclusions can be 

drawn out of the model calculations, it has to be proven 

that the model behaviour represents the bzhaviour of the 

real system. An important part of the verification of a 

model is the correct simulation of the past with regard to 

the development of exogeneous variables. Furthermore, it 

is necessary that special conditions such as stationary 

equilibrium or special attributes, e.g. stability under 

certain circumstances, must be accurately simulated. 

The basic behaviour of a system is analysed, as was 

done with good results by application to technical systems, 

by means of frequency analysis or simulation of Dirac or 

step functions. Therefore basic shapes of exogeneous variables 

are used as input functions to the model, the results of 

which give information on phase and axplituze relations of 

system elements. This phase of building a aodel provides the 

possibility to test parameters and table-functions, to complete 

the structure of the model or to disaggregate variables. The 

analysis of the system behaviour and the verification of the 

model are parallel steps with feed-back mechanisms. The 

growth or decrease of variables, minima or maxima must have 

logical explanations. The sensitivity of the model has to be 

tested with regard to the whole time-span under consideration. 

~herefore~rognosisof the development of the exogeneous 

variables are used and parameters, constants, table-functions 

or initial values are changed according to their reliability. 

After thus defining the confidential area of the model, 



the consequences of various possible future developments 

can be calculated, and stategies for improving them can 

be derived, in a prognosis under certain conditions, as 

tools for decision-making processes. Beyond such an 

arlalysis of the fu.ture, the most probable developement can 

be taken as a prognosis on the behaviour of the system. 

The classification of a xodel depends on how well the 

objectives are met. For many problems an accurate analysis 

of the principle hel~aviour of the system may be more im- 

portant than a good prognosis. This is illustrated by Fig.1 

which gives the time-dependent magnitude of a systems 

variable which was approximated by two models. Model 1 

gives a better prognosis of the reality because the error, 

the averaged squared difference, is smaller but no description 

is given of the sinus-shaped behaviour which is clearly 

simulated by model 2, even though frequency and amplitude 

are not exactly displayed. 

111. The Greenhouse Effect 

In the followinq, a simulation method using non- 

linear differential equations is applied to the global 

carbon cycle which is of great interest because the 

CO -emissions could turn out to be the limiting factor 
2 

for the energy production by fossile fuels. 

The energy needs of life are natura-lly provided by 

decoupling solar energy from the radiation balance of the 

earth. The process of photosynthesis converts solar radiation 

to chemical energy which then is transported through the carbon 

cycle of the earth and is released where energy is needed 

by decomposing the organic matter. Thus all disturbances 

of this system have to be watched very carefully. But the 

toxic limit for plants is beyond a concentration of about 

five times the normal C02-concentration of the atmosphere. 

Below these values an jncrease in the concentration 

stimulates the assimiliation rates of plants, thus having 



the effect of a good fertilizer. The danger of an in- 

creasing atmospheric CO -concentration is given by its 
2 

influence on the radiation balance of the earth. 

The average albedo of the earth (including ci.ouds, 

surface of land and water and the atmosphere) is about 

29%. This would lead to a theoretically derived average 

temperature of 254K. Considering the earth as a black 

body (albedo 0%) leads to an equilibrium temperature of 

277K. This is 3 4 O ~  and llOc respectively less than the 

average real temperature of about 288K (15O~) .  The reason 

for the higher real temperature is q'iven by the "green- 

house effect" of the atmosphere, partly caused by H20 and 

C02. As CO does not absorb the high frequency spectrum 2 
of the sunlight, but absorbs the infrared radiation of 

the earth surface, an increase in its concentration would 

lead to an increase in temperature. Since 1896, where 
0 Arrhenius calculated a temperature increase of 9 C according 

to a 200% increase, many computations of the C02-effect 

have been performed. A survey of these calculations is given 

in (3). The most recent. calculations d z p e ~ d  on a one- 

Zimensional model developed by Manabe and Wetherald in 1966, 
0 resulting 'in a temperat~.re increase of 2.4 C due to a 

doubling of atmospheric concentration with regard to average 

cloudiness and constant relative humidity (4,5,6). In the 

following calculatinn t5is value is assumed and will he 

discussed in greater detail in 6.1. 

IV. The C02-Emissions 

4.1 The Specific Emission Factors 

By the combustion of fossil fuels, the solar 

energy, which was fixed by photosynthesis some hdndred 

million years ago, and was stored as organic carbon compounds, 

is released. In Table 1 the specific emissions of these fuels, 



and in addition those of methane, are given, as can be 

calculated by heating power and carbon content. These 

are given in the first twc columns. 

For the sake of comparison, the last column gives a 

specific emission index which was normalized to 100 as 

for the emission of natural gas. As can be easily seen, 

the combustion of lignite has an 80% higher emission 

factor than natural gas. The use of methane would lead to 

specific emissions which are 13% less than those of natural 

gas. But if the emission of the coal gasification is 

considered, the specific C02-emissions of the autothermal 

(combustion of coal) g?.sifisation are highe.: than by 

combustion of coal, The allothermal (external heat source) 

gasification by means of high temperature reactors will 

have specific emissions somewhat higher than the combustion 

of bituminous coal. These calculations were performed with 

regard to the available hydrogen. 

4.2 The Emissions of the Past 

With regard to the specific C02-emissions given in 

Table 1 the utilization rates 3f fossil fuels lead to the 

CO -emissions of the past. Figure 2 gives the total enissions 2 
as can be related to coal, lignite, naturdl gas and oil. The 

emission rates are coupled to the world fuel production 

rates by a one year first-order delay, thus taking into 

consideration the average delay between mining and consumption. 

Nost of the emissions are caused by the combustion of 

bituminous coal. Thereby it was not taken into consideration 

that coal is used as a raw material in the chemical industry. 

For the FRG, the greatest user of coal chemistry, less than 

0.5% of the coal consumption, with. an ever decreasing 

tendency, is used as raw material, thus giving reason to 

neglecting this portion on a worldwide scale. In 1970 



9 approximately 5.5 x 10 t C02 were produced by the combustion 

of coal. ~ddit ional 1.9 x 10' t C02 were emitted by the 

consumption of lignite and about 2.2 x 10' t C02 by burning 

natural gas. In the case of oil it was assumed that 8% were 

used for non-energetic purposes. The figures given in Table 1 

are related to the rest of 92% which are referred to in 

statistic accounts as refined oil fuels. In 1970 about 
9 

6.9 x 10 t C02 were emitted by burning them. Figure 3 gives 

the total C02-emission and the calculated C02-emissions since 

1860. For 1970 the production was 16 x 10' t C02 which is 

about 5% of the net-assimilation rate of the biosphere. In 

the range of the last 110 years the total man-made C02-emission 
9 

was 450 x 10 t C02 thus being about 20% of the standing stock 

of the biosphere. The curve shows that about 70 years were 

needed to produce the first 150 x 10' t C02, one third of 

the total emission. This amount is doubled in another 26 years, 

and it took onlya span of 13 years to produce the last third. 

From.the analogous shape of the curves the approximate 

exponential growth of the emissions can be deduced. 

The given figures are about 6% higher than calculations 

done in (7). The discrepancy is partly caused by the 

assumptions made for lignite. The data used here were given 

in (5) and are more in accordance with the calculations shown 

in Table 1. 

These calculations deal only with the carbon dioxide 

emitted by the combustion of fossile fuels. Additional C02- 

emissions caused by the production of lime have not to be 

considered. They amount to about 1% of the total emissions, 

but are absorbed again when the lime is used. 

V.  The Analysis of the -- Carbon Cycle 

5.1 The Loop-Structure of the Carbon Cycle 

The structure of the carbon cycle is given in Figure 4 



by means of a loop-diagram. Thereby the interconnected 

elements of the system are marked by arrows. The direction 

of the arrows correspond to the reason/result relation. 

The signs determine whether a positive deviation of the 

causing elements produces a positive or a negative 

deviation of the affected element. A loop with an even 

number of negative signs is called positive. Usually negative 

loops stabilize a system. But if there are time-delays 

causing possible oscillations then stability calculations 

can only be derived by means of frequency analysis etc. 

CO -erniqsinns to the atmosphere result in a growth 
2 

of its concentration which increases the specific assimilation 

rate of plants. The resulting intensified assimilation leads 

to a growth of th.e biomass which by itself reinforces an even 

more intensifi2d assimilation rate. This process is 

stabilized by the removal nf carbon dioxide from the 

atmosphere, the carbon of which is fixed in the biomass. 

This cycle is closed by the death of the plant and the 

decomposition of the dead organic matter. 

The carbon system of the oceans is much more complex. 

The carbon dioxide is in a state of chemical equilibrium to 

solutions of different organic and non-organic materials. 

The resulting partial pressure determines, by the concentration 

gap between atmosphere and surface layer, the absorption of 

co2 by the oceans. From the surfaze layer the carbon dioxide 

is removed by the assimilation rate of the phytoplankton - 
as is done on the land by a positive feedback loop involving 

the increasing specific assimilation rate. Part of this 

carbon is transmitted into dead organic matter of the oceans; 

partly the carbon follows the f ~ o d  chain of the zooplankton, 

from where it is released back into the surface layer or is 

transmitted to dead organic matter, too, which is decomposed 

and releases the carbon dioxide either back into the surface 

layer or into the deep ocean water where it is locked for ? 

thousand years. Exchange between these two reservoirs is 

given by the eddy diffusion due to turbulence gereration by 



wind and ocean currents. 

Further complexities of the carbon cycle of the earth 

arise by an additional feedback loop involving the climate. 

A growth of the C02-concentration of the atmosphere increases 

the average temperature of the surface of the earth, which 

too means an increase of the temperature of the surface layer 

of the oceans. A raising temperature decreases the solubility 

for carbon dioxide, thus increasing the partial pressure 

and reducing the C02-absorption by the oceans (8). A possible 

effect of the temperature change on the ocean currents has 

not been taken ir-to account. 

5.2. The Nnnlinearitv of Plant Growth 

In these calculations it is assumed that the net 

assimilation rate of the plants in the range used here 

from normal concentration up to 5 times the normal con- 

centration is given with sufficient accuracy by the e-function 

(9-13) 

with Y being the 320 ppmv to 1 normalized specific net 

assimilation rate, Yoo being the normalized specific 

saturation value, k being the normalized atmospheric 

partial pressure and a being a constant which can be 

calculated by the normal and saturation value. Field 

experiments as reported in (13) of poplar, beech-tree, 

fir, spruce and pine give a good correlztion with 

AS can be easily shown this means that a 10% increase of 

the C02-concentration causes a nearly 8% increase of the 



specific net assimiliation rate. This is in good accordance 

with (8) where an increase of 5 to 8% is assumed. Nevertheless 

it must be stressed that there exist no data which would allow 

for an exact extrapolation of the measured assimilation rate 

to the assimilation of forests. Here it is assumed that the 

indicated percentiles can be used for all ages of the trees 

and for the growth of new plants. 

5 .3  The Nonlinearity of the CO -solution in Ocean Water 
2 

If C02 is given into water one gets the following 

equilibrium reaction: 

One part of the C02, which in the following is referred to as 

pC02, is physically dissolved in the water. The rest performs 

a chemical reaction to carbonic acid which dissociates twice. 

The dissociation equilibrium in ocean water depends on the 
+ + 

free cations (e.g. Mg or Na ) on the pH-value and on the 

temperature. A mathematical-chemical description of this 

solution process fails because of the uncertainty of the 

parameters. In (14) Kanwisher calculates that a failure of 

0.02 units in the pH-value causes a 10% discrepancy in a 

pC02-value which is theore~ically computed. Therefore empiri- 

cally derived laws were used. 

The partial pressure of the C02 in ocean water is 

related to the temperature and the sum of the physical and 

chemical dissolved CO which, in the following, is referred 2 
to as CCO~. Figure 5 gives the data of a water sample at 

a salinity of 31.5% (14). In log-scale one gets a set of 
0 

straight lines the derivative of which is about 4.5%/ C. 

Thus the relation between partial pressure and temperature 

can be described by an exponential law. Furthermore, the 

almost equal distances between the straight lines lead to 



the assumption of an exponential growth of pCO due to 
2 

~ C O ~  This is displayed in Fig. 6 for a constant temperature 

of T=~oOC.  

As can be seen distilled water only dissolves 1% of 

the amount which is taken by ocean water at the same 

conditions. But this does not mean that ocean water, at the 

equilibrium state of 320 ppmv, dissolves 100 times more 

when the pressure is increased. For solving this problem the 

dashed line gives the tangent of the experimentally-derived 

curve for ocean water at 320 ppmv. The derivative is a measure 

of the solubility. At this point (20°c, 320 ppmv) ocean water 

can dissolve about 16 times as much as distilled water. 

Beyond a C c o 2  of 50 ml/l ocean water then can be treated like 

distilled water. 

VI. The Model Verification 

6.1 The Simulation of the Development of C02-concentration 

and Temperature in the Past 

As part of the verification it must be recognized that 

the initial values lead to a stable equilibrium of the model. 

If this equilibrium is disturbed by the above described CO - 2 
emissions, the vegetation of the land increases the assimilation 

rate, which prevents a drastic increase of atmospheric C02- 

concentration. V7ithout any reaction of man in the time between 

1860 and 1970 an increase of the biomass of the land by 70% is 

calculated according to an atmospheric concentration which would 

not be more than 10 ppmv higher than the basic value. 

As was pointed out above, this is less than was reported. 

Though there are no data on the manipulation of the biomass 

by man, it can be assumed that no significant increase was 

realized. On one hand man has reduced the area of forests which 

account for about 65% of the biomass of the land. But on the 



other hand new areas were cultivated and by artificial 

treatment the specific density of carbon content per unit 

of area was increased. By introducing a rate of man-made 

reduction which is set proportional to the growth of the 

biomass, the increase can be easily modified. These emissions 

are not identical with the emissions by forest fires, which 
9 are about 0.1 x 10 t carbon per year (15). Therefore the 

time constant of a first order delay for the reduction of the 

biosphere would be more than 5000 years. 

If it is assumed that man reduced the increase of the 

biospere by a time constant of 6 years one gets the simulation 

run which is given in Figure 7 and fits in well with concen- 

tration data report from Mauna Loa. The difference in the 

last 15 years is less than 0.5 ppmv. But this is the only 

justification of the time constant wnich thus takes account 

of the manipulation by man and the nonlinear extrapolation 

of plant growth to growth of large areas of different kinds 

of forests. Therefore the sensitivity of these assumptions 

will be tested. This leads to the assumption of a basic 

value for the 19th century of 295 ppmv. In 1970 the growth 

of the biospere was 3% and the concentration gap between 

atmosphere and surface layer of the oceans was 1.7 ppmv, 

thus causing a net exchange rate into the oceans of about 
9 9 0.65 x 10 t carbon whereas the emissions of 4.5 x 10 t of 

carbon being about 7 times as high. 

In (16) Budyko gives the development of the temperature 

of the earth and the data of changes in direct solar 

radiation. A correlation of temperature changes and changes 

in solar radiation each given in an average of 10 year 

intervals can be proven. However, it is thought that an 

additional effect was superimposed which was caused by 

carbon dioxide. Therefore the following mathematical formulation 

was tested. 



with 

0 
A T  = change in temperature ( C) 

'rf = amplifying factor for the assumption 
of constant relative humidity 

A S  = change in direct solar radiation ( % )  

A  CO, = change in atmospheric C02-con- 
centration (ppmv) 

Cs = temperat~re~constant of solar 
radiation ( C/%) 

''s = temperature constant of direct 
solar radiation (OC/%) 

Cco = temperature constant of CO ( O ~ / ~ ~ m v )  
2 2 

T = time constant for equilibrium 
between atmosphere and surface layer 
of the oceans (a) 

a = parameter with regard to the Mie 
effect 

B = percentage of direct solar radiation 

Thus no influence of the dust-load of the atmosphere on the 

radiation budget of the diffuse radiation is taken into 

consideration. The parameters Cs = 0.73Oc/%, Vrf = 1.75, 

CCO* 
= 2.36O~/300 ppmv, a = 158, B = 4 8 % ,  -r = 7a lead to 

the simulation run given in Figure 7 which approximates the 

temperature curve of the northern hemisphere which was 

corrected by the influence of the data taken near to densely 

populated areas having a high waste heat production. (17) 

A better fit of the simulation runs to the real curves can 



be achieved by a speculative decrease of the solar radiation 

influence and an increase of the carbon dioxide effect, thus 

giving reason to the possibility that the C02-effect was 

underestimated by Manabe. 

6.2 The Simulation of the Suess-Effect - .- 

By the combustion of fossil fuels carbon dioxide, 

which is free of the C-14 isotope, is emitted into the 

atmosphere thereby diluting the natural ratio of the 

isotopes. In order to calculate this so-called "Suess- 

Effect" the C02-model was built as a tandem-model. By 

computi~g the input output and decay rates it is possible 

to stimulate the C-14/C-12-ratios as relative concentrac' ~ 1 o n s  

in each level of the model. A corrzct reproduction of the 

Suess-effect data of the past is part of che verification of 

the model. With regard to the input 2ata used in 6.1 a 

Suess-effect of 2% is calculated for the time period between 

1860 and 1950 which was estimated to be a reasonable value ( 8 )  

and has grown to be about 4% in 197Q. 

The theoretical equilibrium equ~tioqs result in the 

C-14/C-12 concentration ratios glven in Figure 8 being 

normalized to the concentration of the atmosghere. In order 

to check the principal behaviour of :.he model an input 

function was used which doubled the concentration of the 

atmosphere. The reaction of the.system is described by the 

curves for the concentrations of the atmosphere and the 

surface layer of the oceans. The impact on the deep sea 

water is far beneath the scale used. The concentration ratio 

in the atmosphere declines by a first order time delay with 

a time dependent increasing time constant which is about 

3 years at the beginning and increases by one year per year. 

The maximum concentration of the surface layer is reached after 

4 years. This and the development in the other system elements 

causes a steep increase in the time constant of absorption 



from the atmosphere and approximates the time constant of the 

deep sea water exchange of more than 1000 years. Although 

these calculations cannot be applied directly to the real 

measurements taken after the atmospheric bomb tests, be- 

cause the equilibrium was already disturbed at that time, the 

results have a good analogy to these data and the thereby 

derived time constants (18, 19). 

VII. The Analysis of the Future 

7.1 The Calculations of Future Use Rates of Primary 

Energy Carriers 

The input data for the above described model of the 

carbon cycle of the earth, the use rates of fossile fuel 

consumption, are derived from a model developed by Voss (20) 

which tries to simulate the interactions of the system man- 

energy-environment on a global scale. The basic structure of 

the model is given in Figure 9 which shows the feedback loops 

considered. The following relationships are treated in the 

six sub-systems: 

1. The population sector describes the dynamic of 

population growth by calculating the birth and 

death rates with regard to the average income 

and the environmental situation. 

2. The 'industrial sector describes the interactions 

between investments, labour and industrial pro- 

duction. 

3. The capital sector describes the process of 

capital stock growth by investment and depreciation 

rates. 

4 .  The environmental sector calculates emissions, 

absorptions, environmental protection and the 



costs of environmental strategies. 

5. The raw material sector computes mineral re- 

sources, mining and recycling rates. 

6. The energy sector describes the inter-fuel 

substitution process of primary energy carriers 

with regard to use rates, availability indices, 

prices and handling characteristics. 

The assumption which led to the data sets used in the 

following as input variables to the C02-model can only be 

briefly described. More detailed explanations are given 

in (20). 

7.2 The Model Behaviour with Regard to an Optimistic 

Equilibrium Strateqy (Base Case) 
-- 

7.2.1 The Result of the Base C?.se Assumption -- 

As estimated by different stxdies (21-24), one result 

of the calculations done by Voss is that the total system of 

man embedded in his environment has to be carefully planned 

in order to avoid a breakdown of che whole s~7stem when the 

limits to growth come into the picture. But equilibrium 

situations are not at all uni-ilaginable. The following example 

of a future, which is not thought to be unrealistic with 

regard to very optimistic assumptions, is based on the 

strategy : 

- Stabilization of world population 

- Environmental protection at high costs 

- Conservation of mineral resources by high grade 
recycling 

- Conservation of fossil fuels to enlarge the basis 
for raw materials. 

Optimistic assumptions on the development of nuclear power, 



as forced implementation of the advanced generation of 

reactors after 1985 considering the high substitution 

potential of HTGR's (high temperature gas cooled reactors) 

by coal gasification and later feasible water splitting, 

lead to energy use rates as given in Figure 10. 

The situation of the world can be characterized by a 

stabilization of the population in 2050 at about 8 billion 

people having on average the material standard of living 

equivalent to the present U.S.A. The primary energy con- 
9 sumption is stabilized at about 80 x 10 t CE (coal equivalent) 

per year, the percentage of nuclear power being more than 

908 in the year 2100. These data imply that at the time of 

the largest increase of nuclear power about 100 nuclear power 

plants each having a size of 5GWe have to be installed. In 

spite of these high percentages of nuclear power one gets 
9 the CO -emissions given in Figure 11. The maximum of 11 x 10 t 2 

carbon which is more than twice the emissions of today, occurs 

in about the year 2000. The steep decrease of the emission rate 

is zaused by the rapid increase of nuclear power and the 

decreasing growth rate of the overall consumption. In 2015 and 

2025 all natural gas and oil respectively with their low 

specific emission factors have been consumed. The increase 
9 of coal production having a maximum of 11 x 10 t CE between 

2025 and 2030 slows down the decrease rate of the emissions. 

It must be stated that for the time span between 1970 and 

2100 no distinction between coal and lignite could be made as 

the Voss-model generates data for the sum of both in tons coal 

equivalent. These calculations are based on the lower specific 

emission data of bituminous coal.. 

Due to these emission rates the C02-concentration of 

the atmosphere increases nearly exponential until the year 

2000 up to about 383 ppmv. Then the growth is flattened and 

approximates a maximum value which is not much higher than 



the value of 570 ppmv given for the end of the simulation 

run in 2100. These calculations of the 'standard run (base 

case)' are based on the important optimistic assumption that 

man allows a 10% increase of the biomass of land. This percent- 

ac,e was chosen as an optimistic subjective guess. The 

sensitivity of this assilmption bill be tested in 7.2.3.1. 

In spite of the fact that in 2100 the C02-emission rate 

equals todays emissions, no further increase in atmospheric 

C02 occurs because of the altered concentration gap in the 

oceans. 

With regard to a constant atmospheric dust load of a 

level of 1960 the temperature increase given in Figure 11 

is 1°c between 2030 and 2040 and 1. ~ O C  In 2100 according 

to the t~mperature of 1970. 

7.2.2 The Time Related Distribution of the CO -Emissions 2 
for the - Base Case Calculatio~~s 

As the above described simulation run is taken as the 

base case and as the following strategies are described with 

regard to these calculations a more detailed description of 

the distribution of the CO -emissions to the different levels 2 
is needed. The ro~lgh structure is givzn in Fiqure 12. Until 

about 2000 the ussirnilation rate 13f the r l a ~ t s  on land is 

increased by 35% caused by the inczease of specific 

assimilation rate and the increase of the biomass. This 
9 leads tc a storage of 60 x i0 t carbon in living organic 

matter, thus absorbing in total 31% of the C02-emissions. 

ASout 50%. of the emissions remain in the atmosphere causing 

an incre?-se in the concentration of sbout 3O%, corresponding 

to 383 ppnv which is very close to a progEoses of 279 given 

in (8) . T??e rest of 19% is absorbed by the oceans. A surface 

layer ha~~ ing  2 size of 100 m dissclves only 4% ,hereby 

increasing its carbon content by 2%. But if only the 

physically dissolved CO is considered which is as described 2 



above only about 1% of the overall content, then the increase 

is about 200%. 11% are stored in the deep sea and the dead 

organic matter of the oceans. About 4% are calculated to be 

sediments. A minimal anount is stored in the biomass of the 

oceans. Nevertheless, it has to be regarded as an important 

factor in the absorption process because of its high rate of 

carbon throughput. The gross assimilation rate of the phyto- 
9 plankton (35 x 10 t C/a) is of nearly the same size as the 

gross transport of carbon from the surface layer of the 

oceans to the deep ocean water. 

9 In 2100 the accumulated emissions are more than 1100 x 10 t 

carbon. 52% remain in the atmosphere. This percentage is even 

higher than in 2000 because of the nonlinearity of partial 

pressure in sea water. Because only a 10% increase in the 

mass of plants was allowed, CO, on land after 2000 can only - 
be stored in dead organic matter due to the increase of the 

assimilation rate. 

The simulation of the Suess-effect calculates a dilution 

of 12% in 2000 and 24% in 2100. These numbers are derived 

without calculating the C-14-emissions of nuclear power plants. 

7.2.3 Some Sensitivitv Calculations 

7.2.3.1 The Influence of the Biosphere on Land 

The data used for the standard run are upper estimates 

of the mass of organic carbon on land and of the flow rates. 

To calculate the influence of these assumptions the data were 

changed to estimates given in (25). This means a reduction 

of 

- the net assimilation rate by 50% 

- tne living organic matter by 25% 

- the dead organic matter by 22.5% 

In comparison to the base case calculations this simulation 



run  r e s u l t s  i n  o n l y  a 7 ppmv i n c r e a s e  of c o n c e n t r a t i o n  

i n  2100. T h i s  i s  l e s s  t h a n  3'k o f  t h e  ccrnyctled i n c r e a s e .  

T h i s  r e x r k a b i e  s t a b i l ' . t y  wit;! regazd  t c  t h e  l a n d  p a r a m e t e r s  

is ?LC t:c, t h e  I ~ . c t  t ! lat rhe c;.?cent::akicn i s  somewhat h i g h e r  

d u r i n g  ti?e i ~ h ~ l . L %  p e r i o d  t h c r ~ 2 y  c- - ,vs~.qg a h i g h e r  a b s o r p t i o n  
. - .  r a t e  oy t h i -  c c  ... xn.:, T k i s  ' ! ~ l s r l r s ? : :  i;i r e t r c s c e c t  izh3t w i t h  

r e g a r d  :c dive:7;r<r e s t i m ~ t z s  rq ,-1 :,, sa(;:!regation o f  t h e  

o r ~ ? . i l i c  e?r.gon 2:- l ? , - , c !  i ~ a ;  A:-15 : :~.?IcET?. 

,.i , . ,- + -  ., ~ n f  1:. e.--!~-!-:  0' I .I-. i - ~ . r c r - n t . r ( ~ e  ci pl;jnr j -nc rease i s  

-. h   la.^ t i  1 1 1 :  2 :  ths f o r e s t s  i n  t h e  war ld  

a r e  not a v ? . l l ~ j : l e .  , 2a l cu la t . i n3  h consLant  l e v e l  a f t e r  1970 
. 1 - 2  r s - 1  5 .  . . 1 I : ._Lt2.--  .. C: L atl;.ospl~er.^Fc c o n c e n t r a t i o n  

0. by 2 7  ppmv cr r, i  tzrnpe.r:~uri? ' 2 ;  C ,  7.8 ' - .  ? ~ s s i m ~ s t i c  e s t i m a t e s  

<: :a ls~ .~ le t .e  a  r e a s ; ~ n s h ! : :  rcdu!--l:il. 1 c.f I h e  fo res- t r ;  i n  t h e  wor ld  

by i n c r e a s e  cf des ' .~  .- t s re; t o  .- a n t  by c1ear i r .q  c; l  v i r q i n  f o r e s t s  

r e s ~ l t l n q  i n  a <:%?-;ge t o  s i e p ~ i . 5  z r  a y r i c u i t a r a l  a r e a s .  
. - .  

Accordi.nq t o  (8) L C  c :?rc(>ri d e r s i t y  cf f o r e s t s  is  
3 2 - 4 ,  7 3 

2 1  x i O ' t / k - r n  2 -  z c ~ i n p a r i ~ o r !  t c  i l x LO'--':/ltm- 2nd 8 x 10 t/km 2 

f o r  a g r i c u l t u r a l  a re ,ds  and s t e p ? ? s ,  r ~ z p e c - t 2 v e l y .  A 

p e s s i m i s t i c  es~i : r iz :e  i s  g l v t i ; ~  by a  506 cb,einqe o f  f o r e s t s  

i n t o  a g r i c u l t u r a i  l a n d  3nd s i ~ . . p ? s  e a c h  k a k i n ~  5 0 % .  T h i s  

 soui id resa l t  i~ r t  c. 152 r~,c lu:- i ic  ,r' fb.e bioinass on l a n d .  I f  

a li.11e;i.r- :- 2 c r e ~ s ~  i3~7 i 5 8  i n  L i - i e  t 1 . m ~  p,?r ioF. k e t x e e n  1970 and 

2650 3s n:.c:..,;i,z-i ai-d en:~.-.--:~j C.T - -  r; . ,  - - . -  ?,= 5 c - x ~  =!-I? c 7 ~ ~ 7 . 7 ~ ~  g i v e n  

i r -  F i g u r e  i3. t .n a d d l t : . c n + :  i _ : ~ c r - ~ . z s ~  by 9 5  -3;>i;i-i, i s  c a l c u l a t e d  

c ~ ~ ~ e ~ ~ ~ ; y d ~ ~ q  '3 2 t--1;'; .--,_ I- - U L  ---c . - - - - - 2 5 5  - -. . ~f 0 .  SGC. T h i s  l a r g e  

~ f f e c t  i s  u i - ~ c e r s t a r ~ d a b l e  w i t h  r . e g i : A  l o  =he f a c t  t h a t  t h e s e  

em.issi.ons ~ ~ u l ? .  he  3bov.t i4k S: i l l ?  ev. iss ic 'n  d ~ . e  t o  
. . t he  c 3 p ~ u s L i c 2  c f  f o s s . - ~ e  f ;~.t-. .s di:~u.L.~c -1;;:-s p e r i o d .  

- 
1 . 2 . 2 . 2 .  Thz In T'1t:e-CE ,-- : t h o  Ocean ST.-f ace Layer  

-- - - - -. - - - - .- -. - pp 

T i  r :>c> surf;!c-e l:.ver 05 -Fie o c e a n s ,  a s  p r a v i o u s l y  

d i scuss r?d ,  i s  n o t  a b l e  t o  s r c i r ?  s. rc3sor iak le  amount o f  C02 

by i t c e l f  i t  is  one of thc  most  ~ r n p o r c d n t  e l z m e n t s  o f  t h e  

system !:~eca~;.se -. i t 1:-?ks t h e  -. ,:rnc?i;ph~--e a n d  t h e  2eep ocean 
. . 

w a t e r .  A c h a ~ g e  o f  t h e  C O , - s o l u ~ ~ l i t y  o f  w a t e r  can  be 



simulated in the model by decreasing the water temperature 

e.g. by ~ O C .  This change causes two effects: firstly the 

curves given in Figure 5 and 6 are flattened and decrease 

the feed-back effect of growing partial pressure. Secondly 

the lower temperature results in a 2% higher carbon level 

in surface water, the partial pressure being constant. Because 

of the equilibrium conditions the net exchange rate between 

surface layer and deep sea has to be constant, therefore, 

the average delay time of carbon in surface layer has to be 

decreased by 10%. In spite of this change in the parameters 

the difference in 2100 is only 1 ppmv corresponding to 2%. 

Estimates of the size of the surface layer of the 

oceans range between 100 m and 75 m. In order to test the 

sensitivity of the model with regard to this parameter the 

value of 100 m which was chosen for the standard run was 

changed to 75 m, which results in a smaller gap of partial 

pressure between atmosphere and ocean. As the net exchange 

rate is proportional to this difference the atmospheric 

concentration is increased up to 2.5 ppmv. A further 

increase is counteracted by an increase of the gap between 

surface and deep ocean water. 

As the estimates of the temperature effect of atmospheric 

C02 are very fuzzy itsfeedback on the partial pressure was 

not taken into consideration. The difference was simulated 

to be 6 ppmv in 2100. Thereby this assumption is the most 

sensitive of the assumptions tested in this chapter, and 

sophisticated descriptions of the diffusion of carbon in 

water will not influence the results significantly (26). 

Additional sensitivity studies were performed for the 

time delay of surface water, the biological half life of 

carbon, the distribution parameters for dead organic matter 

and use rates of the phytoplankton and the exchange rates 

between atmosphere and surface layer. Even a 50% reduction 

of the exchange surface of the oceans, e.g. by the 
6 approximate 2 x 10 t oil which are discharged into the 



sea each year (8), does not result in a significant change 

in the simulation runs. This stability is due to the large 

number of interacting feedback loops and to the fact that 

usually no single parameter can be changed but whole param- 

eter sets have to be used with regard to the equilibrium 

conditions. The only sensitive parameter is given by the 

assumption on the increase or decrease of the biosphere 

of the land. 

7.3 The Model Eehaviour Considering no Nuclear Energy 

The base case (or standard run) described above gives 

the msdel behaviour under very optimistic conditions for 

the implementation of nuclear power. In the following the 

implications of an energy supply strategy will be discussed 

which has, for some reasons, to rely only on fossile fuels. 

With regard to these conditions the Voss-model computes 

consumption rates of fossil fuels as given in Figure 14. 

The exponential growth of the overall consumption slows down 
9 soon after 1980 and reaches a maximum of 55 x 10 t CE/a in 

the middle of the next century. During the next two decades 

the main percentage of energy consumption would be provided 

by oil and natural gas, because of their superior attributes 

with regard to handling and environmental aspects. The 

percentage of natural gas consumption would grow higher 

than oil and coal. Because of that reason its resources are 

depleted in 2020 whereas oil would be available on a signi- 

ficant scale for another 15 years. After this time period 

the whole energy needs would have to be met by coal if 

non-fossil and non-nuclear energy resources such as solar, 

geothermal, wind, waves etc. are not taken into account. 

At the end of the next century there will be a breakdown 

of the system due to the depletion of energy and material 

resources if lower estimates are considered. Optimistic 

estimates have just the effect that the maximum consumption 

rate can be provided for another 30 years. Of course, 

it is far beyond the possibility of the model structure 



to simulate the crisis. But the breakdown of the model 

system strongly indicates that there will be a crisis. 

These consumption rates of fossile fuels result in 

CO -emissions as given in Figure 15, the maximum of which 2 9 is about 40 x 10 t carbon/a. The resulting atmospheric 

CO -concentration would increase up to 1500 ppmv corres- 2 
ponding to five times the natural concentration and would 

lead to a temperature increase which is already more than 
0 3 C in 50 years from now. The maximum value of ~ O C  temperature 

increase must not be taken too seriously because there 

certainly will be a saturation effect in the temperature - 
concentration relation which has not yet been estimated. 

But the number calculated here with regard to a linear 

relationship (as usually done in literature) gives the 

correct size of the effect which means that the develop- 

ment of the system man - energy - environment would 

already reach a limit due to the C02-emissions long before 

the depletion of the resources would restrict the system. 

It does not matter for this result if lower or upper 

estimates of the resources are used. An energy supply 

depending exclusively on fossil energy would result in 

unpermissably high temperature changes within a period 

of 50 years. 

7.4 The Model Behaviour Considerina Nuclear Power 

Plants of the First Generatioh 

As the C02-emissions calculated in 7.3 are much too 

high, the behaviour of the system was analysed taking into 

consideration the first generation nuclear power plants. 

The implementation of mostly LWR (light water reactors) 

having a conversion factor less than 50% leads to a very 

insufficient use of the natural uranium resources. The 

result of such a strategy is given in Figure 16. The curve 



of the overall primary enerqy consumption rate is nearly 

identical to that given in Figure 14. Here just some coal 

is substituted by nuclear enerqy. At the end of this century 

nuclear power accounts for about 25% which increases 

rapidly to 50% after the depletion of oil and natural gas 

resources. But the growing demand cannot be provided by 

nuclear power because of increasing costs of fuel supply 

by low grade uranium mining. Therefore the increasing 

demand is met by coal and after 2050 there is even an 

absolute decrease of nuclear power. 

With regard to these consumption rates of fossil fuels 

C02-emissions are calculated as are given in Figure 17. The 

implementation of nuclear power results in a slower increase 

as displayed by Figure 15 and even a decrease for a period 

of 20 years after 2000. The reason why this decrease is not 

so obvious as the decrease of fossile fuel consumption 

is given by the worse emission rates of increasing coal 

consumption. Nevertheless the atmospheric concentration 

is doubled between 2030 and 2040 and increased to 1300 ppmv 

in 2100 still having a positive steep gradient. The tempera- 

ture is increased by ~ O C  in the middle of the next century 

and by about 7 . 2 O ~  in 2100. It can be deduced by these 

calculations that the implementation of first generation 

nuclear power plants is not able to solve the CO -problem 2 
but gives just a little bit more time. 

7.5 The Model Behaviour with Regard to C02-Emission 

Control 

The Limit to a Temperature Increase 

For the above-mentioned three strategies of fossil 

fuel consumption the resulting concentrations and possible 

temperature increases were calculated. Consequently it has 

to be discussed which increase of temperature would be 

permissable without running the risk of global climatic 

changes. At this time there is no definite answer. Vague 



estimates result in the possibility of glacial periods 

being caused by a 3% change in solar radiation and give 

a 1% limit for a man-made change (27)- With regard to 

the infrared radiation of the earth surface this would 

correspond to a 0 . 7 ~ ~ ~  increase in the temperature of a 

black body, 

On the other hand the daza used in these calculations 

need verification by more-dimensional models which are 

under construction in several parts of the world (28)- 

The values calculated by Manabe are disagreed with by 

several authors (23, 30) but give the best calculations 

available at this time i 8 ,  31, 6). The calculations des- 

cribed in 6.1 give reasons for the estimate that the 

temperature effect of carbon dioxide could be even higher 

than 2. ~ O C  per doubling of concentration (see Figure 7) . 
A reductioz of the ternperatume increase could in principle 

be achieved by three different strztegies: firstly a 

red~ct ion of fossiie fuei consunption, sec!ondly the direct 

emissi-on or' CO, into deep ocean water (pipe lines) and 
L 

thirdly counteracting the temperature effect by altering 

the radiation balance of the eartk; (dust load of atmosphere, 

cnanging the absorption 2oeffi.cient of the earth surface). 

Dealing with the last two p o i n ~ s ,  there exist only very 

rough esti~nates (32). Thersf,c,re in the following is given 

a calculz,tion which leads, by reduction of fossile fuel 
0 consumption to a temperature increase cf about 1 C. 

7.5.2 The Model - Behaviour with Regard to a Reduction 

of Fossiie Fuel Consumption 
-. 

These calculations would request a coupling of the 

Voss-world-model to the CO7-model which is at the present - 
time not possible because of computational ~roblems,  but 

will be performed after translating the models into a 

different programming lang~age,  The Voss-model calculates 

the substitution process of the different primary energy 

carriers by assigning benefit indicators which are derived 



from costs, availability and handling attributes and 

determine the relative benefit which, with regard to a time 

delay, causes the percentage of the overall consumption. 

In order to represent approximately the influence of the 

C02-problem the benefit indicator of coal was multiplied 

by a time dependant factor which lowers the benefit of 

coal to zero in 2100. The result is an additional sub- 
9 stitution of 6.5 x 10 t CE/a which is about 90% of the 

world energy consumption of today. The resulting primary 

energy consumption rates are given in Figure 18. Solar, 

wind and geothermal energy can be included only when 

their relative benefit is equal to that of nuclear power. 

For more sophisticated calculations especially, the 

environmental sector of the Voss-model has to be dis- 

aggregated. The resulting emissions are given in Figure 19 

and lead to a maxi..mum temperature increase of l.loc in the 

middle of the next century. 

VIII. Sumrnarv of C0,-Analvsis 

The calculations described above gave the concept of 

an analysis of the carbon cycle of thz earth by means of 

coupled nonlinear differential equations. Basic results 

were : 

- A remarkable stability of the results with 

regard to a change of parameters were observed. 

- A change in the mass of the biosphere is the 

critical parameter of the system. A reduction 

of the world forests would increase the C02- 

prob lem significantly. 

- The estimates of the time constant responsible 

for the exchange rate between atmosphere and 

surface layer of the oceans have no significant 

influence on the results. Therefore a further 



increase of atmospheric concentration due 

to oil spilled into the oceans need not 

be considered. 

- An increase of the atmospheric CO -concentration 
2 

to 1500 ppm (by volume) j.n 2100 corresponding to 

a probable temperature increase estimated to be 
0 in the range of 9 C with regard to an energy 

supply strategy based solely on fossile fuels 

was calculated. 

- These data would change to 1300 ppmv and ~ O C  with 

regard to an energy supply strategy based on 

nuclear power plants of the first generation. 

- These data would change to 570 ppmv and 1 . 8 " ~  

increase above the present average with regard 

to optimistic estimates on a forced implementation 

of advanced reactors. All results are based upon 

optimistic assumptions of the assimilation rates 

of the biomass on land and in the oceans. 

- A control of the C02-effect seems to be possible 

by an increased substitution of nuclear power 

and new developed energy resources. llore 

sophisticated models have to analyse the build-up 

of nuclear system with regard to the capital 

constraints and industry capacities. 

It must be stressed that the development of sophisticated 

models to calculate the temperature effect of atmospheric 

C02 is urgently needed as the calculations described here 

(a) result in large increases of the future C02-burden 

to the a k m o s p k i e r e ,  

(h) give reason to estimate that the C02-effect 

could be even larger than calculated by Manabe. 



The c a l c u l a t i o n s  g i ven  h e r e  a r e  based on t h e  d a t a  d e r i v e d  

by Manabe and do n o t  i n c l u d e  a  change i n  t h e  f u t u r e  d u s t -  

burden t o  t h e  a tmosphere .  A s  t h e  man-made d u s t  em iss i ons  

today  a r e  o r d e r s  o f  magni tude less t h a n  n a t u r a l  e m i s s i o n s ( 3 3 )  

it i s  assumed t h a t  o s c i l l a t i o n s  w i l l  occu r  i n  t h e  range  o f  

t h e  d a t a  g i v e n  i n  t h e  p a s t  a s  w e r e  i n c l uded  i n  t h e  f i g u r e s .  

I X .  The A n a l v s i s  o f  t h e  C - 1 4  Burden 

9 . 1  The C - 1 4  Problem 

The s i m u l a t i o n  of  t h e  f l ow  of  Carbon-14 which was 

used t o  v e r i f y  t h e  CO - c a l c u l a t i o n s  by es t ima t i r i g  t h e  2 
Suess-ef  fec:t ( i n d u s t r y  e f f e c t )  can be  used t o  c a l c u l a t e  

t h c  r a d i a t i o n  exposure  due t o  n a t u r a l l y  produced and 

anthropogen C - 1 4 .  The Carbon which i s  i n b u i l t  i n t o  l i v i n g  

o r g a n i c  m a t t e r  c o n s i s t s  o u t  o f  t h a t  i s o t o p e  r a t i o  which 

i s  g i ven  by i t s  food s o u r c e s ,  t h e  atmosphere and b i osphe re .  

The re fo re  t h e  c a l c u l a t i o n  of  t h e  r e s u l t i n g  gonard  dose 

depends o n l y  on t h e  i s o t o p e  r a t i o  and n o t  on t h e  a b s o l u t e  

c o n c e n t r a t i o n  o f  C-14 i n  t h e  a tmosphere .  So two c o u n t e r a c t i n g  

p r o c e s s e s  are super imposed.  

On one hand t h e  a b s o l u t e  mass o f  C - 1 4  i s  i n c r e a s e d  

by man-made p r o d u c t i o n  and accumu la tes  because i t s  h a l f -  
+ 

l i f e  0 9 7 3 0 -  30a (31 )  which i s  l o n g  i n  compar ison t o  t h e  

t i m e  p e r i o d s  r ega rded  h e r e ,  c a u s e s  decay  rates which are 

v e r y  s m a l l  i n  compar ison t o  t h e  em iss i ons .  On t h e  o t h e r  

hand t h e  C-14-free CO -emiss ions  o f  f o s s i l e  f u e l  consumption 
2  

d i l u t e  t h e  r e l a t i v e  c o n c e n t r a t i o n  and l e a d  t o  a d e c r e a s e  

o f  t h e  r a d i a t i o n  exposure .  I n  t h e  f o l l o w i n g  t h e  supe r impos i t i on  

o f  t h e s e  c o u n t e r a c t i n g  e f f e c t s  i s  a n a l y s e d .  

9.2 The N a t u r a l  C - 1 4  

The c o n s t r u c t i o n  o f  t h e  C-14 model i s  such t h a t  t h e  

n a t u r a l  r e l a t i v e  c o n c e n t r a t i o n  o f  t h e  a tmosphere  i s  used as 

i n p u t  pa ramete r .  Then t h e  c o n c e n t r a t i o n s  o f  t h e  o t h e r  l e v e l s  

o f  t h e  ca rbon  c y c l e  and t h e  n a t u r a l  p roduc t i on  rate a r e  



c a l c u l a t e d  by  t h e  model  w i t h  r e g a r d  t o  t h e  e q u i l i b r i u m  

c o n d i t i o n s .  The n a t u r a l  i s o t o p e  r a t i o  o f  t h e  a t m o s p h e r e  

i s  6 . 1  p  C i / g  Carbon  ( 3 1 ,  32 )  and  l e a d s  t o  a n a t u r a l  

p r o d u c t i o n  ra te  o f  25 .6  - 26 .5  x 10' C i / a .  T h i s  i s  i n  

good a c c o r d a n c e  w i t h  ( 3 4 ,  35 )  where  a b o u t  0 .03  M C i / a  

are e s t i m a t e d .  T h e r e f o r e  t h e  t o t a l  amount o f  C-14 o n  e a r t h  i s  

212-219 M C i  1 . 8 %  o f  wh ich  i s  i n  t h e  a t m o s p h e r e  a n d  90% 

i s  i n  d e e p  o c e a n  w a t e r .  The l o w e r  v a l u e s  c o r r e s p o n d  t o  a 

mean r e s i d e n c e  t i m e  i n  t h e  s u r f a c e  l a y e r  o f  t h e  o c e a n s  

( s i z e  100 m ) o f  30 y e a r s ,  t h e  u p p e r  v a l u e s  o f  a r e s i d e n c e  

t i m e  o f  20 y e a r s .  

The r e s u l t i n g  c o n c e n t r a t i o n s  are g i v e n  f o r  s e v e r a l  

l e v e l s  i n  F i g u r e  20. Wi th  r e g a r d  t o  t h e  l o n g  h a l f - l i f e  o f  

C-14 t h e  t i m e  c o n s t a n t s  o f  t h e  b i o s p h e r e  are n e g l i g i b l e .  

R e a s o n a b l e  c o n c e n t r a t i o n  d i f f e r e n c e s  o c c u r  i n  t h e  o c e a n s .  

By t a k i n g  i n t o  c o n s i d e r a t i o n  t h e  n a t u r a l  C-14 c o n c e n t r a t i o n  

o f  6 . 1  p  C i / g  c a r b o n  t h e  n a t u r a l  r a d i a t i o n  e x p o s u r e  ( g o n a r d  

d o s e )  i s  c a l c u l a t e d  t o  be  0 .68 m r e m / a .  

9 . 3  The Man-Made C-14-Emissions 

Man-made Carbon-14 i s  e m i t t e d  by  t h e  o p e r a t i o n  o f  n u c l e a r  

power p l a n t s  a n d  r e p r o c e s s i n g  f a c i l i t i e s  a i ~ d  by  n u c l e a r  ex -  

p l o s i v e s .  N o  C-14 is e m i t t e d  by  t h e  c o n s u m p t i o n  o f  f o s s i l  

f u e l s .  I f  t h e  a g e  o f  f o s s i l  f u e l s  is c a l c u l a t e d  t o  b e  a b o u t  

300 m i l l i o n  y e a r s  t h e n  t h e  n a t u r a l  c o n c e n t r a t i o n  d e c r e a s e d  

d u e  t o  t h e  c o m p a r a t i v e l y  s h o r t  h a l f - l i f e  t o  

wh ich  c a n  p r a c t i c a l l y  b e  r e g a r d e d  as z e r o .  

The C-14 o f  n u c l e a r  e x p l o s i o n s  i s  m a i n l y  e m i t t e d  i n t o  

t h e  s t r a t o s p h e r e  f r om wh i ch  it is  removed i n t o  t h e  t r o p o -  

s p h e r e  by  a t i m e  c o n s t a n t  o f  less t h a n  t w o  y e a r s .  A s  i n p u t  

d a t a  f o r  t h e  f o l l o w i n g  c a l c u l a t i o n s ,  f i g u r e s  we re  u s e d  as are 

g i v e n  i n  T a b l e  2 .  The e m i s s i o n s  we re  t r e a t e d  as i f  e q u a l l y  



d i s t r i b u t e d  i n  t h e  g i v e n  t i m e  p e r i o d s .  These d a t a  a r e  v e r y  

fuzzy .  Acco r ing  t o  ( 3 5 )  and ( 3 7 )  a  lower  t o t a l  p r o d u c t i o n  

o f  8  M C i  o r  even  5  M C i  r e s p e c t i v e l y  was e s t i m a t e d .  

The e m i s s i o n s  i n t o  t h e  a tmosphere  by t h e  use  o f  n u c l e a r  

power w e r e  c a l c u l a t e d  by t h e  f i g u r e s  g i v e n  i n  T a b l e  3  ( 3 8 )  . 
Carbon-14 i s  main l y  produced by n u c l e a r  r e a c t i o n s  o f  C-13, 

N-14 and 0-17. P l a c e s  o f  o r i g i n s  a r e  t h e  ambien t  a i r  a t  

t h e  o u t s i d e  o f  t h e  p r e s s u r e  v e s s e l  and p o l l u t i o n s  o f  t h e  

c o o l i n g  sys tem,  f u e l  r o d s  and s t r u c t u r e  m a t e r i a l .  A s  can  

be d e r i v e d  by T a b l e  3  t h e  f u e l  c y c l e  o f  t h e  HTGR e m i t s  n e a r l y  

t h r e e  t i m e s  a s  much C-14 a s  t h a t  o f  LWR. The whole amount 

o f  t h o  C-14 p r o d u c t i o n  i s  e m i t t e d  by t h e  r e p r o c e s s i n g  o f  

t h e  f u e l  e l e m e n t s .  Here, by b u r n i n g  t h e  g r a p h i t e ,  t h e  

whole a.mount o f  C-14 i s  e m i t t e d  whereas  an e s p e c i a l l y  h i g h  

p e r c e n t a g e  o f  t h a t  produced by FBR i s  e s t i m a t e d  t o  be  

d i s p o s e d  w i t h  t h e  r a d i o a c t i v e  w a s t e .  I n  t h e  f o l l o w i n g  it 

was assumed t h a t  t h e  e m i s s i o n s  o f  t h e  r e p r o c e s s i n g  p l a n t s  

have a  t i m e  d e l a y  o f  2  y e a r s  a f t e r  p r o d u c t i o n .  

9.4 The f lodel  Behaviour  f o r  t h e  Base Case 

A s  i n p u t  d a t a  f o r  t h e  consumpt ion r a t e s  o f  n u c l e a r  

power, numbers w e r e  t a k e n  a s  g i v e n  i n  F i g u r e  10  and a s  

used f o r  t h e  b a s e  c a s e  c a l c u l a t i o n s  of  t h e  C 0 2 - a n a l y s i s .  

~t was assumed t h a t  b e g i n n i n g  w i t h  t h e  y e a r  1930 t h e  ad- 

vanced r e a c t o r s  would l i n e a r l y  i n c r e a s e  t h e i r  p e r c e n t a g e  

o f  n u c l e a r  power p r o d u c t i o n  up t o  100% i n  2030, HTGRs and 

FBRs e a c h  t a k i n g  e q u a l  p o r t i o n s  a s  was assumed f o r  PWRs 

and BWRs. 

A s  F i g u r e  10  g i v e s  t h e  n u c l e a r  power p r o d u c t i o n  a s  

t h e r m a l  o u t p u t  measured i n  tCE/a t h e  c a l c u l a t i o n  o f  t h e  

e m i s s i o n s  w i t h  r e g a r d  t o  T a b l e  3  h a s  t o  i n c l u d e  t h e  

e f f i c i e n c i e s  which w e r e  assumed t o  b e  33% and 39% f o r  LWRs 

and advanced r e a c t o r s  r e s p e c t i v e l y .  With r e g a r d  t o  t h e s e  

assumpt ions  t h e  e m i s s i o n s  a s  a r e  g i v e n  i n  F i g u r e  21  were 

computed. I n  t h e  e q u i l i b r i u m  s t a g e  0 .25  MCi/a o t  C-14  

a r e  e m i t t e d  by n u c l e a r  power p l a n t s  which,  a f t e r  2050, means 



by FBRs. About 5 times as much is emitted by reprocessing 

plants. It must be stressed that these high emission figures 

are based on very optimistic estimates of the implementation 

rates of nuclear power. 

The curve of the Suess-effect which was computed to be 

+1.9% in 1950 decreases very rapidly caused by tests of nuclear 

weapons, crosscuts the level of natural concentration, and 

has a local minimum of -103% in 1965. Then the anomaly 

declines very slowly, as firstly -the C-14-leakage of the 

stratosphere decreases, secondly C-14 is absorbed by the 

different sinks of the carbon cycle (the behaviour of the 

absorption time constant was analysed in Figure 8) and 

thirdly the C-14 free CO -emissions of fossile fuel consumption 2 
dilute the relative concentration. The natural relative isotope 

concentration is not reached but the C-14/C-1.2 ratio decreases 

again after 1995. A Suess-effect of about -350% is calculated 

in 2100. Because of the definition of the Suess-effect, 

positive figures give a dilution of C-14 concentration. By 

using the percentage of this effect it is quite easy to 

calculate the radiatiorL burden to man. As the natural burden 

was estimzted to be 0.68 m rem/a this figure has just to be 

multiplied by this effect. For the year 2100 therefore the 

radiation dose (gonard dose) due t.o man-made C-14 is 

calculatsd to be about 2.4 m rem/a (Average natural radiation 

burden FRG about 120 m rem/a). 

Figure 22 gives a description of the superimposed 

dilution and concentration effects. Until 1980 the curves of 

relative concentration and absolute amount are nearly parallel. 

This is changed rapidly by the increase of fossile fuel con- 

sumption. But because of the high percentage of nuclear power 

the C-14 emission over-compensates the diluting effect of 

The result, as given in Figure 21 and 22 is sensitive 



to the assumption of the time constant of surface water 

exchange. A reduction of this average delay from 30 years to 

20 years results in a Suess-effect reduction in 2100 from -350% 

to -310%, corresponding to a change of about 10% at the end 

of the computational period. On the other hand, a reduction 

of the C02-emissions would result in an additional radiation 

burden. If, for example, the energy supply strategy of Figure 18 

is considered, and no non-fossil and non-nuclear primary 

energy carriers are considered, a further increase of the Suess- 

effect to -450% is computed. 

9.5 Conclusions of C-14 Calculations 

For calculating the future radiation dose due to 

artificially produced C-14, two counteracting effects have 

to be considered: the diluting effect of C02-emissions and 

the concentration effect of C-14 emissions by nuclear power 

plants and reprocessing facilities. For long term calculations 

the C-14-emissions predominate the C02-emissions. Therefore 

an additional radiation exposure has to be calculated. The 

dose depends on the estimated energy supply strategies. 

Optimistic production rates of nuclear power lead to gonard 

doses which are calculated to be in the range of 2-3 m rem/a 
with regard to different choices of parameters. Therefore 

C-14 is a pollutant on which, in the future, more interest 

has to be concentrated. 
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Figure 1. Classifying simulatiorl models (2) .  
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Figure 2. Disagg-egation o f  C07  - emissions due to the combustion 
o f  fossil fuels. 



Figure 3. C 0 2  emission rates and accumulated C 0 2  emissions. 
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Figure 4. The loop structure o f  the carbon cycle. 
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Figure 5. Relation of  pC02 and temperature at different C C 0 2  levels. [14 ]  
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Figure 6.  Relation o f  pC02 and C C 0 2  for sea and destilled water 

at constant temperature. 



Figure 7. Verification o f  the standard run. 
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Figure 8. Systems behavior o f  C-14 model . 



Figure 9. Basic structure o f  energy model [20 1 .  
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Figure 10. ~ c v e l o ~ m e n t  of primary energy consumption with regard 
to an optimistic equilibrium strategy. 
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Figure 11. Simulation of  the C 0 2  burden to  the airnosphere with regard 
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Figure 12.  Sstribution o f  C 0 2  emissions with regard to  the base case assumptions. 
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Figure 13. Influence o f  a pessimistic estimate of the decrease of world forests. 

1940 1980 2020 2060 2100 
TIME [a] - 

Figure 14. Development of primary energy consumption considering 

no nuclear energy. 
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Figure 15. Simulation o f  the future C 0 2  burden to  the atmosphere 

considering no nuclear energy. 

Figure 16.  Development o f  primary energy consumption 
considering LWR's. 
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Figure 17. Simulation of the future C02 burden to the atmosphere 

considering LWR's. 
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Figure 18. Development of  primary energy consumption with regard 

to Co2 emission reduction. 
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Figure 19. Simulation of  the future C o 2  burden to the atmosphere 

with regard to a C02  emission reduction strategy. 

Figure 20. C-14 concentrations of  various levels as calculated by the n~odel.  


















