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I. COMPLEXITIES IN GREENHOUSE MANAGEMENT 

The greenhouse effect represents a potential global problem of great concern. Conse
quently it is important that the problem is perceived correctly and tackled with the most 
appropriate policies. 

The purpose of this project is to investigate the potential for misperceptions and 
mismanagement of the global greenhouse problem. In other words, for a given 
description of the structure of the problem, is it likely that the actors that have an 
influence on policies draw biased conclusions about behaviour and policy'.' 

Why do we suspeel or hypothesize such biases? Three complexities are central: the 
existence of long lime delays, irreversibilities and the existence of great uncertainly. 
Knowing the complexity of the theory of decisions under uncertainly, see Arrow 
(1968), Arrow and Fisher (1974), and Henry (1974) 1 , it would not he surprising if 
policy makers draw biased inluitive conclusions, or if they misinterpret the rcsulls of 
investigations applying the theory of decisions under uncertainly. Even in ihe absence 
of uncertainty, laboratory experiments have produced systematic biases. Brehmer 
(1989), Dorner (1990), Klein-nuntz (1990), Kleinmuntz (1985), Moxnes (1992), 
Sterman (1989a), and Sterman (1989b) all demonstrate human inability to handle 
complex, dynamic problems. Sterman uses the term "misperception of feedback", to 
account for misperception of time lags and "open-loor" explanations of dynamics 
(problem behaviour is attributed to external factors rather than to one's own inability to 
manage a complex system). Dbmer breaks down faulty behaviour into six categories: 

1. Insufficient goal elaboration, acting on conspicuous problems only. 

2. Insufficient formation of hypotheses about structure, neglecting side- and long-
term effects. 

3. Inability to deduct behaviour from structure. 
4. Insufficient coordination of different measures. 
5. "Ballistic" action (neglecting possible recource) and no detection of wrong hypo

theses and inappropriate strategies. 

6. Insufficient self-reflection, with little "repair" of wrong hypothesis and inappro
priate strategies. 

i For a recent review see Pindyck (1991). 



At an even more detailed level numerous results frum both the fields of economic!, an J 
cognitive psychology demonstrate the existence of biases. Sec e.g. Kahnemun. el al. 
(1982). Hogarth and Reder (1986). Plott (1986). Smith (1991). Thaler (1987) and 
refer lo Herbert Simon's terms "bounded rationality" and "satisfying". Simon (1979). 

Finally, numerous real life policies demonstrate (he influence of mispcrccplions and 
mismanagement on actual policy making. E.g. according to Clark (1985): "- the 
fishing industry's apparent lack of concern over its own long-term welfare remains 
hard to explain, except perhaps on the basis of a real misunderstanding of the 
bioeconomie system" (p.11). 

How do we investigate the hypothesis about mispercepiion and mismanagement of the 
potential greenhouse problem? Clearly, history can only contribute with analogies, and 
probably with no accurate analogies. Furthermore, the historical analogies typically 
have numerous explanations. For instance, is inappropriate fishery management due to 
lack of property rights or is it due to misunderstanding? Therefore, our choice is to 
deal with the greenhouse problem itself, over the next 400 years, by the use of an 
experiment where key conditions can be controlled. We will be using reports from 
IPCC (Intergovernmental Panel on Climate Change) to represent a consensus view of 
the structure of the greenhouse problem. We will test if actors that have an influence 
on greenhouse policies behave according to optimal rules, or if they behave according 
to decision rules (heuristics) that yield systematic biases. 

In this first report we present the simulation model to be used in the experiment. We 
perform preliminary simulations to indicate how the model can be used to find optimal 
policies. Experiments to test if actors behave according to optimal rules is left for 
future research. We stress that many of the parameter estimates in die model represent 
quick guesses, such that the exact behaviour of the model should not be taken too 
literally. 

Chapter 2 describes the simulation model used to represent climate and production. In 
chapter 3, we report results from the simulations. Chapter 4 concludes the report. 
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2. A MODEL OF THE GREENHOUSE PROBLEM 

The purpose of the greenhouse model is lo serve as a synlheiic reality 10 see to whai 
extent various subjects are able lo draw correct conclusions about behaviour and 
policy. To enable the subjects to draw on their existing knowledge, ihe model is 
designed as close as possible lo the widespread descriptions given by IPCC in 
different reports. 

Figure 1 gives a brief overview of the model. Global production leads lo the emission 
of greenhouse gases, which influence climate and sea level, which in turn influence 
production. Policies can be used to .'educe greenhouse gas emissions per unit of pro
duction (technological development and immediate reductions). 

Climate/ 
sea level 

Greenhouse 
gas emissions 

^ — Production 

""* Policy 

Figure 1: Overview of the model 

Key factors that complicate the choice and dosing of policies are: 
- Considerable delays (about half a century) between the emission of greenhouse gases 
and changes in climate. 
- Considerable delays (about a quarter century) in adjusting production equipment, 
industrial structure and infrastructure. 
- For practical purposes close to irreversibility in that greenhouse gases released to ihe 
atmosphere have average lifetimes of about a century. 
- Information about the current state of the system is uncertain because of 
measurement errors and considerable background noise 
- Theories and forecasts about future greenhouse effects and consequences are highly 
uncertain widi some element of learning over time. 

r~ 3 
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- Uncertain interactions with the underlying development of the world (economic 
growth due to technological progress, population growth and resource depletion). 

Une key complicating factor that we have not listed is the problem of the commons. 
Competition between nations or interest groups around the world makes it difficult to 
reach agreements about efficient policies. No doubt this factor is very important. 
However, in this study we consciously eliminate this aspect. Thus, we arc able to 
focus on the effects of the remaining complicating factors: factors that ure likely to 
influence the process of policy making in all or most interest groups. 

Nordhaus (1991) discuss the optimal level of reductions in greenhouse gas emissions. 
The optimal reductions depend on the estimated greenhouse damages, varying 
between near to zero reductions and one-third in the "worst" case. Others discuss cost 
categories, as biological diversity, coastal wetlands and environmental refugees, that 
are omitted in Nordhaus's analysis, see Morgenstern (1991) and Ayres and Waller 
(1991). Implicitly in Nordhaus steady-state modelling, he assumes that greenhouse 
damages increase linearly with temperature. As for example Cline (1991) points out. 
this is not realistic. The optimal policy discussed by Nordhaus does not include the 
possibility of paying an option price in terms of higher emission taxes in early periods, 
to get more information about the greenhouse effect before the emissions are increased 
further. Such optimal climate policies under uncertainty and irreversibility are 
discussed by Barbier and Pearce (1990), Cochrane (1990) and Yohe (1991). 

We have made both a deterministic and a stochastic version of our simulation model. 
So it is possible to use the model to discuss the differences between optimal policies in 
the stochastic version and the deterministic version. 

To simplify, we do not distinguish between greenhouse gases, GHG, and CCb. Thus 
we assume that all GHGs have the same characteristics as CO2. This approximation is 
first of all justified by the fact that we will ask the subjects that participate in the 
experiment to make the same assumption. In the following, we will use the 
terminology GHG instead of CO2, N2O, CH4, O3, and CFCs. 
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2.1 Climate 

Atmospheric GHG level M is measured in ppmv2, as COi equivalents3. M is model

led as an accumulating process4. Releases of GHG to the atmosphere arc denoted by 

E. The absorption by the ecosystems (mainly oceans and to some extent land areas) is 

given by the term (Af - MrøVtof. Afrø denotes the prcindusirial equilibrium level of 

GHG in the atmosphere'. Atmospheric lifetime is given by tu- The level of green

house gases in the atmosphere in the first year of the model simulation is given by Mo-

M = J (E - (M - MioVtM) dt + Mo (1) 

Preindustrial level of CO2 is set to 280 ppmv by IPCC (IPCC-NT (1990), p. 31). 

Because of some preindustrial amount of other greenhouse gases we set Mm = 290 in 

our simulation model. Due to a 50% increase in GHG during the industrial area 

(IPCC-NT (1990), p. 36), we set M0 (in 1990) to 435. According to IPCC (IPCC 

(1990), p. xvi) t\t is in the interval 50-200 years. In our model we use 100 years. 

The equilibrium world temperature Ti that corresponds to a given level of M is 

modelled as a function of M. We use a function, which according to Cline (1991) is 

used by IPCC. 7/o is the preindustrial equilibrium temperature, and equals 14°C. 

T| = Tio+ST*ln(M/M|o)/ln(2) (2) 

The climate sensitivity sj is defined as the increase in the equilibrium temperature due 

to a doubling of M. The doubling is relative to Mm as Cline indicates. In the deter

ministic version of our model we use the best estimate from IPCC of 2.5"C for the 

climate sensitivity. In the stochastic version we draw a value for ST from a normal 

distribution with mean equal to the deterministic value, and a standard deviation of 

0.7. 

2 Parts per million by volume. 
3 The level of CO2 that give the same radiative forcing as die sum of GHG. 
4 The integration terminology J(' )dt means that the expression in the paianthesis is accumulated 

over time and is added to the initial value (Mo). This formulation is intuitively more appealing 
than die equivalent differential equation form, which focuses attention on rate of change rather 
than accumulation. Although using the terminology of continuous time, in die simulations the 
lime steps are 1 year. 

5 In other policy studies M is defined to measure only anUiropoghenic GHG, in which case Mio is 
zero. 
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Time delays involved in healing atmosphere, land areas and oceans are captured hy an 
equation tor heal transfer. The average delay time is (y. The following equation lor the 
"underlying temperature" Ty also captures slow random fluctuations in world tem
perature, for instance like the little ice age around 160(1-1700. By itself the random 
variable 17- would lead to a random walk development in temperature6. The term 
(T|-Tii)/tr ensures that the process will revert towards ihe equilibrium temperature 7). 

Tu = J | v T + (T| - TU)AT1 di + Tuo (3) 

The time delay IT is sel equal to 50 years. This estimate is the same as in Nordhaus 
(1991). We have set T\jo to 14.3, slightly above the pre-induslrial temperature. 

To make ihe fluctuations in the underlying temperature slow and long lasting, the 
random variable vj is autocorrelated by delaying a normally distributed random 
variable e-jy. 

vr = I [(eru - vT)/tVTl dt (4) 

In the model the mean of eru equals 0, the standard deviation equals 0.25 and ry/- is 
set to 50 years. 

For use in later experiments we also include the possibility of unprecise measurements 
of the "underlying temperature" in the stochastic version. 

TM = Tu * ex (5) 

where ex is a normally distributed random variable with mean equals 1 and standard 
deviation equals 0.05. 

The average world temperature will be used as an indicator of regional climate 
changes, as discussed by e.g. Schelling (1992). The regional change in weather con
ditions, temperature, rain and wind, will be more drastic than the average climate 
change. The estimates of the costs of climate changes will capture these regional 
effects. 

In the deterministic version, IT equals 0. 
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2.2 Production 

Production or GNP. Y is modelled by one equation. The production function reflects 
the following factors: 

- Productive capital K 
• Labor L 
- Technological progress V 
• Use of natural resources (through accumulated production) R 
- The cost of policies to reduce emissions cp 

- Adjustment costs due to changes in policies ftp 
- Adjustment costs due lo changes in world temperature gr 
- The costs of rise in equilibrium temperature Ty 

Capital and labour enter the production function through a Cobb-Douglas function. 
Technological progress is Hicks neutral. Thus far the production function is a standard 
economic one. The remaining five factors are added due to our particular problem 
focus. First we describe each of these factors verbally. Next we look at the exact way 
the effects are modelled. 

The effect of accumulated use of natural resources (other resources than the ecosys
tem 's capacity to remove GHG), is added because of the long time horizon and the 
general uncertainty about the prospects for continued economic growth and for 
sustainable development. We let general resource use depend on economic activity. 
Thus, policies to reduce GHG emissions that slow economic growth, also slow 
resource depletion. More resources saved for the future implies higher potential for 
future growUi as a positive side effect of current preventive GHG polices. Manne and 
Richels (1990) assume an exogenous drop in economic growth over time. However, 
they do not capture the positive effect on future growth of reduced growth today. The 
size of this effect is uncertain. To a large extent it depends on whether natural resour
ces are and will be used for material consumption or to save resources and to develop 
technology and culture. 

Policies to reduce GHG emissions have a negative effect on investments in productive 
capital as a first effect. Capital is diverted towards "cleaning equipment". However, 
this is the main effect only as long as changes in policy instruments are slow and 
economic lifetimes of current capital equipment are not drastically shortened. When 
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policy changes art* rapid, adaptation will IK* mon: hurru-d with curtailment of ongoing 

production and structural problems in the economy. Therefore we have modelled a 

direct effect on production ofchanges in policy instruments. Some lime alter policies 

have settled at a new level (growth in policies gp tends towards -wo), the adaptation 

to the new incentives will ho over and the negative effect on production vanish. 

Similarly, the effect on production of higher temperatures is split in two: A cost of 

adapting to rising temperatures and a permanent cost of higher absolute temperatures. 

The adaptation to higher temperatures is similar to the adaptation to policy instruments. 

When temperatures rise (climate change and/or sea levels rise), economic activity must 

be readjusted to fit new conditions. E.g. farm houses, equipment and infrastructure 

must be moved to the extent that the climax dictates; houses, factories, harbours, 

roads and farming must be moved inland to the extent that sea levjl rise dictates. Some 

time after the temperature rise comes to a stop (growth in temperature gr tends 

towards zero) the adjustments can end. Then, there are no more adjustment costs, and 

economic growth can go on as before, although located differently. 

However, it might he that the new locations are less productive than the original ones. 

Particularly to the extent that the absolute land area has shrunk, and to the extent that 

productivity on the remaining land areas has been reduced, there will be a permanent 

loss in production. This is the second effect of a temperature rise, which depends 

directly on temperature Tu. 

Now, we model the production function: 

Y = Y o ( £ ) " ( f ø l - V [ d R + ( l - d R ) - 1 — | . [ i - C p l (6) 
l - ( r V 

[l-abs(Kgp-g,,)] [l-abs(Kg rg,)] [l-(Kt-(Tu-Tio))] • v Y 

where (IR equals 0.15, SR equals 1.7 and a equals 0.4. In the deterministic version 

RH equals 3200, Kgp equals 0.00781, Ks, equals 0.922 and K, equals 0.0267. In 

the stochastic version K\ is drawn from a normal distribution, and RH. Kgp and Kst 

are drawn from lognormal distributions. Yo is initial production. Absolute values 

(abs()) are used to capture that changes imply costs in either direction. Now. we 

discuss equation (6) factor by factor. 

Capital K is modelled as an accumulating process. Capital is increased by total invest

ments /. Capital depreciates after a lifetime fjf. KQ is the initial amount of capital. 
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K = J | l - K / l K | d l +K« t7> 

where Ko is set three limes the initial production, and the average lifetime lor cjpital in 
is 25 years. 

Total investments are given hy the savings rate s limes production Y. This also 
defines consumption as the difference between production and investment. 

l = sY (X) 

C = Y - 1 (9) 

where the initial savings-rate is set equal to 0.2. In the stochastic version it fluctuates 
randomly as a lagged normally distributed variable. 

Labour is accumulated according to an exponential function. 

L = / 0.025*L*e<-i/25) dt + L 0 (10) 

where the growth-rate for the labour force decreases towards zero over lime. 

Technological progress V is an index which is given by a random walk process, 
where ey is a normally distributed variable. 

V = J e v V d t + l (11) 

The variable ey is distributed with mean = 0.01 and standard deviation = 0.01. To 
illustrate, if ev always equals the mean, ihe factor will rise lo 1.5 after 50 years. In 
the deterministic version ey always equals 0.01. 
Accumulated production R is given by a pure integration of Y. 

R = jYdt (12) 

To describe the expression for the effect of accumulated production and resource use 
R 

R we start by CIR =0, which leaves us with the fraction 1/(1 +(JT-)" R ) . This expression 
has nice properties for our purpose. Note first the extreme values. When accumulated 
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production and use of resources is zero (initially), the value is I. i.e. no negative effect 
on production. When accumulated production tends towards infinity, production tends 
towards zero UR >*>). In between the extremes we are allowed to specify the point 
when the effect is 0.5. This happens when accumulated production R=RH-

When we again relax the assumption that (IR = 0. we reduce the weight on the 
resource dependence. Now dg denotes a lower limit for die resource dependence as 
accumulated production tends towards infinity. The functional relationship comes to 
reflect (he possibilities for substitution and innovation. 

The variable Cp represents costs of reducing emissions, the particular cost-function 

will be discussed in the next section where we model emissions. 

Growth in policy measures gp is calculated from the difference between current 

policies P and a reference value for policies PR dated IA = 20 years back in time. The 

difference is divided by tø to get a measure of growth per year. The reference PR is 

modelled as a time delay of the current policy measure P. To illustrate, assume that P 

increases in a step. At once, nothing happens to PR and we get a positive growth rate. 

After tø years the economy will have managed most of the adjustment, and PR app

roach P. Consequently, the growth rate tends towards zero, and the negative effect on 

production vanishes. 

gP = ^ (13) 

PR = J ( P - P R ) / t A d t (14) 

Growth in temperature gr is modelled similarly to growth in policy measures. Here 

tR = 20 denotes the time needed to adjust the economy to new temperatures, climate 

and sea level. 

T-TP 
gT = - ^ 05) 

TR = i ( T - T R ) / t R d t + TRo (16) 

The variable vy is a random variable which in the stochastic version refix-ts random 

fluctuations in production. It is a lagged normally distributed variable with mean 1 and 
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standard deviation 0.04. and with a lime bg of I.S yean. The lag means thai a Hidden 
increase (step) in the variable leads to a smooth decrease towards the initial level. 

Emissions 

We assume perfect competition and rational decision makers such that the amount of 
desired emissions ej per unit of production is set as an equilibrium condition where 
marginal cost of reduction in emissions equals the marginal income of these 
reductions. Note that emissions arc measured in ppmv per year, such that it fits 
directly into the equation for accumulated emissions M. The marginal income mi of 
reductions has two components, the price p, of the resources that produce emissions, 
and the tax on emissions P. 

mi = p e(l+P/100) t!7) 

where P is the percentage GHG-tax. 

The marginal cost mc of reducing emissions is assumed to increase as emissions are 
lowered, or equivalently, to decrease with desired emissions ej. Initially the index of 
cleaning technology Vg equals 1. Then, for desired emissions equal to the initial level 
of emissions eg, the marginal cost equals Ceeo . When ej equals zero the marginal 
cost equals Ceo. Costs are assumed to be finite at zero emissions, due to the option of 
using renewable energy with no net GHG-emissions. Note that the marginal cost also 
depends on cleaning technology VE . Also note that if P equals 0 initially, then pe 

equals Ceeo in equilibrium. To simplify we include initial taxes in the price pe and set 
P = 0. We set Ceeo = 0.2. Ceo equals 0.93 in the deterministic version, and is a 
drawn from a log normal distribution in the stochastic version. 

m c = c t 0 p ^ r V ' (18) 

Integrating the marginal cost function we get total costs Cp. Thus, in equation (19) we 
have reached a relationship between emissions and costs. These costs influence 
production through equation (6). 
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By equating mc and mi we find on expression for the desired emissions <y as a 
function of marginal income and thus the emission tax P. 

•n(c„»/c.o) 

The initial value of cleaning technology Ve equals 1, and the yearly progress in 
cleaning technology is a random variable which is normally distributed with mean 
equal to -0.007 and standard deviation equal to 0.004. In the deterministic version the 
standard deviation equals 0. From equation (20) we <ee that progress in cleaning 
technology reduces desired emissions. 

From (20) we can see that desired emissions equal 0, when mi equals cto. 
Substituting ceo = 0.93 and pe = 0.2 in (17) we find the maximum tax rate of 365% 
in the deterministic case. At this lax rate desired emissions equals 0, a! 1 tax rates which 
exceed 365%, increase costs without reducing emissions. Ceo is a lognormal random 
variable in the stochastic version, with an expected value of 0.94. The standard 
deviation equals 0.14. This implies variations in the maximum tax rate, with the 
interval [225,510] comprising 95% of the variation. 

Note that we have assumed that the costs of emission reductions start to influence 
production as soon as the desire is formed. This reflects that emission reductions 
depend on investments as well as operating costs, maintenance etc. The actual 
emissions are not reduced immediately, in spite of a step down in desired emissions. 
This reflects that emissions are a result of continued investments, retrofits, replace
ments and so on. Below we capture the implied time delay. In addition we introduce 
the possibility of an irreversibility in investments and in technological development; an 
improvement once made might turn out to be profitable without emission taxes once 
development costs or long lasting investments have been made. Examples are new 
technologies and housing insulation with lifetimes of more than hundred years. To 
capture irreversibility we introduce relative emissions where the exogenous technology 
component V e is excluded, relative emissions that are either reversible, err, or 
irreversible, er,'. The resulting emissions are a weighted average of reversible and 
irreversible emissions multiplied by the technology component Ve: 

e = V e(w rerr + (l-w r)eri) (21) 
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The relative emissions are modelled as delayed functions of the desired relative emis
sions tJVt. The delay lime is I, for both reversible and irreversible emissions. The 
difference between the two is that irreversible emissions can only be reduced. The rate 
of change is not allowed to be positive due to a min-funciion. Note here that if we had 
not used relative emissions in the equation for irreversible emissions, continuous tech
nological progress would have eaten into any irreversibility and made it vanish (ej 
would have dropped below <•„•). 

err = J(e(jWe-eITVledl + eo (22) 

e r i =/ min(0, (eoWe - e^/lt) dl + eo (23) 

Total emissions are calculated by multiplying emissions per unit of production é- by 
total production Y. 

E = Ye (24) 
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3 . SIMULATIONS OF POLICIES 

In this chapter we report simulations to investigate the behaviour of the model, and to 
indicate how the model can be used to search for appropriate policies. In the latter case 
the criterion is the sum of the present value of production from now until some 
horizon. We have set the horizon to 400 years. 

PV = Y—•—-^- (25) 
fSU + r ) ' y 0 

In section 3.1 we compare a base run of the model to IPCC's "business as usual" 
scenario. In section 3.2 we make sensitivity tests to investigate the importance of 
postulated effects. In 3.3 we test policies in the deterministic version of the model, and 
in 3.4 we test policies in the stochastic version. 

3.1 Base run of the model 

The first simulation is deterministic and without any policies, such that our simulation 
can be compared to IPCC's "business as usual" scenario. 

Figure 2: A deterministic run with 0% taxes, temperature Tm, GHG-conc. iv< and production Y. 

According to IPCC the best estimate for the concentration of GHG, M, is about 1100 
ppmv after 100 years, and 18°C for the temperature TM- Compared to results of IPCC 
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die parameter values we have chosen five a more optimistic scenario, with M equal to 
913 ppmv. and T\i equal to 17'C after KM) years. After 400 years M equals 1.178 
ppmv, and 7\j equals 19. TC. Y increases from IS in year I to 848 in year Aktfi. The 
present value from (25) using a I ft discount rate equals 401.4. In this first version of 
the simulation model, we get a tremendous growth in production. This is due to die 
lower limit dr of the resource dependence. Without this limit, scarce natural resources 
will curtail the growth process. We stress dial this limit is highly uncertain, as well as 
assumption about die economy's ability to sustain a constant growth rate in technology 
during periods of increasing resource scarcity. 

In the stochastic version, the mean present value of 300 different runs of the model, is 
489.4, which is significanUy larger than die present value in die deterministic version. 
Nonlinearities explain this difference. The extremes are 260.4 as the lowest present 
value, and 961.3 as the highest, the standard deviation equals 111.5. 

The mean temperature in 100 runs equals 19.9°C, which is significantly laiger than the 
deterministic result. The extremes are 15.8'C and 27.1'C, with standard deviation 
equals 2"C. 

To illustrate the stochastic version, figure 3 shows a rather pessimistic run. 

10.00 _ - ~ — " " i 
0.00 ! ooo I i i i i 

0.00 100.00 200.00 300.00 100.00 
Time 

Figure 3: A stochastic run, with 0% laxes 

7 The initial value is set approximately to the world production in 106 mill S. 
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In this run toe present value is 322.S, the temperature in year 100 is 19 and at the 
horizon the temperature is 22.9. 

3.2 Sensitivity tests of the model 

To illustrate the differeni effecls in the model, we do different runs of the deterministic 
version, where one effect is removed in each run. First we remove the exogenous 
growth in cleaning technology of 0.7% per year at average. 

10.00 
0.00 
0.00 

Figure 4: Deterministic model without growth in cleaning technology 

In this model we get a tremendous growth in greenhouse gases to 9654 ppmv in year 
400, and a temperature of 24.9°C. The temperature in year 100 is 17.5°C. The present 
value is lowered to 370.3. Corresponding values in the base run were 1378 ppmv, 
19. 1°C. 17'C and 401.4. 

Next we run the model without the resource constraint, but with all other effects inclu
ded, also the growth in cleaning technology. 
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IM J2 0 0 . » 
M 210000 
V 40000 

1000 
ooo 
000 

Figure 5: Deterministic model without resource constraints 

The development of temperature and greenhouse gases look as in the last model, but 
the growth in production is tremendous. The present valuj equals 2494.8. 
Greenhouse gases at the horizon equal 13665, temperature in year KM) is 17.5, and at 
the horizon 26.5. The modelled resource constraint clearly serves to curtail emissions. 

Next we run a model without progress in production technology, hut with all other 
effects present. 

Figure 6: Deterministic model without progress in production technology 
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The missing technological progress reduces economic growth, and (hereby reduces the 
pressure on the climate. The present value ends at 125 and the greenhouse gases at 
.IS 1.6. Temperature equals 16.4 in year UK), and IS at the horizon. Again an 
important exogenous variable. 

The three sensitivity simulations above, illustrate that excluding one of these effects 
leads to extreme results. We have also investigated the effects of excluding (he cost of 
growth in temperature, and the cost of high temperature. In both cases the effects were 
moderate. In bom simulations the temperature at 100 years increased from 17"C to 
17.1 "C. At 400 years the temperature in the model without costs of temperature 
growth, equals the temperature in the base model, while the temperature has risen to 
19.5°C (compared to 19.1°C in the base model) in the model without costs of 
temperature. The present value is raised to 405.7 in the first model, and to 445.3 in the 
second model, compared to 401.4 in the base case. This means that the effe". of high 
temperature is the most important of these two effects. 

3.3 Deterministic policy simulations 

It is beyond the scope of this report to find an analytical solution to our optimal control 
problem. In stead we do some simplified analysis of stationary policies. Using 
simulations we have estimated the optimal stationary policy in the deterministic model 
with a discount rate equals 1%. This is not necessarily dje. optimal policy. The optimal 
policy should perhaps vary over time and should utilize new information. It is nlso 
beyond the scope of this report to do further simulations to test non-stationary 
policies. Table 1 reports the results. 

Table 1: Policy in the deterministic model with 1% discount rate 
Taxes Present Value 
0-taxes 401.4 
100% taxes 407.6 
200% taxes 411.6 
300% taxes 414.9 
350% taxes 416.2 
364% taxes 416.5 
365% taxes 416.47 
400% taxes 414.3 
500% taxes 407.7 
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Bold-lace types identify the oplimul lux. The optimal tux is only slightly hclow the 
maximum tax rale of .165%. We also sec thai the margins arc small. There ure small 
differences in present values between a 3 6 4 * tax and a 0% tax or a 500% tax. 

We also test for the sensitivity of the discount rate. Tables 2-7 give the results for 
different discount rates. 

Table 2: Policy in the deterministic model with 0% discount rate 
Taxes Present Value 
0-taxes 4600.2 
100% taxes 4810.7 
200% taxes 4992.7 
300% taxes 5179.4 
350% taxes 5277.9 
365% taxes 5304.3 

Table 3: Policy n the deterministic model with 1.2% discount rate 

Taxes Present Value 
0-taxes 292.4 
100% taxes 294.7 
200% taxes 295.4 
270% taxes 295.5 
300% taxes 295.5 
365% taxes 295.1 

rable 4: Policy i n the deterministic model with 1.5% discount rate 

Taxes Present Value 
0-taxes 199.5 
5% taxes 199.501 
10% taxes 199.512 
16% taxes 199.517 
20% taxes 199.514 
100% taxes 198.9 
200% taxes 197.3 
300% taxes 195.3 
365% taxes 193.7 
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in the deterministic mulcl with 1.6% discount rale 
Taxes Present Value 
(Maxes 179.227 
1% taxes 179.225 
10% taxes 179.2 
20% taxes 179.1 
100% taxes 178.1 
200% taxes 176.1 
365% taxes 172.0 

Tabic 6: Policy in the dclerminislic model wilt 2% discount rale 
Taxes Present Value 
0-taxes 125.84 
1% taxes 125.33 
10% taxes 125.7 
20% taxes 125.5 
100% taxes 123.7 
200% taxes 121.0 
365% taxes 116.0 

Table 7: Policy in the deterministic model with 5% discount rate 
Taxes Present Value 
0-taxes 34.71 
1% taxes 34.69 
10% taxes 34.5 
20% taxes 34.4 
100% taxes 32.8 
200% taxes 30.9 
365% taxes 27.8 

We can conclude that the optimal tax rate is sensitive to the discount rate. This is not 
surprising. The global warming problem is a typical problem of intertemporal 
distribution of wealth. High emissions today, decrease welfare for future generations. 
Using a low discount rate of 0-1% we should use a reasonably high tax rate of 364-
365%, according to our model. By increasing the discount rate to 2% or higher, the 
optimal tax rate is 0%. 
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Above we have used a horizon of 400 years. Now we change this to discuss the sensi
tivity of the horizon. First we reduce the horizon in the model lo 200 years, then we 
increase the horizon to 600 years. Remember that (he optimal tax with a horizon of 
400 years was 364%. 

n the model with \1 disown rate, and the horizon reduce 
Taxes Present Value 
0-taxes 244.551 
7% taxes 244.560 
10% taxes 244.559 
20% taxes 244.533 
100% taxes 243.5 
200% taxes 241.3 
300% taxes 238.4 
365% taxes 235.8 

Table 9: Policy in the model with 1% discount rale, and the horizon increased to 600 years 
Taxes Present Value 
0-taxes 758.8 
100% taxes 795.5 
200% taxes 830.7 
300% taxes 876.4 
350% taxes 912.8 
365% taxes 927.4 

From the tables we see that optimal policy is sensitive to a reduction of the horizon, 
but not to an increase. This means that 400 is a reasonably approximation to an infinite 
horizon. 

3.4 Stochastic policy simulations 

It is beyond the scope of this report to do a considerable amount of Monte Carlo 
simulations to search for policies in the stochastic version of the model. A few 
simulations serve to indicate some results. We concentrate on the case with a 1% 
discount rale. We report the mean present value and the standard deviation for the 
mean (not the standard deviation for the distribution) for different stationary tax levels. 
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Wc at.su compare (he mean 10 (he deterministic present value tor the Jiilerent tan 
levels. 

Table 10: Policy in the stochastic model Willi 1% discount rale 

Taxes Deterministic 

Present Value 

Mean Stochastic 

Present Value" 

Standard 

Deviation lor 

the Mean 

Significant 

Differences 

0-taxes 401.4 489.4 6.4 
364% taxes 416.5 511.5 5.7 >()% 
500% taxes 407.7 501.2 10.1 

1000% taxes 374.0 466.4 10 < 5<X>% 

All the stochastic values are significantly better than the deterministic values, a result 

that is explained by nonlinearities. We do not know the optimal tax rate from these few 

simulations. We do know that the optimal stationary tax rate from the deterministic 

ense is better than a zero tax in the stochastic version, and is also better than a 1(XX)% 

tax rate. Further simulations are needed to find the optimal tax rate inside this interval. 

We remember that the maximum tax rate will be in the interval [225.510| in 959!- of 

the simulations. So we should expect the optimal stationary tax rate to he below 

510%. As in the deterministic case, we find that there are small margins between 

different tax rates. The reduction in present value from increasing the tax rate from 

364% to 1000% is only 8.8%. So as a first conclusion, it seems like the cost is low of 

preventing possible extreme climate changes by using high taxes. 

When using the temperature after 400 years as an indicator of climate change, the 

average temperature that results from a 364% tax is significantly higher than the 

average temperature that results from a 1000% tax. But the difference is small, and the 

standard deviations and the extreme values of 200 simulations are also almost the 

same. So, also in the case of risk aversion on the behalf of future generations, it seer.s 

like we can use a tax rate which is in the same domain as the optimal tax rate. 

For 0% and 364% tax rates estimates are based on 300 runs, for the others there are 100 runs. 

http://at.su
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4. CONCLUSIONS AND FURTHER RESEARCH 

We have discussed optimal climate policies, using a simulation model that inc'jdes 
global costs of an increase in temperature due to emissions of greenhouse gases, and 
global costs of reducing the emissions of greenhouse gases. The main object of this 
report is to present the structure of the simulation model. Later we want to tune the 
different parameters to more realistic values. We also want to do further sensitivity 
analysis with respect to uncertain parameters. 

We have indicated how the model can be used to test different policies. Until now. we 
have only testet stationary tax rates, later we want to test other policy rules. In the 
deterministic case we show that the optimal stationary lax rate depends on the discount 
rate. At a 0% discount rate the optimal tax rate equals the maximum economic efficient 
tax rate in the model of 365%. At a 1% discount rate the optimal tax rate is reduced to 
364%, while at a 2% discount rate the optimal rate is reduced to 0%. This result is 
probably a qualitative result that does not depend on the particular parameter values in 
the model. For the stochastic case and a 1% discount rate we indicate a stationary tax 
rate somewhere between 0 and 510%. We also know that a tax of 364% is 
significantly better than a 0% tax. Further simulations are needed to find the optimal 
rate, but the results indicate that there is only a small difference in optimal policy 
between the deterministic and the stochastic case. 

In the case of risk aversion the chance of extreme climate changes should be given a 
reasonably weight in the choice of tax policies. So it is interesting to compare the 
effects of high tax rates to for example a 364% tax rate. An increase of the tax rate 
from 364% to 1000% reduces the expected sum of the present value of production 
over 400 years by only 8.8%. So the cost seems relatively low of using a high tax to 
prevent possibly extreme climate changes. But the probability of extreme climate 
changes is almost the same for a 1000% tax as for a 364% tax. This indicates tiiat for 
the particular parameter values, the small difference in optimal policy between the 
deterministic model and the stochastic model, also holds in the case of risk aversion. 
This result !s probably dependent on the chosen parameter values. 

To conclude, it seems that more analysis is needed to improve on the policy rules. 
Before an experiment can be performed, we need to test decision strategies that take 
account of revealed information and that is not purely stationary. We also need to test 
if policies are sensitive to the chosen means and standard deviations for the uncertain 
parameters. Finally, it would be desirable to investigate the consequences of different 
simplifications of die model. 
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