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Summary 
 
Dynamic New Earth 21 was developed to make a comprehensive assessment of the 
technological measures for mitigating global warming and to sketch concrete scenarios 
for the desirable future development of the global energy system over the twenty-first 
century. Dynamic New Earth 21 was formulated on the basis of the New Earth 21 
model. The Dynamic New Earth 21 model was built to cope with newly emerging 
research topics such as integrated assessment of climate change. This paper presents the 
latest numerical results of this model and its outlined descriptions. 
 
In the framework of the energy model built here, the whole world is divided into ten 
regions so that it can explicitly evaluate the differences in regional economic and 
geographical conditions. The model can assess the various technological options up to 
the year 2100, optimizing inter-temporally the sum of the discounted total energy 
system costs. With specific technological options, the model takes account of the 
following categories of technologies: energy savings in end-use sectors, efficiency 
improvement in energy conversion sectors, utilization of various less carbon-intensive 
energy resources, disposal and recycling of CO2 recovered in the energy systems, and 
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innovative system technologies especially with respect to hydrogen use. 
 
The results of the study suggest that the CO2 problem cannot be easily settled by any 
single technological option. However, they also suggest that if those options are 
reasonably combined with one another, there exists great technological potential for 
CO2 emission reduction. For limiting atmospheric CO2 concentrations below 550 ppm 
over the twenty-first century, the computed optimal CO2 emission trajectory indicates 
that relatively modest abatement actions are expected in the near future, implying that 
immediate CO2 emissions reduction or stabilization strategies will not necessarily lead 
to economically efficient outcomes. 
 
1. Introduction 
 
The global warming problem associated with anthropogenic emissions of greenhouse 
gases (GHGs) is one of the most crucial environmental issues in the world. We expect 
that these GHGs will increase the global mean temperature by around 2 K by the end of 
the next century. This global warming is thought to cause serious climate changes, 
which will have great impacts on humanity.  
 
Some of these GHGs have potentially greater effects on global warming than others. 
Many researchers have studied the relative contributions of these gases. Although CO2 
causes the least effects on a per mole basis, recent studies show that CO2 has been 
responsible for more than half the total additional radiative forcing, because of its large 
absolute increase in atmospheric concentration. 
 
This CO2 related problem has attracted considerable attention all over the world, and 
has developed from a merely scientific subject into an international political issue. 
Many efforts toward a settlement of this problem have already been made through 
internationally organized meetings, such as the Intergovernmental Panel on Climate 
Change (IPCC). It is likely that certain targets will be set for reductions in the CO2 
emissions of individual countries to realize the ultimate objectives. 
 
In such a context, it is important to make a comprehensive assessment of the 
technological measures for limiting the atmospheric CO2 concentration at a level that 
would prevent dangerous anthropogenic interference with the climate system, and then 
to sketch concrete scenarios for the desirable future technological development of the 
global energy system.  
 
To conduct the assessment, a new global energy system model, Dynamic New Earth 21, 
was developed on the basis of the New Earth 21 model. Our major concern is not to 
predict either the volume of future energy demand or the growth rates of world 
economy, but rather to develop future scenarios of the CO2 abatement technologies. 
 
 The model attempts to draw pictures of desirable development for future energy 
systems under a given reference final energy demand scenario. The outline and the 
numerical results of Dynamic New Earth 21 model are presented with full reference to 
the detailed description of the model. 
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2. Outline of the Dynamic New Earth 21 Model 
 
2.1. Basic Framework 
 
There have already been a number of attempts to develop energy models appropriate for 
envisaging future energy and environmental scenarios. A typical example is the 
Edmonds and Reilly model used by US Environmental Protection Agency to make a 
one hundred-year scenario for greenhouse gas emissions in the world. The model is a 
network of regional energy models interconnected by the linkage of international energy 
trade. The Edmonds and Reilly model, however, does not sufficiently deal with the 
technological details of energy system structures, so it is limited in its ability to 
investigate details of future energy supply-demand structures, such as the combined use 
of different energy resources in energy conversion processes. 
 
The MARKAL model developed by International Energy Agency (IEA) is a well-
known engineering process model with linear programming technique for investigating 
the details of energy supply systems. The MARKAL model can be used to evaluate 
energy technologies given the criterion to be optimized. The various versions of the 
MARKAL models are widely used in the world as nationwide energy models and 
modeling activities have been coordinated by IEA. The MARKAL model is too 
complicated, however, to be used as a global model by networking a number of their 
regional versions. The MARKAL models have so far been used only as national models 
mainly for developed countries.  
 
Taking into consideration that the climate change issue is of genuine global character, 
we need another technologically detailed energy model, which covers all world regions 
on the globe. In response to this specific need, on the basis of New Earth 21 model, 
Dynamic New Earth 21 model has been developed with the basic framework described 
in the following sections.  
 
Geographical coverage: The technological potentials are often constrained by regional 
factors, such as the sectoral structure of energy consumption and the availability of 
natural resources. For a logical and consistent technology assessment, it is necessary to 
identify energy systems of different world regions. Dynamic New Earth 21 was 
formulated as a multiregion model, and the whole world is geopolitically divided into 
10 regions as shown in Figure 1.  
 
1. North America 
2. Western Europe 
3. Japan 
4. Oceania 
5. Centrally Planned Economy Asia 
6. South and East Asia 
7. Middle East and Northern Africa 
8. Subsaharan and Southern Africa 
9. Latin America 
10. Former USSR and Eastern Europe 
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Figure 1. Divisions of the world’s countries 
 

Time framework: The CO2 problem requires quite a long-term analysis of future 
energy systems. The published literature on the CO2 problem indicates that it is unlikely 
that we can settle the problem early in the twentieth century, and an emerging research 
topic of integrated assessment of climate change suggests that the time horizon of this 
kind of analysis should be as far as the end of this century. However, a longer time 
horizon does not necessarily yield more meaningful results of the analysis. The time 
horizon is inevitably restricted by one fundamental factor, that is uncertainty in the 
long-term projections on future energy demand and technological innovation. Therefore 
we decided that the moderate terminal year of Dynamic New Earth 21 model should be 
the year of 2100. Under exogenously projected scenarios of reference energy demand, 
the Dynamic New Earth 21 model seeks the optimal development path for the future 
world energy system at intervals of ten years up to the year 2050 and at longer intervals 
of twenty five years thereafter. 
 
Methodology: The Dynamic New Earth 21 model is mathematically formulated as a 
multiperiod inter-temporal nonlinear optimization problem with inequality and equality 
linear constraints. The constraints represent supply-demand balances, energy, and CO2 
balances in the various types of energy processing plants of each period, and several 
inter-temporal dynamics such as depletion of fossil fuel resources, buildup of the 
atmospheric CO2 concentrations, and limitations on the maximum growth rates of 
annual fuel production. The objective function of the problem is defined as the sum of 
the discounted total energy system costs distributed over the time, which include energy 
saving costs, fuel costs, levelized plant fixed costs comprising capital and maintenance 
costs, inter-regional energy transportation costs, CO2 recovery and disposal costs, and 
so forth. The cost functions of renewable energy supply and energy saving in final 
consumption sectors are assumed to have nonlinear characteristics, while the supply 
cost curves of fossil fuels are expressed in step-wise linear function with respect to their 
amounts of cumulative production. Our model can therefore take account of the 
dynamics of the energy systems, and can sketch out fully consistent scenarios of their 
normative future evolution. 
 
2.7. Energy Demand and Saving in Final Consumption Sectors 
 
Energy demand: The final consumption sector of the model is disaggregated into the 
following four types of secondary energy carriers: 1) gaseous fuel, 2) liquid fuel, 3) 
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solid fuel, and 4) electricity. The liquid fuel demand is again decomposed into three 
types of oil products or their equivalents: 1) gasoline, 2) light fuel oil, and 3) heavy fuel 
oil. In the case of electricity demand, we explicitly take into account daily load duration 
curves expressed simply with three time periods: peak period, intermediate period, and 
off-peak period. The potentials of future energy demands are exogenously given as 
reference scenarios by type, region, and year. The reference scenario of energy demand 
in this study was derived from the well-known IPCC emission scenario of IS92a which 
have been often referred to as a business-as-usual scenario in many studies. It is to be 
noted that we made some modifications in the original IPCC scenario so as to make it 
consistent with the disaggregation framework of our model. Figure 2 shows the 
assumed reference energy demand scenarios. 
 
Energy saving: There are two different approaches to compose the cost curves 
associated with energy saving. One is a bottom-up approach by accumulating costs of 
individual technologies, and the other is a top-down approach by adopting the 
macroeconomic concept of price elasticity of energy demand. Because of the difficulty 
in arranging detailed and comprehensive data sets for the bottom-up approach, we 
adopted a top-down approach in which the saving cost is calculated from a cost curve 
represented with only a couple of parameters, i.e. a price elasticity and a reference 
energy price. Outputs of the model therefore indicate only aggregated behaviors of 
energy saving, and cannot highlight explicitly any particular kinds of energy-saving 
technologies as computational results. 
 

 
 

Figure 2. Reference energy demand scenario for the world 
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It is to be noted here that there are two different factors underlying energy saving 
behaviors, i.e. autonomous energy efficiency improvements (AEEI), and energy saving 
induced by price increases. In this study, the effect of AEEI is assumed to have been 
already incorporated in the process of building the above reference energy demand 
scenarios by IPCC.  
 
Costs for price-induced energy saving are counted by integrating inverse demand 
functions in this study. The cost thus measured is interpreted as the loss of consumers’ 
utility in welfare economics. The derivation of the utility loss is formulated as follows. 
First let us introduce a demand function D(P) of Eq. (1) which is simply characterized 
by long-term price elasticity α, reference retail energy price P0 and reference energy 
demand D0. (Here we omit the subscripts for region, sector, and year.) In the Dynamic 
New Earth 21 model, a set of reference energy demands and price elasticities are given 
as exogenous inputs for each final demand sector. Regarding reference retail energy 
prices in the future, they are to be calibrated as mentioned later in this section. 
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Then we can derive the inverse-demand function P(D) from the above equation. 
Introducing the amount of saved energy S, and replacing D with D0 − S, the following 
cost function of Eq. (2) can be obtained. 
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According to welfare economics, the utility loss C(S) associated with energy saving S is 
defined to be an integral of the inverse-demand function as follows. The integral of Eq. 
(3) corresponds to the hatched area illustrated in Figure 3. 
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Figure 3. Energy saving costs measured as a loss of consumers’ utility 
(hatched area) 
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The value of the reference demand D0 is described in Figure 2, and that of α is found in 
Table 1.  
 
An additional process is necessary to determine the specific value of P0, if we assume 
no price-induced energy saving behaviors in a BAU (business-as-usual) case. This 
assumption requests us to set P0 exactly equal to SPBAU, that is the shadow price of 
secondary energy in a BAU case. SPBAU, therefore, must be calculated in advance, by 
solving the optimization problem in which energy demands are fixed to the reference 
ones with no abatement policies for CO2 emissions reduction.  
 
However, SPBAU thus calculated does not necessarily represent a corresponding real 
retail energy price listed in Table 1. This is because the model cannot take account of all 
the costs associated with energy use and distribution. To make P0 more consistent with 
the real price, we additionally introduced DP defined in Eq. (4), and set the reference 
energy price of P0t using both DP and SPBAUt by region, sector, and year as shown in 
Eq. (5). (We omit the subscripts for region and sector.) 
 

Secondary 
Energy 

North 
America 

Western 
Europe 

Japan Oceania The Rest 
of 

the World 

Long-term 
Price  

Elasticity 
Gaseous Fuel 
Liquid Fuel 
Solid Fuel 
Electricity 

200 
340 
60 
70 

285 
710 
160 
110 

920 
590 
120 
160 

170 
500 
50 
70 

170 
280 
50 
50 

－0.4 

－0.4 

－0.4 

－0.4 
 

Table 1. Retail energy prices and long-term price elasticities 
(unit: $/TOE for fuel, $/MWh for electricity) 

 
1990 2000DP P SPBAU= −  (4) 

 
0 tP t SPBAU DP= +  (5)  

 
Where 
 
P1990:  real retail energy price in the year 1990 
SPBAU2000: computed shadow price for the year 2000 
P0t:  reference retail energy price for the year t 
SPBAUt: computed shadow price for the year t 
 
DPs are different by region and sector, and are interpreted as aggregated costs, which 
involve various distribution costs; subsidies and/or conventional indirect taxes levied on 
energy use. 
 
Because there is no information about time profiles of DPs in the future, we therefore 
simply assumed constant DPs throughout the time horizon.  
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