ATTACHMENT B.2. MODEL A AND THE ARCHETYPAL SCENARIOS

In this attachment we present a model of world development and use it to construct quantitative developmental

scenarios. The name of this model is “Model A.”

Model A shows changes in population, economic output, energy use and income distribution over the period 2000-
2150. Model A aggregates the countries of the world into four sectors: low-income countries, China, middle-
income countries, and high-income countries.* Decadal rates of change of population, per capita GDP, energy

intensity and income distribution are specified exogenously.

Below we construct and describe quantitative elements of the three archetypal scenarios presented in the main
text: Techno-Progressivism, Balanced Equitable World and Green Sustainability.

We start with Techno-Progressivism as the business-as-usual or reference case scenario, as motivated in the main
text. We'll use this scenario to introduce the major structural elements and assumptions of the model, and modify

these to generate the other two scenarios.

The equations of Model A are shown in Box B2-1 and Box B2-2. Derivation of initial values and growth rate
projections can be seen in Hayes (2004; Appendix 2). A display of key variables, their initial values, and their values
as of 2150 under the three archetypal scenarios is shown in Box B2-3. Supplemental discussion of the income
distribution dynamics of Model A can be seen in the Addendum. Graphic displays of the three archetypal
scenarios can be seen in Box B2-4 through Box B2-9. A complete print-out of the reference case scenario (Techno-

Progressivism) appears as Box B2-10.
a. TECHNO-PROGRESSIVE WORLD

* Population growth: World population growth slows gradually and stabilizes at 11 billion by 2100. This is slightly

above the median population projection of 10 billion prepared by the United Nations, but markedly lower than its
high projection in which population appears to stabilize at about 18 billion by 2150. The techno-progressive vision
is actually rather agnostic concerning population. Some advocates see no reason that advanced technologies
cannot support populations of 30 or 40 billion or more. Many believe that the human future will be largely either
extra-terrestrial or downloaded to silicon-based nano-scale platforms, or both, such that population size is
effectively unlimited and could grow to many trillions over the coming two or three centuries. Still other techno-
progressives advocate a minimal terrestrial population, perhaps only a few hundred million, of super-empowered
post-human entities. The stable population of 11 billion chosen here for the Techno-progressive scenario is
consistent with moderate versions of Techno-progressivism, and serves as a convenient reference level for the two
other archetypcal scenarios, both of which call for lower populations.

! These sectors follow the classification used by the World Bank in its World Development Report (1996), with the exception
that we show China as a separate sector rather than included as one of the low income countries. See Hayes (2004; Appendix
2) for the list of countries included in each sector.
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BOX B2-1. MODEL A

Equations of the Model

(1) Pi1 = Pio(1+nio) 10 population growth
(2) Yi1t = Yio (1+ gio) 10 per capita income growth
(3) €i1 = €Cio ( 1+ qio) 10 changes in energy intensity

@) yij1 = yijo (1+gi0) ' +sijrio(yiso +yiso-2yio); j=1,2,3
= yijo (1+gi0) " - rio(yijo - yio); j=4,5

changes in income distribution
[see Box B2-2 and Addendum for discussion]

(5) Gio=1.2—-[[Z%=1(6—] ) yijo]/ 12.5 (yi0)]
Gini coefficient
[see Hayes (2004; Appendix A4) for discussion]

Variables and Parameters of the Model

P = population (billions)

y = per capita income (1990 US $)

e = energy intensity  (total terawatts/total GDP)
G = Gini coefficient

n = population growth rate (%o/year)
g = per capita income growth rate (%/year)
g = energy intensity growth rate [<0] (%/year)

i = sectoral index: 1, 4 [low income, China, middle income, high income]
j = income quintile: 1, 5 [Q1, Q2, Q3, Q4, Q5]
time subscript = 0, 1, 2... =2000, 2010, 2020...

sij = redistributive proportionality factor = (yi - vij)/ [3 yi — (yi1 + yi2 +¥i3)]
r = rate of redistribution (%)

Initial and Reference Scenario values are shown in Box B2-10.
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BOX B2-2. MODELING CHANGES IN THE DISTRIBUTION OF INCOME

The equations below model changes in the distribution of income within an income sector. The per
capita income of sector 1 grows at annual rate g;, compounded decadally. In the absence of
redistributive pressure (r = 0) all quintiles share equally in this growth. At the end of each decade
income can be redistributed from those quintiles in which income is above the sector mean to those
quintiles in which income is below the mean. The proportion of the total income above the mean that
is redistributed in any period is given by the redistributive variable r, with 0 <r < 1. The value of r
can be varied by time period. Meanwhile, the proportionality factor s ensures that the amount which a
quintile whose income is below the mean receives from the total amount to be distributed is
proportional to the amount by which that quintile is below the mean. If a constant r is maintained over
decades the incomes of all quintiles converge. The larger the value of r, the faster the convergence.
We can also show r <0, in which case incomes will be redistributed from those quintiles below the
mean to those above the mean. The Addendum illustrates the derivation and interpretation of the
model in more detail. The model is a calculatory convenience that allows scenarios to be generated
showing changes in the level and distribution of income. It does not embody a theory of income
distribution. This would require that r be made a function of other variables in the model, such as the
growth rate g or per capita income, rather than standing as an exogenous variable.

@.1)  yin = yio(1+go)'® + siirio (yiao + Viso - 2Yio)
(42)  yior = yio(1+g0)'"° + sirio (Yido + Viso - 2io)
(4.3)  yir = yiso (1 +g0)'° + siTi0 ( yiao + Viso - 2yio)
(4.4)  yiar = yuo (1 +g0)"° -rio( yiso—Yio)

(4.5)  yisi = yiso (1 +gio)'® -rio( yiso—Vio)

where

6) sy = (yi-vi)/Byi-(yn+yn+ys)

(7 yi= 1/5Zy

definitions:

yijt = per capita income of quintile j of income sector i in year t
yie= per capita income of the full income sector i in year t

gi = growth rate of per capita income in income sector i in year t

s;j = redistributive proportionality factor for each quintile j of income sector i
r; = rate of redistribution for income sector i in year t
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* Economic Growth: Under Techno-Progressivism per capita GDP growth in the high income countries recovers

from its current Great Recession slump, reaches a slightly-better-than-historic-average rate of 2% annually after
2030, and stays at that level indefinitely. The other regions maintain their current catch-up rates of 4-5% for some
time before slowing to sustained rates of 2%. The middle income countries, China and the low income countries
stabilize at this 2% annual rate of per capita CGP growth at about the time that each of them reach per capita
output levels near $25,000. By 2150 per capita GDP worldwide has reached $127,000, a level 26 times its 2000
level of $4,900. The low income countries have grown faster than the high income countries, reaching levels of
GDP fully 181 times greater than their levels in 2000. However, the per capita income of $466,000 in the high
income countries remains absolutely higher than the low income country level of $66,000, a ratio of 7:1.

Note that the sustained rate of 2% per capita growth is barely the level most mainstream economists and political
leaders appear to believe is necessary to maintain social cohesion and political stability in advanced societies.
However, it is significantly above the 0.5- 1.2% percent that some analysts foresee as the new normal following the
end of the one-time long-term technological boom of the late 19" through mid-20™ centuries. Still, an annual

growth rate of even just 0.5% represents a 136-year doubling time.

* Energy use: Energy intensity is the measure of how much energy it takes to generate a dollar of output. It is
measured in units of TW/$1000 GDP. Under Techno-Progressivism energy intensity declines (i.e., production
becomes more energy efficient) along the historically aggressive path described in Appendix Box A2-6 and Box A2-
7 of Hayes (2004). Initially it declines most rapidly in China and least rapidly in the low and middle income
countries. Meanwhile the rate of decline decreases in the developed countries in the late 21 century, reflecting
technological constraints in the face of very high, and continually increasing, absolute levels of energy production.
By 2100 energy intensity is declining in all sectors at the same moderate rate of 0.5% annually. By 2150 $1000 of
GDP requires 80 KW of energy, compared with 450 KW in 2000, a 560% improvement in energy intensity. Total
energy production reaches 115 TW by 2150, over eight times the level of 13.6 TW generated in 2000. As noted in
the main text of the whitepaper outline, proposals to generate energy at this level rely on technologies that have
not yet been shown to be feasible, much less practicable.

* Income distribution within countries: Under Techno-Progressivism everyone is doing absolutely better

indefinitely, and as a consequence concern about economic inequality is minimal. We show inequality in the high-
income countries increasing at 6% per decade, roughly the rate that the top/bottom (20/20) quintile ratio in the
United States increased over the three decades 1980-2010. Under this assumption, the 20/20 ratio in the high-
income countries increases from 6.5:1 in 2000 to 15.6:1 in 2150. This is equivalent to the 20/20 ratios that
obtained in, for example, Thailand, Columbia and Zimbabwe in the late 1990s. The other three income sectors
begin in 2000 with 20/20 ratios higher than in the high-income countries. As a simplifying assumption we show
them experiencing greater economic inequality as per capita income approaches the levels of the high-income
countries, and increasing at the same rate of 6% per decade. By 2150 the 20/20 ratios in all four income sectors
have converged to the same value of about 15:1. Both per capita GDP and economic inequality continue to
increase after that point, at rates of 2% annually and 6% per decade respectively.
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BOX B2-3. MODEL A - Preliminary Results, 6/2/14

Historical ARCHETYPAL SCENARIOS - values as of 2150
Values - Techno-ProgressivelBalanced Equitable Green
Variable Units 2000 World (BAU) World Sustainability
1 |World population billions 6.2 11 9 7
2 |World GDP trillions ('90 USS) 30 1,402 676 178
3 |World GDP/capita $/person ('90 USS) 4,876 127,000 75,000 25,000
4 |World population growth rate  [%/yr 1.3 0 0 0
5 |World GDP/capita growth rate |%/yr 1.2 2 0 0
6 |World energy use TW 13.6 115 60 18
7 |World energy use/capita KW/person 2.2 10.4 6.7 2.6
8 |Energy intensity W/$1000 (*90 USS) 450 80 90 100
GDP/capita (by income sector) |{'90 USS)
9 low-income countries 366 66,000 75,000 25,000
10 | China 628 93,000 75,000 25,000
11 middle-income countries 2,752 143,000 75,000 25,000
12 | high-income countries 26,689 466,000 75,000 25,000
Ratio of per capita GDP of high-income countries to others
13 | low-income countries 73 7 1 1
14 | China 43 5 1 1
15 | middie-income countries 10 3 1 1
16 | high-income countries 1 1 1 1
Ratio of top income quintile to bottom income quintile, in each sector
17 | low-income countries 7.8 15.7 3.0 3.0
18 | China 7.1 15.7 3.0 3.0
19 | middie-income countries 7.4 15.7 3.0 3.0
20 | high-income countries 6.5 15.7 3.0 3.0
Gini Coefficients
21 | low-income countries 0.38 0.52 0.27 0.27
22 | China 0.36 0.51 0.27 0.27
23 | middle-income countries 0.37 0.49 0.27 0.27
24 | high-income countries 0.32 0.42 0.27 0.27
Mean Household Income (by quintif ('90 USS)
Low-Income Countries (n=51)
25 1st 248 23,000 90,000 30,000
26 2nd 411 55,000 111,000 39,000
27 3rd 586 89,000 134,000 46,000
28 4th 850 141,000 166,000 57,000
29 Sth 1,931 354,000 270,000 90,000
China (n=1)
30 Ist 424 29,000 90,000 30,000
31 2nd 718 78,000 111,000 39,000
32 3rd 1,080 137,000 134,000 46,000
33 4th 1,613 226,000 166,000 57,000
34 5th 3,002 455,000 270,000 90,000
Middle-Income Countires (n=57)
35 1st 1,934 51,000 90,000 30,000
36 2nd 3,157 124,000 111,000 39,000
37 3rd 4,463 202,000 134,000 46,000
38 | 4th 6,387 317,000 166,000 57,000
39 Sth 14,327 793,000 270,000 90,000
High-income Countries (n=25)
40 1st 18,267 145,000 90,000 30,000
41 2nd 34,983 498,000 111,000 39,000
a2 3rd 50,728 830,000 134,000 46,000
43 4th 69,979 1,235,000 166,000 57,000
44 5th 119,257 2,274,000 270,000 90,000
45 |Ratio of high income top quintile/low income bottom quintild 481:1 99:1 3:1 3:1
|

NB: For Techno-Progressive World (BAU) values of per capita GDP, energy use and inequality continue to increase after 2150. For Balanced Equitable World and

Green Sustainability World these values are constant after 2150. The final working paper will show all dollar values in current US 5.




BOX B24. TECHNO-PROGRESSIVISM (BAU)
POPULATION AND ECONOMIC TRAJECTORIES
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BOX B2-5. TECHNO-PROGRESSIVE INCOME DISTRIBUTION TRAJECTORIES
[All values 1990 US$; all axes to same sacle]
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b. BALANCED EQUITABLE WORLD
Balanced Equitable World (BEW) seeks to maintain the best features of modernity and global industrial civilization
while respecting the imperatives of biogeophysical limits, ensuring an equitable distribution of wealth and income,

and avoiding the use of technologies that destabilize ecological systems and the nature of human life.

* Population growth — Population growth rates follow the Techno-Progressive business-as-usual trajectory and

decline slowly to 2020. After 2020 population growth slows more rapidly than under Techno-Progressivism,
reflecting a stronger expressed preference for a smaller global population. Global population reaches 9 billion by
2050 and remains at that level indefinitely.

* Economic growth — Per capita GDP growth follows the business-as-usual scenario through 2030. After that time

growth rates in high-income countries begin to decline, reach zero in 2150, and remain stable at zero after that.
Middle-income countries grow strongly until 2050 but increasingly more slowly after that. Growth rates in lower-
come countries and China don’t begin to decline until later in the 21 century, as they have larger gaps to close. By
2150, however, the per capita income gap among all four income sectors has closed and economic output no
longer increases. Note that at no point over this 150-year period did the level of economic output decline. In 2150
per capita GDP worldwide is $75,000, a 15-fold increase over its level of $4,900 in 2000. By any measure this is a

world of extraordinary material abundance, shared equitably by all.

* Energy use: - Total energy production in 2150 is 60 TW, nearly 50% lower than the business-as-usual Techno-
Progressive level of 115 TW. Importantly, energy production is kept at this level indefinitely. The lower level of
global energy production is attributable to the 41% lower level of per capita GDP and the 18% lower level of world
population. (This lower level of energy demand is offset slightly by the somewhat arbitrary 12% higher level of
energy intensity used in this scenario, reflecting constraints on technological innovation.) Still, 60 TW is 4.4 times
the level of 13.6 TW produced in 2000. Establishing an indefinitely sustainable, carbon-free global energy regime
of that scope and scale, over the next 150 years, represents a major challenge for the Balanced Equitable World
scenario. At present there are no good proposals showing how this might be accomplished.

* Income distribution within countries: Under Balanced Equitable World income inequality in all sectors follows

the business-as-usual pattern of increasing inequality until 2020. At that point the inequality growth rate begins to
decline. It reaches zero by 2030 and by 2040 inequality begins to decline absolutley. This pattern reflects
institutional, behavioral, political and other changes of a transformative nature worldwide over the two decades
2020-2040. Inequality continues to decline absolutely through the second half of the 215 century and beyond,
resulting in a 20/20 quintile ratio of 3:1 in all sectors by 2150. At that time the top quintile of households
worldwide have a mean annual income of $270,000, while the bottom quintile receives $90,000. These represent
increases since 2000 of 230% for the top quintile and 360% for the bottom quintile. Note that these quintile
figures are consistent with both a perfectly static income distribution, in which households stay within a given
quintile throughout the income-receiving years of their members, and with a perfectly mobile distribution, in
which all households begin at $90K and end at $270K. An important feature of the Balanced Equitable World
scenario is that although the overall rate of economic growth is slower than most economists and political leaders
would accept today, it is sufficient to allow economic inequality to be dramatically reduced without any income

quintile in any income sector needing to undergo any absolute reduction in income at any time.
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¢. GREEN SUSTAINABILITY WORLD

The scenario of Green Sustainability World is based on the assumption that Balanced Equitable World is most likely
unrealizable and in any event unsustainable. 1t calls for an eventual steady-state global economy in which the
annual incomes received by households in the highest income quintiles are lower than they are today, and in
which those in today’s lowest income quinitiles are significantly better off than they are today. Under Green
Sustainability the world of 2150 is one of frugality but hardly one of poverty.

* Population growth — The population trajectory follows that of Balanced Equitable World through 2050, at which

point the growth rate reaches zero and world population is 9 billion. Rather than stabilizing indefinitely at that
level, however, after 2060 population begins a slow absolute decline and stabilizes at 7 billion by 2150.

* Economic growth - Per capita GDP growth rates follow the Balanced Equitable World scenario through 2030.

After that growth rates in the high income countries begin to decline steadily, reaching zero by 2050. In 2060
output begins to decline absolutely. This decline continues through the 21 century but begins to moderate in the
early 22" century and by 2150 output stabilizes at a new steady-state level. Over this period the developing
countries have grown slowly but continuously, and the historic per capita income gap between the developed and
the developing world is now closed. Global per capita output is now $25,000, a 680% increase for the low income
countries. For the high income countries it represents effectively no change from their per capita level of output in
2000, but it is a 46% decline from the $47,000 peak level realized in 2050-2060.

* Energy use: - Under Green Sustainability world energy production in 2150 is 18 TW, 32% greater than the 13.6
TW level of 2000 but dramatically lower than the 60 TW of Balanced Equitable World and the 115 TW of Techno-
Progressivism. The difference is largely due to the combined effects of lower population and the lower levels of
per capita GDP. Note, however, that energy use goes through a rise-and-decline trajectory, with levels above 30
TW throughout the half century between 2040 and 2090 and peaking at over 38 TW in 2060. As a consequence,
interim sources will be needed to provide another 20 TW of energy above the sustainable level of 18 TW.
Somewhat arbitrarily, energy intensity for Green Sustainability is shown to be 100 W/$1000 GDP, somewhat
greater than the levels in the other two scenarios. This is meant to reflect the generally lower level of

technological innovation and efficiency that might be expected under this scenario.

* Income distribution within countries: Under Green Sustainability economic inequality within countries follows a

pattern similar to that of Balanced Equitable World. It continues to increase until 2020, stabilizes during the 2030s,
and then declines to a 20/20 quintile ratio of 3:1 by 2150. However, the challenge of reducing economic inequality
is much greater in this scenario because the overall level of economic output is declining as well. In order to
achieve both reduced output and reduced inequity, the upper quintile of households in the high-income countries
must undergo a significant absolute decline in income. In 2000 the mean household income in this quintile was
$119,000; it rises to $203,000 by 2060 but over the subsequent century declines to $90,000, a decrease of 24%
from its 2000 level and 56% from that of 2060. Note, of course, that $90,000 in annual household income is a
470% increase for those initially in the top quintile of the Jowest income countries. Even given the markedly
reduced rates of growth under Green Sustainability, nearly 95% of the world’s population is doing absolutely
better economically in 2150 than it was in 2000. This is a consequence of the dynamics of exponential change:

even very low rates of annual change generate large absolute changes if sustained over a long enough period.
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BOX B2-6. BALANCED EQUITABLE WORLD
POPULATION AND ECONOMIC TRAJECTORIES
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BOX B2-7. BALANCED EQUITABLE WORLD INCOME DISTRIBUTION TRAJECTORIES
[All values 1990 USS$; all axes to same scale]
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BOX B2-8. GREEN SUSTAINABILITY WORLD

POPULATION AND ECONOMIC TRAJECTORIES
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BOX B2-9. GREEN SUSTAINABILITY WORLD INCOME DISTRIBUTION TRAJECTORIES

Al values 1980 USS; all axes to same scale]
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ADDENDUM: SUPPLEMENTAL NOTE ON MODELING CHANGES IN THE DISTRIBUTION OF
INCOME

The equations shown in Boxes B2-1 and B2-2 above allow us to model changes in the distribution of

income among quintiles over time. The Addendum Box 1 below illustrates how this works.

Addendum Box 1. Model A Income Distribution Procedure

.......................................................... "
P .
N y )
...... o y
D1 - -
y3
Y2
yi
Q1 > § i QS

"
r

At the end of each period proportion “r” of the total income above the mean income y
[r (X4 + X5) ] is redistributed to the three quintiles below the mean in the same proportion “s” that each
of them is below the mean. For example, for the bottom quintile, Q1, this proportion is: s; = D1/(D1 + D2

+ D3). We call “s” the redistributive proportionality factor.

This value can be expressed in terms of the mean income of the quintile (y;} and the mean income of the
sector as a whole (y), as:

s1=(y—vy1)/ [y =yi)+y—y2+(y—ys)]
={y-vy1}/[3y-{yi+y2+ys)],

which is equivalent to equation (6) shown in Box B2-2 (without the income sector subscript i).

",
r

If a positive is maintained over time the incomes for all quintiles will converge. A negative “r” will

redistribute income from the three quintiles below the mean to the two above the mean.

The model allows a growth rate “g” to be exogenously specified for the economy as a whole. Thus the
model can show how the per capita incomes of any quintile, and of the income sector as a whole, will
change given assumptions about the aggregate growth rates of income and

rates of change in the distribution of income.
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The figures in Addendum Box 2 illustrate Model A’s income distribution dynamics. Figure A shows the
quintile distribution of income for the United States in 1990, in 1990 dollars, and illustrates the trivial
scenario in which there is no change in the level of total income (g = 0), and no change in the distribution

of income (r = 0), over the period between 1990 and 2100.

Figure B illustrates a scenario in which the economy grows at a constant rate of 1% per year (g = .01) but
the distribution of income is unchanged (r = 0). Both the 20/20 quintile ratio and the Gini coefficient
remain constant over time. However, the absolute difference between the incomes received by each

quintile becomes greater.

Figure C shows total income growing at the same rate of 1% as in Figure B, but now shows redistributive
pressure of 1% (r = .01). This means that 1% of the income of the top two quintiles that is above the
mean of all five quintiles is redistributed to the bottom three quintiles, at the end of each period. Now
the 20/20 ratio and Gini coefficients decline over time, while the absolute difference among quintiles

remains constant.

Figures D and E show the results of progressively stronger redistributive efforts, r =.0175 and r = .04,
respectively. For any given rate of aggregate growth (in this example, 1%) there is a threshold level of
redistributive effort above which the top quintile will be forced to undergo an absolute reduction in its
income, rather than simply a reduction in its relative income share. In Figure D (r =.0175) incomes
converge rapidly but at no point need the top income quintile forsake further income growth entirely. in
Figure E however (r = .04), the incomes of the top quintile must decline until 2025, at which time they can
begin to grow once more. Note that as the average incomes of the quintiles converge, their rates of

growth do so as well.

Figure F illustrates a scenario in which there is no aggregate economic growth (g = 0) but the distribution
of income becomes more equal. In this situation there is no choice but that the top quintiles undergo an
absolute decline in their average incomes. It is instructive to compare Figure F with Figure C. Both show a
redistributive pressure of 1% {r = .01) and thus show the same 20/20 ratios and Gini coefficients at every
point in time. But in C this takes place while aggregate income is growing at 1%, while in F there is no

growth of aggregate income.

Interpretation of “r”

As noted in the text, the term “redistributive pressure” is used here in a very general sense. It might
refer to policies that take from the rich and give directly to the poor. It might refer to policies that tax the
rich to provide educational services that increase the earnings abilities of the poor. It might refer to
market mechanisms that generate greater income equality, perhaps by creating incentives for hard work.
Its use in Model A is heuristic, not analytic.
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Addendum Box 2. Model A Income Distribution Dynamics

A. 0% Growth, 0% Redistributional effort
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