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Key Features |

Output and capital accumulation are demand-driven in
medium run — the Keynesian aspect of the model.

Higher capital per capita increases output which in turn
increases the speed of CO, accumulation.

Higher atmospheric CO, concentration reduces output
and growth of capital per capita.

Hence we have a variation on “typical” predator-prey
dynamics — CO, is the predator and capital per capita
the prey. Numerical simulations suggest an upswing in
capital per capita for around eight decades, followed
by a crash of output and capital only.



Key Features Il

Contrary to familiar fox-and-rabbit models, the decay
rate of CO, in the atmosphere is very slow (the “fox” is
almost immortal). Concentration remains high,
blocking any chance of economic recovery.

We follow the usual growth theory convention of setting
up a model that converges to a steady state.

In practice the system must converge to a stationary
state with constant capital stock, CO, concentration,
etc. Otherwise, CO, accumulation will overwhelm the
economy — the Ricardian aspect.



Key Features ll|

Investment in mitigation of CO, accumulation can
offset the crash, and lead to a non-dismal
stationary state. In numerical simulations the
share of output required is on the order of
total world “defense” spending.

Begin with a slightly formal review of how the
model hangs together in numerical simulations,
then the dynamics and steady state, and finally
the cyclical convergence mentioned above.



Model Architecture |

3 dynamic variables: CO, concentration in ppmv (G),
capital stock per capita (k), labor productivity (¢).

Increase in G (or G) is proportional to output (X) with
factor of proportionality reduced by outlay on
mitigation (m) as share of X.

Increase in k (or K)driven by investment/capital
(g = I/K) less depreciation (rate &) and population
growth rate (n)

Productivity growth rate (é) driven by growth rate of
energy intensity or the energy/labor ratio (e = E/L)



Model Architecture ll

A

Ricardianlongrun: G =k = =é=n=0. So
G, k, X, capital stock (K), employment (L) and
population (N) are all constant.

Keynesian medium run: X and L determined by
effective demand driven by g and m

Medium run “capital utilization” u = X/K
increases with profit share m (“profit-led”) via
an increase in investment demand g () so
u = u(m).



Model Architecture Il

Assume that  decreases with A = L/N in a “profit
squeeze” a la Marx/Kalecki/Goodwin — this response
assures medium-run stability. In one variant m is
squeezed by G as CO, concentration drives up costs.

In another variant, m decreases just with A but higher
CO, concentration raises the depreciation rate
(“capital destruction”)

Key identity A = ku /& means that higher k increases A,
and reduces w and g. Lower g means that growth of k
slows, i.e. dk/dk < 0 so growth in capital per capita
is (locally) dynamically stable.



Model Architecture IV

An alternative closure would make demand “wage-led,”
in which case higher ¢ would “naturally” reduce labor
share or increase .

For medium-run stability there would have to be a high
employment “wage squeeze.” Two problems:

At least at business cycle frequencies a wage squeeze or
drr/dA > 0 is counter-factual

A higher g(m) in response to dr/dA > 0 and d1/0k >

0 would make dk/dk > 0 and growth would be
dynamically unstable.



Dynamics | -- CO, accumulation

Following the “Kaya identity” from climate science, CO,
accumulation equation is

G =xE —u(mX — w6 =[(x/e) — p(m)]X — wG

with € = X/E as energy productivity.. Higher mitigation m
reduces factor of proportionality of ¢ wrt X. Dissipation
parameter w for G is very small.

There is a steady state at

G = w [(xe/§) — u(m)uNx

Note that steady state G is proportional to steady state u, k, and
N (a Malthusian touch — numbers below ).



Dynamics lI— Growth of capital stock per capita

Capital stock basically scales the system (there is no
aggregate production or cost function although the
identity A = ku/& and dr/0A < 0 do apply).

Capital per capita accumulates with real investment as
K = K(g — 06 —n) . (Recall stability discussion above.)

With n = 0 there is a steady state at g = 0.

Higher m shifts up medium run g and steady state k.



Steady state with profit squeeze from both
high employment and CO, concentration |

In a steady state 6 = g = m from investment
demand. Then T = u from demand side macro
balance. In medium run we have m =
F(4,G) = F(ku/é&, G) with negative partials
from profit squeeze. Hence G and k must trade
off in steady state to hold T constant.

[Contrast, say, Solow model where 6 = g =

sf(k,G) sod = k from supply side. Also
0f/0G <0.]



Steady state with profit squeeze from both high
employment and CO, concentration Il

Slope of the nullcline for G is sensitive to m so
mitigation can support a non-dismal steady
state.

But with no mitigation, kK < 20 and G = 759 in

“business as usual”(BAU) dismal steady state
(Initial values are k = 28.57 and G = 400.)

Mitigated steady state G = 486 might

correspond to 1°C global warming; BAU steady
state with G = 759 to 3 or 4°C.



Nullclines for per capita capital stock (x) and CO, concentration
(G) when the profit share decreases with both G and k
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Steady state with capital destruction

In the second medium run variant, there is no direct
adverse effect of G on m, but higher CO,
concentration raises the depreciation rate 0 — there is
destruction of capital stock.

Now in steady state, higher G and 6 must lead to higher
m (investment is profit-led). But a higher m must be
associated with a lower k via lower A.

Again we get a trade-off between G and k. Mitigation
can again support a high level steady state. No
mitigation leads to low level stagnation.



Nullclines for capital stock per capita (x) and CO,
concentration (G) when higher G increases capital
depreciation.

Red Solid : BAU Nuliclines , Blue Dashed: m10.0125 Nuliclines

G
800

700
600
500
400

300




Levels of Key Variables in Steady States

Profit share

decreases with

both k and G
Initial value
G 400
K 28.6
X/N 8.6
A 0.429
Higher G increases
depreciation rate
G 400
K 28.6
X/N 8.6

A 0.429

BAU
759.4
19.8
5.6
0.153

698.6
20.3
6.6
0.181

Mitigated
486.2
63.0

18.3

0.5

464.7
57.3
17.2
0.468



Steady state responses when the profit
share decreases with both ¢ and k

Lots of numbers in next slides — note elasticities with
respectto N, &, and m.

Higher steady state population strongly reduces k and
X /N under BAU; relatively weak impact on G.
Magnitudes reverse in mitigated solution.

Higher labor productivity (which also raises energy
productivity) increases k, G, and X /N, more strongly
in mitigated solution.

Higher m has generally beneficial effects.



Derivatives of k, G, u and A, wrt select magnitudes at steady

state when the profit share decreases with both G and k
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Elasticities of k, G, u and A, wrt select magnitudes at steady

state when the profit share decreases with both G and k
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Dynamics |l — Productivity growth

These steady state results presuppose constant
levels of population (initial level = 7 billion, final
= 10), energy intensity e = E /L (initial =4
kilowatts per employed worker, final = 6) and
labor productivity ¢ = X /L (initial =
$20,000/worker, final = $S35,000)

See next slides for empirical relationships
between growth rates of e and ¢.



E/L growth

Growth of energy to labor ratio and labor productivity: 1970-1990
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Growth of energy to labor ratio and labor productivity: 1990-2004
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Dynamics IV — Productivity growth

So an ostinato theme in Ecological Economics is that
labor productivity is closely tied to energy intensity —
(nearly) true historically.

Hence assume that producers choose & growth rate of
energy intensity that converges to steady state level,
and labor productivity growth is determined as

§=¢&Te
with T = 1.5.

Energy productivity for use in G equation is set by the
identity e = & /e.



Transient paths to steady state — Business
as usual (BAU) dynamics |

We set up simulations to track model dynamics
toward a steady state. Growth trajectories are
affected by assumed rates of increase of
population, labor productivity, and energy

intensity (logistic curves between initial and
final levels).

First look at BAU growth when there is an
adverse effect of CO, concentration on

profitability (similar results when higher CO,
increases depreciation rate).



Transient paths to steady state — BAU
dynamics Il

Cyclical growth with crashes in capital per capita
and output after around 8 decades.

CO, concentration stabilizes at well over 700
ppmv, so an atmospheric temperature increase
of 3-4° Celsius. Output cannot recover.

Output stabilizes near its initial level of S60
trillion so output per capita falls by around 35%
at a final population level of 10 billion.



BAU simulation when the profit share decreases with
both k and G

Variant One: BAU Scenario
— BAU, m=0
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Transient paths to steady state — Climate
mitigation dynamics |

Now look at growth with mitigation at initial cost
of S160 per metric ton of carbon, or $44 per
ton of CO, (mid-range of current estimates).

With mitigation outlay of 1.25% of world output
(S60 trillion initially) CO, concentration can be
stabilized. This outlay is around one-half of
current level of defense spending.



Transient paths to steady state — Climate
mitigation dynamics Il

The macro economy basically follows the growth
path to a stationary state that would be
observed in the absence of global warming.

BAU and 1.25% mitigation scenarios broadly
correspond to the highest and lowest damage
paths in the IPCC 2013

“Front-loading” mitigation leads to more
favorable results (G = 400) — a “climate policy
ramp” would be harmful.



Transient paths to steady state — Climate
mitigation dynamics Il

These results are largely driven by convergence
dynamics of k and G to steady state levels.

Same basic pattern appears under variant
medium-run adjustments, e.g. higher CO,
concentration reduces profitability or leads to
capital destruction via faster depreciation or
shifts down a neoclassical aggregate
production function in a supply-driven full
employment Solow growth model.



BAU and mitigation simulations when the profit share
decreases with both Kk and G
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Transient paths to steady state — Impacts
on labor |

Employment is determined as a “lump of labor,” or
L = X/¢&. Elasticityof A = L/N w.r.t. £ is —1 in both
BAU and mitigated steady states. It is about
— 0.8 along transient paths (£ T= X T).

BAU steady state 4 is 65% below its initial value due to
stagnating X and increases overtimeiné and N. A
rises in mitigated solution.

At steady state, n = N = 0, or gross investment =
depreciation. Hence profit rate and saving can fall, or
A can rise slightly.



Transient paths to steady state — Impacts on
labor Il

Real wage w = (1 — m)¢.

The profit share stabilizes so that w (not shown) can rise
over time roughly in line with labor productivity.

There are potential positive feedback productivity
linkages that we are considering

Kaldor: 9§/0g>0s0é =g T= &1
Induced innovation: 9§ /0w > 0& = w 1= &1
Kellogg-Sen: 06§ /0A < 0soé T=2 A 1= &1

Effects on employment to be explored.
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