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Popular trends in ecological economics increasingly consign neoclassical economics to the sidelines of modern-
day relevancy. The neoclassical tradition is often seen as reliant for its authenticity on a presumption of human
avarice – both unbridled consumerism and corporate cupidity – and demanding for its real-world applicability
an assumption of continuous economic growth in a world of hard limits.
This article examines the question of whether neoclassical theory could instead provide keys to deeper under-
standing of sustainable consumption. By combining in a single framework neoclassical growth theory, general
equilibrium theory and duality theory – and by explicitly considering leisure time – the analysis demonstrates
that neoclassical economics yields several useful insights bearing on long-term sustainability. The analysis
confirms several tenets of ecological economics and challenges others.
Eight propositions emerge from this analysis that could help speed the development of a robust neoclassical
theory of sustainable consumption, here branded “golden age” propositions as they strongly echo the “Golden
Rule” discoveries of Edmund Phelps.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

It is currently popular among a growing number of ecological and
sustainability economists to dismiss neoclassical economics for its ap-
parent sanctifying and legitimizing of corporate and consumer cupidity
and a seeming requirement for its validity of unbridled never-ending
growth.

This article seeks to help rehabilitate this image neoclassical eco-
nomics has fallen victim to. In fact, it will be claimed that a world of sus-
tainable consumption requires all the trappings of a competitive private
ownership economy, including producer profit-maximizing behavior
and consumer utility-maximizing behavior. And that neoclassical eco-
nomics is indispensable to a correct understanding of a sustainable
world.

The history of this evident disconnect is revealing. In a vigorous and
entertaining debate found in the early pages of the present publication,
Herman Daly (1997) used the device of appealing to the work of
Georgescu-Roegen (1975, 1979) to challenge leading neoclassicists
Robert Solow and Joseph Stiglitz on the fundamental underpinnings of
their conception of economic growth. Solow (1997) and Stiglitz
(1997) responded in a manner befitting the neoclassical tradition they
helped create, but left unaddressed key issues raised by Herman Daly
(1997). Robert Ayres (1997), in the same issue, offered a very precise,

even surgical, dissection of the strengths and limitations (mostly
strengths) of Georgescu-Roegen's arguments.

While at first brush these two campsmay appear to hold virtually ir-
reconcilable positions, this paper seeks to present a more robust neo-
classical response to Herman Daly (1997) that purports to show that
in fact both camps present valid arguments — and indeed may not be
as far apart as some appear to believe.

In particular, it will be shown that a more comprehensively-
conceived neoclassical formulation of sustainable consumption opens
the door to a deeper understanding of the following: the prospect of
indefinitely-extended fixed consumption levels; the prospect of natural
“golden rule” consumption paths (in the Phelps sense) having not only
indefinitely-extended fixed consumption levels, but ever-declining re-
source use and ever-increasing levels of leisure time; the sustainability
implications of limited and depleting natural resource stocks; poverty
elimination and consumption trends; and the surprising and counterin-
tuitive effect of improvements in natural resource use efficiency gains. It
is further shown that the framework delivers results that are in many
ways confirmatory of the ecological economics tradition but in other
ways challenge it.

2. Background

Given this heroic objective of marrying neoclassical economics to
ecological economics, the theoretical framework here offered must by
necessity call upon principles and methods developed by neoclassical
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researchers in four different realms. To help assuage the concerns of the
skeptic, the following descriptions attempt to highlight their common-
sensical foundations:

First, general equilibrium theory: The framework relies heavily on
the work of Gerard Debreu and Kenneth Arrow (Arrow and
Debreu, 1954), who importantly and famously demonstrated that
a competitive private ownership economy will naturally tend to
evolve toward an equilibrium where all markets clear at prevailing
prices using profit-maximizing and utility-maximizing principles in
a way that maximizes economic welfare. In this world, individuals
own the means of production and command the labor they offer to
producers. The first of these is via the investments they (or their
household) make, meaning the capital existing in the economy is
in their hands. More importantly for present theoretical framing
purposes, so is their choice over how much of their time they will
allocate to producers, and how much to reserve as leisure time.
General equilibrium provides a natural framework, and justification,
for explicitly considering leisure time as a quantity in a general
utility function.

Second, neoclassical growth theory:With insights about sustainable
consumption economics the primary goal, the framework clearly
must consider the long-term evolution of an economy. Fortunately,
Robert Solow in 1956, working from a thorny conundrum that had
plagued previous growth theorists, created a framework that both
solved the problem and delivered important new insights about
the nature of economic growth and the role of technology in creating
it (Solow, 1956, 1988). For purposes of the present framework, the
key implication is that long-term dynamics must be represented in
a way that conforms to the principles and methods of neoclassical
growth economics, including explicit consideration of technology
gains.
A benefit follows from this. Of specific importance to the neoclassical
growth theory is the work of Edmund Phelps, who established a
central result known as Phelps' Golden Rule of Accumulation
(Phelps, 1961, 1965). The present analysis shows that combining
the general equilibrium piece with the neoclassical growth piece
delivers substantial confirmation of Phelps' Golden Rule and leads
to a modest extension of it.

Third, duality theory: To unite the production side and household
consumption side of the economy, and to be consistent with both
general equilibrium theory and neoclassical growth theory, physical
quantities must be accompanied by their prices. Ronald Shephard in
1953 and later in 1970 developed the foundation for duality theory
(Shephard, 1953, 1970), enhanced and made more broadly under-
stood and accessible by Erwin Diewert (1974) and others in the
decades thereafter. A proper framework must account for this tight
connection, which as will be seen carries with it significant implica-
tions for consumption.

Fourth, neoclassical consumption theory: Neoclassical growth theo-
ry assumes a fixed-for-all-time relationship between savings and
the productive value output of the economy (an assumption, it will
be seen, that is generally warranted even within this extended
framework). The rubric adopted by neoclassical consumption theo-
rists is somewhat different. Specifically, the work of Franco Modi-
gliani and his colleagues Richard Brumberg (Modigliani and
Brumberg, 1954) and Albert Ando (Ando and Modigliani, 1963) on
lifecycle consumption theory predicted that consumption behavior
would depend not only on the value output of the economy, but
also on the assets held by the household. The present framework

instead shows that while household utilitymaximizing behavior de-
livers tight relationships between consumption/savings and both
output and assets, these connections are delivered as a result, not
an assumption, of the framework, thus explaining observed
correlations.
Finally and not least, because a substantial part of the concept of
“sustainable” is not only consumption itself but also the raw
resource use required to enable it – including the associated exter-
nalities and limitations of such in the present-day world – the
framework embodies on the productive side of the economy explicit
consideration of this key input to production.

With these concepts in hand and attended to, a framework to
address the notion of sustainable consumption from a neoclassical
economics perspective can be assembled.

For theorists, four primary technical contributions purporting to be
offered in the context of this growth framework are:

1. A broadening of the household utility function to include specific
consideration of the value of leisure time.

2. Endogenization of savings behavior and resulting capital formation
and endogenization of labor supply.

3. Explicit consideration of the duality principles that lock prices to
physical quantities, allowing the system to be closed in a general
equilibrium sense.

4. Formal consideration of physical resource use in the production of
final goods and services (not in itself a new development, but new
when introduced into such a framework).

The alleged overall technical contribution is the formal integration of
these features into a framework that honors general equilibrium in each
time period of a growth model: all factor markets (and the output
market) clear at their endogenously-calculated prices each period;
there is no need for labor or capital supply curves as labor supply and
investment are determined endogenously from utility-maximizing
behavior. The only exogenous inputs needed are the growth rate of
the labor force (or population) and the physical deterioration rate of
capital-in-place (depreciation rate).1

The article is organized as follows: The next section briefly describes
the theoretical framework. The section thereafter outlines the simula-
tion model, an instantiation of the theoretical frame in the form of spe-
cific functional representations of utility and production. After that, the
resulting analytics are developed, leading to the proposed eight propo-
sitions offered in the section following thereafter. Then is offered a list-
ing of cautions and limitations, followed by an attempt to re-cast the
neoclassical–ecological economist debate in broader terms, and sum-
marizing comments on the value of neoclassical economics to under-
standing sustainability. Appendices contain mathematical details.

3. Theoretical Framework — Briefly

The centerpiece of this article is a new theoretical framework
purporting to integrate all the key neoclassical concepts relevant to a
deeper evaluation of sustainable consumption, but as present readers
may be disinclined toward neoclassical mathematics, a full description
is left to online appendices, posted alongside this article.2

Nonetheless, tomake sense of the results that follow, readers require
a brief overview of the framework and the meaning of certain variables
and parameters. More importantly, the following exposition is aimed at
informing intuition and illustrating the commonsense foundations of

1 That is, aside fromany parameters associatedwith functional forms chosen for a utility
function and a production function (including any technology change parameters
employed).

2 Notwithstanding this, the author eagerly welcomes reactions and criticisms to this
formulation by neoclassical economists who, it is hoped, will engage the full formulation
presented in the appendices.
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what may otherwise appear to some as arbitrary mathematical
constructs of neoclassical theory.

3.1. Households and Producers

In neoclassical economics, households make their choices and
display their preferences by appealing to an underlying utility function.
The household utility function is here taken to be a function that
operates on three physical quantities – consumption, savings and
leisure time – to deliver a measure of household satisfaction. Duality
theory later allows us to incorporate consideration of associated prices.
In particular, consumption C is taken to be the quantity of goods and
services (expressed in some physical terms) used by the household in
a given period. Likewise, leisure time l is considered to be defined in
units of hours (or hours per time period). Savings S is considered to be
equivalent to the quantity of physical production assets towhich house-
holds newly claim ownership by investing savings of amount S (“real”
savings, when duality conditions are considered). These combine to
produce household satisfaction u as follows:

u ¼ f C; S; lð Þ: ð1Þ

Realizing maximum utility requires that households command
externally-generated resources, resources that determine the budget
available to them (derived in online Appendix A). Further, consumption
(and savings) cannot occur without something physical being provided
to the households. Physical consumption requires that the economy in-
cludes a productive sector, and households must supply that sector the
necessary capital and labor resources. Again in standard fashion, this
sector is represented with a production function, depicting the manner
in which capital and labor supplied by households can be employed to
produce consumable goods and services:

Y ¼ g K; Lð Þ ð2Þ

where Y is the physical quantity of goods and services that can be pro-
duced using the physical capital K and physical labor L supplied by
households via their savings/investments and via their participation in
the workforce. A key distinction is here made between the quantity of
labor L households decide to contribute to production and the quantity
of work hours theoretically available to supply it, L, the difference being
leisure time, l ¼ L−L. Economy-wide, this can be thought of as the dis-
tinction between the workforce employed and the available workforce.
In this framing of labor employment, “full employment” means the
number of hours per period households are willing to supply firms,
with account taken of desired levels of leisure time (and human beings
clearly need time to sleep, eat, etc.). The introduction of natural
resources R into the framework is described below.

Both theutility function u and theproduction function Y describe sets
of possibilities, not specific solutions, thus compelling consideration of
agents' behavior. Specific solutions can be delivered by combining pro-
ducer profit-maximizing behavior with household utility-maximizing
behavior, described explicitly in online Appendix A.

Formally closing this system requires introducing duality principles
in the form of endogenously-calculated prices for the physical variables
so that markets all clear in a general equilibrium sense. As shown in
online Appendix A, the price of capital r, the price of labor (or wage
rate, w), and the price of output c are sufficient to achieve this, even
considering that physical consumption, physical savings, and resources
R must each carry a price. Further, it is shown that leisure time must
carry a price and that this price is precisely w – the wage rate – and so
the framework places implicit value on labor that creates economic
value but is uncompensated, e.g., household operations and child care.

3.2. Neoclassical Growth Dynamics

Clearly time dynamics is central to an understanding of sustainable
consumption. Further, account must be taken of the fact that physical
assets in the form of human-fabricated capital deteriorate over time,
absent some fanciful appeal of the laws of thermodynamics.

Neoclassical growth theory provides the natural means to examine
evolution of the economy over periods spanning decades, the horizon
of relevance to long-term sustainability.

The application of growth theory startswith the labor supply capacity
L introduced above. In parallelwith the standard framework, this capacity
will grow over time at some “natural” rate n, so that:

Lt ¼ L0e
nt
: ð3Þ

In a slight departure from standard neoclassical growth theory,
capital accumulation is here driven by household choices regarding
savings according to their utility function (Eq. (1)). In any period,
households contribute capital to production by forgoing consumption
of some of the final output created by their capital and labor contribu-
tions and instead allow a portion of production to be directed to the
creation of capital goods in the form of investment. Thus, investment
in each period is:

It ¼ St : ð4Þ

The resulting capital in place (and investment assets held by house-
holds) is calculated accounting for physical depreciation, δ. So in any
one period capital in place is

Kt ¼ 1−δð ÞKt−1 þ St : ð5Þ

At this point, the framework is essentially complete. Note that every-
thing is endogenously-determined with the exception of the two exog-
enous parameters n and δ.

But to address the “sustainable consumption” question raised at the
outset, two additional refinements require attention.

3.3. Refinement #1 — The Resource Sector

Much of what occupies the attention of ecological economists is the
notion that the available raw resources that sustain economic activity
are in many cases finite and exhaustible, living as we do on a spherical,
geometrically-bounded planet. And further that their exploitation
entails ever-greater assaults on the natural environment— the “natural
capital” endowment that fundamentally enables human well-being.

In fact, a key contribution of ecological economics is the recognition,
first brought to light by Georgescu-Roegen (1975, 1979) and developed
inmore explicit detail by Daly, that it is inadequate to consider resource
flows through the economy alone, but that rather the stocks of natural
resources must be simultaneously accounted for if the story is to be
complete in any finite world. And that thermodynamic principles
place stringent limits on human exploitation of those stocks.

Georgescu-Roegen and Daly have further argued that human-
generated physical capital and raw resources (“natural capital”) are
not ready substitutes for one another (as neoclassical economics
seems to assume), but rather more closely resemble inputs comple-
mentary to one another — both are necessary. And that a continual
flowof raw resources is needed tomaintain any given level of economic
activity.

To accommodate these ideas, the framework takes explicit account
of raw resource use, first as a flow feeding production:

Y ¼ g X KX ; LXð Þ;R KR % LRð Þ½ ' ð6Þ

where KR and LR are the capital and labor allocated to the production of
raw resources R that feed the production of intermediate goods and
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services X to deliver final output Y, while KX and LX are those feeding the
production of intermediate goods and services directly. Capital and
labor in both sectors contribute to the creation of final goods and
services in a manner governed by the function g.

Three things to note about this formulation: One, depending on the
nature of the function g (this is made more explicit in the following
section), capital, labor and resources can indeed substitute among one
another to a greater or lesser degree. This comprehends the positions
of Solow (1997) and Stiglitz (1997), who each cite examples of such
substitution in defense of this idea. But two, when combined with the
neoclassical growth dynamics described previously, it becomes appar-
ent that capital and resources are nonetheless clear complements in
an entirely different sense — any expansion of capital employed, deriv-
ing from household investment sufficient to more than replace capital
stock that has depreciated out of the system,will carry with it increased
requirements for resources to make this capital productive, a feature in
concert with the conceptual formulations of both Georgescu-Roegen
and Daly. A portion of final output Y, it will be recalled, will be set
aside by households for the creation of resource-using capital goods —
not all of Y is consumed in any period. And three, it can be seen from
Eq. (6) that the creation of this new capital itself entails the consump-
tion of resources — capital has “embedded” in it the resources used to
create it (as does all output Y of goods and services), a strong echo of
the long-ago idea of “embodied energy” put forth by Robert Costanza
(1980).

To comprehend the resource-as-stock question, declining technolo-
gy parameters, later described, are applied to KR and LR to reflect the
increasing difficulty (and cost) of exploiting depleting stocks of natural
resources without damaging ecosystems. This is later used to explore
the notion, advanced by both Georgescu-Roegen and Daly, that con-
sumption – to be sustainable – must rely on ongoing “maintenance
flows” of natural capital. As will be seen, the dynamics that emerge
from this formulation closely mirror those reported by Kraev (2002).

As described in online Appendix B, the application of Shephard's
Lemma, along with an assumption that capital and labor are fungible
across these two sectors, allows us to preserve the integrity of a closed
system, with only n and δ introduced exogenously.

3.4. Refinement #2 — Technology Gains

A central element of Robert Solow's astonishing contribution to our
understanding was explicit consideration of the effects of technology
gains. He, and others, recognized that no neoclassical theory could be
explanatory of Nicholas Kaldor's “stylized facts of economic growth”
(Kaldor, 1957) without acknowledging this.

Accordingly, a defensible framework must take account of this
phenomenon. Specifically, the production function (Eq. (2)) should be
specified as

Y ¼ g K; L;τð Þ ð7Þ

where τ is a vector of technology parameters. In neoclassical growth
fashion, these parameters are introduced as factor-augmenting technol-
ogy gains.3 This is a divergence from the approach adopted by ecological
economists such as Robert Ayres, who famously and properly intro-
duced the idea that economic growth is fueled in large part by efficiency
gains in the use of exergy (e.g., Ayres andWarr, 2005), which he claims
better explains Kaldor's “growth gap” than do factor-augmenting tech-
nology gains, and importantly is more consistent with thermodynamic
principles. However, honoring the neoclassical formulation of the present
framework requires the factor-augmenting approach, as the production

function adopted byAyres andWarr (an adaptation of the LINEX function
developed by Kümmel et al (1985)) violates neoclassical principles.4

In the next section this vector τ is specified more precisely for the
present analysis, but with its introduction, we now have a complete
neoclassical specification.

Unfortunately, this is about as far as the theoretical framework itself
will take us in exploring the question of sustainable consumption.
Owing to the rich diversity of variable interactions, analytic conditions
readily derivable from the framework are complex anddecidedlymiser-
ly in the insights they offer.5 While nimbler minds may do better, the
development here is reduced to working with specific functional
forms, and what may be worse, exploring what a simulation model
has to tell. That said, the simulation model is an exact implementation
of the theoretical framework's equations, with no added or hidden as-
sumptions beyond a specific parameterization of the functional forms
based largely on the econometric measurements of Stern and Kander
(2012) for Sweden.

4. The Simulation Model — Briefly

Simulations in the following sections employ a utility function of the
Cobb–Douglas form:

u C; S; lð Þ ¼ u0C
γSν l1−γ−ν

: ð8Þ

While more sophisticated functional forms are often used, this
form has the advantage that the exponents of C, S, and l denote
households' preferred shares of consumption, savings, and leisure
time, thus informing intuition in the results that follow. Note that it
is a constant-returns-to-scale function, indicating that households'
utility neither saturates nor accelerates when the three components
rise in lock-step.

The production function is chosen to reflect common usage in neo-
classical growth theory. In particular, the framework employs an extend-
ed version of Solow's so-called CES (constant-elasticity of substitution)
production function:

Y ¼ a τKX
KX

! "α
τLX LX

! "1−α
# $ρ

þ 1−að Þ τR τKR
KR

! "β
τLR LR

! "1−β
# $ρ% &1=ρ

:

ð9Þ

Here there are two sectors, where KR and LR are the capital and labor
allocated to the production of raw resources R that feed the production
of intermediate goods and services X to deliver final output Y, and KX

and LX are the capital and labor allocated to the production of interme-
diate goods and services themselves. Specifically, intermediate goods
and services are produced by using the quantities of capital and labor

allocated to this sector so that X ¼ τKXKX
' (α τLX LX

' (1−α and likewise

raw materials are produced in the physical quantity R ¼ τKRKR
' (β

τLR LR
' (1−β . R is the quantity of raw resources that can be provided to
the intermediates sector using the quantities of capital and labor KR

and LR. Final goods and services are created by combining X and R
according to Eq. (9).

The parameters τKX and τLX are factor-augmenting technology gains
associated with capital and labor in the intermediates sector, and τKR

andτLR are those that apply to the extraction of raw resources. If raw re-
sources are exhaustible, and/or require ever-greater effort and cost to

3 Modern advances in neoclassical theory seek to treat technology gains as
endogenously-determined, (see Romer, 1990). This extension of the theory is not here
considered. Instead, this article restricts itself to exploring macro effects of technology
gains while remaining agnostic as to their provenance. This is a restriction that needs to
be examined in future research.

4 This function is not concave as it shows increasing rather than diminishing marginal
productivity of labor, a feature most neoclassical economists would reject, and one that
potentially skews the Ayres–Warr results (see Saunders, 2008, Proofs Appendix F, Lemma
2 for a proof of this limitation of the LINEX function).

5 For instance, an initial goal of this articlewas to develop an analytic expression for sus-
tainable consumption of the form dC

dt ¼ 0. However, the resulting expression is, while accu-
rate (one hopes), an unholy mess.
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exploit in an environmentally-prudentway, these latter parameters can
decline with time reflecting the need for ever-more capital and labor to
produce any given unit of physical resources delivered to producers and
households.

The parameter τR depicts the potential for the intermediates sector
to require fewer raw resources for a fixed level of production owing to
efficiency gains in their use (in the energy economics literature, this is
commonly described as the “energy efficiency” parameter). The quanti-
ty τRR can be thought of as the “effective” use of physical resources in
production. This parameter τR will become useful when we examine
how resource efficiency-in-use improvements affect resource use. All
technology parameters are of the form τi ¼ τ0eλi t , where the λi is
assumed to be fixed percentage gains per period.

The parameter ρ accounts for the elasticity of substitution between
raw resources and intermediates, with ρ = (σ − 1)/σ and σ being the
elasticity of substitution.

In the simulation model, all production function parameters, depre-
ciation rate δ, and initial values of the variables are set to roughly match
values reported by Stern andKander (2012) for Sweden,measured over
a 150 year historical interval.

Generating the required prices necessitates employing the specific
unit cost function that is dual to the production function (Eq. (9)),
derived in online Appendix B.

The simulation model is posted online alongside this article. It is
user-friendly and allows the user to explore the effects of changing
various parameters and assumptions.

5. Sustainable Consumption Explorations — No
Technology Improvements

For ease of exposition and developing understanding, it is conve-
nient to begin by assuming an economy in which technology is frozen
at current levels indefinitely. This also enables better understanding of
the role of technology in changing this section's conclusions about sus-
tainable growth when it is introduced in the next section.

5.1. The Role of Population Growth

Simulations reveal that whether or not the available labor force
(population) is growing, the economy naturally gravitates toward a
highly stable growth condition6:

Table 1 shows that under conditions of zero population growth7 and
the absence of new technologies, the economy naturally gravitates to-
ward a condition of fixed consumption level (C). In a departure from
the speculations of Herman Daly (2005, 2008), real returns to capital
(r/c) do not fall from the levels they realize when population (and con-
sumption) is growing. Also, the economy moves to a condition of full
employment (in the sense that households realize an allocation
between labor supplied and leisure time that exactly matches their
preferences), overcoming a problem Daly has expressed concern
about (Daly, 2005, 2008). Even with zero growth of the economy,
households deliver, according to neoclassical theory, the capital and
labor inputs needed by producers to produce output sufficient to

sustain consumption and leisure time at whatever level is desired by
households according to their utility preferences. In other words, per-
petual growth is not a requirement of the theory, unlike what some
have claimed.

But as seen, neoclassical theory given these assumptions predicts
consumption and resource use will increase in lock-step with popula-
tion growth if the labor force grows correspondingly. Utility, leisure
time, and the other physical measures grow at the same rate as the pop-
ulation, meaning that they stay fixed on a per worker (per capita) basis.

Of course, even in the zero-growth case, fixed consumption levels
are not a prescription for sustainability — fixed consumption is not au-
tomatically sustainable if it draws on limited stocks of raw resources.
One can think of this as a hypothetical world in which energy resources
are supplied in a way that makes them clean and indefinitely renew-
able. And it is a world wherein all other raw materials are provided in
a way that makes them perfectly recyclable. Naturally, unless such
materials are somehow derived from renewable biological sources,
such a world will be in violation of thermodynamic principles, or at
least dependent on ever-increasing supplies of renewable energy
to overcome increasingly-stringent thermodynamic limitations on
recycling, but forgoing consideration of this for the moment is justified
by the additional results delivered.

5.2. Phelps' Golden Rule

The additional results are noteworthy. Despite its departure from
standard neoclassical growth theory, the framework delivers what
Edmund Phelps calls “golden age paths,” and in specific circumstances
(to be described shortly) delivers behavior that exactly matches Phelps'
Golden Rule (Phelps, 1961, 1965).

Even though household choices regarding savings and consumption
do not derive from some fixed relationship to any variable of economic
activity such as the value output of the economy or the assets held by
households, the result is that savings, consumption, capital (household
investment assets), output/income, labor and leisure all grow at the
same rate — definitional of a “golden age path.” Further, nominal
wages and nominal returns to capital likewise remain stable and fixed
and so therefore does the household budget. The nominal price of
output stays fixed.

In the zero-growth case, the realized level of fixed consumption is
determined by the parameters of the utility function. This is illustrated
by examining the sensitivity of results to the savings parameter ν:

Table 2 shows the long-term equilibrium values of utility function
variables attained by the system when varying the utility function
parameter ν. These are all “golden age” trajectories by the Phelps defini-
tion as all variables “change (if at all) at a constant relative rate” (Phelps,
1965). Not shown, but also meeting this condition are the production-
side variables Y, E, KX, KR, LX, LR, R, w, r, and output price c for all paths.

6 The simulation results reported in this and the following section derive from a 100-
period dynamic simulation, though convergence to a stable growth condition generally
occurs within 10 periods or less.

7 Despite being a borderline impetuous departure from best practice in economics, it is
intellectually intolerable to not cite a compelling recent result from evolutionary biology
that bears directly on this assumption. Specifically, Gavrilov and Gavrilova (2010) have
proved that evenwere the humanpopulation to achieve immortality (in the specific sense
of achieving non-senescence wherein individuals can die only of so-called “extrinsic”
causes – as a result of accident, predation, starvation, environmental assault or disease –

but never of aging), the human population would asymptotically approach some fixed
and insuperable level provided birth rates were limited to less than 2.0 offspring per fe-
male. In other words, the medical defeat of senescence would still permit perpetual gen-
eration of children without surpassing some limited planetary population. This is a
remarkable result.

Table 1
Growth paths with and without population growth.

Zero Growth in Labor Force 1% Annual Growth in Labor Force

Value in PerNod 100⁎ Growth rate Value in Perod 100⁎ Growth rate

u 1.00 0.00% 2.70 1.00%
C 0.75 0.00% 2.C1 1.00%
S 0.25 0.00% 0.67 1.00%
/ 2.00 0.00% 5.44 1.00%
Y 1.0C 0.00% 2.68 1.00%
K 1.00 0.00% 2.58 1.00%
L 1.00 0.00% 2.72 1.00%
R 0.18 0.00% 0.47 1.00%
C 1.00 0.00% 1.00 0.00%
w 0.75 0.00% 0.75 0.00%
r 0.25 0.00% 0.25 0.00%

⁎ NormaUzed values
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Not surprisingly as ν goes down so does savings S; consumption
C likewise goes down as the economy has less capital with which to
feed consumption; but leisure time increases to partly compensate,
and so utility does not suffer as it would were leisure time not
considered.

Varying the consumption parameter γ likewise has interesting
effects. In this case, a reduction in γ delivers a utility-optimizing golden
age path where consumption C goes down, but savings S and leisure
time l go up. Increased savings can in effect be used to enable a sustain-
able increase in leisure time.

As shown, only one of these paths is a “Golden Rule” path by Phelps'
definition (highlighted). Phelps specifies three conditions that must be
met, indicated in the right-hand columns of Table 2. (These conditions
are described and further analyzed in the present context in online
Appendix C.) The distinction here is that while Phelps' Golden Rule
delivers the maximum consumption level possible for the present and
all future generations, the “golden age” paths of Table 2 each deliver
the maximum utility level possible for the present and all future gener-
ations given household preferences.8 In this way, all the paths of Table 2
are “Golden Rule” paths in the broader sense.

The two different definitions of “Golden Rule” pathways match only
under particular conditions. If it happens to obtain that household
utility function parameters are such as to precisely match the “natural”
levels of capital and labor requested by the productive economy, the
result will be a “golden age path” that further satisfies the Phelps' con-
ditions that deliver Golden Rule behavior. This is illustrated in Table 3
— where unlike in Table 2 where production technology was held
fixed and the utility function was allowed to change, in this table the
utility function is held fixed and production technology is allowed to
change by varying the parameter α:

As further described in online Appendix C, the Phelps consumption-
maximizing Golden Rule and the utility-maximizing Golden Rule are
identical under the following condition (given the specific functional
forms employed here — a Cobb–Douglas utility function and a CES
(Solow)-style production function):

α ¼
ν

ν þ γ
: ð10Þ

Asα9 is usually treated as a “natural” share of capital in use for produc-
tion, so too the right-hand side of Eq. (10) can be considered a “natural”
share of savings when choosing between savings and consumption.
(It is only these two, not leisure, that rely on income produced from
sources external to the household.) So the right-hand side of Eq. (10) is
the share of earnings dedicated to savings. This is effectively the same
thing as called for in Phelps' first Golden Rule condition given in online
Appendix C, where the savings share is made equal the capital value
share. So, not surprisingly, Phelps' consumption-maximizing Golden
Rule holds under the conditions he specified.

This all leads to the possibility of amodest re-casting of Phelps' Golden
Rule. That is, in accord with his famous proof that “do unto others
[i.e., future generations] as you would have them do unto you,” was a
natural result of consumption-maximizing neoclassical growth theory,
we can re-cast Phelps' formulation as a natural result of utility-
maximizing neoclassical theory.

In other words, the spirit of Phelps' Golden Rule could be said to be
achieved by households acting to maximize utility for the current gen-
eration,with consumption level being one component of this. Following
this rule, households deliver, according to neoclassical theory, the
inputs needed by producers to produce, sufficient to sustain consump-
tion and leisure time at whatever level is desired by households accord-
ing to their utility preferences. It is a utility-based Golden Rule.

The spirit of Phelps' Golden Rule could also be said to be met in its
specifics, in the sense that Phelps' three conditions are mimicked by
the conditions of equations A.4 and A.6 of online Appendix A, even if
the conditions do not precisely match Phelps' conditions except where
consumption maximization corresponds with utility maximization.

But the central conclusion is that sustainable consumption, in the
sense of a consumption pathfixed for all time, is both allowed and called
for by neoclassical economics in a world of no technology improve-
ments and zero population growth. And happily, the golden age paths
delivered by theory are utility-maximizing for the current and all future
generations, even while consumption stays fixed.

5.3. The Problem of Poverty

In today'sworld, the robust growth of developing nations is very like
what the neoclassical growth model predicts. This carries with it a
challenge inasmuch as it portends an increase, not a decrease, in con-
sumption levels; andwith that an increasing burden on the global envi-
ronment, a concern of many ecological economists.

8 It is important to realize that the utility u showing in Table 2 is the utility calculated
from different preference functions (the utility function parameter ν is changing) and so
technically the numbers are not comparable in a cardinal sense. Each in theory represents
a separate utility function that is being maximized. However, it is important to recognize
that amore sophisticated utility function can depict utility as a function of absolute param-
eter magnitudes, which can be emulated by a time-dependent evolution of function pa-
rameters while still respecting cardinality — a feature exploited in a later section.

9 In this simulation,α is set equal β and so reflects the equilibriumvalue share of capital
economy-wide.

Table 2
Golden age growth paths as a function of the savings parameter ν.

Phelps Golden Rule condition*

Growth rate condition Savings rate condition “Consume your wages/save your returns”

ν c S / u Actual Real “social”
return

Actual Phelps' Golden
Rule

Actual real
wages, wL/c

Consumption, C Actual real
returns, rK/c

Savings, S

0.20 0.90 0.60 1.71 0.947 0.00% −9.37% 0.40 0.25 1.13 0.90 0.38 0.60
Golden Rule
path

0.10 0.75 0.25 2.00 1.000 0.00% 0.00% 0.25 0.25 0.75 0.75 0.25 0.25

0.09 0.73 0.22 2.03 1.008 0.00% 2.08% 0.23 0.25 0.71 0.73 0.24 0.22
0.03 0.70 0.19 2.06 1.017 0.00% 4.69% 0.21 0.25 0.67 0.70 0.22 0.19
0.07 0.68 0.16 2.03 1.026 0.00% 3.04% 0.19 0.25 0.63 0.63 0.21 0.16
0.06 0.65 0.13 2.11 1.035 0.00% 12.50% 0.17 0.25 0.53 0.65 0.19 0.13
0.05 0.61 0.10 2.14 1.043 0.00% 18.75% 0.14 0.25 0.54 0.61 0.18 0.10
0.04 0.57 0–08 2.16 1.050 0.00% 28.12% 0.12 0.25 0–49 0.57 0.16 0.08
0.03 0.53 0.05 2.19 1.054 0.00% 43.75% 0.09 0.25 0.43 0.53 0.14 0.05
0.02 046 0.03 2.22 1.051 0.00% 75.00% 0.06 0.25 0.37 0.46 0.12 0.03
0.01 0.37 0.01 2.24 1.024 0.00% 168.75% 0.03 0.25 0.29 0.37 0.10 0.01
0.001 0.17 0.00 2.27 0.858 0.00% 1856.25% 0.00 0.25 0.13 0.17 0.04 0.0006
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Yet to most development economists, “sustainable consumption”
cannot be considered an ethically superior condition if it ignores the
present-day reality that large populations of the planet suffer from an
inability to realize consumption levels that are remotely sufficient to
sustain them in any humane way. Development economists have for
decades confronted and wrestled with this issue.

The only thing the present framework can offer in this connection is
confirmation that neoclassical economics reveals a natural tendency for
a neoclassical economy to correct for a situation of capital poverty,
automatically gravitating toward a condition where labor force avail-
ability and capital availability come into balance. This is shown in
Figs. 1 and 2.

As seen in Fig. 1, if one initiates the simulation model in a condition
of under-capitalization and under-employment in the economy
(i.e., initial capital at half the golden age path value; labor at 1.50
times its golden age path value), the economy nonetheless converges
automatically to a condition of adequate capital supply and full employ-
ment — where here “full employment” includes consideration of indi-
viduals' utility for leisure time. To underline the benefits delivered by
such convergence, it can be seen in Fig. 2 that the household utility real-
ized by a capital-poor economy eventually matches that of an economy
where golden age utility-maximization prevails:

This is simply a further reflection of thewelfare-maximizing behavior
found in an Arrow–Debreu economy.

5.4. The Problem of Exhaustible Resources

The final step before introducing technology gains is to see what the
framework says about an economy on a fixed consumption trajectory
but facing exhaustion of its primary raw resources.

If resources are exhaustible, they require increasingly greater effort
to extract and supply to economic production. From Eq. (9), this will
be reflected as a decrease in the effectiveness of capital and/or labor
applied to the raw resources sector. Assuming 1% annual declines of
capital- and labor-augmenting technology gains applied to resources
extraction in place of fixed technology (i.e., λKR ¼ −1% so that τKR ¼ τ0
eλKR

t is declining and no longer =1; and likewise λLR ¼ −1%) has the
following impact on future utility and consumption levels (Table 4).

This result is highly reminiscent of the results derived by Kraev
(2002), despite the fact that the substitution possibilities it employs
between natural resources and human-created economic inputs are
considerably more aggressive. That is, even a golden age pathway
savings rate is insufficient to overcome the continual drag on the econ-
omy arising from natural resource exhaustion. While such a decline in
consumption may be greeted by some as advantageous for sustainabil-
ity, in light of discussion in the previous section it can also be seen as
acting against the interests of poverty elimination, and against the spirit
of Phelps' Golden Rule.

Clearly, the exhaustible nature of primary resources needed for pro-
duction on a finite planet creates serious difficulties for future genera-
tions in the neoclassical framework, just as the ecological economics

Fig. 1. Dynamic evolution of capital in place and unemployment from a state of under-
capitalization and under-employment of labor.

Table 3
Golden age growth paths as a function of the production parameter α.

Phelps Golden Rule conditions

Growth rate condition Savings rate condition “Consume your wages/save your returns”

α C S / u Actual Real “social”
return

Actual Phelps' Golden
Rule

Actual real
wages, wl/c

Consumption, C Actual real
returns, rK/c

Savings, S

0.40 0.32 0.03 2.32 0.926 0.00% 85.00% 0.09 0.40 0.21 0.32 0.14 0.03
0.30 0.45 0.05 2.23 1.016 0.00% 57.50% 0.09 0.30 0.35 0.45 0.15 0.05
0.25 0.53 0.05 2.19 1.054 0.00% 43.75% 0.09 0.25 0.43 0.53 0.14 0.05
0.20 0.60 0.06 2.15 1.088 0.00% 30.00% 0.09 0.20 0.53 0.60 0.13 0.06
0.10 0.75 0.07 2.08 1.144 0.00% 2.50% 0.09 0.10 0.74 0.75 0.08 0.07

Golden Rule
Path

0.09 0.76 0.08 2.07 1.149 0.00% 0.00% 0.09 0.09 0.76 0.76 0.08 0.08

0.05 0.82 0.08 2.04 1.168 0.00% −11.25% 0.09 0.05 0.86 0.82 0.05 0.08
0.04 0.84 0.08 2.04 1.172 0.00% −14.00% 0.09 0.04 0.89 0.84 0.04 0.08
0.03 0.85 0.09 2.03 1.176 0.00% −16.75% 0.09 0.03 0.91 0.85 0.03 0.09
0.02 0.87 0.09 2.02 1.181 0.00% −19.50% 0.09 0.02 0.94 0.87 0.02 0.09
0.01 0.88 0.09 2.02 1.185 0.00% −22.25% 0.09 0.01 0.96 0.88 0.01 0.09
0.001 0.898 0.090 2.011 1.188 0.00% −24.73% 0.09 0.00 0.99 0.90 0.00 0.0898

Fig. 2. Dynamic evolution of utility and consumption from a state of under-capitalization
and under-employment of labor.
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tradition postulates. To the extent resource (andmost plainly challenging
today, energy) inputs can be provided by clean, abundant, and renewable
means, the difficulties can be mitigated. And recycling of primary non-
energy inputs can mitigate the economic drag of their decline, though
thermodynamic limits promise to make this challenge ever-harder.

6. Sustainable Consumption Explorations — Considering
Technology Improvements

Thus far the development has ignored the role of technology
improvements, a feature of neoclassical economics that after all was
central to the contribution of Robert Solow decades ago. A natural
question is what might be the implications for a world of sustainable
consumption when such are considered.

The story is best told by first ignoring growth in the labor force and
exhaustibility of primary resources. Supposewe have an economy iden-
tical to that described previously but that now we permit technology
gains in the intermediate goods and services sector X. Again, the as-
sumption is that the available labor force L is unchanging and that the
household utility function is fixed (preferences are unchanged). Specif-
ically, suppose that technology gains in this sector derive from labor
productivity gains alone, with λLX ¼ 0:4%.

In such a case, the disturbing neoclassical consequence is that con-
sumption must increase over time, even with no growth in the labor
force. Economic variables evolve as shown below (Table 5):

It is also seen in Table 5 that not only does consumption increase
with labor productivity improvements, but so does the use of raw re-
sources, R, to enable it. Both increases present challenges for the notion
of sustainable consumption. Here we see an apparent disconnect with
Daly's view that technology gains can deliver increases in economic
value added even while resource use remains fixed (Daly, 2005,
2008), a topic we return to in the following sub-section.

Consumption increases because, while labor employment is un-
changed, real wages (w=c ) go up and real capital returns (r=c ) stay
fixed, thus expanding real household budgets. Budgets expand suffi-
ciently to increase both consumption and savings, but leisure time is
left unchanged.

Much of this dynamic arises from the decline in the price of output of
goods and services. This decline in c is enabled by the increase in real
final output Y despite fixed labor input, which duality theory says
must be accompanied by declining c. Households can purchase more
abundantly available goods and services at a lower cost. 10

An obvious ancillary question is whether such technology gains can
offset the welfare declines due to raw resource limitations noted in the
preceding section. The answer to this question is yes, provided the tech-
nology gains and losses happen to offset each other in a very precise
manner, reminiscent of the “knife-edge” solutions found in growth
theory preceding Solow's breakthrough.

6.1. Sustainable Consumption Given Production Technology Gains

Now comes a central question — is a fixed-consumption golden age
growthpath achievable in the presence of production technology gains?

The answer to this question is hinted at in Table 1. If the true prefer-
ences of households depicted in the preceding section are characterized
by utility function parameters ν andγ that adjust in just such away as to
offset the effects of a production technology gain, such a condition is
possible.

A question this raises is what would cause such a preference mech-
anism to obtain? A possible foundation for such an expectation is the
notion that householdsmight at somepoint achieve a level of consump-
tion that is “satisficing,” that is, a consumption level beyondwhich addi-
tional consumption delivers them little or no utility. Evidence for such
behavior is often claimed to be found in the household consumption
patterns of the Scandinavian economies, where households are com-
monly said to sacrifice added earnings, and associated consumption, in
favor of increased leisure time.

Suppose households have by one means or another achieved such a
“satisficing” level of consumption. Might not the economy's productivi-
ty increases be captured by them in some other way, perhaps by in-
creasing their leisure time allocation?

More rigorously, suppose that the utility function Eq. (8), instead of
being static, is instead dynamic. A dynamic depiction of utility enables
comprehension of consumption satiation. Specifically, suppose that
function Eq. (8) takes the following form:

ut Ct ; St ; ltð Þ ¼ aCγt
t Sνt

t l1−γt−νt
t ð11Þ

where the exponents of Ct, St, and lt are time-dependent. This enables a
depiction of utilitywherein the contribution of C to households' utility is
maximized at some level Ct ¼ Csatisficing , where Csatisficing is fixed for all
time, even in a growing economy.11

The simulation model elucidates this. If we assume, as before, that
λLX ¼ λLR ¼ 0:4% and all other technology gains are zero, but append
to this the assumptions that γ and ν decline over time at 0.3%/period,
we see the following result (Table 6):

In this world, physical consumption remains fixed and raw resource
use is declining over time, a state of affairs such as ecological and sus-
tainability economists like to dream of. It also reflects more closely the
picture envisioned by Daly. Furthermore, households experience an
increase in leisure time availability. The allocation of household activity
looks as shown in Fig. 3.

Table 5
Effects of a labor technology improvement.

Zero technology gains With labor technology gains

Value in period
100

Growth rate Value in period
100

Growth rate

u 1.00 0.00% 1.17 0.16%
C 0.75 0.00% 1.11 0.40%
S 0.25 0.00% 0.37 0.40%
/ 2.00 0.00% 2.00 0.00%
Y 1.00 0.00% 1.48 0.40%
K 1.00 0.00% 1.45 0.40%
L 1.00 0.00% 1.00 0.00%
R 0.18 0.00% 0.26 0.40%
c 1.00 0.00% 0.74 −0.30%
w 0.75 0.00% 0.82 0.10%
r 0.25 0.00% 0.19 −0.30%

10 Note that this reflects the spirit of Ohti's Theorem (Ohti, 1975) in that increases in real
output must be accompanied by decreases in output cost for duality conditions to be hon-
ored. As Ohti proved, 1Y

∂Y
∂t ¼ − 1

c
∂c
∂t. While explanatory, this is a short-term, partial deriva-

tive, condition; here, we see that while output and cost trends indeed differ in sign,
1
Y
dY
dt ≠− 1

c
dc
dt as the full derivative condition is more complex than addressed by Ohti's

Theorem.

11 Note that this formulation does not necessarily depict changing preferences: house-
holds may have a strong, unchanging, preference for consumption remaining at some
fixed level once achieved.

Table 4
Effects of a raw resource availability decline.

Decline in utility
per period

Decline in consumption
per period

With resource technology declines −0.12% −0.30%
With no technology changes 0.00% 0.00%
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The ongoing production technology gain enables households to
increase leisure time at the rate of 0.11% per period. This is in part
because real earnings from wages remain fixed in real terms.12

As is also evident, marginal returns to capital remain fixed in
real terms, as the nominal capital returns decline at precisely the
same rate as output price, namely 0.26% per period while house-
hold capital assets remain fixed. These results illustrate the impor-
tance of fully incorporating duality considerations in analyses like
this.

The upshot of all this analysis is that there is nothing fundamental in
neoclassical economics saying economic utility cannot grow indefinite-
ly even in face of a requirement for afixed consumption level. If technol-
ogy gains persist indefinitely, consumption can stabilize and leisure
time can increase asymptotically toward the maximum time available
from the workforce. In this way, neoclassical economics gives us rigor-
ous insights about the nature of, and potential for, aworld of sustainable
consumption.

6.2. Resource Efficiency Rebound

More efficient use of resources is a widely-prescribed pathway to sus-
tainable consumption. If the goods and services consumed by households
are produced with fewer resources, the argument goes, this will reduce
the impact on the environment associated with their exploitation. This
is a beguiling, seductive argument as it appears to offer a means to pre-
serve consumption levelswhile not incurring significant societal costs be-
yond the costs associated with developing the needed efficiency

technology. All that is required is clever innovation, presumably available
in abundance. Present-day policymakers are enamoredwith this idea be-
cause it appears to be a clear win–win for all, devoid of controversial
tradeoffs.

But the reality is not quite so simple, and the present framework
illustrates why. Turning attention to the parameter τR in Eq. (9),
which reflects the ability of sector X to improve the efficiency of its
use of resources R, a natural experiment is to examine how R responds
to changes in τR over time.

To keep the experiment pure, the following analysis assumes no
labor or capital technology gains in either intermediates produc-
tion or resource extraction, beyond the improved ability of the
intermediates sector to use resources more efficiently. And, as before,
the labor force is assumed fixed. Along with these assumptions, τR is
assumed to grow at 1.0%/period so that λR = 0.01. Interpreting the re-
sults first requires a definition, drawn from the literature on “energy ef-
ficiency rebound”13:

Rebound ¼ 1− Actual Resource Savings
Expected Resource Savings

ð12Þ

Expected Resource Savings has come to mean those savings one
would expect were the efficiency gains to “take” on a one-for-one
basis (as indicated by engineering calculations of efficiency improve-
ments). This reflects thementalmodel adopted bymany policymakers,
and not a few economists, but which implicitly assumes production is
characterized by a Leontief fixed-factors model (Saunders, 2008). Ac-
cording to this relationship (Eq. (12)), if actual resource savings equals
the savings expected in a Leontief framework, rebound will be zero; if
actual resource savings are zero, rebound will be 100%; if actual re-
source savings are negative (i.e., if the efficiency gain actually increases
resource use), the efficiency gain is said to induce a “backfire” condition.
The more flexible production function adopted here (i.e., decidedly not
a Leontief function) combined with the empirical measurements for
Sweden from Stern and Kander (2012) reveals the following results:

Rebound ¼ 1− Actual Resource Savings
Expected Resource Savings

¼ 1−0:035
0:101

¼ 68%: ð13Þ

That is, resource efficiency gains reduce the level of resource use
over 100 periods not by 10.1%, as one might naively expect, but only
by 3.5%. In the parlance of rebound economists, resource use “rebounds”
by 68%.14 The primary cause of resource rebound is the fact that greater
efficiency in resource use both reduces its effective price and expands
the production possibilities frontier for producers (and in parallel
increases the disposable income of consumers).

As shown elsewhere,15 the magnitude of rebound is heavily depen-
dent on the degree of flexibility of the economy to adapt to the efficien-
cy gain. On the production side, this flexibility is here embodied in the
elasticity of substitution— the easewithwhichproducers can substitute
between the capital/labor combination of intermediates production and

12 See online Appendix B for a mathematical elucidation of this.

13 For energy, a large and burgeoning literature going back to Jevons (1865) and pioneered
in the modern era by Brookes (1979, 1990a,b,c, 1992, 2000, 2004) and Khazzoom (1980,
1987, 1989) examines the rebound effect. Saunders (1992) established the first formal neo-
classical theoretical foundation. More recent contributions come from Greene (1992),
Howarth (1997), Greening et al. (2000), Saunders (2000a,b, 2005, 2008, 2013a,b, 2014 - in
press), Schipper (2000), Schipper and Grubb (2000), Berkhout et al. (2000), Laitner (2000),
Roy (2000), Binswanger (2001), Frondel (2004), Grepperud and Rasmussen (2004), Alcott
(2005), Sorrell (2007, 2009), Hanley et al. (2009), Allen et al. (2006), Barker and Foxon
(2006), Ayres and Warr (2009), Wei (2006, 2010), Turner (2009, 2014a,b), Herring and
Sorrell (2009), Tsao et al. (2010), Jenkins et al. (2011), Druckman et al. (2011), Owen
(2011), Fouquet (2012), Fouquet and Pearson (2012). (This listing is by no means compre-
hensive as this field is exploding, with new contributions appearing monthly.)
14 Robert Solow long ago at least implicitly recognized the underlying mechanism:
“while it's hard to break the habit, ‘factor-augmenting’ does not mean ‘factor-saving.’”
(Personal communication, 1991).
15 Saunders (1992, 2008).

Table 6
Effects of a labor technology improvement with “satisficing” consumption.

Zero technology gains With labor technology gains and
“satisficing” consumption

Value in period 100 Growth rate Value in period 100 Growth rate

u 1.00 0.00% 1.26 0.21%
C 0.75 0.00% 0.75 0.00%
S 0.25 0.00% 0.25 0.00%
/ 2.00 0.00% 2.29 0.11%
Y 1.00 0.00% 1.00 0.00%
K 1.00 0.00% 1.00 0.00%
L 1.00 0.00% 0.71 −0.35%
R 0.18 0.00% 0.16 −0.11%
c 1.00 0.00% 0.77 −0.26%
w 0.75 0.00% 0.82 0.09%
r 0.25 0.00% 0.19 −0.26%

Fig. 3. Households take the benefits of technology gains in the form of increased leisure
time.
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the resource input.16 Accordingly, it is useful to examine the sensitivity
of this rebound condition to this elasticity parameter (Fig. 4).

As seen, the greater the elasticity of substitution σ, the greater is the
resource rebound effect. In fact, if this elasticity exceeds 0.9, we observe
a “backfire” effect (rebound N 100%)— increased efficiency in the use of
resources causes an outright increase in resource use. This is reminiscent
of standard rebound theory found in the energy economics literature.
There, with a CES-style production function, rebound is characterized
by the following relationship17:

Rebound ¼ σ
1−sE

ð14Þ

where sE is the energy value share, σ is the energy substitution elasticity,
and rebound is seen to increasewithσ and can exceedunity (100%). Fur-
ther, it was seen in Section 6 that technology gains in the intermediates
sector increase resource use, so if a particular resource efficiency tech-
nology is accompanied by technology gains for the other intermediates
inputs KX and LX (as is often argued to occur), resource efficiency re-
bound will be greatly augmented. Even more worrisome, if technology
gains occur within the resources sector they will necessarily lead to a
“backfire” condition.18

Note that these results apply to raw resources as a whole, whereas
the rebound literature to date has focused virtually exclusively on
energy.

The consequence is that resource use efficiency gains are not guaran-
teed to reduce resource use.

7. Sustainable Consumption— The Eight “Golden” Propositions

This at last leads us to our goal— describing these results in terms of
propositions thatmarry neoclassical economics to the notion of sustain-
able consumption. They are “propositions” because they have not been
proved analytically from first principles, but rather strongly suggest
themselves when the theory is implemented with specific functional
forms — in particular, a Cobb–Douglas utility function and a CES
(Solow)-type production function.

Proposition 1. In a world of non-growing population and no technology
improvement in production, economic consumption, savings, and leisure
time automatically evolve toward a stable state where they remain fixed
indefinitely thereafter. Producers receive the capital and labor required to
sustain this state. Accordingly, perpetual growth is not a requirement of
the theory. Further, this is a condition that maximizes utility for all

generations and so can be thought of as a (slightly more general) re-
statement of Phelps' Golden Rule of Accumulation.

Proposition 2. If thisworld is one inwhich production technology charac-
teristics are of precisely the right kind to match consumer preferences, the
three specific conditions of the classic Phelps' Golden Rule aremet explicitly,
and the utility maximizing condition is the same as Phelps' consumption-
maximizing Golden Rule.

Proposition 3. The stable consumption magnitude that results will
depend on household preferences (the characteristics of the household
utility function). Depending on preferences among consumption, saving,
and leisure time, this consumption level may be lower or higher, but still
utility-maximizing for the household.

Proposition 4. Economies suffering from undercapitalizationwith respect
to the available labor population will naturally move toward this golden
age situation, provided the standard assumptions of neoclassical economics
hold true. For a fixed population size, consumption in particular will
approach the utility-maximizing golden age path of a fully capitalized
economy and will stay at a fixed level thereafter.

Proposition 5. If the assumption of no production technology improve-
ment is relaxed, a fixed level of consumption is attainable only if household
utility preferences depend on consumption level. However, a stable con-
sumption path is attainable nonetheless if true preferences in fact embody
a “satiation” level that reflects a limited fixed consumption level. Moreover,
in such case, productivity increases enable an expansion of leisure time, and
household utility steadily increases. While this pathway is quite plainly
utility-maximizing given these preferences, it represents a departure from
the stricter classical statement of Phelps' Golden Rule where consumption
is maximized.

Proposition 6. If raw resources are limited, or their externality burden
is seen to be too high to enable a fixed, sustainable level of consumption
for all time, household utility and consumption will decline while leisure
time will increase not at all. The classical Phelps rule cannot be achieved
with declining resource availability unless goods and services produc-
tion technology continues to improve sufficiently to offset the resource
loss.

Proposition 7. Improvements in the efficiency of resource extraction
(improvements in capital and labor effectiveness in producing physical
quantities of usable resource) cause an outright increase in the use of
physical resources, a condition known as “backfire” in the energy econom-
ics literature. Such improvements increase resource use because they
increase value-added output and income and, correspondingly, increase
levels of both consumption and savings.

Proposition 8. If instead the efficiency improvement comes in the form of
enabling the production of goods and services using less physical resource,
the use of raw resources declines, but not in a one-for-one manner with the
technical efficiency gain. With sufficiently great flexibility in the production
process (greater ease of substitution between the physical resource and the
capital/labor used in the production of intermediate and final output), a
backfire condition is still possible. Even if not, use of raw resources will
not decline in a one-for-one manner with the magnitude of the efficiency
improvement, a condition known as “rebound” in the energy economics
literature.

8. Cautions and Limitations

Despite the alleged strengths of this approach, serious researchers
need a clear delineation of the limitations implied in both the theoretical
framework and the simulation here implementing it. First attention goes
to the theoretical framework, which is limited in several ways:

16 As shown in Saunders (2008), the degree of energy efficiency rebound depends upon
multiple factor own- and cross-substitution elasticities in the case of the more general
Translog function.
17 Saunders (2008).
18 See online Appendix D for further elucidation of this effect.

Fig. 4. Sensitivity of resource rebound to producers' substitution flexibility.
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• There is no explicit consideration of the stock limits to “natural capital,”
except inasmuch as raw resources are treatable as exhaustible and/or
ever-more-costly to exploit without inducing environmental damage;

• Accordingly, the framework is silent on what magnitude of consump-
tion will be, in fact, sustainable;

• It assumes markets are efficient in maximizing welfare in the aggre-
gate (a huge literature underpinned by the work of Joseph Stiglitz
(1976, 1979) challenges this assumption);

• Income distribution issues are not addressed in this framework, thus
setting aside a potentially major concern related to the social stability
no doubt required to assure long-run “sustainable consumption”;

• It assumes perfectly competitivemarkets; in today's world, oil produc-
ing countries engage in oligopolistic behavior, meaning resource
supply is decidedly non-competitive.

• The framework assumes a single output of the economy, Y, that carries
a single price, c;

• It assumes a closed economy, with no imports or exports;
• It assumes a single intermediate good produced using a single raw
resource input:
• Intermediate inputs are not distinguished by firm or sector, as
would be the case for an input–output framework;

• The resource sector does not distinguish among raw materials,
including particularly distinguishing energy from other primary re-
sources.

• It assumes an aggregate utility function across households;
• There is no government sector, and no taxes paid;

The framework relies on standard microeconomic assumptions that
can be interpreted as limiting:
• Production is defined according to a function that is continuous,
differentiable, and satisfies diminishing returns to the variable
factor: ∂ f x1 ;x2 ;…xnð Þ

∂xi b0;
• Production is constant returns to scale (CRS);
• Consumer demand is derivable from a utility function that is like-
wise continuous, differentiable, homogeneous and of constant
returns to scale.

• Capital is not vintaged. The assumption is that the production function
somehow comprehends all capital in place, treating all capital as
having some common, or at least “average,” technology, whether
newly added or old. In reality, agents installing new vintages of capital
face a different production possibilities frontier from their forebears. A
“putty-clay” formulation would produce more convincing results.

The numerical implementation reported here makes two additional,
rather consequential, assumptions:

• The production function is of a CES (Solow) form;
• The utility function is of a Cobb–Douglas form.

While the framework itself in principle accommodates more general
functional forms, the simulation results reported heremust be cautiously
interpreted as resting on these two, quite restrictive, assumptions. In
particular, as described elsewhere (Saunders, 2008), more flexible func-
tional forms can deliver quite different resource consumption results
from those relying on functional forms such as employed here.

9. The Debate Re-Cast

This neoclassical framework enables a re-casting of the Solow–
Stiglitz–Daly debate cited at the outset. While developed solely in the
language and mathematics of neoclassical economists, the framework
provides substantial confirmation of some ideas born in the ecological
economics community, even while it challenges others.

On the confirmatory side, the results herein indicate that economic
welfare, in the form of increased household utility, can increase indefi-
nitely as technology advances even while economic output stays fixed
and resource use declines, provided only that households attain some
“satisficing” level of physical consumption. This is because households

can take the benefits of future technology gains in the form of increased
leisure time, continually increasing their utility. This result was foreseen
long ago by Herman Daly.

Further, while Daly has expressed concern that full employment
may not be possible in such a world (Daly, 2005), in fact such an econ-
omy realizes full employment in the sense that households provide
labor to producers in precisely the amount they wish, and producers
use this labor productively to serve household needs. Another concern
raised by Daly, namely that lack of growth “would most likely cause
interest rates to fall” (Daly, 2005), is not borne out by the framework.
Instead, returns to capital stay fixed in real terms (and it is real returns
that matter to producers and investors). So criticisms of ecological eco-
nomics based on these concerns raised by Daly himself are unfounded,
at least in a neoclassical world.

Moreover, the notion of natural capital and its limitations re-
ceives confirmation inasmuch as “golden age pathways,” whether
in the Phelps sense of maximizing future consumption or in the
sense of maximizing the utility of future generations, are not
neoclassically possible with depleting natural resources— even leav-
ing externalities aside. This natural capital limitation on “golden age
pathways” holds true despite the muchmore aggressive substitution
possibilities between natural and human-derived inputs contem-
plated in the simulation model, compared to what many ecological
economists argue to be the case. It is true however, that production
technology gains of a very precise nature could offset these losses
(again with externalities set aside).

Confirmatory also are the results indicating that both stocks and
flows of “natural capital” will be determinative of future sustainability,
just as ecological economists have forcefully asserted, and that account
must be taken of the deeply problematic nature of limitations arising
from both of these as regards practically realizing a sustainable global
economy capable of being maintained into the indefinite future. Also,
human-manufactured capital is shown to be complementary to natural
capital, but substitutable for natural capital in a different way.

On the challenging side, the oft-heard criticism that neoclassical
economics is reliant on an assumption of continual growth is
shown to be false. The results demonstrate that growth is not re-
quired for a competitive private ownership economy to flourish.
Even without technology gains, a fixed-for-all-time level of econom-
ic activity and consumption is the natural consequence for a neoclas-
sical economy with no growth in the labor force. In such an economy
(and even one with technology gains), producers maximize profits
and households maximize utility; households provide all the capital
and labor needed for production to be sustained at a fixed level in-
definitely; and labor is fully employed in the sense that households
trade off labor supplied and leisure time exactly according to their
preferences. “Growth for growth's sake” may be an integral part of
many mindsets in today's political economy, but it is not an integral
part of neoclassical economics.

A further challenge comes in the form of the physical consumption
consequence of poverty elimination. Ethical considerations aside, neo-
classical forces are shown to drive increasing consumption in under-
capitalized and under-employed economies, at least until “golden
age” pathways are realized and consumption realizes a “satisficing”
level.

Finally, there is the popularly-held view that improved efficiency
in using natural resources is a near panacea for sustainable consump-
tion. Many, but not all, ecological and sustainability economists have
fallen into this trap, a notable exception being Ayres (e.g., Ayres and
Warr, 2009). Instead, this framework demonstrates that efficiency
gains in the use of resources carries with it a “rebound” effect that
can greatly reduce, or even reverse, the consequent savings of natu-
ral resources. The “decoupling” of natural resource use from eco-
nomic activity professed by many to be upon us is not much in
evidence in a world where substitution possibilities prevail in any
substantive way.
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10. Conclusion

The apologia for neoclassical economics herein offered seeks to coun-
ter frequently-espoused proclamations that the theory is fundamentally
at odds with the possibility that Earth's peoples can eventually realize
sustainable consumption levels without abandoning private ownership
ofmeans of production, individual utility-maximizing behavior, producer
profit-maximizing behavior, and the notion of competitive equilibrium.

Because of the care with which generations of brilliant economic
minds have assembled it, neoclassical economics points a very reliable
finger, usually, at powerful economic forces at work. Ecological and
sustainability economists would do well to exploit its capability to
generate important insights that bear on the question of sustainability.

It is dearly to be hoped that the thoughts and methodology offered
here will soon be superseded by the work of others who will establish a
more complete foundation for a neoclassical theory of sustainable
consumption.

10.1. A Note on the Simulation Model

The simulation model used to develop the quantitative results re-
ported here is freely available, is open-source, and is posted alongside
this article. Themodel is user-friendly, includes a user guide, and allows
users to explore the effects of changing various parameter assumptions
to, it is hoped, further advance learning and insight.
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