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Abstract
In wealth accounting and sustainability assessments, we characterize the non-declining
wealth criterion under dynamic average utilitarianism (DAU) as defined byDasgupta (2001).
Under DAU, the objective function consists of total intergenerational well-being divided by
the present discounted sum of population from the present to the future. It is shown that,
in order for an economy to be on a sustainable path, inclusive wealth should grow at a rate
higher than the difference between the discount rate and the share of current population of
the discounted future population. Our application to the inclusive wealth index shows that,
among other results, the DAU criterion changes sustainability assessments for some devel-
oping countries with future demographic change, implying that wealth does not accumulate
sufficiently in light of DAU. We also show empirical estimates of the value of population
change under total utilitarianism, average utilitarianism, and DAU.

Keywords: genuine savings; inclusive wealth; population change; value of population; dynamic average
utilitarianism; sustainable development

1. Introduction
Economists have been searching for measures beyond gross domestic product (GDP)
to assess nations’ sustainable development, and have proposed measures such as net
national product (NNP), zero net investment, and, more recently, genuine savings and
inclusive wealth. These studies are all based on a Ramsey-type social well-being function
that consists of the total utility of the current to future generations. In the analysis of
optimal growth, social well-being is something to maximize; in the burgeoning litera-
ture on sustainability analysis,1 well-being is something to sustain, though in per capita
terms, as it is for GDP per capita in growth analyses. The idea itself is simple: wealth,

1Weitzman (1976) noted that NNP is proportional to social well-being. Hamilton and Clemens (1999)
and Dasgupta and Mäler (2000) are seminal papers. Asheim (2000) justifies measurements related to green
accounting; Asheim (2003) shows a wide variety of consequences by combining different assumptions and
settings. Applications are provided by Arrow et al. (2012), UNU-IHDP and UNEP (2012), World Bank
(2012), Fenichel and Abbott (2014), Yamaguchi et al. (2016), and Yamaguchi and Managi (2017), among
others.
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which determines all future paths of welfare in an autonomous system, should be accu-
mulated even more in a country experiencing population growth (Arrow et al., 2004).
Arrow et al. (2004, 2012) put population growth in sharp relief by treating the number
of people akin to exogenous TFP since sound demographic theory is not available.

In the same vein, a milestone publication, the Inclusive Wealth Report 2012 (UNU-
IHDP and UNEP, 2012; henceforth IWR 2012), computes wealth composed of physical,
human, and natural capital for selected countries. The IWR actually calculates a nation’s
wealth per capita simply by dividing by the total population, but assumes the dynamic
average utilitarianism (DAU) social welfare function proposed and coined by Dasgupta
(2001).

DAU focuses on dynamic wealth per capita, that is, current wealth divided by the
present discounted value of population, from the current to future generations com-
bined. One motivation for DAU is to avoid estimating the shadow price of population
and the subsistence-level consumption. However, this also looks like a straightforward
setting, since inclusive wealth is supposed to be shared by future generations. Of course,
on the face of it, some capital assets, such as public infrastructure, exist only for per-
haps one or two generations, so it may seem that only these generations may use them.
However, other capital assets contain some productive base for many future generations
to use in an iterative manner. For example, human capital in one person may exist for
several decades or a century, but the embedded knowledge and genes can exist for much
longer. An ecosystem as natural capital is another textbook example of assets to be shared
bymany generations. This characteristic of wealth shared bymany generations is in con-
trast to a flow variable like GDP, which is divided among only the current generation to
arrive at GDP per capita.

IWR 2012 reconciles DAU in theory on the one hand, and total utilitarianism (TU)
in practice on the other hand, by assuming that (Arrow et al., 2012; IWR 2012):

• population changes at a constant rate, and
• each equation reflecting the economy’s dynamics can be expressed solely in terms

of per capita capital stocks, i.e., they can be simplified by constant returns to scale.

When the above two assumptions hold, it is wealth per capita that affects changes in
social well-being. While this is a legitimate starting point, we relax these assumptions,
particularly for cases where TU and DAU yield different assessments of sustainability,
which is the central focus of this paper. To the best of our knowledge, no follow-up
study has appeared since, despite the potentially large effect of population dynamics on
sustainability assessment under DAU.

Under this new criterion, DAU affects both the change in wealth per capita and
the value of population because the marginal shadow price of population is modified,
as shown in Arrow et al. (2003). Thus, we also check the order of magnitude in the
difference DAU makes in the value of population.

The paper offers several unique contributions. First, we adopt DAU as a sustainabil-
ity criterion, and show its implications. Along the way, it is shown that, in order for an
economy to be on a sustainable path under DAU, inclusive wealth should grow at a rate
higher than the difference between the discount rate and the share of current popula-
tion. Second, we compare inclusive wealth per capita empirically under TU vs. DAU,
employing the dataset of IWR 2012 and population prospects. Moreover, we present an
empirical application of the value of population according to three alternative criteria
(TU, DAU, and static average utilitarianism (SAU)) in a way similar to Arrow et al.
(2003) and Asheim (2004).
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Section 2 highlights the theoretical aspects of DAU, by defining and discussing the
present discounted population and sustainability assessment under DAU. The section
also provides a thus far neglected review of the value of population under DAU in appli-
cation research. Section 3 applies DAU to the inclusive wealth index of IWR 2012. In
section 4, we conclude with a discussion and identify future challenges.

2. Theoretical implications
2.1 The basic model
Models that explicitly treat changing population andwell-being per capita typically study
TU in either a descriptive or normative sense, in which the economic objective function
is social well-being,

V(t) =
∫ ∞

t
N(s)U(c(s))e−δ(s−t)ds, (1)

whereN(s) is the population at s,U(c(s)) is the instantaneous utility derived fromgeneral
consumption at s, and δ > 0 refers to this economy’s pure rate of time preference. TU is
often contrasted with average utilitarianism, which accounts only for the average utility
of agents in this economy. There are arguments against (static) average utilitarianism
(termed SAU hereafter), since it implies unfair treatment of populous generations in
the course of intertemporal resource allocation (Dasgupta, 2001). Asheim (2004) cites a
counterargument by imagining a maximin criterion to deal with ‘infimum of per capita
utilities’.

Assuming a stochastic setting, Dasgupta (2001) proposed an intuitive alternative cri-
terion called DAU, wherein population flows from the present to the future, and society
examines a variant of social well-being:

V∗(t) = V(t)
N∗(t)

=
∫ ∞
t N(s)U(c(s))e−δ(s−t)ds∫ ∞

t N(s)e−δ(s−t)ds
. (2)

The stochastic setting requires some justification. Under a Rawlsian veil of ignorance,
we do not know where and when we are born. The society of one’s peers might either
be in a near future with way too much competition for resources, or a time with a lower
population. However, the future population is subject to extinction risk, albeit a very
minor one. Following Harsanyi (1955), Dasgupta (2001) studies the intergenerational
well-being divided by the discounted present value of the (dynamically) total population.
The latter denominator we denote with N∗(t).

We first note the following fact:

Proposition 1 (discounted population). The time derivative of the discounted present
number of total population is the sum of the discounted present number of population
change, i.e.,

Ṅ∗(t) =
∫ ∞

t
Ṅ(s)e−δ(s−t)ds,

where Ṅ(t) = dN(t)/dt.
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Proof : Taking the time derivative of the instantaneous discounted population, we
have:

d
ds
N(s)e−δ(s−t) = (Ṅ(s) − δN(s))e−δ(s−t).

Integrating both sides from t to infinity, we obtain:

N(t) = δ

∫ ∞

t
N(s)e−δ(s−t)ds −

∫ ∞

t
Ṅ(s)e−δ(s−t)ds = δN∗(t)

−
∫ ∞

t
Ṅ(s)e−δ(s−t)ds.

Noting that N + Ṅ∗ = δN∗, we have the result. �

Corollary 1. The rate of change of the discounted population is the integral of the increase
in population, normalized by the discounted present population:

Ṅ∗(t)
N∗(t)

= δ − N(t)
N∗(t)

= 1
N∗(t)

∫ ∞

t
Ṅ(s)e−δ(s−t)ds.

Thus, taking a very distant horizon, N∗ should stabilize as population converges to a
certain level. Naturally, high discounting would reflect a near future trend of increasing
population in the case of developing countries.

2.2 Sustainability as a wealth change
We follow earlier studies by judging the sustainability of development. Under DAU:

Definition 1. Development is sustainable at t if and only if the social well-being divided
by the present discounted population is not declining at t. That is, dV∗/dt ≥ 0.

We can use Definition 1 for a straightforward judgment of sustainability. Development
is sustainable at t if the current instantaneous utility does not exceed the dynamic average
well-being:

Proposition 2 (DAU). dV∗/dt ≥ 0 if and only if U ≤ V/N∗ = V∗.

Proof : Taking the time derivative of V∗:

dV∗

dt
= V̇N∗ − VṄ∗

(N∗)2
= (−NU + δV)N∗ − V(−N + δN∗)

(N∗)2

= N
N∗

(
V
N∗ − U

)
.

�

Proposition 2 has an intuitive appeal. Sustainability under DAU requires that instanta-
neous utility does not exceed the well-being per capita in a dynamic sense. Under this
criterion, the return on well-being in the numerator and the return on population in the
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denominator, both being δV/N∗, cancel out, as can be seen from the first to the second
line in the proof above.

Despite its conceptual usefulness, it is not possible to use Proposition 2 directly in
practical accounting unless we assume a linear utility of consumption. To see this point,
it helps to compare it to the usual case of TU. Note that under TU, V̇ = δV − NU ≥ 0 if
and only if NU ≤ δV , i.e., current utility must not exceed the return on well-being, not
the well-being itself. However, the return onwell-being is equivalent to the current-value
Hamiltonian, so non-decliningwealth requires non-negative net investment. In contrast,
this return on well-being disappears in DAU, where the return-earning population sits
in the denominator of the objective function. This means that one of the advantages of
green accounting -- that only the change in capital assets should matter to the change in
well-being -- is lost in the current setting.

So, we turn to a more practical implication of the non-declining wealth criterion
under DAU. One can associate the rate of change in dynamic average wealth to the
criterion:

Proposition 3 (DAU). V̇∗/V∗ ≥ 0 if and only if V̇/V ≥ δ − N/N∗.

Proof : It is obvious from the rate of change of V∗ = V/N∗ and the definition of N∗.
�

Corollary 2. V̇∗/V∗ ≥ 0 if and only if NU/V ≤ N/N∗.

In Proposition 3, we observe that sustainability assessment under DAU depends upon
our choice of an ethical parameter and population prospects. This is in contrast to TU
where a simple rule of non-declining wealth applies. In particular, the rate of change
in the usual well-being is associated with the difference between the pure rate of time
preference and the share of the current population in the present discounted population,
N/N∗. The larger the future population to feed, the smallerN/N∗ becomes. Put another
way, if the current population’s share is high compared to the future population, there
may be more justification for the current decline in inclusive wealth; that is, the bar for
the sustainability test becomes lower.

This can go in both directions compared to the usual assessment of sustainability
with V̇/V . Even if V̇/V is positive, when the future population is expected to grow con-
siderably, such that the weight of current population N/N∗ is small compared to the
social discount rate, it is easy to determine that the economy is non-sustainable under
non-declining dynamic average well-being. In contrast, an economy on an unsustain-
able path in terms of conventional well-being, V , may be reassessed as sustainable if the
current share of population is large relative to the present discounted population. In this
case, current wealth declinemay be rationalized because the country is having difficulties
in terms of population pressure. The choice of the pure rate of time preference, or the
social discount rate of utility, also works in both ways because a higher discount rate, δ,
also decreases the present discounted value of population, which is the denominator in
the second term in the RHS of Proposition 3. Note also from Corollary 1 that δ − N/N∗
represents the rate of change in the discounted present value of population.

That the social discount rate affects the sustainability of wealth per capita may sound
strange. After all, both the numerator and the denominator in (2) are the present dis-
counted utility or population flows. Therefore, presented in the way that Corollary 2
does, the discount rate may not appear in the sustainability assessment. If a component
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of wealth can be calculated solely by summing up future flows (e.g., Fenichel andAbbott,
2014), then the utility discount should be canceled out since it appears in both the numer-
ator and denominator of equation (2). In reality, the numerator in (2) has to bemeasured
using some existing stock figure.

Corollary 2 is obtained by directly applying V̇ = δV − NU to Proposition 3.
Corollary 2 also has an intuitive interpretation: the current share of utility in (con-
ventional) intergenerational well-being should not be more than the current share of
the intergenerational population. If we wish, we can further transform the RHS of
Corollary 2 as

N∗U ≤ V , (3)

implying that, if the current utility level were to be enjoyed by all the (discounted) future
generations, that total utility should not exceed social well-being. These expressions are
free from the social discount rate. However, the utility on the LHS of the inequality is dif-
ficult to measure in practice. In application, we have no choice but to use Proposition 3.
We will get back to this point in later sections.

In addition, it proves useful to mention another derived criterion for later purposes.
Often used in practical accounting (Arrow et al., 2012; UNU-IHDP and UNEP, 2012,
2014) is

V(t)
N(t)

=
∫ ∞

t

N(s)
N(t)

U(c(s))e−δ(s−t)ds, (4)

which we may call TU per capita. TU per capita is a simple extension of TU, whose
objective function is divided by the present population. This is in contrast to SAU, where
per capita utility is divided by current population (see Definition 2). The following is
immediate, from Corollary 1:

Corollary 3 (TU per capita vs. DAU). The change rate of social well-being under TU per
capita is larger (smaller) than that under DAU, if and only if

(
V̇
V

− Ṅ
N

)
− V̇∗

V∗ ≷ 0 ⇔ Ṅ∗

N∗ = δ − N
N∗ ≷ Ṅ

N
.

Sustainability under TU per capita is better (worse) than DAU, if and only if the social
discount rate is larger (smaller) than the sum of population growth rate and the share of
current population out of the present discounted population. Note that this relationship
does not entail anything related to the change in inclusive wealth, in contrast to Propo-
sition 3 which compares TU vs. DAU; what matters in the difference between TU per
capita andDAU is an ethical parameter (δ) and facts (Ṅ/N) and prospects on population
(N/N∗).

2.3 Value of population under DAU
Arrow et al. (2003) and Asheim (2004) show that, in principle, the value of the change
in capital stock per capita is not a correct measure of well-being improvement if popula-
tion is included as another class of capital asset. Practical accounting exercises, including
Arrow et al. (2012) and UNU-IHDP and UNEP (2012) become legitimate even if popu-
lation is also an asset by assuming that population growth is constant and that capital per
capita figures fully describe the economy’s dynamics. Arrow et al. (2003) also show that,

https://doi.org/10.1017/S1355770X17000274 Published online by Cambridge University Press

https://doi.org/10.1017/S1355770X17000274


Environment and Development Economics 7

however, in general cases where these assumptions do not hold, the correct indicator of
well-being improvement includes an additional term due to population change.

We confine our analysis in this subsection to a capital-population economy where
there are no other stocks for simplicity.2 Suppose that the dynamics of physical capital
is governed by K̇ = F(K,N) − Nc. Assume a logistical population change

Ṅ(t) = φ(N) = ν(N(t))N(t) = AN(N̄ − N). (5)

Let G = K̇ + qṄ and G∗ = K̇ + q∗Ṅ denote the increase in capital assets in monetary
terms under TU and DAU, respectively. pK and pN are the shadow prices of K and N in
utility terms. q and q∗ represent the marginal shadow prices of population in monetary
terms under TU per capita and DAU, respectively. We then have:

Proposition 4 (Arrow et al., 2003). Along an optimal path, the well-being improvement
under TU per capita and DAU can be measured by, respectively:

G
N

= k̇ + (q + k)
Ṅ
N
, (6)

G∗

N
= k̇ +

(
q + k − V

pk
δ − N/N∗

Ṅ

)
Ṅ
N

(7)

where

q(t) = −k(t) +
∫ ∞

t

(
U(s)
U ′(s)

− ν′(N(s))K(s)
)
Ṅ(s)
Ṅ(t)

e−
∫ s
t FK (K(τ ),N(τ ))dτds. (8)

Proof : See Arrow et al. (2003) for details. We sketch an outline here. Establish the
current-value Hamiltonian:

H = NU(c) + pK[F(K,N) − Nc] + pNφ(N).

Since q ≡ pN/pK , the first-order conditions for optimality suggest q̇ = (FK − φ′)q +
U/pK − (FN − c). Constant returns to scale applied to the dynamics of capital yields
k̇ = FKk + FN − c − νk. Summing these two equations, noting that ν′K = φ′k − vk,
and integrating it forward into the future, we obtain q + k. �

Proposition 4 says that the value of capital change divided by population, G/N, is not
generally equal to the change in capital per capita because we must set aside extra units
of capital stock for newborns represented by kṄ/N. Under TU per capita (equation
(6)), this disappears only if it is equal to the negative of the marginal shadow price of
population, −qṄ/N; that is to say, only if the integral term of equation (8) is null.

To see howDAU affects the shadow price of the population, note that the added term
in equation (7) is −V∗Ṅ∗/Ṅ in monetary units.3 Thus, when population is increasing,

2Weitzman (2003) and Asheim (2004) stress that the case of one-dimensional capital does not easily
translate to the case of multi-dimensional capital because the real price change has to be removed. Specifi-
cally, the exact well-being change indicator is written as pk̇, rather than k̇, where p and k are the vectors of
utility-numeraire shadow prices and capital stocks.

3One can check this by substituting δ − N/N∗ in (7) by Ṅ∗/N∗ (Corollary 1).
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if the discounted present value of the total population is increasing disproportionately
to the current population, the marginal value of population under DAU is naturally dis-
countedmore than that underTUalong an optimal path. In another interpretation of (7),
suppose that the equality holds in Proposition 3, i.e., V̇/V = δ − N/N∗, which implies
constant social well-being according to DAU. The added term then becomes −V̇/Ṅ in
monetary units, implying that we should deduct the change of well-being relative to
that of population from the value of population since social well-being is already kept
constant.

Another point requiring justification relates to the value of life term, U/U ′, in
equation (8). Apparently, the absolute value of life depends on the specification of the
utility function, especially on the consumption level that yields zero utility. For exam-
ple, if we assume a constant relative risk aversion, η > 1, the value of life term would
become c/(1 − η) < 0. As Asheim (2004) notes, if a person is brought to the economy
with an endowed per capita consumption, instantaneous well-being is reduced. If utility
is logarithmic, the value of life can be expressed as c ln c ≥ 0 as long as c ≥ 1. The latter
level of consumption could be conceived of as subsistence-level (Dasgupta, 2001). In the
application section, we will use the value of a statistical life year (VSLY) following the
treatment of health capital accounting in the literature (Arrow et al., 2012). The exercise
presupposes that consumption is above the subsistence level.

The social discount rate and the return on physical capital influence the value of pop-
ulation in different ways. The value of population, q, can become negative when the
value of living longer is small relative to the required capital for marginal relative pop-
ulation growth, ν′K. A higher return on capital also decreases the value of population.
The social discount rate, δ, only affects the increased value of population under DAU, as
in equation (7).

2.4 Value of population under discounted SAU
Welfare analysis under DAU has its critics. It is often argued that it is at least debatable
to discount future population at a constant rate, δ, to derive N∗. However, population
discounting can be rationalized by considering choice under uncertainty with the risk
of extinction in parallel with hazard rate, which is naturally derived in a Harsanyi-Rawls
veil-of-ignorance setting.

Another criticism is that it is much more straightforward to adopt (discounted)
average utilitarianism defined to maximize the sum of per capita utilities, regardless of
population change. However, the SAU also has a downside: all else being equal, it would
recommend a higher distribution to more populous generations in an optimal econ-
omy (Dasgupta, 2001). In addition, average utilitarianism implies that a life (not) worth
living can have negative (positive) value of life. Recent proposals of rank-discounted util-
itarianism are one way to get around this point (Zuber and Asheim, 2012; Asheim and
Zuber, 2014).4 It is possible to defend the discounted SAU in specific settings: it could be
useful in maximin criteria where a social planner maximizes the infimum of per capita

4Their work can be placed as part of the ongoing debates on how to avoid the Repugnant Conclusion
(Parfit, 1984). TheRepugnantConclusion implies thatwe should reject TU, since total utility ofmany people
whose lives are merely on the subsistence level is considered to exceed that of fewer people whose living
standards are fair enough.
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utilities within generations and ensures sustainability.5 In an immediate follow-up study
to Arrow et al. (2003), Asheim (2004) also considers this utilitarianism when only per
capita, rather than total, utility matters. Per capita utility is considered in Pezzey (2004)
as well. While this is not the focus of our argument, it helps to have a comparison to this
alternative criterion.

Definition 2. Under SAU, development is sustainable at t if and only if the per capita
social well-being is not declining at t. That is,

dv
dt

≡
∫ ∞

t

dU(c(s))
ds

e−δ(s−t)ds ≥ 0. (9)

By Definition 2, we have the following:

Proposition 5 (Asheim, 2004, Proposition 6). Along an optimal path, well-being
improvements under SAU can be measured by

Ĝ
N

= k̇ + (q̂ + k)
Ṅ
N
, (10)

where

q̂(t) = −k(t) −
∫ ∞

t
ν′(N(s))K(s)

Ṅ(s)
Ṅ(t)

e−
∫ s
t FK (K(τ ),N(τ ))dτds. (11)

Proof : The one and only important change from the TU or DAU case in Propo-
sition 4 lies in the adjoint equation for the relative price of the population. The
current-value Hamiltonian now reads:

Ĥ = U(c) + p̂K[F(K,N) − Nc] + p̂Nφ(N).

Since q̂ ≡ p̂N/p̂K , the first-order conditions for optimality include:

˙̂q = (FK − φ′)q̂ − (FN − c).

An analogous treatment to Proposition 4 yields q̂ + k as in (11). �

As shown in the proof, the dynamics of the relative shadow price of the population, q̂,
does not entail current utility because the current population number does not matter
under per capita utilitarianism. While acknowledging the pros and cons of TU, DAU,
and SAU, it is fair to say SAU also merits a separate discussion for its simplicity. In par-
ticular, unlike (8), it does not depend on the consumption level that yields zero utility; the
value of life term does not appear in (11). It is also easy to see that, even under SAU, only
when assuming constant population (ν′(N(s)) = 0 for all s) is it legitimate to simplify
and use the increase in physical stock per capita as the well-being indicator.

5Asheim and Buchholz (2004) show that standard green accounting results can be generalized to both
cases of discounted utilitarianism and maximin. In a critique of Arrow et al. (2012), Cairns (2013) argues
that sustainability assessments should use shadow prices of stocks based on maximin.
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3. Application to the inclusive wealth index
The validity of the arguments sought in the previous sections is an empirical question, as
are assumptions about parameters and population prospects. In the following sections,
we therefore apply the theory to data obtained from recent publications on green and
wealth accounting. It is worth stressing that, in this application section, V and V∗ stand
for inclusive wealth, not well-being, under TU and DAU, respectively. This slight abuse
of notation should not create confusion in what follows, since it is impossible to directly
measure social well-being in practice.

Specifically, data in this section are obtained from the Inclusive Wealth Report 2012
(UNU-IHDP and UNEP, 2012), combined with past and future population estimates
reported in the United Nations Population Division (2013). As such, samples are limited
to the twenty countries in the pilot study of IWR 2012. In this application section, we call

∑
i

pi
pK

Ki

the (inclusive) wealth in dollar terms. Here Ki denotes physical, human, and natural
capital. Their shadow prices are pi. The default value of the social discount rate of utility
is δ = 0.05 and we use the medium fertility scenario.

3.1 Wealth per capita under DAU
To recap, Proposition 3 demonstrates that the key factor in sustainability under DAU
is whether well-being grows sufficiently to feed the future population, which grows at a
speed of δ − N/N∗. As is expected from this expression, the social discount rate, rela-
tive to the current share of the dynamic total population, plays a pivotal role in the new
assessment. When the discount rate is large, the difference, δ − N/N∗, easily becomes
positive, which means a higher bar to overcome for those countries with low growth in
inclusive wealth.

Figure 1 presents the graphical comparison of inclusivewealth underTUper capita vs.
DAU for selected countries. First, the dashed line measures inclusive wealth per capita
under TU per capita in dollar value, V/N, which is simply taken from the ‘per capita
inclusive wealth index’ in UNU-IHDP and UNEP (2012). Second, our new estimate of
inclusive wealth per capita under DAU, V∗ = V/N∗, appears as the solid line. We con-
struct this figure by dividing current inclusive wealth in dollar value, V , as reported in
‘inclusive wealth index’ in UNU-IHDP and UNEP (2012), by the discounted value of
total population, N∗. We calculate the latter N∗ by simply aggregating the discounted
population from the current period to 2400.6 For the population data, we employ actual
values for 1990--2008 and estimates for 2009--2100, reported in the medium fertility
case of United Nations Population Division (2013), assuming that population does not
change from 2100 to 2400.7

Figures A2 and A3 in online appendix B, available at http://dx.doi.org/10.1017/S1355
770X17000274, provide another presentation showing the change rates of inclusive

6The year 2400 was chosen as a time horizon because by then the discounted population, N(s)e−δ(s−t),
where t = 2008, becomes zero in many countries if the 5 per cent discount rate is applied (maximum 8
persons, which is in India).

7For example, the population of the US in 2050 is estimated to be 400,853,042, discounted by 5 per cent
to be 51,645,754 at the current value in 2008.
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Figure 1. Inclusive wealth under TU per capita (dashed line) and under DAU (solid line), selected countries, 1990–2008. Based on IWR 2012 and the author’s calculation
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wealth under TU (V̇/V), under TU per capita (V̇/V − Ṅ/N), and under DAU (V̇/V +
N/N∗ − δ). Wealth under TU shows the best picture of sustainability of the three cri-
teria, as long as population is increasing. However, whether or not wealth under DAU
(solid line) performs ‘better’ than TU per capita (dashed line) differs from country to
country, as we have seen in section 2.2.

The key element in sustainability assessment is whether wealth has increased during
the studied period, regardless of the absolute values. In this sense, a comparison of the
figures for 1990 and 2008 show that we would have different assessments of whether
nations have accumulated inclusive wealth per capita for the following four countries:
Colombia, Saudi Arabia, South Africa and Venezuela. It seems that Russia has decreased
inclusive wealth in light of both TU per capita and DAU. For the other 15 countries
in the sample, inclusive wealth has increased in either criteria (see figure A1 in online
appendix A).

We thus focus on those four countries that show deviations from the original inclu-
sive wealth path under TU per capita. As can be seen in figure 1, Colombia and South
Africa experienced volatile wealth changes, even in terms of TU per capita. The volatil-
ity itself is not smoothed by applying DAU, but the sustainability assessment based on
the period 1990--2008 improves for both countries. From Proposition 3, sustainabil-
ity is ensured under DAU if and only if V̇/V + N/N∗ − δ ≥ 0. Take South Africa, for
example. The share of current population of the dynamic total population,N/N∗, inches
ahead monotonically from 3.6 to 4.2 per cent. In contrast, the change in value of inclu-
sive wealth under TU started from 2.4 per cent, decreased to 0.2 per cent in 1999, and
went up again to 2.3 per cent. Taken together, V̇/V + N/N∗ moved from 6 per cent,
down to 4 per cent and ended at 7 per cent. Set against this is the social discount rate of
δ = 5 per cent. Consequently, inclusive wealth under DAU has been increasing for most
of the period. In another example for Colombia, the share of current population of the
dynamic total population, N/N∗, was also relatively stable, moving from 3.6 to 4.0 per
cent. The value of the change in wealth under TU started at V̇/V =1.2 per cent, became
negative once, and then recovered to 2.8 per cent.

A U-shaped wealth per capita path emerges for Saudi Arabia under DAU, whose
wealth growth has been on the order of V̇/V = 1 per cent for the 1990s and then 2
per cent for the 2000s under TU. Population pressure has been constantly on the decline
from N/N∗ = 3 to 4 per cent throughout. All things considered, sustainability under
DAU is ensured only after 2000.

The oil-richVenezuela is also an interesting case, as wealth per capita underDAUwas
almost unchanged in the 1990s, i.e., the country is on a sustainable path under DAU in
those days, in contrast to assessments under TUper capita. Thewealth growth improved,
from the order of V̇/V = 1 to 2 per cent during the studied period.Meanwhile, the share
of population out of the discounted population, N/N∗, has been on the order of 3 per
cent throughout. They together have turned sustainability under DAU from negative to
positive across the border.

3.2 Sensitivity analysis
Our theoretical results suggest that sustainability underDAUhinges on our choice of the
ethical parameter (δ), as well as three scenarios of population growth from the United
Nations Population Division (2013). The upper panel of figure 2 reports sensitivity of
the average annual change rate of inclusive wealth for 1990--2008. Different discount
rates of 2, 5 (base case), and 8 per cent, as well as TU per capita results, are shown. The
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Figure 2. Sensitivity analysis of the change rates (%) in the values of inclusive wealth under DAU. The upper and
lower panels show sensitivity of discount rates (2%, 5%, and 8%), and population scenarios (low, medium, and
high fertility cases), respectively. The dots indicate TU per capita. Based on IWR 2012, United Nations Population
Division (2013), and the author’s calculation

proper discount rate to be applied to (2) is not known; we follow Arrow et al. (2012)
who adopted 5 per cent as a base case for discounting additional life years remaining in
sustainability analysis.

The effect of the discount rate δ on δ − N/N∗ is ambiguous, as higher (lower)
discounting makes the discounted future population smaller (larger):

∂

∂δ

(
δ − N

N∗

)
= 1 − N

N∗

∫ ∞
t (τ − t)N(τ )e−δ(τ−t)dτ

N∗ .

Empirically, a lower (higher) discount rate is likely to make δ − N/N∗ smaller (larger),
thus raising the sustainability bar lower (higher). If this is the case, application of a low
discount rate makes up for negative growth in inclusive wealth for sustainability assess-
ments under TU (see Proposition 3). A lower discount rate implies that the present
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Table 1. Sensitivity of N/N∗ for different discount rates (unit: %)

δ 0.1 2 5 8 V̇/V

Nigeria 0.05 0.6 2.5 5.0 0.5
Russia 0.4 2.3 5.0 7.7 −0.5

discounted population,N∗, absorbsmore future generations. Because this translates into
inclusive wealth divided up by an increasing number of (distant) people, annual changes
in inclusive wealth under TU per capita becomes increasingly negligible. In fact, it turns
out that the low discounting case (2 per cent) improves performance of many coun-
tries, leaving only Nigeria and Russia assessed as unsustainable under DAU. It is also
apparent from Proposition 3 that an even lower discount rate that is used in climate
change economics, say, 0.1 per cent, would bring almost all the countries, including
Nigeria, on a sustainable path under DAU, with Russia being the only exception. To
see this more clearly, table 1 presents the variable share of the current population out
of the dynamic future population for different discount rates. Inclusive wealth change
under TU in Russia (−0.5 per cent on the average) cannot be justified for any discount
rate under DAU for currently available population scenarios. The high discounting case
(8 per cent) changes sustainability assessments from positive to negative in Australia,
Columbia, Saudi Arabia, and Venezuela.

In contrast, the lower panel of figure 2 suggests that our results of DAU are fairly
robust regarding different population scenarios. Only in Australia does the change rate
in inclusive wealth under DAU turn negative slightly. On the whole, low (high) fertility
cases tend to make the change rates of inclusive wealth under DAU better (worse) than
the base case of medium fertility case. The only exceptions are France and United King-
dom. On the whole, the DAU results shown are relatively robust with regard to discount
rates and population scenarios.

3.3 Value of population under DAU
We now turn to explore the order of the magnitude of the value of population as
another type of capital asset under DAU, as proposed by Arrow et al. (2003). In line
with Propositions 4 and 5, the figures are compared to the TU and SAU.8

We first prepare the same population prospects dataset for the medium fertility case
from the United Nations Population Division (2013), from 2011 to 2100. From 2100 on,
there is no official estimate, so we assume that population will be at a steady state till
2400. Second, to obtain the relative growth rate for population in equations (8) and (11)
for each country, we estimate the population growth function from the past data and
future projections for the 1950--2100 period.We use only the positive growth period for
the estimation. For details, see table A1 in online appendix C. Third, for the value of life,
U/U ′, required to analyze TU and DAU, we use the VSLY to compute health capital as
reported in Arrow et al. (2012). VSLY is adjusted for the sample countries according to
the rule of thumb that VSLY is proportional to 0.6 power of GDP per capita in 2010,
based on the VSLY figure for the U.S. at 6.3 million dollars (Viscusi and Aldy, 2003).We

8The effect of changing demographics and the value of population (Yamaguchi, 2014) is absent from our
current exercise.
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Table 2. Change in the value of inclusive wealth per capita (
∑

i(pi/pK)K̇i) and the value of population
change under TU, DAU, and SAU in 2008

Value of population change

Country
∑

i(pi/pK)K̇i TU DAU SAU

Australia 1, 150 106, 544 103, 073 1, 129
Brazil 431 12, 788 12, 520 166
Canada 1, 112 68, 015 64, 888 1, 163
Chile 1, 522 18, 539 18, 083 78
China 493 2, 687 2, 626 24
Colombia 336 18, 908 18, 637 165
Ecuador 255 23, 151 22, 836 188
France 3, 087 12, 149 11, 397 103
Germany 826 −19, 319 −19, 258 −308
India 117 7, 141 7, 089 28
Japan 1, 508 −20, 831 −20, 636 −819
Kenya 33 20, 050 20, 029 26
Nigeria −106 32, 174 32, 129 39
Norway 3, 515 101, 705 98, 527 517
Russia −4 −7, 422 −7, 177 −170
Saudi Arabia −334 57, 896 55, 601 2, 127
South Africa 492 16, 185 15, 901 174
United Kingdom 3, 131 37, 647 36, 236 160
United States 2, 312 64, 623 61, 336 872
Venezuela 580 31, 758 30, 467 876

Note: The value of population change is (q+ k)Ṅ/N under TU, (q+ k − (V∗/pk)(dN∗/dN))Ṅ/N under DAU, and (q̂+ k)Ṅ/N
under SAU. For details, see Propositions 4 and 5. Unit: constant 2005 US$. Based on IWR 2012 and the author’s calculation.
See footnote 9 for VSLY figures.

assume the discounted remaining years of life expectancy to be 16 years for all countries.9
Finally, the real rate of return on capital, FK , is set at 5 per cent.

Table 2 shows the estimated change of wealth from t = 2008 when population is
another class of capital asset. Column 2 shows the change in inclusivewealth per capita in
dollar terms in 2008, the latest figure reported in IWR2012. Columns 3--5 show the value
of population change in 2008, according to TU, DAU, and SAU.10 The sum of columns 2
and 3 correspond to the change in wealth per capita inclusive of population, as expressed
in equation (6) in Proposition 4. Likewise, the sum of columns 2 and 4 expresses the
same metric under DAU, as in equation (7). Finally, the sum of columns 2 and 5 show
the change in wealth per capita inclusive of population under SAU, corresponding to
equation (11) in Proposition 5.

Several remarks are in order. The immediate thing to note is that, as is the case with
the debate on health capital in inclusive wealth accounting (UNU-IHDP and UNEP,
2012), the value of population change is higher than the change in inclusive wealth per

9Specifically, VSLY is $381,566 for Australia, $110,384 for Brazil, $366,945 for Canada, $142,437 for
Chile, $60,604 for China, $90,479 for Colombia, $79,610 for Ecuador, $366,374 for France, $356,789 for
Germany, $36,032 for India, $372,540 for Japan, $29,503 for Kenya, $38,028 for Nigeria, $532,499 for Nor-
way, $118,136 for Russia, $203,318 for Saudi Arabia, $116,230 for South Africa, $383,997 for the U.K., and
$410,454 for the U.S. These figures are static and do not reflect future growth in GDP per capita.

10The value of population change columns should be interpreted carefully. These include, aside from the
value of population itself, wealth per capita allocated to entrants expressed by k in (q + k)Ṅ/N.
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capita by one or two orders of magnitude. Consequently, including the value of popu-
lation in inclusive wealth would increase (decrease) the wealth estimates significantly in
countries with increasing (decreasing) population. Second, comparing columns 3 (TU)
and 4 (DAU), the difference between TU and DAU is relatively small compared to the
magnitude of annual change in the value of population. In a country whose population
is increasing (decreasing), the value of population under TU is larger (smaller) than that
under DAU, as expected from Proposition 4. Third, the value of population under SAU
is much smaller than under its alternative criteria, sometimes at around the same order
as inclusive wealth per capita. As we have seen in Proposition 5, the controversial value
of life is irrelevant under SAU, so here, the value of population only includes the demo-
graphic effect. Therefore, one way to avoid controversy while still analyzing the value of
population might be to start from SAU and then go on to TU or DAU figures.

4. Concluding remarks
Given future population prospects, Dasgupta’s (2001) interesting DAU proposal does
not change optimal policy, but may change sustainability assessments, especially in the
context of uncertain population dynamics in the future. It therefore has the potential to
affect the wealth accounting discussion as well. Our study shows that, as long as wealth
should be measured as stocks, the social discount rate applied to future population, as
well as population dynamics, has a role in wealth accounting under DAU. In particu-
lar, inclusive wealth under TU should grow at a rate higher than the difference between
the discount rate and the share of current population of the discounted future popula-
tion. Our empirical results suggest that DAU changes sustainability assessments of some
developing countries. Sensitivity analysis also suggests the importance of the choice of
the discount rate. In contrast, our results were not sensitive to the UN’s three fertil-
ity scenarios; however, population prospects are far from rock solid (see, e.g., a recent
update by Gerland et al., 2014), because it is actually an endogenous function of many
socioeconomic variables, compounded by the environment, development, and poverty.
Moreover, with uncertain consequences of climate change to come over the next decades
or centuries, migration will be all the more important (e.g., Marchiori and Schumacher,
2011).

We have also applied relevant theoretical results to measure the value of population.
In this exercise, the difference between TU and DAU does not matter so much in terms
of the order of magnitude, although the data we used are still far from complete. It is also
worthwhile noting that both Propositions 4 and 5 are analyses of optimal paths, which
is a good starting point that may be extended to more general cases in the future.

One is tempted to draw policy implications, but it is unarguably difficult to control
a country’s population. As such, it is safe to say that we are asked to accumulate suffi-
cient wealth such that it does not fall short of the dynamics of the present discounted
value of population. Even if one’s take on sustainable development is ‘strong,’ implying
that investing in physical or human capital does not compensate for degrading natural
capital, then our sustainability-related caution under DAU can be even stronger. Finally,
along with sustainability assessments, different criteria may yield different assessments
regarding intergenerational equity as well (cf. Yamaguchi, 2017). With all these caveats,
as wealth accounting grows ever more exhaustive and accurate, analysis under DAU is
expected to show more relevant development policy implications.

Supplementary material. The supplementary material for this article can be found at https://doi.org/
10.1017/S1355770X17000274.
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