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M easuring Sustainability in the UN System of Environmental-Economic
Accounting

Kirk Hamilton
2014

Abstract. The adoption of th8ystem of Environmental-Economic Accounting 2012:
Central Framework as a UN statistical standard is a landmark inrenvnental
accounting. The SEEA has the same authority anghwveis the System of National
Accounts in the pantheon of official statisticseTBEEA defines the unit value of
depletion of an exhaustible resource to equal Wleeage value of the asset (the total
asset value divided by the physical stock of resmuBy applying this definition to a
non-optimal Dasgupta-Heal-Solow model of an exivactconomy, we show that
‘depletion-adjusted net saving’ as defined in tB#8 supports a generalized version
of the Hartwick Rule. This measure of saving caidguolicies for sustainable
development in extractive economies, in partictitaral policies concerning
consumption and investment expenditures fundece$sgurce rents. The conditions
required to support this finding are not undulytniesve: that extraction declines over
time at a constant rate, and that the marginalafagtsource extraction is constant.

1. Introduction

When theSystem of Environmental-Economic Accounting 2012: Central Framework
(SEEA 2012) was adopted as a UN statistical stahdaset the stage for much wider
adoption of resource and environmental accountyngoointries across the world.
This paper explores the extent to which the newdsted can be used to measure the
sustainability of development in extractive econesrand, more broadly, to underpin
policies for achieving sustainability.

There is by now a very large literature on the eooics of sustainable development,
as theHandbook of Sustainable Development (Atkinson et al. 2009) attests. Within
this literature the essential question is whethelibging can be sustained in a world
of finite resources. Solow (1974) boiled the problgown to its essentials by
considering a simple economy with fixed technolqgyduced capital and a finite
exhaustible resource that is essential for prodoctde concluded that constant
consumption is feasible in this economy if investirie a linear function of time, and
the elasticity of substitution between the two &si&eequal to f.Dasgupta and Heal
(1979) used this model economy to develop theing@oing book on the economics
of exhaustible resources.

Hartwick (1977) showed that underpinning the So{@@/74) result is a simple policy
rule. The Hartwick Rule states that if gross inmestt just equals the scarcity rent on
resource extraction, then consumption will be camistinvestment in produced
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2 Solow also required that the elasticity of outpith respect to produced capital be
greater than the elasticity of output with resgedhe resource input.



capital just offsets the depletion of the resoulficthis rule is applied at each point in
time, then consumption can be sustained. Thistresstis upon the basic assumptions
of Solow, including the requirement that the ndtueaource be priced efficiently —
the Hotelling Rule. Hamilton and Hartwick (2005)ardamilton and Withagen
(2007) generalize this result to multiple consumpgoods and multiple assets,
showing that consumption and wellbeing will ris&ggénuine saving’ — net saving
including the depletion of natural resources —asifive and growing at a rate less
than the interest rate for the economy. The moneige relationship between an
adjusted measure of net saving and the changeial seelfare (the present value of
future wellbeing) was established in Hamilton aren@ns (1999), Dasgupta and
Maler (2000), and Asheim and Weitzman (2001).

While Pezzey (1989) defined a development patlafioeconomy to be sustainable if
current utility does not decrease at any point@line path, Dasgupta and Maler
(2000) use a less stringent condition, that a [gaslistainable if social welfare (the
present value of utility) does not decline at aninpalong the path. In this paper we
adopt the Dasgupta-Maler definition.

What theory shows is that there is a fundament&lbetween measuring
sustainability and national accounting, in parécuihe measure of net saving adjusted
for resource depletion in extractive economies. [é/this theoretical work
progressed, there was a parallel stream of wonkitat might be termed ‘practical
wealth accounting’: national accounts have beeersldd by including experimental
stock and flow accounts for a variety of naturalowces. Ahmaet al. (1989) is an
early introduction to this literature. This workshilaeen supported by the efforts of the
United Nations Statistical Commission to developaapts, classifications and
methodology to underpin resource and environmed@bunting. The culmination of
this work by official statisticians is the U8ystem of Environmental-Economic

Accounts 2012: Central Framework (SEEA 2012).

The adoption of the SEEA is a landmark becausstatbdishes a UN statistical
standard for resource accounting that has the saherity and weight as the System
of National Accounts (SNA). The expectation is tbatintries will develop resource
and environmental accounts to complement the SNW&. SEEA establishes two new
national accounting aggregates — depletion-adjustédaving, and depletion-
adjusted national income.

The body of economic theory suggests that depletdjnsted net saving could be
used to guide real-world policies for sustainaldeedopment, by implementing the
Hartwick Rule and its generalizations. This wouddgdarticularly important in
developing countries with large extractive industegtors — in these countries
resource depletion can equal 10-50% or more of GDP.

In practice, the statistical standards of the SEBE®e been developed with little
reference to the body of economic theory on suabdéndevelopmentAccounting
practices may diverge from what theory suggestsl there is, of course, the

% The only academic paper referenced in SEEA 20E2ask Ramsey’s 1928 classic
on a mathematical theory of saving.



necessary divergence between real-world economgkgha optimal, or at least
efficient, economies on which much of the theorgased.

This paper focuses on the SEEA’s treatment of estitsla resources and assesses
whether accounting aggregates such as ‘depletijusiad net saving’ defined in the
SEEA can serve as indicators of sustainability.aXjglore the application of SEEA
principles to a Dasgupta-Heal-Solow (DHS) econosinyge this boils the question of
sustainability down to its essentials. We find thaider fairly weak conditions, the
generalized Hartwick Rule holds in a non-optimal®&tonomy where resource
depletion is measured using SEEA methods.

Section 2 develops the basic framework for a naimag economy with an
‘allocation mechanism,” based on Dasgupta and Ma@®00), and shows that the
measure of depletion suggested in an earlier editidhe SEEA (SEEA 2003) would
necessarily lead to declining wellbeing if the Wack Rule were based upon this
measure. Section 3 establishes the main resuliispdhat the generalized Hartwick

Rule holds, subject to two basic conditions, wHen$EEA'’s suggested methodology

for valuing depletion is applied. Section 4 exarsittee dynamics of the unit value of
depletion in the SEEA, and gives some empiricagimsnto the measure. The final
section concludes.

2. Defining the allocation mechanism and an example application

Our goal in this section is to flesh out the conag@n allocation mechanism for a
non-optimal Dasgupta-Heal-Solow (DHS) economy, tiath to measure wellbeing
over time under a particular savings rule: setrgpeiqual to the change in total
resource wealth.

The DHS economy is the canonical example of a gmepbnomy where
unsustainability is a potential development outcohte economy is closed to trade
(and therefore domestic saving equals domesticsinment), it exploits a finite stock
of a natural resource that is essential for pradactesource extraction is costless,
and there is no technical progress. Dasgupta aat(H@79) famously show that the
optimal policy for this economy — the policy thaaximizes social welfare — leads to
a path for consumption that falls asymptoticallgévo. The optimal policy is
unsustainable.

The economy has production functiB(k, R) which satisfies the usual neoclassical
conditions,

Fp =0,F >0,Fep <0, Fgg <0, Fgp >0, Fgg =0

All variables are assumed to be functions of tiomdess otherwise specified.
Production of a homogeneous good is either consumewested,

F(K,R)=C+EK

(1)

(@)



Utility is a function of consumption only, 96 = U (C). The pure rate of time
preferencep is constant. Extraction of the resource decretisesize of the resource
stock s,

$=-R (3)
Theallocation mechanism a for this economy has the following characteristics

(i) There is an extraction rule that determinesgh#{R } for resource extraction.
(i) There is an investment rule that defines théhdor investmen{x}, and therefore
implicitly defines the path for consumpti¢a} as well.

(iif) The economy is efficient to the extent that,

S = [ R(z)dz (4)
F is the price for units of the resourge

F. Is the interest rate for the economy

(iv) The development path defined &ys feasible, so the¥ = 0,5 = 0 vt.

With these definitions in hand, we define socialfare 1" as,

v=["u(c(z))e?dz (5)
Because the pure rate of time preference is constégrating by parts yields,

v=["U- e Pty = [T ucc(z)- ePlamtl gz (6)

The change in social welfare equals the discouintedral of the marginal utility of
consumption times the instantaneous change in cgotson.

An example saving rule as an allocation mechanism

We now present a non-optimal infinite horizon eaogavhere the saving rule is to
set investment equal to the change in total regowealth which results from
resource extraction. The motivation for this savinig is that the earlier draft UN
standard for environmental accounting, SEEA 2p88ggested that the value of
depletion of an exhaustible resource should edngatdsource rent on extraction
minus the return on the value of the resource staslshown below, this is equal to
the change in total resource wealth if the resostoek is valued as the present value
of resource rents.

We modify expression (2) to allow for costly extian, f(R) = 0:
F(K,R)=C+K+ f(R) (7)

and the value of the resource equals the presard vatotal rents,

* Unless otherwise specified, all references to SEEA’ refer to SEEA 2012, the
new UN statistical standard.



N = ["(R()RE) — F(R(2)) e~k Fedrg, 8)

It follows that the total change in the value of tlesource stock (as a result of
extraction) is equal to the return on the resoass®et minus the resource rents on
extraction,

N = FeN — (FzxR — f(R))
We define the allocation rules for extraction amgeistment constituting to be:

R <0Vt 9)
K=-Nvt (10)

Over the infinite horizon, expression (4) for efféict extraction can hold only if the
guantity depleted is non-decreasing over finite periods of time pression (9)
ensures that this holds true. It is straightforwtardhow thaiV < 0 when quantity?

Is extracted, hence the sign in expression (10yvever, total rents on extraction must
not grow more quickly than the discount r&tein order to ensure the value of the
resource stock is finite. The instantaneous changesestment is given by,

K=—N=-2(FN—FR+f(R)=—(FN —FK —FRR—FRR+f'R)
The change in consumption is therefore given by,
C=F,K+FRR—-fR-K=FN-F,R (11)

SinceFy, = FyxK + Fzx R andF, = F;zR + F K, it follows from expression (1) and
the allocation rules (9) and (10) thét< 0 ¥t. From expression (6) it follows that
social welfare is declining at each point in tirfmzesting an amount equal to the total
change in the value of the resource stpeli) is a policy rule for unsustainability in
this non-optimal economy.

This result is important because, as Hamilton anth R2009) argue, much of the
literature on ‘green accounting’ for exhaustiblsaerces prior to the adoption of the
SEEA 2012 assumed that the correct value of resalepletion is the change in the
total value of the resource stock. This was themenendation of the earlier draft UN
standard (SEEA 2003, Box 7.3). A naive applicatbthe Hartwick Rule — set
investment in produced capital equal to the valuesource depletion measured on
this basis — would actually lead to unsustainaphilit

3. The Generalized Hartwick Rule and the SEEA

> El Serafy (1989) made an important contributiorshgwing that the total rent on
resource extraction can be partitioned into annme@component and a capital
consumption component. This builds on notions akslian income and the
Permanent Income Hypothesis. However, his formalaéluing resource depletion
Is equivalent to measuring the change in the tathie of the resource stock.



We now turn to our central question: can depletidjusted net saving, as defined in
the SEEA, underpin a policy rule for sustainabiiitya non-optimal economy? To
explore this we need to define a saving rule anexaraction rule in the non-optimal
DHS economy.

As theory suggests, the SEEA assumes that the gathe exhaustible resource stock
5 is equal to the present value of total resournésren extraction¥. The SEEA then
defines the unit value of the resource in the gdoasp, where

ta | =

2]

This is the average asset value per unit of regolr@r resource extractionis
expression (3) defines the change in the resotock,s = —R. The value of
resource depletion is then defined in the SEEAeto b

Depletion= —pR

Here the SEEA makes a conceptual leap by assuimatghte unit asset valigeis the
appropriate way to value depletion. This is potdhtiat odds with economic theory,
where depletion is measured asitieginal rent on extraction times the quantity
extracted. For example, Hamilton and Hartwick (20f&fine ‘genuine saving’ to be
G = K — F; R in the DHS economy with no extraction costs. Thia measure of net
saving, accounting for resource depletion measas&iR. Genuine saving is the
analogue of ‘depletion-adjusted net saving’ in 8ieEA.

Hamilton and Hartwick (2005) show that a generdioraof the Hartwick Rule for
sustainability holds in the optimal DHS economy.desive this result they do not
require full optimization of the economy — they pignrequire efficient pricing of the
resource, i.e. the Hotelling Rule. Hamilton andtiWerk derive the following basic
relationship between genuine saving and changesnsumption:

C=FG-G (13)

The standard Hartwick Rule follows by assuming that 0 at each point in time in
expression (13) — this results in a constant lef’ebnsumption over time. But a more

general rule for sustainability can be derived bgasingc = 0 and< < Fy. If this
=

rule is applied at each point in time, consumptidihbe everywhere increasing in the
DHS economy.

The central result that we wish to establish i$ éx@ression (13) can be derived in a
non-optimal DHS economy with costly extracti6f®) where:

F(K,R)=C+ K+ f(R), and

(i) the extraction cost function exhibits constargrginal costf(R) = yR, for
constanty



(ii) genuine saving is measured@s= K —pR , withp = % per the SEEA
methodology, and

(iii) the extraction rule i% = @ for constantp < 1.

Over an infinite extraction horizon starting at éimthe efficient value fog is

obviouslyg = j—: , since this will satisfy the exhaustion criteriexpression (4).
The extraction rule implies th§t= % = —¢, and thats = K — ¢N.

The value of the resource asset is the preseng wdltotal rents over the infinite
horizon,

N = [“(F(2) —7) -R(z) ek FxDergy

Now,

K=F—-C—fR=FK+(F,-y)R-C (14)
G=K—¢N=FK+ (F, —y)R—C—Fy;¢N +¢(F, — V)R

and therefore,

FG—G=C—(Fr—y)R—9¢(Fr—v)R=¢C (15)

If genuine saving is measured using the SEEA methodology to valseuree
depletion, marginal extraction costs are constard,resource extractiddis a
constant fraction of the resource stégkhen as long a8 > @ andé is growing
more slowly than the interest rate, consumptioth vglrising. If this saving rule
applies at each point in time, then from expresgrnt follows that social welfare is
everywhere rising. The economy is sustainable.

If marginal extraction costs are an increasing fiomcof R, then the average rent per
unit of resourcer, — foﬂ' will exceed the marginal rent per unit of resoufge- [,
and expression (15) becomes,

FxG—G=C—o¢(f'R—f(R)) (15a)
The standard Hartwick Rule leads to rising consuwngh this instance.

The bad news in expression (15a) compared to esipreél5) is that it is no longer
sufficient for negative genuine saving to imply lildog consumption — saving must

be sufficiently negative to offset the final poggtiterm. To be precise, suppose that
genuine saving is set to equal a consiast 0. Then expression (15a) becomes,

C=FG+ao(f'R—f(R)



Consumption therefore declines only| & = (f R — F(R)). If F; = ¢ then the
absolute value o must exceed the infra- marglnal rents on extraction

To summarize, we have established that depletiqustati net saving, measured in a
DHS economy using SEEA definitions, will suppor treneralized Hartwick Rule if
() resource extraction declines at a constant eatéd (i) marginal extraction costs are
constant.

This result is derived for an infinite horizon pleim, but it transfers directly to an
economy where the resource is exhausted overta periodl' — t. Obviously
resources cannot be an essential input to productisuch an economy, and the
allocation rules for the economy must have two phasone for the period of
resource production, which will mirror what we jysesented, and one for the
remaining period. To ensure resource exhaustiontbeefinite period, the main
parameters of the extraction program must satisfy,

s =[] R(9)- e*dz (16)

Here, ifR(t) is the currently observed quantity of resourceastéd, we can choose

@ = R'ﬂ' —andr —t = ; for example. The®*(t) can be chosen to satisfy expression

(16).
4. Level and dynamics of the unit value of depletion in the SEEA

Finally, to deepen our understanding of applyireySizEA methodology in the DHS
economy, we examine two further issues: what igdte of change of the unit value
of depletionp, and is the value of depletion generally less tioéal rents on
extraction?

Since we know that marginal rents rise at the o&iaterest in the optimal DHS
economy, it is worth exploring how the unit valdedepletionp behaves in the non-

optimal economy. Sincg = % we can derive the following when resource exioact
falls at rateg:

L

'-'.ll'-'.l.

_¢_|_FK" 'FH }":'R +¢(1_IFH }":'5') (17)

N
N w
We know from the theory of the mine that the vattiéhe mine N, is maximized
when the marginal rental rafk — y grows at the rate of interest — this is just the
Hotelling Rule. In this instance the maximum vatii¢he mine is given by

(F; — ¥ )35, because the growth rate and the discount ratetarhe value of the non-
optimal mineN is necessarily less théifi; — )5, and so the term in parentheses is
negative, implying that the growth rate of the waitue of depletion is less than the
interest rate.

For a finite extraction program where resource dapdave lifetimes up to 25 years,
Figure 1 plots the unit value of depletion (thera@in real wealth using the SEEA



methodology) and the change in total wealth asregpe of total rent on extraction.
The curves plotted assume a constant unit rentgdgeeent per unit of resource) and
a constant quantity extracted in each period. Hseraed discount rate is 4%. The
two curves are defined as:

Delta real wealth =pS = pR
Delta total wealth =(pS + pS)

The difference between the two curves in Figure therefore equal to the capital
gains £5) when quantity® is extracted, expressed as a share of total rent o
extraction. The difference increases as the resalgposit size increases. At 25 years
of reserves, the change in real wealth when thmures is extracted is equal to 65%
of total rents — this compares with the changeial twealth, amounting to 39% of
total rent. As we saw in section 2 of this papettisg investment equal to the change
in total resource wealth results in declining sbwielfare.

Figure 1. Changesin total and real wealth asa function of resourcelifetime
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Source: author’s calculations; discount rate is 4%

With regard to the level of resource depletion cared to the total rents on
extraction, Figure 1 shows that depletion is alwiags than total rent under the
assumption of constant unit rents and constanaetidn. More generally, going back
to the optimal mine, we know thatis maximized if marginal rents follow the
Hotelling Rule. As argued above, this implies tNe (F; — )5S for optimal
extraction. In generaly will be lower than this in the non-optimal econgrmaplying
that,
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The right-hand side of this expression equalsdted tent on extraction. In general,
therefore, the value of resource depletion willdss than total rent in the non-optimal
economy. The SEEA formula for valuing depletioreefively partitions the total rent
on extraction into a depletion component and atedirent. Since only the depletion
component has an impact on wellbeing, by implicatiee residual rent is in fact
income that can be consumed without affecting veatig.

5. Conclusions

This analysis of non-optimal DHS economies suggéstisthe valuation of depletion
in the SEEA 2012 is quite robust. The findings lo@ DPHS economy show that the
generalized Hartwick Rule for sustainability wiply under two assumptions — that
marginal extraction costs are constant, and thaaetion declines at a fixed rate.

The analysis in section 2 frames the allocatioa faf a simple non-optimal

extractive economy. In addition to feasibility ctiamts, two basic (and interacting)
rules determine the path of the economy — an exracule which determines the
quantity of resource extracted at each point iretiemd a saving rule which
determines both how much wealth is created andrhaeh consumption the
economy will enjoy at each point. Within this frawak the variant of the Hartwick
Rule traditionally assumed in the resource accagritierature — set gross investment
to equal to the change in the total value of tlsewece as a result of extraction —
results in an economy with declining social welfdithis saving rule is followed over
time.

Section 3 derives the correct policy rule for sunsthility — set gross investment to be
greater or equal to the value of resource depletsomeasured in the SEEA. That is,
depletion-adjusted net saving should be greategoal to 0. The assumptions
required to derive this result are not overly gfent. Declining production from a
fixed stock of resources is a fairly standard agstion for extractive activities,
reflecting declining resource quality as the stsciepleted. Constant marginal
extraction cost, implying a fixed proportionalitgtveen the quantity extracted and
the cost of extraction, is at least a plausibledpson of the extractive process, and it
is capable of refutation if extraction cost funosacan be estimated. If there are
increasing marginal costs of extraction then thayesis shows that setting depletion-
adjusted net saving equal to O will produce inceeas wellbeing — but this comes at
the cost of there being no simple relationship leetwnegative net saving and
declines in wellbeing.

We show that the unit resource r@nh the non-optimal DHS economy grows at a
rate less than the rate of interest. The valueepfadion will be less than the total
rents on extraction, which implies that total remts partitioned between a capital
consumption component and an income componentémalbe consumed without
affecting sustainability. This partitioning can popt fiscal rules for extractive
economies, guiding governments on how much resaertdecan be consumed
without affecting real wealth, and how much needisd reinvested in other assets so
that social welfare can be sustained.



Overall, these results provide welcome reassurdrateractical wealth accounting in
a world with multiple imperfections can say somethguantitative about whether
current policies, pursued into the future, willdda rising social welfare and
sustainability. SEEA 2012 is an important step fanmiv
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