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Optimal environmental policy design for mine
rehabilitation and pollution with a risk of

non-compliance owing to firm insolvency*

Ben White, Graeme J. Doole, David J. Pannell and
Veronique Florec†

The modified Pigovian tax approach to regulating stock and flow pollutants from a
non-renewable resource firm (Farzin, 1996) provides incentives for the firm to abate
optimally, but does not allow for the possibility that a firm may become insolvent. In
contrast, the current environmental bond policy applied in most jurisdictions across
Australia and New Zealand provides funds in the case of insolvency, but often does
not provide optimal incentives for rehabilitation. This study analyses these alternative
policy approaches through a theoretical model and an empirical case study. From the
case study for a mineral sands firm, the policy recommendation is that, based on
economic efficiency alone, a modified Pigovian tax (termed here a damaged land tax)
is optimal for most combinations of parameters. However, both risk-sharing and
efficiency objectives can be simultaneously addressed by a mixed policy that includes a
damaged land tax and an environmental bond.

1. Introduction

There are currently 341 operating mines in Australia, with a further 219 pro-
jects in development (Geosciences Australia, 2011). The five most important
mineral commodities extracted using open-cut mining in order of value in
2007–2008 are coal, iron ore, copper, gold and nickel (Australian Bureau of
Agricultural and Resource Economics and Science 2010, Table 33). Austra-
lian mining had a value added in 2009–2010 of $121.5 billion accounting for
9.61 per cent of GDP (Australian Bureau of Statistics 2010). Australian mines
occupy 0.02 per cent of total land area (National Land and Water Resources
Audit 2002). New Zealand mining is mainly for gold and aggregates. In 2010,
NZ mining had a value added of $2.1 billion and accounted for 4.3 per cent
of GDP (Statistics New Zealand, 2010). NZ mines occupy 0.015 per cent of
the total land area (New Zealand Government, 2010). Despite occupying a
small land area, mining can cause high levels of environmental damage, both
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within the mine site (Bell and Donnelly 2006) and throughout a region
through the transportation of pollutants by air and water. Moreover, mining
has been identified as a major source of greenhouse gases (DCCEE 2011).
Mining is also constantly shifting to new sites and leaves behind disused
mines that can remain environmentally damaged for many years. The major
environmental problems associated with mines are disturbance to agricultural
land and native vegetation, mine drainage, tailings pond (especially those
containing toxic waste), rock dumps, hard standing areas (for parking), tem-
porary roads, contaminated dust, greenhouse gases and other air pollutants,
including arsenic (Mudd, 2007, 2010). The external social costs incurred by
these impacts typically depend on the location of the mine in relation to cen-
tres of population and the ecological status of the region.
The standard economists policy prescription for point source pollution

problems, such as those generated by mining, is to price pollution
through a tradable permit or a Pigovian tax on emissions (for instance
see Baumol and Oates 1988), thereby giving firms an incentive to ‘inter-
nalise the externality’. This policy approach has been extended in a theo-
retical model to non-renewable resources and stock pollutants by Farzin
(1996) and to heterogeneous environments by Xabadia et al. (2006). Specific
Pigovian tax or tradable permit policies have not been widely applied to min-
ing pollution in Australia or New Zealand. Instead, specific environmental
policies for mines are based around environmental bonds that payout in the
event of either non-compliance or firm bankruptcy. The focus on environmen-
tal bonds has developed to address a growing problem of abandoned (or
orphaned mines). For instance in Western Australia alone, there are 11 411
so-called Historic Mine Sites of these 4995 (44 per cent) are categorised as a
high priority in terms of safety or environmental concerns (Ormsby et al.
2003).
Environmental bonds were first identified as a potential environmental policy

by Solow (1971). Subsequent research has shown that bonds have several
advantages, relative to other policy instruments. First, they provide funds for
restoration that can be used if a firm defaults on its environmental commit-
ments. Second, they are often administered by private surety companies (banks
or insurance companies), which reduces the transaction costs for regulators
(Boyd 2001). Effectively, they are market-based instruments as the surety
company does the initial risk assessment, sets bond service charge
(largely a risk premium), and also monitors the firm’s compliance with the envi-
ronmental contract through time. Third, bonds transfer some of the environ-
mental risks that accompany bankruptcy from society to the private sector
(Gerard 2000). Fourth, bonds can provide incentives for firms to take their neg-
ative impacts on the environment into account (Solow 1971). Fifth, bonds can
reduce monitoring frequency and cost (Bohm and Russell 1985; Perrings 1989).
Last, bonds place the burden of proof for compliance onto the firm; thus, they
effectively avoid the moral hazard problems associated with many environmen-
tal policies. Bond instruments also have disadvantages. First, a firm may have
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an incentive to strategically declare bankruptcy to avoid remediation costs. For
this reason, most jurisdictions throughout Australia and New Zealand require
bonds to be unconditionally guaranteed by a bank (see, for instance, the
arrangements that apply in Western Australia (WA) (ICMM, 2005)). Second, a
bond instrument may be set too low to provide sufficient motivation for reha-
bilitation. Third, bonds impose additional transaction costs on the firm and the
surety company. Fourth, bonds often impose liquidity constraints on firms by
tying up operating capital and reducing lending limits (Shogren et al. 1993).
Last, there exists a potential moral hazard where the regulator has an incentive
to call on funds, even when a firm has complied with the environmental con-
tract, as a mechanism for generating revenue (Shogren et al. 1993).
The aim of this study is to reconcile the Pigovian tax and bond approaches

to environmental regulation. The modified Pigovian tax policy of Farzin
(1996) addresses the incentive effect, but does not account for the possibility
of non-compliance owing to insolvency. In turn, bond policies do not neces-
sarily provide optimal incentives for timely mine rehabilitation. This study
explores the potential for a mixed policy where a bond addresses the risk-
sharing concerns of the regulator, and a modified Pigovian tax provides addi-
tional incentives for rehabilitation.
The study is structured as follows. Section 2 presents a theoretical model

and analyses the relative efficiency of a bond and a modified Pigovian tax
termed the damaged land tax (DLT). Section 3 reviews the current environ-
mental policies for mining in Australia and New Zealand and assesses these
policies with reference to the theoretical model. In Section 4, the implications
of different policy designs are analysed in a case study for the mineral sands
sector in WA. Section 5 discusses policy implications of the results and
Section 6 concludes.

2. Theoretical model

The regulator aims to maximise social welfare from mining by accounting for
damage owing to stock and flow pollutants subject to the dynamics of the
resource stock and stock and flow pollutants. The theoretical model is devel-
oped in stages. First, the deterministic social-welfare maximising solution is
derived. Second, we show how this can be implemented through modified
Pigovian taxes charged in each period on the stock and flow pollutants.
Third, the model is extended to include a stochastic variation where the firm
may abandon the mine at the end of the planning horizon, and this allows us
to introduce a bond policy into the model so that we can compare a Pigovian
tax policy with a bond policy.

2.1. Deterministic model

The analysis focuses on a finite time period over the range t = [0, 1, …, T].
The distribution of land type by its social value is indicated by a land type
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Table 1 Coefficient, variable and function descriptions and values used

Symbol Description Unit Value/functional form

Indices
k Index of land type – k = [1, 2, 3]
t Time period – t = [0, 1, …, 10]
T Terminal time period – T = 10

Parameters
r Discount rate Per cent r = 0.05(5 per cent)
dt Discount factor at time t Per cent dt = (1/(1 + r))t

p Price of extracted mineral $ t)1 P = 34
dk Annual damage cost as a

function of land quality
$ ha)1 d1 = 500, d2 = 4000,

d3 = 8000
ck Rehabilitation cost as a

function of land quality for
the firm

$ ha)1 c1 = 750, c2 = 6000,
c3 = 34000

crk Rehabilitation cost as a
function of land quality for
the regulator

$ ha)1 crk ¼ ð1þ 0:3Þck

h Land degradation per tonne of
extraction

ha (tonne))1 h = 0.0005

w Parameters estimated for
mining cost function

Coefficient
(P-value)

w1 ¼ 1; 435; 953ð0:69Þ;
w1 ¼ 0:5ðfixedÞ
w2 ¼ 0:00000014ð0:001Þ;
w3 ¼ 5:461ð0:04Þ

a Initial resource t ak = 2 000,000 "k
bk Initial stock of damaged land

in each cohort
ha bk = 0"k

j Deadweight loss of taxation j = 0.1
u Probability of firm bankruptcy

at time T
a Bond service charge Per $ a = 0.025
b Rehabilitation cost coefficient b = 1.3
g Bond rate applied to damaged

land
$ ha)1 various

s Pigovian tax rate applied to
damaged land

$ ha)1 various

n Total incentive rate $ ha)1 n = ag + s
c Opportunity cost of bond in

terms of reduced borrowing
Per cent 0 £ c £ 0.025

Variables
Qk,t Ore extraction from the mine

in land type k time t
tonne

Ek,t Land rehabilitated of type k at
time t

ha

Yk,t Stock of damaged land of type
k at time t

ha

Xk,t Ore stock from land type k at
time t

tonnes

Functions
s(Yk,T) Terminal value function $ ha)1 sk(yk,10) = dk/r
sf(Yk,T) Terminal cost of rehabilitation

to the firm
$ sk(yk,10) = ckyk,10
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index k = [1, 2, …, K] and increasing in k. A single firm extracts from all
mines and is a price taker, and the price of ore is fixed. Notation and defini-
tions for the theoretical and empirical models are given in Table 1.
The firm has two decision variables: Qk,t mineral extraction (measured in

tonnes) from land type k at time t; Ek,t remediation effort (measured in hect-
ares) from land type k at time t. These decision variables are a function of
land type as an optimal mining policy may require different management
for each type. Mining activity by the firm affects two resources: Xk,t is the
mineral stock (measured in tonnes) on land type k at time t; Yk,t is the stock
of damaged land (measured in hectares) in type k at time t. The cost of
extraction is defined as w(Xk,t, Qk,t). This cost increases as the stock
declines; thus, wX < 0 and wXX < 0 (Pesaran 1990), where a subscript indi-
cates a partial derivative. Moreover, mining cost increases with extraction;
thus, wQ > 0.
The cost of rehabilitation ck(Ek,t) is a convex function. Degradation owing

to extraction is defined as hQk,t, where h (measured in hectares damaged per
tonne of mineral extracted) denotes the effect of mining on the stock of dam-
aged land.
The social cost of damaged land is assumed to be given by the linear func-

tion, dk(Yk,t) = dkYk,t. A terminal-value function sfkðYk;TÞ represents the net
cost of damaged land of type k at time T. Mines generate both flow and stock
pollutants. In addition to the social cost of damaged land, which is repre-
sented as a stock pollutant, mining may also generate flow emissions such
as sulphur dioxide, greenhouse gases, dust and particulate matter. A flow
pollutant, for instance GHG emissions from mining activity, is presented as a
function of the rate of extraction and the stock of damaged land,
d f
kðQk;t;Yk;tÞ ¼ d

fQ
k Qk;t þ d fY

k Yk;t. This is defined as a linear-separable func-
tion to simplify the analysis below.

Table 1 (Continued)

Symbol Description Unit Value/functional form

sr(Yk,T) Terminal cost of rehabilitation
to the regulator

$ skðyk;10Þ ¼ crkyk;10

w(Xk,t, Qk,t) Mining cost function $ See text.
ck(Ek,t) Rehabilitation cost function $ ck(Ek,t)

b

dk(Yk,t) Damage cost function $ dkYk,t

pk(pt, Xk,t, Qk,t) Profit from cohort k at time t $ See text.

pTðnÞ; dTðnÞ Present-value of profit function
and damage function from
t = 0 to t = T

$ See text.

JSWF, Jf, Jr Optimal value function from
t = 0 to T for social welfare
(SWF), the firm (f) and the
regulator (r) acting as a
Stackelberg leader

$ –
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The firm’s profit function in land type k is given by:

pkðpt;Xk;t;Qk;tÞ ¼ ptQk;t � w ðXk;t;Qk;tÞ

where pt is the unprocessed ore price.
Optimal management by a regulator maximises social welfare, which con-

siders the profitability of the firm and the societal impacts of land degrada-
tion. The problem is:

max
Xk;t;Qk;t;Yk;t;Ek;t

JSWF ¼
XT�1
t¼0

dt
XK
k¼1

pkðpt;Xk;t;Qk;tÞ � ckðEk;tÞ
"

�dkðYk;tÞ � dfkðQk;t;Yk;tÞ
�
� dT

XK
k¼1

sckðYk;TÞ;
ð1Þ

subject to:

Xk;tþ1 ¼ Xk;t �Qk;t for k ¼ ½1; 2; :::;K� and t ¼ ½0; 1; :::;T� 1� ð2Þ

Yk;tþ1 ¼ Yk;t þ hQk;t � Ek;t for k ¼ ½1; 2; :::;K� and t ¼ ½0; 1; :::;T� 1� ð3Þ

Qk;t � 0 for k ¼ ½1; 2; :::;K� and t ¼ ½0; 1; :::;T� ð4Þ

Ek;t � 0 for k ¼ ½1; 2; :::;K� and t ¼ ½0; 1; :::;T� ð5Þ

Xk;0 ¼ ak 8k; and Yk;0 ¼ bk; and 8k ð6Þ

where d is a discount factor equal to (1 + r))1, r is the discount rate, and
where ak"k and bk"k are initial conditions. The terminal value of the mine
site is zero, as it is assumed that all economically viable mineral extraction
has been completed, while the stock of damaged land of type k at time T
incurs a societal cost. Equations 4–5 are inequality constraints stating that
the control variables must be non-negative. Equations 1–6 together define a
distributed control problem (Doole and White 2011) as all state and control
variables are distributed over two dimensions: time and land type. The first-
order conditions for an optimal solution to this system are presented in the
Mathematical Appendix.

2.2. Social-welfare maximising equilibrium

From the results in the Mathematical Appendix and the assumption that the
damage functions are linear in the case of the stock damage and linear and
separable in the case of the flow emissions, the optimal policy can be imple-
mented by a policy that sets two taxes: a tax on extraction to account for the
flow emissions, such that sfQk ¼ d

fQ
k , and a tax on the stock of damaged land
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that accounts for both flow emissions and the social cost of damaged land,
ssYk ¼ dsYk þ d fY

k .
This gives us the first important result that for an optimal policy, the mar-

ginal cost of emissions to the firm should equal the damage cost. This result
follows immediately from the first-order conditions in the Mathematical
Appendix. In particular, if we take the internal solution for the derivative
with respect to Qk,t (equation A4), we have:

pt � wQðXk;t;Qk;tÞ � dfk;Q � dðkk;tþ1 � ck;tþ1hÞ ¼ 0;

where kk;tþ1 is the shadow price (Lagrange multiplier) of the resource stock
and ck,t+1 is the shadow cost of damaged land. With a tax, this condition
becomes:

pt � wQðXk;t;Qk;tÞ � sfQk � dðkk;tþ1 � ck;tþ1hÞ ¼ 0: ð7Þ

Further for the stock of damaged land, from equations A3 and A5, we have:

1þ r ¼ ðdsYk þ dfYk þ ck;EðEk;tÞÞ=ck;EðEk;t�1Þ:

It is notable from this equation that the rate of rehabilitation is indepen-
dent of the rate of extraction, and it drives the time path for damaged land so
that the return from rehabilitation in the current period equals the reduction
in the damage costs, dsYk þ dfYk . With ssYk a damaged land tax (DLT), this
would become:

1þ r ¼ ðssYk þ ck;EðEk;tÞÞ=ck;EðEk;t�1Þ; ð8Þ

and would result in the firm following a socially optimal time path for the
stock of damaged land.

2.3. Stochastic model

To simplify the model, assume bankruptcy occurs only in the terminal period,
and if the mine is abandoned, the cost of rehabilitation is incurred by the reg-
ulator. White and Doole (2011) give a generalised stochastic control solution
to this problem, and Tirole (2010) gives a theoretical analysis of the problem
of firms with limited liability. In this case, the terminal condition sckðYk;TÞ in
equation (1) is replaced by:

usckðYk;TÞ þ ð1� uÞð1þ jÞsrkðYk;TÞ; ð9Þ

where u is the probability of solvency at time T, sckðYk;TÞ is the cost of
re-habilitation when the firm is solvent, srkðYk;TÞ is the cost to the regulator
when the firm is insolvent, and j is the shadow price of public funds. The
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shadow price of public funds accounts for the fact that the funding for mine
rehabilitation comes from general tax revenue and thus incurs a deadweight
loss (Campbell and Bond 1997). The term srkðYk;TÞ allows for the fact that the
regulator typically incurs a significant mobilisation cost to complete rehabili-
tation and thus sckðYk;TÞ<srkðYk;TÞ.

2.4. Comparison of policy instruments

Environmental policy has two stated objectives: first to provide funds for
rehabilitation in the event of non-compliance (a surety target), and second to
ensure timely rehabilitation (an incentive target). In practice, these two objec-
tives are typically pursued with a single instrument, that is, a bond. Following
Tinbergen’s principle (1952), that the number of instruments must at least
equal the number of objectives, a policy based on a bond alone is unlikely to
be optimal. To analyse the optimal policy, we incorporate the bond and a
DLT into a simplified social-welfare function JT where the regulator is a
Stackelberg leader, in the sense that the regulator is able to anticipate how
the firm will respond to the DLT and bond policy, and the firm is a follower
(Baron 1985). Here, the land type subscript is dropped for clarity.
We apply the envelope theorem to define the firm’s profit through time:

Jcðagþ ssYÞ ¼ max
Xt;Qt;Yt;Et

PT�1
t¼0

dtpðpt;Xt;QtÞ � ckðEtÞ � ðagþ ssYÞYtð Þ

�dTð1� uÞscðYTÞ;
subject to equationsð2Þ to ð6Þ

2
6664

3
7775: ð10Þ

That is, Jc(ag + ssY) gives the present-value of profit for the firm from t = 0
to T as an optimal response to the DLT and bond rate. Define the term
n = ag + ssY. This gives the firm’s marginal cost of the stock of damaged
land. It has two terms. The first term is made up of the bond rate g set by the
regulator and the service charge set by the bond company a. The second term
ssY is the DLT. The effect of the bond on rehabilitation effort and damage
depends on the service charge set for the bond by the surety company. In the
empirical model analysed in Section 4, it also depends on the opportunity
costs of borrowing restrictions c. Here, this term is set to zero. Note that the
firm through ð1� uÞscðYTÞ in equation (10) accounts for its own risk of insol-
vency. If this term is relatively small, the firm will tend to reduce the rehabili-
tation effort.
The social-welfare function is:

JTðnÞ ¼ pTðnÞ � dTðnÞ � dTfuscðnÞ þ ð1� uÞð1þ jÞsrðnÞg

�ag
XT
t¼1

YtðnÞdt þ dTð1� uÞjgYT þ jðssY
XT
t¼1

Ytd
tÞ
; ð11Þ
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where dT(n) gives the present-value of external social costs. The first two
terms on the right-hand side give the social-welfare function up to period
T ) 1. The third term in curly brackets gives the expected cost of restoring
the mine after mining ceases. The fourth term gives the bond cost to the firm.
The fifth term is the expected payout of the bond with probability 1 ) u
defined as a reduction in the deadweight loss of taxation, and the final term
gives the net benefit of the sum of environmental taxes.
To analyse the alternative policies, we make the following simplifying

assumptions. First, the policy is set so that the incentive to rehabilitate is
constant and set at the marginal damage. Define aĝ ¼ dsY for bond-only
and ŝsY ¼ dsY for DLT-only policy. Thus, if we take the difference between
the bond-only social welfare JTðaĝÞ and DLT-only social-welfare JTðŝÞ, the
first three terms on the right-hand side of equation (11) cancel out, as the
incentive effect is identical across the two policies by assumption.
Accordingly,

JTðaĝÞ � JTðŝsYÞ ¼ dTð1� uÞjĝYTðaĝÞ
� �

� aĝ
XT�1
t¼1

YtðaĝÞdt
 !

� jŝsY
XT�1
t¼1

YtðŝsYÞdt:
ð12Þ

If equation (12) is positive (negative), then a bond (environmental tax)
instrument is preferred. By definition, Ŷt ¼ YtðaĝÞ ¼ YtðŝÞ and aĝ ¼ ŝsY.
Thus, equation (12) can be rewritten to give a condition for the bond to be
strictly preferred by the regulator:

JTðaĝÞ � JTðŝsYÞ>0) dTð1� uÞjĝŶT

� �
>ŝsYðjþ 1Þ

XT�1
t¼1

Ŷtd
t: ð13Þ

It shows that a bond is preferred if expected revenue from the bond exceeds
the bond cost to the firm plus the tax revenue generated by the DLT.
The other aspect of this policy is downside risk, and the expected

‘loss’ to the regulator is measured as the expected difference between the
funds available from a bond and/or an environmental tax and the costs
of rehabilitation. The bond can be set so that g ¼ srðnÞ, and the risk to
the regulator of a shortfall of funds in the event of insolvency is zero.
This policy does not guarantee an optimal incentive. However, a DLT
policy could represent a significant risk to the regulator when the
expected life of the mine is relatively short and the probability of bank-
ruptcy high. Thus there are advantages of using a mixed policy where
the bond optimally reduces risk and the DLT provides an optimal
incentive for rehabilitation.
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3. Current environmental policies in Australia and New Zealand

With reference to the theoretical model, this section briefly reviews current
specific environmental policies for mining. In Australia, New Zealand and
internationally (Cobby 2006; Peck and Sinding 2009; World Bank, 2009),
environmental bonds are the main policy instrument. Bonds are typically
arranged as follows. The firm puts forward a mining proposal to the regulator
for approval. Prior to approval, the firm must agree with an environmental
contract that states the expected nature and extent of environmental damage
and the remedial actions to be taken. In addition, the firm must arrange
financial assurance (a bond), usually through a financial institution (usually a
bank or insurer), to cover some proportion of rehabilitation costs. The regu-
lator can ‘call in’ the bond (i.e. acquire the funds from the financial institu-
tion) unconditionally if the firm does not comply with the environmental
contract.
Normally, the bond is only ‘called-in’ when the mining firm is declared

bankrupt. In Western Australia, less than 2 per cent of outstanding bonds are
called-in (Department of Mines and Petroleum (DMP) 2010a,b), and these
are often for relatively small-scale operations. More commonly for mines
with profitable ore reserves, the mine is sold to another firm as a going con-
cern and the liability for the environmental contract transfers to the new
holder of the mining lease. The financial institution (usually one of the major
banks) receives an annual service charge for the bond, typically between 0.5
and 3 per cent of the bond amount. The service charge is set based on the
firm’s insolvency risk rating. Table 1 indicates the significance of bonds and
their coverage of rehabilitation costs in Australia.
The requirement for environmental bonds arises because of the anticipated

shortfall of funds to meet the environmental liabilities as a result of bank-
ruptcy. For instance, insolvency law in Australia makes no explicit provision
to cover environmental liabilities before other liabilities are met (Briggs 2006;
Omar 2010). In fact other liabilities, such as workers redundancy payments
and unpaid tax, often take a higher precedence.

Table 2 Estimates of outstanding bonds and per cent of rehabilitation costs in Australian
states and territories

State or Territory Total value of bonds
(A$ million)

Estimated % of total
rehabilitation costs

New South Wales 460 40–50%
Northern Territory 115 Not estimated
Queensland 785 45–50%
South Australia 88 40–50%
Tasmania 27 Not estimated
Victoria 110 40–50%
Western Australia 480 25%
Total value (A$ million) 2035

Source: Cobby (2006).
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The number and frequency of reviews of environmental policy for min-
ing (Cobby 2006; Department of Environment and Resource Management,
2007; Department of Mines and Energy, 2007; DMP, 2009; Department of
Primary Industries NSW, 2006; Department of Primary Industries Victoria,
2009; Department of Resources, 2006, 2007; Department of Environment
and Resource Management, 2007; Mineral Resources Tasmania, 2008;
Ministry of Economic Development, 2011) reflects a shift towards a pol-
luter-pays approach to environmental policy as applied to mining as the
regulations are tightened and the funds firms are expected to provide as
financial assurance increases. Regulators are keen to avoid the high-profile
mistakes of the past. For instance, the Woods Reef asbestos mine in New
South Wales (NSW) was abandoned when Chrysotile Mining Corporation
ceased trading in 1983 and has not been rehabilitated 27 years later (NSW
Ombudsman, 2010). The expected cost of removing the asbestos processing
plant was estimated at $5.5 million in 2010 (NSW Ombudsman, 2010).
The cost of rehabilitating the 400-ha site itself is expected to be many
times higher.
Current environmental policies used throughout Australia and New

Zealand are summarised in Table 3. Environmental policy for mines, in most
cases, is incorporated into state mining acts as later amendments. Significant
departures from this are Queensland, which separated its Environmental
Protection Act 1994 from its Mineral Resources Act 1989, and Western
Australia, which has a Mining Act 1978 and separate State Mining Agree-
ments (various dates) for larger projects. All jurisdictions require bonds
(Table 2). The preferred financial instrument is an unconditional bank
guarantee, although four jurisdictions accept cash and two (NSW and
Queensland) accept insurance bonds.
The current application of bond policy is generally not entirely consistent

with the theoretical model in Section 2. This can be explained by the fact that
the bond policy is driven by risk management and cost recovery concerns and
not by efficiency concerns. However, measures have been taken in a number
of jurisdictions to improve the efficiency of the bond policy.

1. The bond rate per hectare is calculated, in all Australian and New Zealand
jurisdictions, using the estimated costs of rehabilitation for the firm, and
not the marginal social cost of environmental damage as proposed by the
theoretical model. This means that there is no attempt made to differenti-
ate between mines with different environmental damage costs through
bond rates.

2. The theoretical model advocates immediate bond reduction as rehabilita-
tion progresses to provide an incentive effect (Jones 2006; Mackenzie etal.
2007). Most jurisdictions allow bond adjustments as part of a periodic
review process. WA has specified fixed reduction rates for particular stages
of rehabilitation, including carrying out primary remedial earthworks,
replacement of topsoil and revegetation.
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3. Bond rates, according to the theoretical model, should reflect the risk of
firm non-compliance. Queensland recognises this and provides bond dis-
counts to companies that have good performance records and have adop-
ted ISO 14 000 standards. However, none of the jurisdictions assess the
probability of insolvency directly.

4. In a recent development (DMP, 2011), WA is undertaking a further review
of bonds and is currently proposing a combined bond and ‘Fidelity Fund’
scheme where firms are required to provide surety and pay into a fund to
provide for the costs of non-compliance across the sector. This is a move
towards adding a form of damaged land tax (DLT) to a bond policy

4. Empirical case study

The case study in this Section analyses the efficiency gains associated with
optimal policy using either a bond policy, a DLT or a mixed policy for differ-
ent land types in terms of environmental damage. The analysis also shows the
loss in efficiency associated with policy that does not discriminate between
high-value and low-value environmental assets, and does not provide optimal
incentives for rehabilitation.

4.1 Model parameterisation

The case study is based on firm data for the WA mineral sands sector. Full
details of the case study are given in White and Doole (2011) and Doole and
White (2011), including methods of determining the probability of insol-
vency. The model is defined in equations (1) to (6) with K = 3 and T = 10.
Table 1 gives parameter values and definitions. A single firm extracts from all
land types. The resource stock is divided equally among the three land types
to simplify the comparison.
Damage and rehabilitation costs are increasing with k. Three different

types of mines are defined, each with different levels of social cost incurred
for a given level of mine site damage. Damage costs for the first land type
(k = 1) are the annual opportunity cost of lost agricultural production, those
in the second land type (k = 2) are the annual lost value of agricultural pro-
duction and non-market values given the site’s proximity to an urban centre,
and those in the third type (k = 3) represent non-market values of disturbed
high biodiversity state forest. The one-off rehabilitation cost for the third land
type is much higher than for the other land types (Table 3). This reflects the
high cost of restoring a natural ecosystem and is based on information from a
variety of mining firms (Koch and Hobbs 2007).
The mining cost function is that used by Pesaran (1990):

wðXk;t;Qk;tÞ ¼ w1 þ w2Q
2
k;tðw3 þ w4X

�1
k;t Þ; ð14Þ
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where ws are estimated parameters. This function is estimated through the
regression of cost data using a random-effects model for a panel data set con-
taining information from individual mine sites (White and Doole 2011).
The results also include an analysis of a carbon ‘tax’ policy. The carbon tax

in New Zealand is fixed at $NZ12.50 per tonne of CO2 (approximately
$A15.67) and in Australia at $23 per tonne. Mudd (2007) estimates a figure of
21.7 kg of CO2 per tonne of ore for Australian mining, although this depends
on haul distances and other factors.

4.2. Deterministic social-welfare maximising solution

The social-welfare maximising solution provides a benchmark against which
second-best policy solutions can be compared. Figure 1 illustrates the state
variables of ore and damaged land and the decision variables of extraction
and rehabilitation, both through time and across land types, for the cases of
social-welfare maximisation and no-regulation. Taking the no-regulation
case, each land type is mined in an identical fashion by the firm, there is no
rehabilitation during mining, and the area of damaged land is the whole area
available for mining. Where social welfare is maximised, extraction in each
land type follows a different time path. Where there is a low social cost of
damaged land (k = 1), mining patterns are similar to the no-regulation case.
For the land type with a high social cost and high cost of rehabilitation
(k = 3), extraction is minimal and rehabilitation is rapid. For this land type,
environmental policy induces high grading where only the lowest-cost
resources are extracted.

Figure 1 Comparative dynamics by cohort for a social-welfare maximising and unregulated
profit-maximising firm.
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4.3. Policy with a probability of bankruptcy

The regulator can apply a DLT and bond rate differentiated by land type
either separately or in a mixed policy. In designing policy, the regulator also
accounts for the shadow price of tax funds j, the probability of bankruptcy
u, the mobilisation cost for the regulator to rehabilitate measured as a pro-
portion of the cost to the firm Sr/Sc and the opportunity cost of the bond
amount in terms of reduced borrowing and capital investment c. It is reason-
able to assume that the regulator operates under some further policy con-
straints. First, the bond amount cannot exceed the regulator’s costs of
rehabilitation to the regulator: srðYTÞ � gYT. Notably in the analysis below,
it is necessary in some instances to set srðYTÞ<gYT to ensure an optimal
incentive effect. Second, in a mixed policy, the total bond service charge plus
the tax on damaged land must be less than or equal to the marginal damage
cost: dsYk � ssYk þ agk.
Table 4 presents the baseline results. A number of important points are evi-

dent. The social-welfare maximisation problem gives the first-best solution
where the regulator determines all variables directly. An unregulated firm
imposes a significant cost on society and reduces social welfare, but the firm’s
profit increases significantly. If the firm is regulated by a tax or bond set at
their maximum level, then it approximately maximises total social welfare.
If the tax and bond are set to give the same marginal incentive, differences in
social welfare are owing to differences in the present-value of tax revenue. If
the current WA bond policy is applied, then social welfare is significantly
reduced compared to the first-best solution.
The effects of the carbon tax on model output are relatively small. In the

unregulated case, it only reduces profits by 2 per cent. With an optimal DLT,
the carbon tax reduces profit by 3 per cent compared to profit with the DLT
but without the carbon tax. Interestingly, the carbon tax increases social wel-
fare through a double-dividend effect, even when, as here, the external dam-
age cost of carbon dioxide is not included.

Table 4 Base model output for expected parameter values

Social welfare ($ millions) Profit ($ millions)

1. Maximise social welfare 92.95 92.95
2. Unregulated profit 45.35 149.81
3. Damaged land tax (DLT) only 88.35 95.05
4. Bond only 88.67 95.05
5. WA bond policy 64.80 101.29
6. Profit with carbon tax 46.26 146.91
7. DLT only with carbon tax 88.50 92.51

Note: base parameters are c = 0 (no credit limit); j = 0.1 deadweight loss of taxation; / = 0.1 probabil-
ity of bankruptcy resulting in non-compliance; Sr/Sc = 2 is the ratio of the cost of rehabilitation to the
regulator to the cost of rehabilitation to the firm and measures the regulator’s mobilisation cost.
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For a range of plausible parameter values applied in a sensitivity analysis,
a tax policy is optimal (Table 5). However, when the probability of bank-
ruptcy u is relatively high (40 per cent), the opportunity cost of the bond c is
relatively low, the shadow price of public funds j is high, and then, the bond
is optimal. Across all parameters, the current WA bond policy reduces social
welfare compared to the optimal policy which is either a bond or an environ-
mental tax set between 15 and 33 per cent of costs, with an average for the
parameter sets of 24 per cent.
Environmental bonds are favoured by regulators as they are risk reducing.

To ensure the optimal incentive per ha, the bond rate would have to be very
high because of the low level of the service charge rate. In this case, under
optimal management, for land type 1 the bond is $20 000 per ha, for land
type 2 the bond is $170 000 per ha, and for land type 3 the bond is $330 000
per ha (Table 6). These amounts far exceed the cost of rehabilitation and
would likely be untenable. They serve to illustrate an evident problem with a
bond policy that to achieve an adequate incentive level, at current service
charge rates set by the surety company, it is necessary to set unrealistically
high bond rates, often many times the rehabilitation costs. The DLT policy
generates funds over the life of the mine, but these funds may not be sufficient
to cover the cost to the regulator of rehabilitation. Risk levels are analysed in
Table 6 as the percentage of the final rehabilitation cost covered. The tax pol-
icy gives an adequate coverage for the mine on land with the low environmen-
tal value, but partial cover for mines with medium and high environmental
values. There is a similar pattern of cost coverage for the WA bond.

Table 5 Sensitivity analysis and comparison with current WA policy

Parameters Tax only Bond only WA policy

c j u Sr/Sf SW Profit SW Profit SW Profit

0 0 0 0 92.95 92.95 89.37 92.95 75.25 103.10
0 0 0 1 92.94 92.94 89.15 92.94 68.35 101.29
0 0 0.4 0 92.94 101.34 89.15 101.34 65.29 95.85
0 0 0.4 1 84.54 101.34 80.75 101.34 72.02 103.10
0 0.2 0 0 93.39 92.95 89.37 92.95 75.60 103.10
0 0.2 0 1 93.40 92.94 89.15 92.94 66.10 101.29
0 0.2 0.4 0 91.72 101.34 103.75 101.34 71.98 99.47
0 0.2 0.4 1 81.64 101.34 93.67 101.34 73.61 101.29
0.04 0 0 0 92.95 92.95 83.63 87.22 71.62 99.47
0.04 0 0 1 92.94 92.94 83.10 86.88 64.72 97.66
0.04 0 0.4 0 92.94 101.34 83.10 95.28 68.39 99.47
0.04 0 0.4 1 84.54 101.34 74.69 95.28 68.39 99.47
0.04 0.2 0 0 93.39 92.95 83.63 87.22 71.98 99.47
0.04 0.2 0 1 93.40 92.94 83.10 86.88 62.47 97.66
0.04 0.2 0.4 0 91.72 101.34 97.69 95.28 68.35 95.85
0.04 0.2 0.4 1 81.64 101.34 87.61 95.28 69.99 97.66
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5. Policy implications

The policy implications of the theoretical analysis and case studies are as
follows:

1. Optimal policy in social-welfare terms entails setting policy so that the
charge for damaged land equals the marginal damage cost, and thus, this
requires the regulator to assess how much the damaged land costs society
per year. This may be straightforward for agricultural land, but more diffi-
cult to estimate for natural ecosystems (Burton et al., 2012).

2. Mixed policies may be advantageous where a DLT supplements a bond.
The new Fidelity Fund proposal in Western Australia (Department of
Mines and Petroleum, 2011) is already considering this type of option.
From the theoretical analysis, a bond is preferred to a DLT where the
probability of bankruptcy is high and progressive rehabilitation is difficult.
If the extra resource cost to society of the surety company providing the
bond and the opportunity cost of credit is taken into account, then the evi-
dence favours a DLT in preference to a bond. In general, it is assumed
that the regulator favours an instrument mix that generates more tax than
less. This is because the policy brings a double-dividend effect in terms of
reducing the call on general tax revenue.

3. As a second-best policy, setting the bond rate at the cost to the regulator
of rehabilitation may be an improvement, especially in WA where

Table 6 Estimates of cost coverage (the proportion of total rehabilitation costs covered
through the use of a given policy instrument) by mine for the damaged land tax (DLT), bond
and WA bond policy

Policy Land type (k)

1 2 3 Total

Parameters
YkT (ha) 624.00 2.55 988.76 1615.31
Rehabilitation cost ($ per ha) 750.00 2000.00 33000.00
Total rehabilitation cost (millions) 0.47 5100.00 33.62 34.09
Bond policy
Bond ($ per ha) 20000.00 170000.00 330000.00
Total bond revenue ($ million) 12.48 0.43 326.29 339.20
Cost coverage bond 26.55 85.00 9.71 9.95
DLT policy
DLT ($ per ha) 500.00 4000.00 8000.00
Tax revenue ($ millions) 2.16 0.00 1.43 3.59
Cost coverage tax 4.61 0.00 0.04 0.11
WA bond policy
WA bond revenue ($ per ha) 7500.00 7500.00 7500.00
Total WA bond ($ million) 4.68 0.02 7.42 12.11
Bond cost coverage WA bond 10.00 3.75 0.22 0.36

Cost coverage is given by the present-value of revenue from a called-in bond or damaged land tax (DLT)
revenue divided by the total cost of rehabilitation to the regulator. For example, the cost coverage of the
bond for land type 1 is 12.48/0.47 = 26.55.
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currently the bond rates are only 50 per cent of the rehabilitation cost to
the firm. This increase in rates reduces risk to the regulator and increases
the incentive effect.

4. The carbon tax will lead to a reduction in output and may also reduce
other stock and flow externalities from mining, but has a relatively minor
effect in this case study.

6. Conclusions

Environmental policy in the Australian and New Zealand mining sectors pri-
marily focuses on providing funds to rehabilitate abandoned mine sites. This
analysis has indicated that this focus may be partially misguided in that, at
typical bond rates set by the regulator and bond service charges set by the sur-
ety company, a bond policy alone provides little incentive for progressive
rehabilitation.
The case study for the mineral sands sector in Western Australia indi-

cates that a DLT may be a better policy and, if necessary, can be combined
with a bond to reduce the risk to the regulator of firm insolvency. The
other advantage of a DLT policy is that it also generates funds that could
be used to cover the cost of administering the environmental scheme and
funding substitute conservation measures elsewhere as an environmental
offset.
A significant drawback of a bond policy is that while the firm is paying for

the costs of servicing the bond, it does not generate funds that can be used by
the regulator. In this respect, a DLT that generates some of the costs of reha-
bilitation may be preferable, as it increases the funds available for environ-
mental conservation.
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Mathematical Appendix

The Lagrangian for this problem is:

L¼
XT�1
t¼0

dt

ptð
PK
k¼1

Qk;tÞ�
PK
k¼1

wðXk;t;Qk;tÞþckðEk;tÞþdskðYk;tÞþdf
kðQk;t;Yk;tÞ

� �

�
PK
k¼1

dkk;tþ1 Xk;tþ1�Xk;tþQk;t

� �
�
PK
k¼1

dck;tþ1 Yk;tþ1�Yk;t�hQk;tþEk;t

� �
�
PK
k¼1

lk;1Qk;t�
PK
k¼1

lk;2Ek;t

8>>>>>>>><
>>>>>>>>:

9>>>>>>>>=
>>>>>>>>;

�dT
XK
k¼1

skðYk;TÞ ðA1Þ

The Kuhn Tucker (KT) conditions are applied as equations 1–6 contain
inequality constraints and the constraint set satisfies standard regularity con-
ditions. The KT conditions are given by equations 2–5 and:

@L

@Xk;t
¼ dkk;tþ1 � kk;t ¼ wXðXk;t;Qk;tÞ for k ¼ ½1; 2; :::;K� and

t ¼ ½0; 1; :::;T� 1�;
ðA2Þ

@L

@Yk;t
¼ dck;tþ1 � ck;t ¼ dsYk þ dfYk for k ¼ ½1; 2; :::;K� and t ¼ ½0; 1; :::;T� 1�;

ðA3Þ

@L

@Qk;t
¼

Qk;t>0) pt�wQðXk;t;Qk;tÞ � d
fQ
k � dðkk;tþ1� ck;tþ1hÞ ¼ 0

Qk;t ¼ 0) pt�wQðXk;t;Qk;tÞ � d
fQ
k � dðkk;tþ1� ck;tþ1hÞ � lk;1 � 0

( )

for k¼ ½1;2; :::;K� and t¼ ½0;1; :::;T� 1�; ðA4Þ
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@L

@Ek;t
¼

Ek;t>0) �ck;EðEk;tÞ � dck;tþ1 ¼ 0

Ek;t ¼ 0) �ck;EðEk;tÞ � dck;tþ1 � lk;2 � 0

( )

for k ¼ ½1; 2; :::;K� and t ¼ ½0; 1; :::;T� 1�; ðA5Þ

lk;1Qk;t ¼ 0;lk;1 � 0; lk;2Qk;t ¼ 0;lk;2 � 0; ðA6Þ

Xk;0 ¼ ak8k;Yk;0 ¼ bk8k; kk;T ¼ 0;8k; and ck;T ¼ dTsYk ðyk;TÞ8k: ðA7Þ
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