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Abstract 

This paper presents a growth accounting framework in which subsoil mineral and energy 
resources are recognized as natural capital input into the production process. It is the first study 
of its kind in Canada. Firstly, the income attributable to subsoil resources, or resource rent, is 
estimated as a surplus value after all extraction costs and normal returns on produced capital 
have been accounted for. The value of a resource reserve is then estimated as the present 
value of the future resource rents generated from the efficient extraction of the reserve. Lastly, 
with extraction as the observed service flows of natural capital, multifactor productivity (MFP) 
growth and the other sources of economic growth can be reassessed by updating the income 
shares of all inputs, and then, by estimating the contribution to growth coming from changes in 
the value of natural capital input.  

This framework is then applied to the Canadian oil and gas extraction sector. The empirical 
results show that, in Canada, adding subsoil resources into production as natural capital 
reduces the negative MFP growth over the study period. Overall, by including subsoil resources, 
MFP declines by 1.5% per year over the 1981-to-2009 period, compared to a 2.2% decline 
without including these resources. During the same period, the real value-added growth in this 
industry was 2.3% per year, of which about 0.3 percentage points or 15% comes from natural 
capital. 

 

Keywords: Natural resource, natural capital, resource rent, productivity 
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Executive summary 

This paper presents a growth accounting framework in which subsoil mineral and energy 
resources are recognized as natural capital input into production; as such, income attributable to 
natural capital and value of subsoil resource reserves are estimated, and multifactor productivity 
(MFP) growth and the sources of economic growth are reassessed. It is the first study of its kind 
in Canada. 

In the paper, income attributable to natural capital, or the resource rent, is first estimated. The 
resource rent is defined as a surplus value after all extraction costs and normal returns on 
produced capital have been accounted for. For the calculation of the resource rent, a rate of 
return on produced capital needs to be used to estimate the value of services derived from 
natural capital in the production process. This paper uses the long-term average of the internal 
rate of return on produced capital in the non-mining business industries as a whole to calculate 
the normal returns on produced capital in a mining industry. This is derived from the internal rate 
of return taken from the Canadian Productivity Accounts. By doing so, the growth accounting 
framework used herein remains consistent with the remainder of the MFP estimates in other 
industries, in that it makes use of the internal rates of return throughout to assess the cost of 
capital and uses what might be called an endogenous approach based on available data on 
rates of return. In this system, the surplus profits are zero in all business industries. 

The measured resource rents can then be used for the estimation of resource reserve values 
using an income approach. Specifically, the value of a resource reserve is calculated as the 
sum of the present value of expected future resource rents generated from extracting the 
reserve. A discount rate needs to be chosen for this purpose. This paper adopts Hotelling’s rule 
in this regard. Hotelling’s rule predicts that, along the efficient (optimal) extraction path, the 
shadow price of a resource reserve grows at the rate of nominal interest rate on a numeraire 
asset. Using Hotelling’s rule, the value of a resource reserve is simply the product of the present 
resource rent, and the reserve life calculated using the present extraction amount. 

The physical extraction of a resource reserve is used as the natural capital input in the 
extraction of this resource. The asset-level natural capital inputs are then aggregated into an 
industry-level measure. Given the resource rent and natural capital input, the industry-level MFP 
growth and the sources of real value-added growth can then be estimated. The impact of adding 
natural capital into the production process on the MFP growth would be positive (negative) if the 
natural capital input grows at a slower (faster) pace than produced capital. Also, the impact of 
these changes becomes larger (smaller) when the income share of resource rent is higher 
(lower).  

This growth accounting framework is applied to the Canadian oil and gas extraction industry. 
The empirical results show that, in Canada, adding subsoil resources into production as natural 
capital reduces the negative MFP growth over the study period. Overall, by including subsoil 
resources, MFP declines by 1.5% per year over the 1981 to 2009 period, compared to a 2.2% 
decline without including these resources. During the same period, the real value-added growth 
in this industry was 2.3% per year, of which about 0.3 percentage points or 15% comes from 
natural capital. 
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1 Introduction 

This paper has two objectives. The first is to estimate the resource rent generated through the 
extraction of subsoil mineral and energy resources, as well as the associated monetary value of 
resource reserves1 in Canadian mining industries—what is referred to here as the value of 
natural capital. The second is to treat subsoil resources themselves as a factor input in resource 
extractions. This is done by estimating the flow of services derived from natural capital input, 
and adding it to the value of labour and produced capital inputs in the standard multifactor 
productivity (MFP) estimating equation. This produces a measure of MFP growth that is more 
complete, and provides an estimate of the significance of subsoil resources as a source of 
economic and productivity growth in the Canadian mineral and energy resource sector.  

Subsoil mineral and energy resources are treated as non-produced and non-financial assets in 
the System of National Accounts (SNA). To be consistent, exploration and development 
expenditures are capitalized as produced capital assets in SNA. Therefore, the value of subsoil 
resources as non-produced assets reflects only the value of resource scarcity. 

The present Canadian Productivity Accounts (CPA) calculate MFP growth as the difference 
between the growth in output and a weighted average growth of all inputs—one of which is the 
capital derived from investments in fixed assets. The fixed assets included in the accounts for 
the mining, oil and gas industries include investments in machinery and equipment, structures, 
and engineering assets such as mine shafts, as well as exploration and development 
expenditures. Natural capital—the value of the resources—is not included.  

This paper offers a way in which this can be done and provides estimates of MFP growth when 
the cost of using natural capital is included. Specifically, the resource rent of subsoil assets is 
calculated as a surplus value after all extraction costs and normal returns on produced capital 
have been accounted for. The value of a resource reserve is then set equal to the sum of the 
present value of expected future resource rent flows generated from extracting the resource 
over its reserve life.  

This treatment is akin to recognizing that the value of all the produced capital employed in the 
mineral industries is not equal to the cost of investments. Normally, it is assumed that well-
functioning markets will bring the cost of capital and its value into equilibrium—the present value 
of the stream of earnings that are produced by it. But, on occasion, this will not occur because 
of the scarcity of assets or imperfections in markets. When that occurs, capital in excess of that 
derived from the costs of investment is employed in the industry. And that is regarded as the 
case, particularly in the resource sector where endowments cannot be changed by human 
activity—or at least not in the short run.  

Two important parameters are required for valuing subsoil resources. One is the rate of return 
on produced capital that will be used for calculating the resource rent, and the other is the 
nominal discount rate that will be used for the net present value (NPV) of a resource reserve. 
The System of Environmental-Economic Accounting (SEEA) (United Nations et al. 2014, page 
145) recommends that the rate of return on produced capital and the discount rate should be 

                                                 
1. It will be calculated within the asset boundary of the System of National Accounts (SNA). According to the SNA 

2008 (European Commission et al. 2009, §12.17), the asset boundary of a subsoil resource is limited to its proven 
reserve. The proven reserve of a subsoil resource is defined as its stock that is technically feasible and 
economically valuable for exploitation. The reserve data by commodity used in this paper come from Statistics 
Canada CANSIM tables 153-0012 to 153-0015. Although different terminologies are used for describing reserves 
in these tables, such as “established reserve” for oil and gas, and sulphur, “recoverable reserve” for coal and 
uranium, and “proven and probable reserve” for all others, they all refer to as the “developed reserves” defined as 
those that can be expected to be recovered through existing installations (wells or mines) under existing operating 
methods and economic conditions (Statistics Canada, 2006, Text Box 3.1). As seen, the “proven reserve” and 
“developed reserve” are, in principle, the same concept. 
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equal and suggests using an economy-wide interest rate, derived from returns on government 
bonds, as the rate of return that should be used on produced capital, as well as the nominal 
discount rate. This is akin to choosing an arbitrary exogenous rate of return for estimating the 
value of produced capital services in the MFP estimation process—a practice that Statistics 
Canada does not follow in its productivity accounts for two reasons. The rate of return that is 
required is the rate that the capital markets would require to cover the cost of capital. Using a 
government bond rate involves understating the cost of business-sector capital, since it involves 
greater risk. Secondly, its use generates estimates of surplus that are earned above 
requirements of capital markets that are difficult to interpret. This method leaves values of 
surplus across non-resource industries that, to be consistent with the approach adopted here, 
should also be incorporated into the Multifactor Productivity Program. 

This paper uses an assumption that is in accord with the practice used in the CPA. The CPA 
calculate the internal rate of return on produced capital from the estimates of surplus and 
produced capital stock at an industry level. This paper assumes that, over a long term, on 
average, produced capital earns the same rate of return in both the mining industry and non-
mining business industries as a whole.2 The internal rate of return on produced capital for the 
non-mining business industries as a whole can then be used in calculating the cost of capital 
services for produced capital in the mining industry. In turn, the resource rent in a mining 
industry can be calculated as the residual of the surplus, estimated from the SNA, minus the 
produced capital services used in this industry. This approach is consistent with that followed in 
the CPA, and profit remains zero for all industries except those using natural capital.  

Once the resource rent as the surplus is derived, an estimate of the value of natural capital that 
is the source of this surplus is derived from calculating the NPV of these surpluses. This is 
calculated using the estimates of resource reserves to estimate the years of remaining life at 
present extraction rates, and then calculating the NPV of the surplus. The crucial parameter that 
is required for this analysis is the discount rate.  

This paper adopts Hotelling’s rule as the principle in the calculation of the NPV of subsoil 
resource reserves. Hotelling’s rule defines the optimal extraction path of non-renewable natural 
resources, and predicts that the net price (unit resource rent) of a non-renewable natural 
resource is expected to increase at the rate of nominal interest that would be earned by an 
appropriate asset.3 Under Hotelling’s rule, the real discount rate becomes zero and the 
corresponding NPV of a subsoil resource reserve would reflect its value to a society, if the 
source reserve is efficiently extracted.  

Alternate choices for the discount rate have been suggested. For example, the SEEA (United 
Nations et al. 2014) assumes that the unit resource rent is expected to increase at the rate of 
general inflation. Under this assumption, the real discount rate used would equal the real rate of 
interest. In this case, the value of a resource reserve would be much smaller than that 
calculated using Hotelling’s rule. This paper also provides an estimate of the value of natural 
capital that makes use of this assumption for the purposes of comparison. 

The rest of the paper is organized as follows. Section 2 develops a framework for accounting for 
subsoil resources in production and wealth accumulation. Section 3 presents the empirical 
results for the Canadian mining industries, and Section 4 concludes. 

                                                 
2. Baldwin and Gu (2007) show that this average derived from the CPA closely approximates the cost of capital 

derived from the long-term corporate bond rate and the equity rate of return earned on Canadian equities.  
3. For a summary of the literature on whether resource prices have increased at this rate, see Miller and Upton 

(1985), Livernois (2009), and Kronenberg (2008). 
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2 Framework for accounting for subsoil resources 

To isolate their contribution in production, subsoil resources are treated as a distinct factor of 
production in the same manner as labour and produced capital. Kendrick (1976) recommended 
that capital measures include machinery and equipment, structures, land, inventories and 
natural-resource capital. Following the recommendation, a Hicksian neutral production function 
of subsoil resource extraction can be written as 

 ( , , ),K NY Af L Z Z  (1) 

where the output (Y ) is value-added based and a function of labour input ( L), produced capital 

input ( KZ ), and natural capital input ( NZ ), are augmented by productivity ( A). For the 
production function to be well-defined, it is assumed that the marginal products of each factor 

are increasing ( 0f L   , 0Kf Z   , 0Nf Z   ) at a decreasing rate (
2 2 0f L   , 

 22 0Kf Z   ,  22 0Nf Z   ), and that all cross-marginal products are increasing 

(
2 0Kf L Z    , 

2 0Nf L Z    , 
2 0K Nf Z Z    , 

3 0K Nf L Z Z     ).  

Equation (1) can be applied for the extraction of single or multiple subsoil resources. 
Logarithmically differentiating (1) yields  

 ,
K N

L K NK N

Y L Z Z A

Y L Z Z A
     

   
 (2) 

where  L , K  and N  denote the elasticities of output with respect to labour, produced capital 

and natural capital, respectively. These elasticities are not observable, but can be derived by 
imposing the optimization conditions such that, for each factor of input, the value of its marginal 
products and its user costs are the same. Under the assumption of perfect competition, and 

given output price ( YP ) and factor input prices ( JC ), the output elasticities can be measured as  

 
ln( )    ,    for  , , .
ln( )

J
Y J K N

J JY

Y Y J Y C J
P C s J L Z Z

J J Y J P Y
  

      
  

 (3) 

Income and expenditure in extraction can be equated under the assumption of constant returns 
to scale, i.e., 

 ,Y J K N

J
P Y C J wH cP K P N     (4) 

where the labour cost is equal to the hours worked ( H ) multiplied by the nominal wage rate  

( w ); the cost of produced capital is equal to its nominal stock value ( KP K ) multiplied by the unit 
user cost of produced capital ( c ); and the user cost of natural capital is equal to its nominal 
stock value ( NP N ) multiplied by the resource rent parameter ( ). Equations (3) and (4) show 

that the output elasticities in (2) can be replaced with the corresponding factor shares ( Ls , Ks , 

and Ns ) in the total value-added, i.e., 

 .
K N

L K NK N

Y L Z Z A
s s s

Y L Z Z A
   

   
 (5) 
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To use Equation (5) for growth accounting, the growth of natural capital input and the resource 
rent associated with the use of natural capital need to be estimated.  

2.1 Measuring resource rent 

In this paper, the resource rent of natural capital is derived by using a residual value method.4 
From Equation (4), the resource rent ( R ) generated from extracting a subsoil resource is 
calculated residually as  

 .N Y K KR P N P Y wH cP K OS cP K       (6) 

The data required for calculating the resource rent, generated from single subsoil resource 
extraction, comprise the corresponding gross operating surplus (OS ) calculated as nominal 
value-added net of labour cost, nominal value of produced capital stock, and the unit user cost 
of produced capital.  

The unit user cost of produced capital, which is equal to the sum of a rate of return on and a 
rate of depreciation of produced capital, needs to be exogenous to the mining industries in order 
to calculate the resource rent residually. There is no consensus in the literature on the choice of 
the exogenous rate of return on produced capital.5 The borrowing cost is one proposal. The 
borrowing cost in financial markets generally reflects the compensation to lenders for the 
provision of funds and the risk of loans not being returned. For example, a risk-free rate (the 
internal reference rate between banks), plus a risk premium of 1.5%, is used as the exogenous 
rate of return on produced capital, in the Dutch national accounts, for the calculation of resource 
rent in mining (Veldhuizen et al. 2012). Another example is the approach proposed in a cross-
country study by Brandt, Schreyer and Zipperer (2013) for the Organisation for Economic Co-
operation and Development, in which average extraction costs across countries are used to 
derive exogenously the resource rent of natural capital. Baldwin and Gu (2007) used a weighted 
average of the actual long-term debt costs, and the equity rate of return earned in Canada, for 
the purpose of examining how this approach compares to the endogenous estimate, when 
deriving capital services and MFP growth in Canada. They find that the two are relatively similar 
for Canada. 

There are several issues related to the use of an exogenous rate of return on produced capital 
based on financial market information. First, using a flat exogenous rate of return will lead to 
high volatility in the measured resource rent, and, sometimes, negative resource rent that may 
not accord with long-run expectations, which are relevant for the derivation of the concept of the 
user cost of capital. Second, deriving a variable rate from financial market data that corresponds 
with longer-run expectations is difficult, because short-run financial market fluctuations may not 
necessarily reflect long-run expectations. Third, a rate of return obtained from financial markets 
is usually an after-tax measure, and needs to be converted into a before-tax measure; otherwise 
the resource rent would be overstated. Finally, it should be noted that, for our purposes, 
consistency is required between the estimates of the mining sector and other industries. 
Industry revenues and costs may not be equal elsewhere when an exogenous rate of return is 
used, and a “profit residual” may be generated across industries other than mining. While the 
“profit residual” is interpreted as the resource rent in a mining industry, it is more difficult to 
classify the reason or reasons for the residual elsewhere, other than short-run deviations from 
market clearing, and, therefore, leads to unnecessary white noise in interpreting the estimates 
for users.  

                                                 
4. SEEA (United Nations et al. 2014) discusses various approaches for estimating resource rent and recommends 

the use of the residual value method. 
5. SEEA (United Nations et al. 2014) recommends that real long-term government bond rates can be used if 

appropriate industry-specific rates of return are not available, as is the case for many countries.  
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To overcome these issues, this paper describes an alternate way of splitting the operating 
surpluses into returns on produced capital and returns on natural capital (resource rent) than 
those suggested by the SEEA. Specifically, the internal rates of return on produced capital are 
adjusted such that produced capital in a mining industry earns the same rate of return as in the 
non-mining business sector on average over a long period.   

2.1.1 Resource rent at the commodity level 

The industry level at which MFP growth is estimated is more aggregated than the level of 
commodity data produced in the Environment Accounts at Statistics Canada, and each mining 
industry at this level involves multiple resources that are estimated separately in the Canadian 
System of Environmental and Resource Accounts. While the latter involve more detailed data at 
the commodity level, they are not at the moment fully reconciled to the industry accounts that 
make up the basis for the MFP estimates. To calculate the resource rent at the industry level 
used in the CPA, the gross operating surplus and the nominal value of produced capital stock at 
the commodity level are benchmarked to those at the industry level. 

After the benchmarking, the internal rates of return on produced capital for the mining industries 
at the commodity level and the corresponding adjusted rates are then calculated. At the 
commodity level, data for produced capital by asset type and associated tax parameters are not 
readily available. Therefore, the internal rates of return on produced capital are calculated 
before tax and depreciation and have no asset details. Specifically, the gross internal rate of 
return on produced capital for commodity i  and industry j  is defined as 

  .K
ijt ijt ijt ijtc OS P K   (7) 

Resource rent at the commodity level in a mining industry is calculated as6 

  ,   with  ,K
ijt ijt ijt ijt ijt ijt ijt B ijR OS c P K c c c c      (8) 

where Bc  is the sample average of the gross internal rate of return on produced capital for the 

non-mining business sector, and ijc  is that for the extraction of commodity i  in industry j .  

2.1.2 Resource rent at the industry level 

At the industry level, more data are available; therefore the internal rate of return on produced 
capital after tax can be estimated. According to the user cost formula for produced capital 
developed in Christensen and Jorgenson (1969), the internal rate of return on produced capital 
in an industry ( itr ) can be estimated as 

 

 
 1 1

1

1,    .
1

ikt ikt kt ikt ikt kt kt ikt ikt k kt ikt it t ikt iktk
it ikt

kt ikt ikt tk

c K p T K p T K p K u z ITC
r T

p T K u

   



    
 





 (9) 

The asset-specific variables used in (9) include the user cost of produced capital ( kc ), produced 

capital stock ( kK ), asset price ( Kp ), depreciation rate ( k ), capital gains ( k ), the present 

value of depreciation deductions for tax purposes on a dollar’s investment ( kz ), and the rate of 

                                                 
6. An alternative to Equation (8) is to replace ijtc  with Btr  or its moving averages over a certain period.  
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the investment tax credit ( kITC ). Other variables are the effective rate of property taxes ( ) 

and the corporate income tax rate (u ). We then use Equation (9) to calculate the sample 
averages of the internal rate of return on produced capital for the non-mining business sector ( B ) 
and a mining industry ( j ) as 

 
1 1

,    .n n

B Bt j jtt t
r r n r r n

 
    

These sample averages can sensibly be related to expectations over the same period. It is 
usually expected that j Br r  because jr  includes returns on both produced and natural capital. 

If this is the case, one can assume that produced capital earns the same rate of return on 
average over the sample period in these mining industries as in the non-mining business 
sector.7 The internal rates of return on produced capital in the mining industries with j Br r  are 

then adjusted by the ratio of the two sample averages. However, it can be the case that the 
actual data gives j Br r  in the extraction of some subsoil resources. When this happens, the 

resource rent in these industries will be zero. For the industries with j Br r , the adjustment is 

made as8 

  if   .B
jt jt j B

j

r
r r r r

r
    (10) 

For a mining industry with j Br r  , the adjustment made by Equation (10) does not change the 

pattern over time of the internal rate of return on produced capital ( jtr ), but ensures that the 

sample averages of the adjusted rate of return on produced capital in the mining industry is the 
same as in the non-mining business sector, i.e., 

 
1 1

Average ( ) .n nBB
it it it Bt t

i i

rr
r r n r n r

r r 

 
    

 
   

In addition, the internal rates of return of produced capital derived from Equation (10) are 
external to the mining industry of interest since it uses information of other industries. However, 
it uses information from the national accounts only. 

The resource rents in a mining industry with j Br r  are then residually calculated by subtracting 

the returns on produced capital calculated using the adjusted rates of return on produced 
capital, i.e.,  

                                                 
7. Generally speaking, the expected rate of return on investment should be the same for different projects or across 

industries after adjusting for project- or industry-specific risks. Empirically, some investments, especially those in 
intangibles, are not often measured in the current capital stock measure. Also, project- or industry-specific risks 
are often different. As a result, the measured rates of return on capital stock over a long period are not 
necessarily the same across industries. However, the empirical evidence in Baldwin and Gu (2007) shows that 
the long-term average internal rate of return on capital in the Canadian total business sector is highly comparable 
with the long-term weighted average rates of interest on debt and equity in Canadian financial markets, which 
implies that the current coverage of capital stock in Canada may not be an issue in terms of the overall rate of 
return on capital. For a specific industry such as mining, the rate of return on capital may differ if the unmeasured 
investment and industry-specific risks are largely disproportionate from those for the total business sector. But if 
this were the case, the exogenous rate of return on capital used for a specific industry would also need to be 
modified to account for this. 

8. An alternative to Equation (10) is to replace jtr  with Btr  or its moving averages over a certain period.  
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          (11) 

 

2.1.3 Resource rent benchmarking 

Because of data limitations at the commodity level, the resource rent estimate at the industry 
level is in general more reliable when the commodity-level resource rents are all positive. In this 
case, the commodity-level resource rent is benchmarked using the industry-level resource rent 
as the control total, i.e., 

 ,    for  commodity  industry .ijt
ijt jt

ijti

R
R R i j

R
 


   (12) 

However, when the industry-level resource rent is zero or very small, it is recalculated as the 
sum of the resource rents at commodity-level,9 i.e.,  

 .jt ijti j
R R


   (13) 

The resource rent generated from extracting a subsoil resource is taken here as the user cost or 
capital service of this natural capital asset. It is what the rental market for the assets would have 
to extract for the use of the natural capital if its use was rented out over the course of the year.10 

2.1.4 Resource rent decomposition 

Let D  be the physical extraction of a subsoil asset, and DP  be the unit user cost of the natural 
capital or the net price of the resource extracted at a point of time; we then have 

 .DR P D  (14) 

Exploration and development expenditures have been capitalized as produced capital in the 
SNA, implying that their returns have then been deducted in the calculation of the resource rent. 

As a result, the unit resource rent ( DP ) reflects purely the value of a subsoil resource arising 
from its scarcity and the quality of deposit.11  

Similarly to the user cost of produced capital, the resource rent can also be split into the 

depletion cost and returns on natural capital. Let NP , N  and Nr denote the shadow price of, 

                                                 
9. This bottom-up approach is superior to a top-down approach when the commodity level information is available. 

For example, we assume that in an industry with multiple resource extractions, the sample average of the gross 
internal rate of return on capital is low in the extraction of one resource but high in the extraction of all other 
resources. The industry-level internal rate of return can be low enough such that the resource rent derived directly 
using the industry-level data becomes zero simply because of the low internal rate of return in the extraction of 
one resource. In this case, a top-down approach will lead to zero resource rents for all resource extractions, while 
a bottom-up approach will result in zero resource rent for the resource extraction with low internal rate of return 
and positive resource rents for others with high internal rates of returns.    

10. The user cost of using the reserve is the value of the surplus that is derived from its use. In the case of physical 
capital, this involves both a depreciation of the asset and an opportunity cost of capital. These are both combined 
in the surplus actually derived from the natural capital asset. 

11. Let C  be the total cost of a resource extraction, including the cost of labour, produced capital and intermediate 
inputs, and P  be the market price of the resource. The unit resource rent is equal to the market price, net of the 

marginal cost of extraction ( /DP P C D    ) that is increasing in the degree of scarcity and the quality of 
deposit of the resource.     
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the depletion rate of, and the rate of returns on natural capital, respectively. The resource rent 
or the user cost of natural capital can then be written as 

 
depletion cost returns on natural capital

( ) ( ) ( )   with .D N N N N D N NP D r P N P D P P D D N      
   (15) 

2.2 Valuing subsoil resource reserves 

As there are often no readily available market prices for subsoil resource reserves,12 the NPV of 
the flow of natural resource rents is used here.13 The NPV method values a resource reserve 
from an ex-ante perspective. It converts the expected future streams of resource rents into the 

present value of a resource reserve. Let ( )t tE d   be the expected future nominal rate of return 

on a numeraire asset that is used for discounting future income flows, ( )t tE    be the expected 

future growth rate of the unit resource rent, and tT  be the reserve life of a subsoil resource at a 

point of time. The iNPV  of the reserve of a subsoil resource becomes 
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For notational simplicity, we replace the period-specific discount rates and growth rates of the 
unit resource rent in (16) with their annual averages over the reserve life, which yields 
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  (17) 

where 

 1 1Average  ( ),   and  Average  ( ).it itT T
t t t t t tE d E d          (18) 

Hotelling’s rule14 suggests that the socially and economically optimal time path of a non-
renewable resource extraction is one along which the resource price, net of all extraction costs 
(unit resource rent), is expected to grow at the rate of return on investment (discount rate). That 
is  

 .t td   (19) 

To understand the proposition, we assume that the representative agent chooses an extraction 
path to maximize the NPV of a resource reserve. The optimization can be written as 

                                                 
12. Subsoil resources are traded both directly—in terms of transfers of land—and indirectly through the purchase of 

firms. While the value of the resources transferred is sometimes publicly stated or calculated by the financial 
press, a large enough database does not exist to allow use of these estimates here. 

13. The NPV method is recommended in SEEA (United Nations et al. 2014) for the valuation of subsoil resource 
reserves. 

14. Hotelling’s rule states the condition for the time path of a non-renewable resource extraction that maximizes the 
value of the resource stock. See Hotelling (1931) and Solow (1974) for details. 
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The Lagrangian function for this problem can be written as 
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   (21) 

The first order conditions can be derived by taking the derivative of Equation (21), with respect 
to the physical extraction in each time, i.e., 
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It is required that t td   for Equation (22) to hold. Otherwise, the current extraction is not 

optimal because the marginal profit of extraction ( DP ) and the marginal value of holding ( ) are 

not equal to each other. This is Hotelling’s rule. Substituting t td   into Equations (22), (21) 

and (17) gives 
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 (23) 

Therefore, along the optimal extraction path, the shadow price of a resource reserve is equal to 
the unit resource rent, and both are expected to grow at the rate of nominal interest rate of a 
numeraire asset. The NPV of a resource reserve can then be calculated as the current resource 
rent, multiplied by the number of periods of extraction at current level.  

Hotelling’s rule also implies that the rate of return on natural capital is zero. This can be seen 

using Equation (15), when the shadow price of a resource reserve ( NP ) is equal to the unit 

resource rent ( DP ). So the benefits today (resource rents) fully reflect the cost of future loss 
(depletion costs). 

In the above formulation, Hotelling’s rule was used to define the optimal extraction path of non-
renewable natural resources to give the conceptual and theoretical framework for understanding 
and analyzing the depletion of non-renewable natural resources.  

In support of the use to which the rule is being used here, Miller and Upton (1985) found that, 
for a sample of U.S. oil and gas extraction companies, estimates of reserve values, when 
calculated using Hotelling’s rule, account for a significant portion of their market values. Miller 
and Upton (1985) also compared the accuracy of using Hotelling’s rule, as opposed to two 
widely cited and publicly available alternatives—the Securities and Exchange Commission and 
Herold appraisals reported that Hotelling’s rule performed better in the valuation of the resource 
reserves values. This supports the use to which Hotelling’s rule is being used here. It suggests 
that expectations are being formed to determine the values being estimated here, using 
something approximating Hotelling’s rule.  
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It is, however, the case that Livernois (2009) reports that empirical studies that examine the 
actual price trajectory find imperfect evidence that the actual trajectory of resource prices 
follows Hotelling’s rule. But the question is not whether the trajectory follows Hotelling’s rule 
exactly, but whether the expected values using an approximation to this rule accord with values 
being created in markets, which is the criterion that accords with the spirit of measurement 
within the SNA and the Multifactor Productivity Program.  

Kronenberg (2008) discussed factors that may lead to deviations of outcomes, in the real world, 
from those obtained applying Hotelling’s rule. One category of these factors relates to the 
assumptions made for deriving Hotelling’s rule, such as perfect competition, zero extraction 
cost, no technical progress, fixed stock of reserves, and constant market conditions. These 
assumptions can be relaxed. And in this paper, we do so by calculating the value of a resource 
by updating information continuously on the extraction cost, reserve stock, and market 
conditions, implying that the corresponding optimal extraction path of a resource reserve 
changes over time. The other category of these factors is institutional, such as uncertain 
property rights and the strategic interaction between suppliers and consumers. Although these 
institutional factors may lead to a market failure, such that the actual extraction path is not 
socially optimal, valuing a resource reserve along its optimal path of extraction gives the value 
that can be achieved from efficient extraction of a resource reserve.15 

2.3 Industry-level measures    

To this point, measures on the quantity and price for each natural capital asset have been 
derived. The industry-level quantity and price measures are then aggregated from those for 
each asset using the Fisher formula. For the natural capital stock in a mining industry, its 
quantity and price indexes are calculated as  

 1 1
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In the case of mining, the physical extractions are the service flows provided by the natural 
capital. The industry-level quantity and price indexes of natural capital service (input) can then 
be estimated as 
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The discrete approximation of the growth accounting formula can be derived from (2) as 

 
1 1 1 1 1
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 (26) 

MFP growth can then be estimated residually. It is noteworthy that the growth accounting of (26) 
does not take into account the impact of changes in natural capital quality, so the derived MFP 

                                                 
15. A referee has pointed out that Hotelling’s rule may not hold in society for another reason. Hotelling’s rule is 

derived under the assumption of the existence of a representative agent. The assumption may not hold, because 
some companies pay royalties to the owner of the resources, and others do not. Given such heterogeneity among 
individual mining companies, the aggregate extraction path of a resource reserve may not be socially optimal, 
even when each individual extraction path is optimal to each mining company. As a result, Hotelling’s rule may 
not hold exactly. But Miller and Upton’s (1985) work suggests it holds approximately. 
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growth, at this point, refers only to the (natural capital) quality-unadjusted measure.16 Also, the 
impact of adding natural capital, as an input into production on MFP growth, relies on the 
relative growth of produced and natural capital. It raises MFP growth when the natural capital 
growth is lower than that for produced capital and vice versa. 

3 Empirical results for Canadian oil and gas extraction 

In this section, the growth accounting framework developed in the previous section is applied for 
the Canadian oil and gas mining industry as an experimental analysis. The commodity-level 
(asset-level) data on the gross operating surplus and nominal produced capital stock for the 
mineral sector is compiled by the Environment Accounts and Statistics Division of Statistics 
Canada based on various data sources.17 These data are benchmarked to the industry-level 
data first and then the benchmarked data are used for the calculation of the resource rents at 
the commodity level. The quantity measures of the stock, depletion and addition of each subsoil 
resource reserve are obtained from CANSIM tables 153-0012 to 153-0015. Combined with the 
estimates of resource rents, these data are used for the calculation of reserve value at the 
commodity level and the quantity and price indexes of natural capital stock and natural capital 
input at the industry level. The industry-level data of value-added, labour compensation, labour 
and produced capital inputs come from the KLEMS (capital, labour, energy, materials and 
services) database used in the CPA, and the industry-level geometric-based nominal produced 
capital stock data come from CANSIM table 031-0002.18 The gross operating surplus and the 
nominal capital stock data at both industry and commodity levels are used for estimating the 
resource rents at both commodity and industry levels. A zero real discount rate is used 
throughout our experimental assessment. Given that the natural capital input is measured by 
the amount of physical extraction, the choice of the discount rate has no impact on the 
measurement of MFP growth. However, the measured value of natural capital stock is much 
larger under Hotelling’s rule (zero real discount rate) than that with the discount rate being at 
4%.19 This discount rate is currently used in the Canadian System of Environmental and 
Resource Accounts (CSERA) and as well as in many other national statistical agencies. 

Oil and gas extraction involves the extraction of natural gas, crude oil and crude bitumen. 
Natural gas liquids are included in the asset category of natural gas.20 The estimates on the 
volume of reserve and extraction for each type of resources are presented first. The estimates 
of the nominal value of reserve and the resource rent of the extraction are presented next. The 
volume estimates of reserves are then aggregated across different types of resources to derive 
total natural capital stock, while the extractions are aggregated to derive the flow of services for 
the natural capital (or natural capital input), using weights based on resource rents. Finally, the 
contribution of the natural capital to output and its effect on MFP estimates are presented. 

                                                 
16. Firms need to dig deeper and/or extract more waste to extract the same amount of mineral or energy content due 

to a decline in natural-resource quality. As a result, technical progress would be understated by the quality-
unadjusted MFP growth. As the quality adjustment may involve some major data development, the issue  will be 
addressed in a separate paper. 

17. The capital stock data by both industry and commodity does not include land and inventories as a result of lack of 
measures or sufficient quality.  

18. The business sector is defined differently in the CPA and in CANSIM table 031-0002. In the CPA, the business 
sector combines the business establishments of the North American Industry Classification System (NAICS) 
codes 11 to 81, while CANSIM table 031-0002 covers all industries minus public administration (NAICS 91), 
educational services (NAICS 61) and health care and social assistance (NAICS 62). To ensure the two sets of 
business sector data are consistent, this paper subtracts educational services (NAICS 61) and health care and 
social assistance (NAICS 62) from the CPA business sector data. After the adjustment, the coverage difference 
between the two definitions is minimal. 

19. See Appendix Table 1 for oil and gas. 
20. The volume of natural gas liquids is approximately 1/600 of the gaseous volume at atmospheric conditions. We 

apply this conversion factor to make natural gas liquids and normal natural gas additive in volume.  
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3.1 Resource reserve and extraction 

The established reserve of oil and gas in Canada has experienced a large compositional shift 
towards crude bitumen. As shown in Chart 1, from 1981 to 2009, the established reserve 
trended down slightly for both natural gas and crude oil. It dropped by about 25% for both 
natural gas and crude oil over the whole sample period. At the same time, the established 
reserve of crude bitumen increased dramatically, especially during the periods from 1997 to 
1999 and after 2005. It increased by more than 12 times, or about 9.6% per year on average. 

0

200

400

600

800

1,000

1,200

1,400

0

20

40

60

80

100

120

1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 2001 2003 2005 2007 2009

index (1981 = 100)index (1981 = 100)

Chart 1 
Trend in established oil and gas reserves, 1981 to 2009

Natural gas (left scale) Crude oil (left scale) Crude bitumen (right scale)

Source: Statistics Canada, authors' calculations based on data from CANSIM tables 153-0013 to 153-0015.

 

Unlike the pattern of the established reserve over time, the extraction of all three oil and gas 
resources has increased, although at quite different paces (Chart 2). From 1981 to 2009, 
extraction grew by about 2.4% per year for natural gas, by 0.1% per year for crude oil, and by 
8.4% per year for crude bitumen. 
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Chart 2 
Trend in extraction of oil and gas reserves, 1981 to 2009 

Natural gas (left scale) Crude oil (left scale) Crude bitumen (right scale)

Source: Statistics Canada, authors' calculations based on data from CANSIM tables 153-0012, 153-0014, and 153-0015.

 

3.2 Resource rent and reserve value 

Chart 3 presents the estimated value of oil and gas reserves and the resource rent from the 
extraction of oil and gas from 1981 to 2009. As shown, the patterns of the reserve value and 
resource rent, over time, are quite close to each other. Both stayed low and stagnant before 
1999, and then grew rapidly thereafter. The annual resource rent declined by 2.5% per year 
over the 1981-to-1999 period and by 17.7% per year over the 1999-to-2009 period. The 
corresponding growth rates for the reserve value were -4.2% and 22.9% per year for the two 
periods, respectively.  
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Chart 3 
Oil and gas resource rent and reserve value, 1981 to 2009 

Resource rent (left scale) Reserve value (right scale)

Source: Statistics Canada, authors' calculations based on data from the KLEMS database and the environment accounts.

 

3.3 Natural capital stock and natural capital input 

The natural capital input in this industry trended up steadily without major interruptions 
(Chart 4). It grew by 2.4% per year on average from 1981 to 2009. At the same time, the pattern 
of the natural capital stock, over time, is quite different from that of the natural capital input. The 
natural capital stock trended down gradually and dropped by about 17% before 1997, reflecting 
the down-trending movements in natural gas and crude oil reserves. After 1997, the natural 
capital stock exhibited a pattern, over time, similar to that of crude bitumen. It increased largely 
from 1997 to 1999 and after 2005, and decreased moderately from 2000 to 2005. 
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Chart 4 
Trend in oil and gas natural capital stock and natural capital input, 1981 to 2009 

Natural capital stock Natural capital input

Source: Statistics Canada, authors' calculations based on data from the KLEMS database and the environment accounts.

 

3.4 Multifactor productivity growth 

In the growth accounting framework, adding natural capital has no impact on either output 
(value-added) growth or the contribution of labour input. However, the income share and, 
hence, the contribution of produced capital input will be reduced; as a result, MFP growth would 
be impacted if the produced capital input and the natural capital input grew at different paces. 

As shown in Chart 5, MFP growth in oil and gas extraction was positive before 1993, and 
became largely negative after 1993. Note that adding natural capital in the growth accounting 
framework has little impact on the pattern of MFP growth over time. After adjusting for natural 
capital, annual MFP growth increases from 1.8% to 2.0% before 1993, and from -5.1% to -4.0%, 
after 1993. 

Overall, by including subsoil resources, MFP declines by 1.5% per year over the 1981-to-2009 
period, compared to a 2.2% decline without including these resources. 
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Chart 5 
Alternative measures of multifactor productivity, oil and gas extraction industry,
1981 to 2009

Standard Adjusted for natural capital

Source: Statistics Canada, authors' calculations based on data from the KLEMS database and the environment accounts. 

 

3.5 Natural capital contribution to value-added growth  

The contribution of the natural capital input to the industry value-added growth is moderate in oil 
and gas extraction. From 1981 to 2009, the log growth of value-added in oil and gas extraction 
was about 2.3% per year, of which about 0.3 percentage points per year or 15% came from the 
growth in the natural capital input (Table 1). 

1981 to 2000 2000 to 2008 1981 to 2009

Value-added growth (log), annual average 3.22 0.39 2.31

Contribution

Labour input 0.08 0.84 0.32

Produced capital input 2.45 4.64 3.16

Natural capital input 0.43 0.16 0.34

Multifactor productiivty 0.26 -5.25 -1.51

Multifactor productivity growth (log), annual average 
before adding natural capital -0.04 -6.96 -2.27

Source: Statistics Canada, authors' calculations based on data from the KLEMS database and the environment accounts. 

percent

percent

Table 1 
Source of value-added growth, and multifactor productivity growth, oil and gas 
extraction industry, selected periods, 1981 to 2009

Period

percentage points
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4 Conclusion 

To recognize subsoil energy and mineral resources as a capital input into the production 
process, this paper presents a growth accounting framework that allows the derivation of 
measures on natural capital stock and natural capital input in the mining industries and provides 
a better understanding of contribution of natural capital to economic growth and the impact of 
adding natural capital on productivity measurement. 

The empirical results suggest a significant contribution of natural capital to the real value-added 
economic growth in the Canadian oil and gas extraction. However, the impact of adding natural 
capital in the growth accounting on the measured MFP growth changes over time. It is small 
before 1993 and becomes larger thereafter. 
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5 Appendix 

Value at 0% discount divided by 
value at 4% discount

ratio

Total 1.49

Natural gas 1.38

Crude oil 1.21

Crude bitumen 1.80

Appendix Table 1 
Sensitivity of natural capital value to real discount rate, oil and gas extraction 
industry, average, 1981 to 2009 

Source: Statistics Canada, authors' calculations based on data from the KLEMS database and the environment accounts. 

 
 

1981 to 2000 2000 to 2008 1981 to 2009

Annual average cost share

Labour 12.80 9.60 11.80

Produced capital 70.80 64.90 68.50

Natural capital 16.50 25.50 19.70

Average annual input growth (log)

Labour 1.87 9.17 4.22

Produced capital 3.57 7.17 4.73
Natural capital 3.16 0.78 2.40

Appendix Table 2 
Input cost shares and input growth, oil and gas extraction industry, selected 
periods, 1981 to 2009

Source: Statistics Canada, authors' calculations based data from the KLEMS database and environment accounts.

Period

percent 
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