
“Estimating consumption and changes in stock of firewood and fuel oils applying
household expenditure data”

AUTHORS Bente Halvorsen

ARTICLE INFO

Bente Halvorsen (2013). Estimating consumption and changes in stock of

firewood and fuel oils applying household expenditure data. Environmental

Economics, 4(2)

RELEASED ON Tuesday, 02 July 2013

JOURNAL "Environmental Economics"

FOUNDER LLC “Consulting Publishing Company “Business Perspectives”

NUMBER OF REFERENCES

0

NUMBER OF FIGURES

0

NUMBER OF TABLES

0

© The author(s) 2026. This publication is an open access article.

businessperspectives.org



Environmental Economics, Volume 4, Issue 2, 2013 

 42

Bente Halvorsen (Norway)  

Estimating consumption and changes in stock of firewood and  

fuel oils applying household expenditure data 

Abstract 

Information on demand response is key information in evaluating the effectiveness of governmental environmental and 
energy policies. However, the consumption of storable goods such as firewood and fuel oils does not necessarily imply 
purchases during a period because of changes in stock. In many cases, we have information about expenditures only, 
not consumption. A method is developed to obtain an estimate of consumption and changes in stock when only ex-
penditure data are available. In addition to expenditure data, the method requires discrete information about the utiliza-
tion of available equipment complementary to the storable good in consumption. Household energy consumption is 
used as an illustration, applying data from the Norwegian Survey of Consumer Expenditure. 

Keywords: storable goods, consumption, changes in stock, stochastic Kuhn-Tucker, Double Hurdle model, multivariate 
distribution. 
JEL classification: C34, D12, Q41. 
 

Introduction  

Household consumption and production activities 
contribute to a significant share of climate gas emis-
sions, and are hence an important target in climate 
policy. A range of policy instruments are imple-
mented to move household energy consumption 
from electricity and fossil fuels to renewable energy, 
and increase energy efficiency. The effectiveness of 
these instruments depends on the households’ res-
ponses to these instruments. To assure the efficiency 
of current and future policy efforts, analysis of 
energy demand responses are of great importance. 

For nonstorable goods, such as electricity, the value 
of consumption during a period is equal to the ex-
penditures. However, due to changes in stock, this is 
not necessarily true for storable goods. For some 
goods, such as firewood and fuel oils, the stock may 
last for years. For that reason, a consumer may have 
small expenditures on a storable good during a pe-
riod with a relatively large consumption, or a posi-
tive expenditure without consumption.  

In theory, the optimal stock and changes in stock are 
thoroughly discussed. However, empirical analyses 
of micro behavior with respect to changes in stock 
are rare1. The reason is that we seldom have con-
sumption data or information about changes in 
stock, only expenditure data. Thus, we do not know 
how consumers actually allocate spending on stora-
ble goods on consumption and stock changes, or 
how consumers change their consumption of stora-
ble goods in response to price and income changes. 
The aim of this paper is to develop a method for 
estimating the effect of price, income and other cha-

                                                      
 Bente Halvorsen, 2013. 

1 The estimation of consumption and changes in stock when only ex-
penditure data are available has, to this author‘s knowledge, not pre-
viously been discussed.  

racteristics of the household on consumption and 
changes in stock on storable goods when only ex-
penditure data are available. 

The literature on infrequency of purchases analyses 
the case where we are not able to observe all pur-
chases due to a limited observation period, e.g. one 
or two weeks (Meghir and Robin, 1992; Robin, 
1993). Since most purchases are not consumed im-
mediately, but stored for a shorter or longer period, 
this will result in too many zero observations in the 
data. A method is developed to correct the estima-
tion based on the purchase frequency. Even if infre-
quency of purchases occurs because goods are 
stored, our problem is somewhat different. We have 
information from the Norwegian Consumer Expend-
iture Survey (CES), where respondents are asked 
about their annual energy consumption. This means 
that we are able to observe all purchases during the 
year, but we do not know the purchase frequency. 
Secondly, we know that some households have cho-
sen not to consume (corner solution) even if they 
have the opportunity to consume the good2. Finally, 
the infrequency of purchase models does not divide 
expenditures into consumption and changes in 
stock, which is our main aim.  

Thus, we need to develop a method for estimating 
consumption and changes in stock when only in-
formation about annual expenditures are available. 
To be able to identify how expenditures are divided 
on consumption and changes in stock, we need addi-
tional information. In general, energy goods are 
used in combination with equipment to produce 
services. In our data, we are able to identify who 
owns this equipment, and thus has the opportunity to 
use firewood or/and fuel oils for heating purposes, 

                                                      
2 In the literature on infrequency of purchases, corner solutions are often 
assumed not to exist (Meghir and Robin, 1992). 
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and who is utilizing this opportunity. We apply dis-
crete information about whether the consumer uti-
lizes the available heating equipment or not (i.e., 
chooses a corner solution) to identify the share of 
expenditures that is consumed and/or stored. For 
consumers who have the necessary equipment to 
consume the good, we model the choice of corner 
solutions in terms of a stochastic Kuhn-Tucker op-
timization problem similar to the specification in 
Wales and Woodland (1983). An Almost Ideal De-
mand System (AIDS) is used to describe the struc-
ture of the consumption functions (Deaton and Mu-
ellbauer, 1980). To distinguish between zero ex-
penditure because the consumer does not own the 
necessary equipment (limited consumption oppor-
tunities) and corner solutions, we apply a Double 
Hurdle (DH) model (Garcia and Labeaga, 1996; 
Smith, 2002). The DH model is modified to fit the 
Kuhn-Tucker conditions; changes in stock are in-
cluded and the model is extended to a multivariate 
simultaneous estimation. 

1. Expenditure, corner solutions and changes 

in stock 

Since the demand function does not necessarily 
equal the consumption function for storable goods, 
we need to model the relationship between con-
sumption, changes in stock and expenditures on 
storable energy goods by consumers with the oppor-
tunity to consume. 

1.1. The Kuhn-Tucker problem. We start by mod-
eling the choice between utilizing the available heat-
ing equipment and choosing a corner solution. We 
assume that consumer h derives utility (U) from the 
consumption of a vector of goods (qh), including 
energy goods (i = 1, 2, 3) and all other goods (i = 4) 
that are available to the consumer at a vector of 
prices (ph). The utility function is assumed to be 
continuously differentiable, quasiconcave and in-
creasing in the consumption of all goods. From the 
consumer’s point of view, utility is assumed to be 
nonstochastic. However, from the researcher’s point 
of view, utility is stochastic, as we assume differ-
ences in individual tastes to be randomly distributed 
across consumers. We also assume that consumers 
consider buying only those energy goods they have 
the opportunity to consume and that their choice of 
heating technology is not affected by changes in 
income and prices. That is, we study short-term 
effects on the utilization of the preexisting heating 
equipment. 

The consumer is assumed to maximize utility with 
respect to the consumption of all available goods 
subject to his budget. We assume the total expendi-
ture (xh) to be less than or equal to total income 

(mh); hhhh
mqpx ' , and that the consumer can-

not have negative consumption of any good; 0h
q . 

This gives the following optimization problem: 

max
h

q

( ) : ' , 0.h h h h h h
U q p q m q                         (1) 

As the utility function is increasing in the consumption 
of all goods, the consumer will use the entire income, 
and at least one good will be consumed. In this study, 
we focus on energy goods: electricity (i = 1), fuel oils 
(paraffin and fuel oil) (i = 2) and firewood (i = 3). 
Thus, we assume that the fourth good (i = 4), which 
contains consumption of all goods other than energy 
goods, is used as a reference good in this analysis. 
The necessary and sufficient conditions for this op-
timization problem may be written as follows (see 
e.g. Wales and Woodland, 1983): 

4 4 0 , 1,2,3,

' .

h h h h
hi i
ih h

h h h

p U p U
q i

m m

p q m

                (2) 

The consumption of good i equals zero if the mar-
ginal rate of substitution is less than the price ratio 

for all units of consumption: hh

i

hh

i ppUU 44
. 

Otherwise, the consumer has a positive consumption 
of good i, and optimal consumption is characterized 
by equality between the marginal rate of substitution 

and the price ratio: hh

i

hh

i ppUU 44
. That is, the 

household will have positive consumption of good i 
only if the marginal utility of consuming the first 
unit relative to the marginal utility of increasing 
other consumption exceeds the relative cost of this 
consumption. This leads to the consumption of all 
goods that the consumer has the opportunity to con-
sume, as a function of all prices and income: 

* , 0.h h h h

i i
q q p m                                                (3) 

Specifying the choice of corner solutions stochasti-
cally, we follow the approach in Wales and Wood-
land (1983) and assume that marginal utility com-

prises common deterministic ( h

iU ) and random 

h

i  components: h

i

h

i

h

i UU . The stochastic 

component is assumed to be independent and identi-
cally normally distributed with zero expectation and 

a constant variance 
2~ 0, , 1,....,h

i

h

i IIN h H . 

Using the Kuhn-Tucker condition for optimization, 
we express the probability of observing zero con-
sumption of good i for consumer h as a function of 
whether the marginal rate of substitution is less than 
the price ratio, as follows: 
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*
4 4

4 4 4 4

0 0

,

h h h h h

i i i

h h h h h h h h h

i i i i i

P q P p U p U

P p p p U p U

     (4) 

where h
i = h

i

hhh

i UpUp 44
. The probability of con-

suming good i is given by h

i

h

iqP 10* . If 

the marginal rate of substitution between good i and 
good 4 increases, so that good i gives more utility 

relative to other consumption, both h

i
 and the 

probability of observing zero consumption of the 
good decrease. 

1.2. Consumption. We assume that the value of the 
consumption on good i may be described by the func-
tional form of an AIDS-model (Deaton and Muell-
bauer, 1980). Consumer h’s budget share on the con-

sumption of good i, 
h

h

i

h

ih

i
x

pq
w

*
* , is given by1:

* log log log ,
h

J

h h h h h h h

i i ij j i

j

w p x P      (5) 

where 

,loglog
2

1loglog
1 11

h hh J

k

J

j

h

j

h

k

h

jk

J

k

h

k

h

k

h
pppP

2  

P
h
 is a price index, xh is the total budget of consum-

er h, and pj
h is the price of good j for consumer h. 

Note that we sum over all goods that the consumer 
has the opportunity to consume, i.e., k = 1, ..., Jh and 
j = 1, ..., Jh, where Jh is the number of goods that 
consumer h has the opportunity to consume. In this 
study, we focus on energy goods only, regarding the 
consumption of other goods (i = 4) as a residual 
consumption good. 

The value of the consumption embedded in equa-
tion (5), h

i

h

i

h

i pqy
** , is assumed to be the sum of a 

deterministic component measuring the expected 
value of the consumption on good i ( h

i ) and a sto-

chastic component ( h

i
), given by: 

*

3

log log log .

h h h

i i i

h h h h h h

i ij j j i i

j

y

p OE x P x
 
(6)

 

In equation (5), only prices of goods that the house-
hold has the opportunity to consume enter the budg-

                                                      
1 These expenditure share functions are deduced from the expenditure 
functions in the cost minimization problem, but will equal the utility 
maximizing solution in optimum (discussed in section 1.1). 
2 Most empirical studies use a Stone index to approximate the price 
index within the AIDS model. Here, we use the full nonlinear price 
index directly in the estimation. The reason is that the Stone index may 
result in biased estimates, because it includes variables that are endo-
genous to the consumer (see Pashardes, 1993). 

et share function. To adjust the AIDS model for 
differences in consumption opportunities, we mul-
tiply the logarithms of all prices by a dummy varia-
ble (OEj

h), indicating whether the consumer has the 
opportunity to consume energy good j. As the 
dummy equals zero for those who cannot consume 
good j, the prices of goods that cannot be consumed 
are excluded from the expenditure function in equa-
tion (6). Differences in demand response across 
consumers are represented by the stochastic term, 

h

i
. We assume that the stochastic term is indepen-

dent and identically distributed with zero expecta-

tion, 0h

i
E , but that the variance may vary 

across households, h
i

h h

i i h
E . Furthermore, we 

assume that the stochastic terms are uncorrelated 

across households and goods, 0h r

i j
E . 

As the consumption of a storable good does not 
always equal purchases during a period, we cannot 
lay restrictions of symmetry, homogeneity or addi-
tivity on the demand structure in equation (6). Thus, 
we cannot interpret our estimation results as we 
would in an ordinary AIDS estimation. This also 
implies that we cannot calculate the properties of the 
consumption function for the residual good (i = 4). 

1.3. Expenditures on storable goods. We assume that 
the purchased quantity of the storable good i h

iq  

equals the consumption ( *h

iq ) plus net changes in stock 

( h

iq ). This means that: h

i

h

i

h

i qqq
* . The consum-

er may want to change the stock by consuming from it, 
purchasing it for storage, or both. The net change in 
stock during a period depends on the size of the stock 
in the previous period ( h

iq 1,
), prices (ph) and income 

(mh): 
, 1, ,h h h h h

i i iq q p m q . Changes in the value 

of stock changes ( h

i

h

i

h

i qpy ) are assumed to 

consist of a deterministic component ( h

iy ) and a 

random component ( h

i
): h

i

h

i

h

i yy . The ex-

penditure on storable goods is thus given by: 

* ,h h h h h h h h h

i i i i i i i i i
y y y y y         (7) 

where h

i

h

i

h

i yy  and h

i

h

i

h

i
. Since both 

random components ( h

i
 and h

i
) are assumed to be 

independent and identically normally distributed 
with zero expectations, the joint random term ( h

i
) 

will be independent and identically normally distri-
buted with a zero expectation and a variance given 
by: 222var h

i
h
i

h
i hhh

h

i
.  

Here we allow the variance to vary between house-
holds. In particular, we suspect that the variance of 
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consumption may depend on the heating equipment. 
This is particularly true for households with a central 
heating system, who may have a larger variance than 
households with an oven burning firewood/ paraffin. 
This is because many households with central heaters 
may switch between electricity and fuel oil/firewood. 
Thus, some will use fuel oil/firewood only; some will 
use electricity only; whereas others use a combination.  

This gives four different combinations of consump-
tion and expenditures of storable goods, given the 
opportunity to consume the good: 

Case 1: Both consumption and expenditures are 

positive * 0 0h h

i i
q y . In this case, the 

consumer may have a positive, negative or zero 
change in stock. 
Case 2: Consumption is positive and expenditures 
are zero, that is, the consumer is consuming from 
stock only ( * 0 0h h

i iq y ). 

Case 3: Consumption is zero while expenditures 
are positive, that is, all purchases are stored 

* 0 0h h

i i
q y . 

Case 4: Both consumption and expenditures are 
zero * 0 0h h

i iq y . 

As we can see, only in case (4) zero expenditure 
represent a corner solution in consumption. We 
may, however, also observe positive expenditures 
for consumers choosing a corner solution, as illu-
strated in case (3). The shares of households in our 
data in the different groups, given their consumption 
opportunities, are described in Appendix A. 

2. The likelihood function 

The stochastic properties described in section 2 are 
used to build a multivariate likelihood function ac-
counting for differences in consumption opportuni-
ties, corner solutions and changes in stock. 

2.1. The double hurdle model. The likelihood 
function is built around a DH model, to distinguish 
between consumers with different consumption 
opportunities. In a DH model, the probability densi-
ty is a discrete-continuous mixture of consumers  
 

with positive expenditure and consumers with zero 
expenditure on a particular good:

0

0

0
h
i

h
i

h
ih

i
yiff

yifyf
yf ,                                  (8) 

where the discrete component, 0f , is the probability 

mass measured at zero expenditure, and the conti-

nuous component, h
iyf , is the density for con-

sumers with a positive expenditure (see e.g. Smith, 
2002; or Garcia and Labeaga, 1996; for a descrip-
tion of the DH model). 

Since we assume that the stock of equipment is given 
in the short run (see the discussion in section 1.1), the 
consumer is assumed to have positive expenditure only 
if he has the opportunity to consume a good. The 
probability of positive expenditure on good i may thus 

be written as: 0, 1 1h h h

i i i
P y OE P OE

0 | 1 .h h

i iP y OE  The probability of zero expendi-

ture (f0) is then 1|011 h
i

h
i

h
i OEyPOEP . 

Since we focus on the utilization of already exist-
ing heating equipment, the choice of equipment 
ownership is predetermined. The choice of zero 
expenditure and equipment ownership is, thus, 
stochastically independent, because the stock of 
equipment is exogenous in this decision. Thus, the 
probability of a positive expenditure conditional 
on the possibility of consuming a particular good 
equals the marginal probability:  

01|0 h
i

h
i

h
i yPOEyP .  

This means that we apply a DH model with inde-
pendence (see Garcia and Labeaga (1996) for a 
discussion). Given a short-run analysis where the 
stock of heating equipment is predetermined, the 
continuous part of the distribution is given by: 

100| h
i

h
i

h
i

h
i

h
i OEPyPyyfyf , where 

0| h

i

h

i yyf  is the truncated density function of h

iy . 

Assuming expenditures to be independently and 
identically distributed, the likelihood function in the 
DH model is the product of all densities for all 
households, that is: 

00

011100|0
h

h

i

h

i

h

h

i

h

i

h

i

h

i

hh

h

i yPOEPOEPyPyyffyfL .                      (9) 

where h+ is the set of consumers with a positive ex-
penditure and h0 is the set of consumers with zero 
expenditures on the good. This equals the Cragg spe-
cification of the DH model if the distributions are 
assumed to be normal (Cragg, 1971; Smith, 2002). 
Equation (9) represents the likelihood function for a 
single-equation DH model with independence. 
 

2.2. Modifications of the double hurdle model. As 
noted by Smith (2002), it is assumed in the DH mod-
el that it is not possible to separate different sources 
of zero observations in the data. In our data, however, 
we are able to identify whether the consumer has zero 
expenditure because of limited consumption oppor-
tunities, corner solutions or consuming from stock. 
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We are also able to distinguish between consumers 
with both positive expenditure and consumption, and 
consumers with a corner solution and positive expend-
iture. Thus, we want to decompose both the discrete 
and the continuous parts of the DH model to take this 
information into account in the estimation. Applying 
 

the property that the discrete part of the density equals 
the probability of not having the opportunity to con-
sume good i, 0h

i
P OE , and the probability of hav-

ing the opportunity to consume but choosing a zero 
expenditure, 0 1 0h h

i i
P y P OE , the likely-

hood function can be written as: 

1 1 0

0 0

| 0 0 1 0 1 0
h h h

i i i
h h

i i

h h h h h h h

i i i i i i i

OE OE OE

y y

f y y P y P OE P y P OE P OEL .                                     (10) 

When incorporating changes in stock, we need to 
correct both the density and probability function of 
having a positive expenditure. For the continuous 
component, h

iyf , we are either in case (1) where 

both consumption and expenditures are positive 
* 0 0h h

i i
q y , or in case (3) where consump-

tion is zero while expenditures are positive, that is, 
all purchases are stored ( * 0 0h h

i i
q y ). 

First, we look at the expressions for the standardized 
normal density functions given positive expenditure. 
In case i), the conditional density of observing posi-
tive expenditure and positive consumption of a stor-
able good is  

*

2 2

1
| 0 0

h
h h

i
i i

h h

i ih h h

i i i

h h h

y y
f y y q ,  

where 
22

h
i

h
i

h
i hhh  is the standard variation  

 

of consumer h’s expenditures on good i in case (1), 

and 
h
i

h
i

h
i

h

h

i

hh

h

i

h

i yy

22

 is the standardized error 

terms in this case. In case (3), where the consumer 
changes his stock without consuming the good, the 
conditional probability of a positive expenditure and 
zero consumption is  

h
i

h
i h

h

i

h

i

h

h

i

h

i

h

i

yy
qyyf

1
00| * . 

Assuming expenditures on all available energy 
goods to be independent and identically normally 
distributed, using the expenditure system discussed 
in section 2 and the probability of choosing a corner 
solution discussed in section 1.1, the decomposition 
of the conditional density function in cases (1) and 
(3) is given by equation (11): 

* * * *| 0 | 0 0 0 | 0 0 0

1 1
1 .

h h h h
i i i i

h h h h h h h h h h

i i i i i i i i i i

h h h h

i i i ih h

i i

h h h h

f y y f y y q P q f y y q P q

y y y y                                (11) 

We also need an expression for the probability of ob-
serving a positive expenditure. We assume that the 
utility of the expenditures on the storable good, 

h

i

h

i yVV
* , consists of a common deterministic 

*( )h

iV  and a random ( *h

iv ) component: * * *.h h h

i i iV V v  

The stochastic component is assumed to be inde-
pendent and identically normally distributed with 
zero expectation and a heteroscedastic variance 

*

* 2~ 0, , 1,....,h
i

h

i hv
v IIN h H . We assume that the 

consumer will choose case (1) if the indirect utility 
of both positive expenditure and positive consump-
tion is positive. In this case, we may express the 
probability of choosing case (1) by 

* * * * * *0| 0 0 .h h h h h h h

i i i i i i iP y q P V v P v V P V  

We furthermore assume that the deterministic com-
ponent equals the value of the consumption and 
 

changes in stock multiplied by a welfare weight on 
consumption and stock changes, respectively, 

*,h h

i i
: h

i

h

i

h

i

h

i

h

i yV ** . From this, we may 

write the conditional probability of observing case 

(1) as h

i

h

i

h

i

h

i

h

i yVP ** . In case (3), when 

the consumer changes his stock without consuming 

the good, the indirect utility, h

i

h

i yVV , is as-

sumed to be given by h

i

h

i

h

i vVV . The stochastic 

component is assumed to be distributed as 
2,0~ h
iv

h

i IINv , Hh ,....,1 . We may express the 

conditional probability of observing case (3) as 
h

i

h

i

h

i

h

i

h

i

h

i yVvPqyP 0|0 * . Using 

this and the probability of choosing a corner solu-
tion from the Kuhn-Tucker condition, discussed in 
section 1.1, the probability of observing a positive 
expenditure may be written as: 
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* * *

*

0 0 | 0 0 0 | 0 0

1

h h h h h h

i i i i i i

h h h h h h h h

i i i i i i i i

P y P y q P q P y q P q

y y
.                                                (12) 

Inserting Equations (11) and (12) into equation (10), 
denoting the share of a consumer with the opportu-

nity to consume good i as i, we obtain the follow-
ing likelihood function for good i: 

1
*

0

*

1 1
1

1

1

h h h h

i i i i

h

i
h

i

h h h h

i i i ih h

i i

h h h h i

OE
h h h h h h h h

y
i i i i i i i i

i

h h h h h h

i i i i i i

y y y y

y y

L

y y
1

0

0

1

1

h

i
h

i

h

i

h h

i i i

OE

y

i

OE

.                                              (13) 

Unfortunately, we are not able to decompose the prob-
ability of observing a zero expenditure given the op-
portunity to consume the good, by households who 
consume from stock only (case (2)) and households 
who choose a corner solution (case (4)). This is be-
cause we do not have any continuous information 
about expenditures, consumption or stock changes for 
this group of households. Thus, cases (2) and (4) is 
treated as one group in the likelihood function.  

The likelihood function in equation (13) is specified 
for a single good. To find the likelihood function at-
tached to all commodities (apart from the residual one, 
i = 4), we decompose the simultaneous multivariate 
density for the expenditure on all energy goods, 

hhh yyyf 321 ,, , into its conditional counterparts assum-

ing that the expenditures on different goods are uncor-
related across households and goods, that is, 

0r
j

h
iE  for all h r and i j

1
. In this case, the 

simultaneous density is the product of the marginal 

densities: hhhhhh
yfyfyfyyyf 332211321 ,, . Using 

this, assuming expenditures on all available energy 
goods to be simultaneously normally distributed, we 
obtain an expression for the simultaneous multivariate 
likelihood function to be estimated. See Appendix B 
for a more detailed description of the simultaneous 
likelihood function. 

3. Empirical illustration 

To illustrate how the model may be used to obtain 
estimates of consumption and changes in stock, we 
estimate the annual household consumption of elec-
tricity, firewood and fuel oils based on Norwegian 
expenditure data. 

                                                      
1 We have tested the correlation between the residuals of the electricity, 
fuel oil and firewood functions in the estimation, and they are very close 
to zero. This indicates that this assumption is likely to hold. 

3.1. The data. The main data source is the annual 
Norwegian SCE, with an additional questionnaire 
concerning energy consumption for the years 1993, 
1994 and 1995. The data set contains information on 
3,511 individual households. It includes information 
about the purchase of, and expenditure on, paraffin, 
fuel oil and firewood, as well as electricity expendi-
ture for the 12 months prior to the interview. The 
data include information about household total con-
sumer expenditure and household gross income 
during the past 12 months. An additional energy 
questionnaire to the SCE for these years contains 
information about the available heating technology, 
whether the household utilizes the different heating 
technologies that are available to them and capacity 
of the existing heating equipment to heat the resi-
dence on a cold winter day. The SCE also contains 
information about characteristics of the household 
and the residence such as the type of residence 
(apartment block, detached house, farmhouse, etc.). 

Oil and firewood prices are obtained from the SCE, 
calculated as expenditure divided by the physical 
amount of purchases for households reporting both a 
positive expenditure and a positive purchased 
amount of the good. These prices are averaged by 
county and applied to households in that county that 
do not have both positive expenditures on, and a 
purchased amount of, firewood and/or fuel oils. 
Information on electricity prices is collected from 
the households’ individual electricity suppliers and 
the Norwegian Water Resources and Energy Direc-
torate. If price information for a household is miss-
ing, the mean price of all power suppliers distribut-
ing to the household’s area of residence (municipali-
ty) is allocated to the household2. 

                                                      
2 In this period, most households used their local power distributor. 
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In the model, the probability of choosing a corner 
solution is a function of the marginal rate of substi-
tution in optimum and the relative price on the ener-
gy good (i = 1, 2, 3) and all other goods (i = 4). The 
marginal rate of substitution between the energy 
good and all other consumption is not observable. 
Thus, we need an instrument that is correlated with 
the marginal rate of substitution. It is reasonable to 
believe that the marginal rate of substitution will 
vary with the substitution possibilities between 
energy goods in residential space heating. If substi-
tution possibilities are good, the marginal rate of 
substitution is likely to be lower, and the probability 
of a corner solution for a particular good is higher 
given the relative prices. We have information about 
the available stock of heating equipment and its 
capacity to heat the residence on cold winter days, 
which is used as a proxy for the marginal rate of 
substitution. We have information about the price 
level of all energy goods. We do not, however, have 
information about the price level of all other goods 
(good 4). Since we have data from three different 
years, we use the consumer price index to calculate 
all prices, income and expenditures in 1995 values. 

In the model, change in stock is assumed to be a 
function of last year’s stock, prices and income. We 
would particularly expect the own price to be impor-
tant, as it is reasonable to believe that consumers 
add to stock when the own price is relatively low 

(over time) and consume from stock in periods 
when the price is high, given the decision to con-
sume. Unfortunately, we do not have individual 
price information about energy prices in previous 
periods in our data. The household’s opportunity to 
store firewood and fuel oils is likely to depend on 
the type of residence, since storage opportunities are 
more limited in blocks than in detached houses. 
Furthermore, it is also reasonable to assume that 
households with central heating systems have larger 
storage facilities than households with wood- or oil-
burning stoves. Some households with central heat-
ing systems have large fuel tanks (up to 4,000 liters) 
in their cellars or buried in their yards. Unfortunate-
ly, we do not have information about the storage 
capacity and level of the previous year’s stock in 
our data. We thus use information about the type of 
residence and a dummy for a central heating system 
as a proxy for the size of the storage facilities. 

3.2. Estimation results. These data are used to es-
timate parameters in the consumption functions and 
changes in the stock of firewood and fuel oils for the 
mean household. Maximization of the likelihood 
function is performed by applying the MINIMIZE 
procedure in LIMDEP (Greene, 1995) on the simul-
taneous log-likelihood function described in Appen-
dix B, under the restriction that consumption of all 
the commodities must be nonnegative. The results 
from this estimation are presented in Table 1.

Table 1. Results from a simultaneous ML estimation of expenditures on, and consumption of electricity 
and changes in stock of firewood and fuel oils (1000 NOK)  

 Electricity Firewood Fuel oils

A) Consumption (
h

i
y )    

Constant 0.544*** 0.250*** 0.544***

Electricity price (øre per kWh) -0.018 0.031*** -0.067***

Firewood price (øre per kWh) 0.010*** 0.000 -0.004**

Fuel oil price (øre per kWh) -0.016*** -0.008*** 0.012 

Household gross income (10,000 NOK) -0.145*** -0.029*** -0.001 

B) Probability of positive consumption ( h

i

)    

Constant 0.431** 0.164 

Total heating capacity (1, 2, 3, …) 0.079***

Electric heating capacity (1, 2, 3, ...) -0.057***

Own price (øre per kWh) -0.004*** 0.000 

Electricity price (øre per kWh) 0.007* 0.0134**

Central heating system (0, 1) -0.207* 0.2700***

C) Changes in stock (
h

i
y )

Constant 1.979*** 2.827***

Detached houses (0, 1) -0.293*** 0.568***

Apartment block (0, 1) -0.911*** -0.649 

Central heating system (0, 1) 1.366*** 4.661***

Positive consumption -0.693** -0.876 

Household gross income (10,000 NOK) -0.008*

D) Welfare weights )( ,
h h

i i
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Table 1 (cont.). Results from a simultaneous ML estimation of expenditures on, and consumption of  
electricity and changes in stock of firewood and fuel oils (1000 NOK) 

 Electricity Firewood Fuel oils 

Consumption  1.128*** 0.540 

Changes in stock  2.504*** 1.351*** 

E) Standard deviation ( )

Positive consumption  

Constant 4.101*** 2.110*** 1.716*** 

Central heating system (0, 1)  0.896*** 2.088*** 

Corner solution  1.609*** 2.551*** 

Note: *, **, or *** are significant at the 10, 5 and 1 percent levels, respectively.
 

The table shows that most estimated parameters are 
significant. Starting with the decision whether to con-
sume B), we find the capacity of various heating 
equipment to be important, but the mechanism varied 
between firewood and fuel oils. For the decision to use 
firewood, it is the total capacity of the heating system 
that is of importance. This is because firewood is used 
in combination with electricity to heat the residence. 
For fuel oils, it is the capacity of the electric heating 
equipment that is of importance. This is because much 
of the fuel oil consumption is used in central heating 
systems (which is not so common for firewood), and 
thus used as a pure alternative to electricity. After the 
oil price shocks of the early 1970s and early 1980s, 
fuel oil was replaced by electric heating (either in the 
existing central heating systems or by separate electric 
heaters). Consumers with high capacities on their elec-
tric heating systems are less likely to use fuel oil to 
heat their residences than those with low electric ca-
pacities. We also see that an increase (decrease) in the 
own price reduces (increases) the probability of con-
sumption, although the effect of the own price on fuel 
oil is not statistically significant. Finally, owning a 
central heating system has the opposite effect on fire-
wood and fuel oil. The negative coefficient of house-
holds owning central heating systems with firewood 
indicates that these households are less inclined to use 
the wood burners on their central heaters than are 
households that own wood-burning stoves1. 

Given that the household decides to consume the good, 
we see that many coefficients in the consumption func-
tions are significant (see Section A of Table 1). The 
negative signs of the income coefficients imply that 
energy goods are considered a necessity good2. The 
estimated coefficients are significant for electricity and 
firewood. The cross-price effects between electricity 
and firewood are significant and positive (positive 
coefficients) whereas the cross-price effects between 
fuel oils and all other goods are negative. From pre-

                                                      
1 Wood burners on central heating systems are rare in Norway, and are 
often installed in combination with either oil and/or electric burners. 
2 See, e.g., Deaton and Muellbauer (1980) for more information on how 
to interpret coefficients from an AIDS model. 

vious analyses of these data, we know that these nega-
tive signs are due to income effects and not because 
electricity and fuel oils are seen as complements in 
consumption (Halvorsen et al., 2010). Finally, we see 
that none of the own price effect on consumption are 
significant. Thus, the consumption decision seems to 
be independent of variations in the own price. 

The estimated parameters for changes in firewood 
stock are all significant, whereas some are not for fuel 
oils (see Section C of Table 1). We see that households 
that are consuming the good are purchasing less for 
storage than are other households, but this effect is 
significant only for firewood. Households living in 
detached houses and apartment blocks are purchasing 
less firewood for storage compared with other house-
holds (farmhouses are used as reference). This is be-
cause farmhouses use a lot of firewood for heating 
and, presumably, have the largest storage opportuni-
ties. The coefficient is largest for apartment blocks, as 
expected. Households with central heating systems 
running on the storable good in question purchase 
more of both firewood and fuel oils for storage com-
pared with other households. Finally, there is a tenden-
cy that wealthier households do not buy as much for 
storage, as they are less vulnerable to price changes. 
For fuel oils, living in a detached house increases the 
purchases for stock compared to other types of houses. 
Also, owning a central heating system significantly 
increases the purchases for stock. 

Looking at the estimation of the standard deviations 
(Section E of Table 1), we find that households with a 
central heating system, both for firewood and fuel oil, 
have a significantly larger variance in their consump-
tion and changes in stock than other households. 

4.3. Predictions of consumption and changes in 
stock. The empirical results presented in Table 1 
are used to predict the value of consumption, 
changes in stock and purchases of firewood and 
fuel oils as well as the consumption of electricity 
for all households in the sample. The estimated 
value of consumption is predicted for each house-
hold by using the estimated parameters in Section 
A of Table 1 on the AIDS model in equation (6) 
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and the relationship between the value of consump-
tion and changes in stock, and expenditures. 
Changes in the value of the stock for households in 
group (1) are found by using the estimates in Sec-
tion C of Table 1, assuming changes in the value of 
the stock to be a linear function of the explanatory 
variables. For households in group (2), we assume 

that the reduction in the value of the stock equals 
the value of consumption (since they have zero 
expenditure). For households in group (4), both 
consumption and changes in stock are zero. Total 
expenditures are the sum of the value of consump-
tion and changes in stock. The mean results (con-
verted into kWh)1 are presented in Table 22. 

Table 2. Mean predicted expenditures on, consumption of, and changes in stock of energy goods in 
different samples (kWh) 

All
(1) Positive consumption and 

positive expenditures 
(2) Positive consumption and 

zero expenditures 
(3) Zero consumption and 

positive expenditures 

Firewood

Consumption 1 434 2 296 2 163 0

Changes in stock 623 1 561 -2 163 2 911

Purchases 2 057 3 857 0 2 911

Fuel oils  

Consumption 329 1 815 1 753 0

Changes in stock 915 6 099 -1 753 6 834

Purchases 1 238 7 895 0 6 834
 

We see that, on average, approximately 70 percent 
of the purchased quantity of firewood and 27 per-
cent of the purchased quantities of fuel oil are con-
sumed; the rest is stored. Looking at the different 
sub-samples, we find that households in group (1), 
who both has a positive consumption and expendi-
ture, are increasing their stores of both firewood and 
fuel oils in this period. This increase is particularly 
large for the stores of fuel oils, where more than 
three quarters of all purchases are stored for late use. 
With respect to firewood, we see that forty percent 
of purchases are stored. Looking at the group (2), 
who are only consuming from stores, we see that the 
consumption of both firewood and fuel oils are low-
er, but still close to that of group (1). With respect to 
group (3), who store all their purchases, we see that 
changes in stores are higher but purchases are lower 
than for households who also consume (group (1)), 
both for firewood and fuel oils. 

These results indicate that many households that 
purchased firewood and fuel oils in this period 
ended up using electricity to heat their residences, 
storing the fuel for later use. The large increases in 
stock, in particular for fuel oils, may sound surpris-
ing, because it is reasonable to believe that the pur-
chases will equal consumption over time. This result 
must, however, be seen in the light of the time pe-
riod it is estimated on. During the early 1990s, the 
use of electricity for space heating became common 
in Norway after the high oil prices in the early 
1980s (see Figure 1), increasing the substitution 
opportunities. We also see from Figure 1 that there 
is a reduction in the price of fuel oils from 1992 to 
1993, when our data begin, after a rather rapid price 
increase a couple of years earlier. It is thus reasona-
ble that some households use this opportunity to fill 

their oil tanks for later consumption, even if elec-
tricity is relatively cheep in this period. 1 2 

 

Source: Statistics Norway. 

Fig. 1. Prices on electricity, fuel oil and paraffin (1960-2006)

Despite this, the consumption of fuel oils seems 
small compared with changes in stock, and we may 
have a problem identifying the consumption func-
tion for fuel oils in the estimation for several rea-
sons. First, only 18 percent of the sample actually 
consumed fuel oils. Another problem is that we look 
at fuel oils combined, which is used both in central 
heating systems and in separate paraffin ovens. It is 
reasonable to believe that there is large heterogeneity 
in both the consumption and the storage decision 
between these groups. We have allowed the variance 
to differ across the groups, but there may be addition-
al differences that we have not accounted for. Unfor-
tunately, our estimation program (LIMDEP) does not 
allow us to treat fuel oil for central heating systems 

                                                      
1 The value predictions (in NOK) are converted into kWh by dividing 
the mean price. 
2 Since the restriction, that purchases equal consumption plus changes in 
stock, is laid on the individual households (and not on the mean), this 
relation is not necessarily fulfilled for the mean of all households. 
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and paraffin consumption separately because of ca-
pacity restrictions. Finally, we are not able to decom-
pose the probability of observing a zero expenditure 
given the opportunity to consume the good, by 
households who consume from stock only (case (2) 
and households who choose a corner solution (case 
(4) in the estimation. This is because we have no 
continuous information to compare these groups. 
Thus, important information about the storage and 
consumption decision may be lost. However, if we 
may assume that households in group (1) and (2) may 
be represented by the same the consumption function, 
this will not bias the results. This implies that the 
consumption decision is assumed to be independent 
of changes in stock. This will be fulfilled if the 
household consume continuously from stock, and fill 
the stores when stocks are running low and need to be 
filled before the heating season (given relative ener-
gy prices).  

Concluding remarks 

The main aim of this paper has been to implement a 
method for estimating consumption and changes in 
stock of storable goods based on expenditure data. 
This is done by utilizing discrete information about 
consumption opportunities, whether the consumers 
are buying and/or consuming the good, in addition 
to information about actual expenditures. This me-
thod is illustrated by applying data from the Norwe-
gian Survey of Consumer Expenditure for the years 
1993, 1994 and 1995, which includes an additional 
questionnaire about energy use. 

The empirical results indicate that this is a period when 
much of the storable energy goods that were purchased 
were stored for later use, as we estimate a net increase 
in stock. We find that the probability of consuming 
these goods increases with the substitution possibilities  
 

embedded in the capacity of the heating system in-
stalled. We also saw that the probability of consuming 
the good decreases with the relative cost of the good. 
Both results are as expected from the Kuhn-Tucker 
conditions of choosing a corner solution. 

In this study, the method is applied to household ener-
gy consumption. This method will, however, also be 
relevant in other cases where households have the 
possibility to store the good in question, and where the 
stock may last longer than the observation period. We 
only need additional information about who is choos-
ing a corner solution. The approach may also be ap-
plied if some households may be identified to belong 
to a group with a particular consumption pattern, e.g. 
households with small children. In this case, we may 
assume that all households within the group consume 
the good (e.g. diapers), whereas all other households 
do not consume the good (choose a corner solution). 
Furthermore, in the case where corner solutions do not 
exist and all households consume the good, we may 
rewrite the likelihood function by including the infor-
mation that the probability of consuming the good 
equals one. In these cases, a modified version of this 
approach may be used as an alternative to infrequency 
of purchases methods for example when we only have 
registered information for two weeks of purchases, but 
where the stock may last longer than that (consump-
tion of frozen food, flour, canned food, etc.). To do 
this, we reduce the period to the observation period 
(e.g. two weeks), and predict consumption and 
changes in stock for this period. Based on these results, 
we may calculate predictions for annual consumption. 
Thus, with some simple modifications, this approach 
may be applied to an array of problems where the 
value of consumption does not equal expenditures 
during the observation period.  

References 

1. Cragg, J.G. (1971). Some Statistical Models for Limited Dependent Variables with Application to the Demand for 
Durable Goods, Econometrica, 39, pp. 829-844. 

2. Deaton, A. and Irish, M. (1984). Statistical Models for Zero Expenditures in Household Budgets, Journal of Public 
Economics, 23, pp. 59-80. 

3. Deaton, A. and Muellbauer, J. (1980). Economics and Consumer Behaviour, Cambridge: Cambridge University Press. 
4. Garcia, J. and Labeaga, J.M. (1996). Alternative Approaches to Modelling Zero Expenditure: An Application to 

Spanish Demand for Tobacco, Oxford Bulletin of Economics and Statistics, 58, pp. 489-506. 
5. Greene, W.H. (1995). Limdep Version 7.0. User’s Manual, Australia: Econometric Software Inc. 
6. Halvorsen, B., Larsen B.M. and Nesbakken R. (2010). Is there a win-win situation in residential energy policy? 

Environmental and Resource Economics, 45, pp. 445-457. 
7. Meghir, C. and Robin, J.-M. (1992). Frequency of Purchase and the Estimation of Demand Systems, Journal of 

Econometrics, 53, pp. 53-85.  
8. Pashardes, P. (1993). Bias in Estimating the Almost Ideal Demand System with the Stone Index Approximation, 

Economic Journal, 103, pp. 908-15. 
9. Robin, J.-M. (1993). Econometric Analysis of the Short-run Fluctuations of Households’ Purchases, Review of 

Economic Studies, 60, pp. 923-934. 
10. Smith, M.D. (2002). On Specifying Double-Hurdle Models, chapter 25 in A. Ullah, A.T.K. Wan and A. Chaturve-

di, Handbook of Applied Econometrics and Statistical Inference, New York: Marcel Dekker, pp. 535-52. 
11. Wales, T.J. and Woodland, A.D. (1983). Estimation of Consumer Demand Systems with Binding Non-Negativity 

Constraints, Journal of Econometrics, 21, pp. 263-285. 



Environmental Economics, Volume 4, Issue 2, 2013 

 52

Appendix A. Variation in expenditures and utilization of available equipment 

In the estimation, the variation in the discrete information about the opportunity to consume, actual consumption and 
positive expenditures are used to decompose the expenditures on consumption and changes in stock. Table B1 shows 
the distribution of these characteristics across households in the sample. The table also shows the distribution of these 
attributes in different subsamples, in addition to the full sample. The four subsamples are: (a) households with positive 
firewood expenditures; (b) households with positive firewood consumption; (c) households with positive fuel-oil ex-
penditures; and d) households with positive fuel-oil consumption. 

We see from the table that 80 percent of the households in the sample had the opportunity to consume firewood, and 28 
percent had the opportunity to consume fuel oils. In the sample, 55 percent had expenditures on firewood, whereas 63 
percent had positive consumption. This means that a considerable number of households with positive consumption are 
consuming from the stock only. If we look at the subsamples, we see that only 75 percent of households that consumed 
firewood did actually buy firewood during the previous 12 months. On the other side, several households with positive 
expenditures on firewood did not actually consume the good (14 percent), but purchased for storage only. Only 16 
percent of the households had expenditures on fuel oils, whereas 18 percent had a positive consumption. Of the house-
holds that did consume fuel oils, 72 percent of households had a positive expenditure, whereas 19 percent of house-
holds with a positive expenditure did not consume the good. 

Table A1. Share with consumption opportunities, expenditure and consumption of firewood and fuel oils in 
different subsamples (percentages) 

All (a) Positive firewood 
expenditure 

(b) Positive firewood 
consumption 

(c) Positive fuel-oil 
expenditure 

(d) Positive fuel-oil 
consumption 

Opportunity to consume firewood 80 100 100 81 86

Expenditures on firewood 55 100 75 44 47

Consumption of firewood 63 86 100 56 68

Opportunity to consume fuel oils 28 24 27 100 100

Expenditures on fuel oils 16 13 14 100 72

Consumption of fuel oils 18 16 20 81 100

A large group of households is also able to use both firewood and fuel oils to heat their residences, and several of these 
households do. We see that approximately half of the households that use or purchase fuel oils also use or purchase fire-
wood. The percentage of households that purchase or use fuel oils is also approximately the same as for the overall mean. 

Appendix B. The simultaneous likelihood function 

The simultaneous likelihood function in the estimation is given by: 
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where i  denotes the share of households having the opportunity to consume good i, indicating the probability of be-

longing to this household group;  denotes the normal density function; and  denotes the normal probability func-

tion. Thus, h

i
 denotes the probability of choosing a corner solution for energy good i, given the opportunity to 

consume good i. 

The properties of the density functions depend on the individual household’s consumption opportunities. We use the dummy 
variable, OEi

h, indicating equipment ownership, to separate households with different consumption opportunities, the dummy 
variable, h

iD , indicating whether the household has positive expenditure on energy good i, and the dummy variable, h

iB , 

indicating whether the household has positive consumption of energy good i (to identify corner solutions). 
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