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Abstract We develop a method for eco-efficiency analy-

sis of consumer durables that is based on Data Envelopment

Analysis (DEA). In contrast to previous product efficiency

studies, we consider the measurement problem from the

policy perspective. The innovation of the paper is to mea-

sure efficiency in terms of absolute shadow prices that are

optimized endogenously within the model to maximize

efficiency of the good. Thus, the efficiency measure has a

direct economic interpretation as a monetary loss due to

inefficiency, expressed in some currency unit. The advan-

tages as well as technical differences between the proposed

approach and the traditional production-side methods are

discussed in detail. We illustrate the approach by an appli-

cation to eco-efficiency evaluation of Sport Utility Vehicles.

JEL Classification C61 � D61 � D62

Keywords Activity analysis � Data envelopment analysis

(DEA) � Environmental efficiency � Product evaluation �
Sport utility vehicles (SUVs)

1 Introduction

The use of consumer durables such as automobiles or

washing machines generates multiple economic benefits

and costs to consumers. In addition to the economic im-

pacts, consumer durables also cause pressures on the eco-

system. Eco-efficiency of a consumer durable refers to the

capability to produce net economic benefit by polluting the

environment and using natural resources as little as possi-

ble. The more economic benefits or services a certain

product can produce for given economic and environ-

mental costs, the more eco-efficient it is and the more value

it provides. Environmental pressures occur throughout the

product’s life-cycle, including the production, use, and

disposal phases. For most consumer durables, the use phase

creates the main environmental burden. In practice, it is

very difficult to attribute the environmental burden from

production and disposal stages to a specific product.1

To assess the performance or eco-efficiency of con-

sumer durables, it is natural to consider a consumer durable

as a production unit that demands inputs (such as energy,

water, and other resources) to produce outputs (desirable

services and undesirable environmental effects).2 Adopting

this perspective enables us to apply the traditional pro-

duction theory and the sophisticated quantitative methods

of efficiency analysis developed therein. In particular, we
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1 Production phase typically requires a vast number of different

material inputs, energy, machinery and tools, as well as transportation

services, which all cause environmental pressures that are difficult (or

even impossible) to attribute to a specific output unit. Likewise, it is

difficult to attribute the environmental pressures from waste treatment

(e.g., land filling or incineration) to a single product: it is hard to

anticipate how completely the product is disposed after use and to

what extent recycling possibilities are utilized.
2 Life-cycle analysis (LCA) is the most standard method for assessing

environmental performance of products. Despite its popularity, LCA

has some major weaknesses. Firstly, it does not account for economic

benefits and costs. Secondly, there is no general methodology within

the LCA that would allow one to aggregate different environmental

pressures into a single damage index.
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draw insights from the activity analysis (Koopmans 1951)

and Data Envelopment Analysis (DEA: Farrell 1957;

Charnes et al. 1978) approaches, which are widely used

nonparametric methods, particularly developed for com-

parative performance assessment. These approaches do not

require arbitrary prior specification of weights and can also

take different kinds of economic impacts into consider-

ation.

Activity analysis and DEA have been applied to the

measurement of environmental efficiency or eco-efficiency

in numerous studies (see e.g., Färe et al. 1989; Tyteca

1996; Kuosmanen and Kortelainen 2005; and references

therein). However, these studies focus exclusively on the

production phase, assessing eco-efficiency at the level of

firms and production units. Indeed, eco-efficiency of the

final products (i.e., outputs of the production process) has

been neglected in this literature so far. On the other hand, a

number of authors have used DEA for the evaluation of

consumer durables. These studies tend to assess product

characteristics from an engineering or marketing perspec-

tive, paying little, if any, attention to environmental sus-

tainability (see e.g., Doyle and Green 1991, 1994; Odeck

and Hjalmarsson 1996; Fernandez-Castro and Smith 2002;

Staat et al. 2002). In these studies, products are usually

regarded as production units that use some inputs (costs) to

produce some outputs (services), while their burden on the

ecosystem has been left aside.

In this paper, we consider a combination of these two

approaches: we develop a general method for analyzing

eco-efficiency of consumer durables during their use phase.

While we acknowledge the importance of the production

and disposal phases on environmental sustainability, we

believe these phases are best addressed in separate eco-

efficiency assessments at the firm or plant level (see e.g.,

Kuosmanen and Kortelainen 2005). Therefore, we hereaf-

ter limit attention on eco-efficiency in the use phase.

While we draw influence from earlier activity analysis

and DEA approaches, our approach diverges from them in

many important respects. The main difference is that we

take a policy maker perspective to the measurement

problem, while preserving the production theoretic view of

the consumer durable as a production unit that produces

services for the consumer. This view leads us to explore

new technical solutions (which will be discussed in more

detail in Sects. 3 and 4). Perhaps the most important

innovation of this paper is to measure eco-efficiency in

terms of absolute rather than relative prices. By absolute

prices we mean prices that are expressed in terms of some

well-defined unit of measurement (e.g., e/kg), whereas

relative prices refer to normalized prices or weights that are

not anchored in any currency. It should be emphasized that,

in our analysis, the prices are not given a priori but are

endogenously determined within our model, like the usual

shadow prices in DEA. To our knowledge, only Womer

et al. (2003) have earlier considered a DEA model with

absolute-scale shadow prices; yet the rationale behind their

method is very different from that of the present paper.3

One advantage of using absolute rather than relative prices

is that our efficiency measure has a direct economic

interpretation as a monetary loss due to inefficiency, ex-

pressed in the chosen currency (e.g., e). Also the inter-

pretation of shadow prices becomes more obvious, as one

can link them to prices observed in the real markets. This

also makes it easier to impose restrictions on the feasible

range of prices. To show how the approach can be used in

practice, we apply it to eco-efficiency assessment of

automobiles.

The remainder of this paper unfolds as follows. Section 2

presents the general setting for evaluation of consumer

durables. Section 3 presents the absolute shadow price

method for eco-efficiency measurement. Section 4 presents

the dual problem and compares the technical differences

between the proposed approach and the traditional pro-

duction-side methods. Section 5 considers certain exten-

sions and modifications to absolute shadow price approach.

After this, Section 6 applies the presented methodology to

the measurement of eco-efficiency of Sport Utility Vehicles

(SUVs). Finally, Sect. 7 presents the concluding remarks.

2 Setting

2.1 Environmental pressures versus undesirable

outputs

This section presents the general setting for efficiency

analysis of consumer durables. We avoid unnecessary

formalism and focus on verbal explanation. Some formal

notation will be introduced for the purposes of the sub-

sequent sections. Before presenting the main ideas, the

notion of ‘‘environmental pressure’’ requires more detailed

explanation.

One important difference to the earlier environmental

performance studies in the productive efficiency literature

is that we focus on environmental pressures rather than

specific undesirable outputs (or pollutants) per se. Unde-

sirable outputs usually refer to different kinds of undesir-

able side-products and side-effects of production, which

include, for example, the generation of (non-recycled) solid

waste, emission of substances to air and water and non-

material side-effects such as noise. Each undesirable output

includes only one individual pollutant or emission (such as

3 Färe et al. (1990) presented the idea of absolute shadow price in the

context of price efficiency, but did not utilize it for efficiency mea-

surement.
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CO2 or SO2), whereas environmental pressure refers to a

broader environmental theme that is influenced by multiple

pollutants contributing to the same environmental problem.

For example, production (or product) could generate two

different undesirable outputs: carbon-dioxide (CO2) and

methane (CH4), which contribute to the same environ-

mental problem, the greenhouse effect. Numerous studies

have investigated the effects of different greenhouse gases,

and scientifically sound conversion factors are available for

translating the amounts of different greenhouse gases into

carbon-dioxide equivalents. Besides greenhouse gases it is

often possible and meaningful to aggregate individual

pollutants that contribute to the same environmental theme

in a single overall measure for a specific environmental

pressure using conversion factors from environmental im-

pact assessment studies. See Kuosmanen and Kortelainen

(2005) for further discussion about aggregation possibili-

ties.

Table 1 illustrates the relationship between undesirable

outputs and environmental pressures in the context of

automobiles (see Sect. 6 for further discussion). The first

column of Table 1 lists the main undesirable outputs

emitted to the environment while driving a car. The second

column indicates the environmental pressures caused by

the specific group of outputs. Some environmental pres-

sures (e.g., smog formation) are caused by a single unde-

sirable output, while climate change and acidification are

influenced by several alternative pollutants. Some harmful

substances may even contribute to several environmental

pressures, although this is not the case in Table 1.4 To

assess a given environmental theme, different pollutants

affecting the same environmental pressure can usually be

aggregated based on their relative damage impact, as dis-

cussed above. By contrast, there is no unambiguous way to

summarize all the different pressures into a single overall

environmental damage index. For example, we cannot

simply add greenhouse gases measured in CO2 equivalents

to particle emissions measured in tons of TPM. While this

example pertains to the case of road transportation, which

in industrialized countries is one of the main sources of air

emissions, the similar type of aggregation possibilities and

problems are faced equally well in other industries and at

all levels of aggregation.

2.2 Theoretical setting

Suppose there are N alternative (comparable) models of the

consumer durable available. Use of consumer durables

typically offers private economic benefits and costs for the

consumer and external environmental costs for the society.

As a consequence, it is sensible to consider the measure-

ment problem from the perspective of a policy maker who

evaluates consumer durables for regulatory purposes, but

also takes the private net benefits into account. However,

the specific definition of the policy maker, or the distinc-

tion between private and social net benefits, will be

immaterial for the purposes of our DEA approach.

To assess eco-efficiency of a product, we need to ac-

count for both private net economic benefits and external

social costs that arise during the use phase of the product’s

life-cycle. However, since the duration of the use phase is

difficult to predict, we find it most meaningful to analyze

the economic benefits and costs and the environmental

pressures associated with a single run or performance of a

consumer durable. For example, in the case of washing

machines, it would be reasonable to measure environ-

mental pressures and economic benefits and costs per one

washing time.

Suppose the use of these N consumer durables generates

L different desirable services to consumers, as well as M

environmental pressures to the environment. Since eco-

nomic costs are usually easy to calculate, we assume that

the total marginal cost per one performance, denoted by Ck

(k = 1,...,N), is known. We also assume that both services

and environmental pressures can be quantified unambigu-

ously. The services provided by consumer durable k in a

single performance are represented numerically by vector

Yk ¼ Yk1 . . . YkLð Þ0 and the associated environmental pres-

sures by vector Zk ¼ Zk1 . . . ZkMð Þ0 , respectively.

We propose to approach the policy maker’s evaluation

problem from the perspective of Pareto efficiency, asking

whether the use of a particular consumer durable is Pareto

efficient from the social point of view. Suppose the

external environmental effects could be ‘‘internalized’’, for

example by creating markets for transferable emission

permits, so that the consumer who uses the good has to pay

the social cost of environmental damage in addition to the

use cost. In such a hypothetical case, the free markets offer

an effective mechanism for pricing the services Y and the

environmental pressures Z, taking into account both con-

sumer preferences and the firms’ production possibilities,

resulting in a Pareto efficient allocation. This result is

known as the first fundamental theorem of welfare eco-

nomics. Conversely, if any allocation is Pareto efficient,

irrespective of how efficiency is achieved, then there must

exists a set of prices, called ‘‘efficiency prices’’ by Ko-

opmans (1951), at which no consumer or firm is willing to

trade goods in the market. This result is known as the

second fundamental theorem of welfare economics. Note

that the efficiency prices need not result as an outcome of

perfectly competitive markets, but the efficiency prices

4 Toxic pesticide applied in agriculture is an example of such a

substance that can cause different types of pressures and risks for

farm-workers, consumers, and to the eco-system. As a consequence,

substances of this kind should be accounted for in several pressure

indicators.

J Prod Anal (2007) 28:57–69 59

123



might be equally well determined by a social planner

(consider e.g., an emission tax). Moreover, note that the

prices of the attributes Y and Z need not be explicitly listed

on the market place, but may be implicitly represented in

the price of the non-homogenous goods. If individual’s

utility is a function of the attributes Y and Z, as in Lan-

caster’s (1966) theory of consumer choice, then Pareto

efficiency requires existence of efficiency prices for the

attributes. Indeed, there exists a vast literature on hedonic

estimation that focuses on recovering such attribute prices

from the empirical market data.

Suppose for a moment that a unique set of efficiency

prices exist, which are represented by vector

P ¼ P1 . . . PLð Þ0 for services Y and by vector

U ¼ U1 . . . UMð Þ0 for the environmental pressures, respec-

tively. The social value added created by a single perfor-

mance of consumer durable k can now be measured by

VAk � P0Yk � Ck � U0Zk; ð1Þ

where the first term P0Yk represents the gross economic

value of one performance of consumer durable k, the sec-

ond term represents the economic cost, and the last term

represents the social cost of the environmental pressures

expressed in money, respectively. Since all efficiency pri-

ces are in monetary units, the total VAk is also measured in

money.

In this study we do not try to impose or estimate any

efficiency prices. Efficiency prices would depend on the

initial allocation of resources and emission permits in the

free market, or the social planner’s perception of what is

good for the society (i.e., the social welfare function). In

the spirit of Pareto and Koopmans, we call a consumer

durable efficient if there exists a set of non-negative effi-

ciency prices at which the evaluated good would be

adopted in use. In other words, we test if any society,

irrespective of individuals’ preferences, would find it Pa-

reto optimal to use the evaluated good. For transparency,

we shall refer to the ‘‘true’’ efficiency prices by capital

letters P, U, and reserve the lower case pk and uk for the

model variables that show the performance of good k in the

most favorable light.

3 DEA approach using absolute shadow prices

The previous section presented the theoretical setting and

showed how value added scores can be calculated with the

help of efficiency prices. We next present our approach for

eco-efficiency analysis of consumer durables based on Data

Envelopment Analysis (DEA). We consider DEA as the

most suitable tool for this problem, because in addition to

efficiency scores it can give us optimal shadow prices that

present every consumer durable in the most favorable light

compared to other products. Further, as prices are opti-

mized endogenously within the DEA model, one does not

need any a priori arbitrary assumption as on how to set

these prices. In this context this property is very important,

because we do not typically have any information about the

prices of environmental pressures.

The key idea of our approach is to test whether there are

any nonnegative prices at which consumer durable k is

efficient. In order to be efficient, product k needs to fulfill

the following two conditions.

(1) Inactivity condition: the value added of the consumer

durable has to be nonnegative at the optimal prices.

Formally, there must exist prices pk; uk � 0 such that

pkYk � Ck � ukZk � 0:

(2) Optimality: the consumer durable must be the optimal

choice at some prices. Formally, there must exist

prices pk;uk � 0 such that the inequality

ðpkYk � Ck � ukZkÞ � ðpkYn � Cn � ukZnÞ � 0; ð2Þ

is satisfied for all n21,..., N.

The rationale of the inactivity condition is to ensure that

no consumption occurs if the costs outweigh the benefits;

this condition implies that the vector ðy; c; zÞ ¼ ð0; 0; 0Þ is

feasible. To test these two conditions simultaneously, we

propose to impose the inactivity condition as a price con-

straint, and maximize the minimum value of differences (2)

of the optimality condition. That is, we impose the inac-

tivity constraint for all testable goods (i.e., for both inef-

ficient and efficient products) as a necessary but not

sufficient condition, whereas the optimality condition only

Table 1 Relationship between

some environmental pressures

and undesirable outputs

Undesirable outputs Environmental pressure Unit of measurement

CO2, CH4, N2O, CO Climate change Tons of CO2 equivalents

NOx, SO2 Acidification Tons of acid equivalents

Hydrocarbons (HC) Smog formation Tons of HC

Total Particulate Matter (TPM) Dispersion of particles Tons of TPM

Sound waves Noise Decibels (dB)
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holds for the subset of efficient goods. Focusing on con-

sumer durable k, we solve the following linear program-

ming problem

max
p;u

EEk

s:t:

EEk � ðpkYk � Ck � ukZkÞ � ðpkYn � Cn � ukZnÞ;
n ¼ 1; . . . ;N

pkYk � Ck � ukZk � 0;

pk; uk � 0: ð3Þ

The first N linear constraints in (3) compare in pair-wise

fashion the value added of good k relative to all goods in

the sample, calculated using the shadow prices. The con-

straint is binding only for the best product in the reference

group. Thus, efficiency score EEk can be interpreted as a

difference between value added score of consumer durable

k and the score of the best product in the reference group at

the given prices. The solution of (3) gives both shadow

prices p�k; u
�
k and the optimal efficiency score EEk* for

consumer durable k. Further, since the efficiency score is

calculated by using the most favorable prices, we may

interpret efficiency score EEk
* as an upper bound for the

true efficiency in a single performance of the evaluated

good.

Practically, efficiency score EEk
* indicates the minimum

monetary loss that the use of one service of consumer

durable k can offer compared to the best alternative. Note

that if the best product in the reference group at the given

prices is the evaluated consumer durable itself, then that

product is given efficiency score of zero and is qualified as

efficient. If the optimal solution EEk
* to problem (3) is

negative, this means that product k cannot be socially

optimal at any non-negative prices for outputs and envi-

ronmental pressures. Whatever the true efficiency prices

might be, there exists another good—or a combination

thereof—that yields a higher social value added. Hence,

consumer goods with negative efficiency scores can be

regarded as inefficient.

To classify a good as eco-efficient, we also require that

the shadow price of at least one environmental pressure

must be positive. Using the efficiency measures and the

shadow prices, we may classify the goods in following

categories:

1. Efficient goods

1a. Eco-efficient goods: EEk
* = 0 such that 9u�k 6¼ 0:

1b. Weakly efficient, economical goods: EEk
* = 0 only for

u�k ¼ 0:

2. Inefficient goods

2a. Inefficient, environmentally less harmful goods: EEk
*

< 0 and u�k 6¼ 0:

2b. Inefficient, environmentally harmful goods: EEk
* < 0

and u�k ¼ 0:

Group 1 includes commodities that can be efficient in

use. The group 1a consists of eco-efficient goods, while

goods in group 1b are efficient only because of their

relatively low operating costs. Note that the optimal

shadow prices p�k ; u
�
k obtained from (3) for an efficient

good (group 1) are usually not unique. Therefore, one

should test for the uniqueness of the shadow prices when

EEk
* = 0 and u�k ¼ 0 (see e.g., Kuosmanen et al. 2006,

for a description of a uniqueness test). If the evaluated

product is efficient only when u�k ¼ 0, it belongs to

group 1b (i.e., weakly efficient goods). Instead, if the

evaluated product is efficient both when u�k ¼ 0 and for

some u�k 6¼ 0, the product is classified to group 1a. Note

that within this group, we could further separate the

products that are efficient only under u�k 6¼ 0 from the

products that can be efficient both under positive and

zero environmental prices. A more detailed classification

of group 1a could also take into account the environ-

mental themes in which the good has positive shadow

price. Environmental policy measures (e.g., green taxes

or subsidies) could be implemented to increase the

market share of group 1a relative to group 1b.

Group 2 consists of goods that are inefficient in use from

the social point of view. These goods may appeal to con-

sumers with a low retail price. By green taxes or subsidies,

the government may discourage the consumption of goods

in group 2b. Supporting consumption of goods in group 2a

with direct policy measures is inefficient from social point

of view. However, indirect policy measures that influence

the use costs C could help to upgrade some goods from

group 2a to 1a.

We will illustrate the efficiency classification by a

simple numerical example in Sect. 4. But to gain more

insight, let us first consider the dual problem of (3).

4 Dual formulation

Our value added based efficiency measure was formulated

in the difference form, with money as the unit of mea-

surement, analogous to Nerlove’s (1965) profit efficiency

measure. This observation presents an immediate link to

the directional distance function frequently used in the

environmental performance analysis: the directional dis-

tance function has a dual formulation as profit efficiency at

the normalized prices (Chambers et al. 1998).
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The dual problem of (3) further clarifies the relationship

between the absolute shadow price approach and the

directional distance function. Introducing vector

C ¼ ðC1 . . . CNÞ0, and matrices ~Y ¼ ðY1 . . . YNÞ0 and
~Z ¼ ðZ1 . . . ZNÞ0, we can write the dual as:5

min
k;h

�
kC� ð1þ hÞCkjk~Y � ð1þ hÞYk; k~Z � ð1þ hÞZk;

k1 ¼ 1; k � 0; h � 0

�
: ð4Þ

Variable h represents the shadow price of the inactivity

constraint pkYk � Ck � ukZk � 0 of the primal problem

(3). This variable enables upward scaling of the values of

the evaluated commodity k. As far as the reference tech-

nology is concerned, an upward scaling of the evaluated

commodity is equivalent to a downward scaling of the

intensity weights k. Therefore, an efficient commodity

must lie on the boundary of the non-increasing returns to

scale (NIRS) reference technology. However, the scaling

also influences the efficiency measure. Therefore, problem

(4) is not merely a special case of the NIRS DEA model, as

we will show next.

Note first that excluding the inactivity constraint from

the primal would correspond to setting h = 0, in which case

the dual problem would simplify to

max
k;d

djCk�d¼kC;k~Y�Yk;k~Z�Zk;k1¼1;k�0;d�0
n o

:

ð5Þ

This expression can be interpreted as the directional

distance function, with direction vector

ðgC; gY; gZÞ ¼ ð1; 0; 0Þ , evaluated with respect to a vari-

able returns to scale DEA technology. Comparison of

problems (4) and (5) reveals the unique character of the

inactivity constraint. To gain further intuition, we can re-

express (4) in the directional distance function form. Let us

normalize the intensity weights by denoting j ¼ k=ð1þ hÞ
. This allows us to write (4) as

max
j;d

djCk� dðj1Þ ¼ jC;j~Y�Yk;j~Z�Zk;j� 0;d� 0
n o

;

ð6Þ

which resembles the directional distance function with the

direction vector ðgC; gY ; gZÞ ¼ ðj1; 0; 0Þ , evaluated with

respect to a constant returns to scale DEA technology.

However, the difficulty of this interpretation is that the

direction vector is not an ex ante given constant: the norm

of the direction vector depends on the sum of the intensity

weights. Thus, we conclude that our approach does not

reduce to a special case of the directional distance function

or any other formulation proposed in the literature.

Let us now illustrate the geometrical interpretation of

our model and the efficiency classification by a simple

numerical example involving five goods and a single out-

put, a single environmental pressure and total cost variable.

Table 2 reports both the data for these products and effi-

ciency scores and shadow prices given by the model. The

example is further illustrated graphically by means of an

isoquant map in Fig. 1. The vertical axis represents the

quantity of environmental pressure and the horizontal axis

the total costs. Points A–E indicate the costs and envi-

ronmental pressure of the corresponding good. Triangles

OAB and ABC represent the efficient frontier of the NIRS

reference technology, as seen from above from the bird

perspective. The isoquant lines (i.e., the broken lines)

indicate all environmental pressure—total cost combina-

tions that can produce the indicated output quantity.

Since points A, B, and C lie on the isoquants corre-

sponding to the output level of the goods, all three goods

are classified as efficient. For each of these points, there

exist positive prices for environmental pressures at which

these points will yield the maximum value added. Thus all

three points are classified as eco-efficient (and hence be-

long to group 1a). Hypothetical goods of group 1b would

be located on the vertical parts of the isoquants.

Next, consider the classification of observations D and

E. Both these observations lie in the interior of the level set

for Y = 4, and are therefore classified as inefficient. The

arrows indicate the direction in which these points will be

projected to the frontier; however, the reference points

suggested by the diagram are not fully accurate due to the

effect of the scaling variable h (i.e., the shadow price of the

inactivity constraint). For good D, the shadow price of the

environmental pressure is positive, and thus, good D is

classified as inefficient but environmentally less harmful

product. For good E, the shadow price of the environmental

Table 2 Numerical example with 5 products, 1 output, 1 environ-

mental pressure and total cost variable

Y C Z EE p* u*

A 6 10 2 0 2 1

B 8 4 12 0 5.33 1.67

C 10 13 13 0 5.33 1.67

D 4 6 4 –3.5 2.62 1.13

E 4 3.5 8 –3 0.87 0

Note: * Shadow prices for products A–C (typed with italics) are not

unique

5 The proof of the dual expression is available from the authors by

request.
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pressure will be zero; good E is classified as inefficient,

environmentally harmful good.

More generally, let us consider a hypothetical inefficient

observation whose output level is 4. We can see from

Fig. 1 that the shadow price of the environmental pressure

will be positive if the environmental pressure falls within

range [1.333, 6]. If the environmental pressure is higher

than 6, its shadow price will be set equal to zero.

5 Extensions and modifications

Thus far we have assumed that the total operating costs

C are known, and we have normalized the ‘‘shadow

price’’ of cost Ck as one. This is a natural choice since

costs are measured in money, and data about the oper-

ating costs are often available. By contrast, the economic

prices of the services Y and environmental pressures Z

are typically unknown. Our choice of cost Ck as the

numeraire has been guided by the data availability in

typical applications.

Of course, if the price of some specific input or output

(or even the price of certain environmental pressure) is

known, we could choose it as the numeraire instead of the

operating cost. The practical implementation of such

alternative normalizations in problem (3) is rather

straightforward, and will not be discussed in more detail

here. On the other hand, even if all prices (and costs) are

unknown (which is sometimes the case), it may be useful to

select one output or input as a numeraire commodity, and

express all prices in terms of this numeraire. The absolute

interpretation of the eco-efficiency is then conditional upon

the specific price value for that selected commodity.6

In the proposed method, the only restriction for prices of

outputs and environmental pressures is that they have to be

nonnegative. As a consequence, the primal problem (3)

allows for rather extreme pricing scenarios. For example, a

certain product can be considered eco-efficient, although its

output prices may become unrealistically high by virtue of

optimization. Therefore, if we have some a priori infor-

mation concerning true prices, in some situations it can be

reasonable to impose price or domain restrictions on the

admissible prices, as in the weight-restricted DEA ap-

proaches.7

Price restrictions can usually be set either on objective

or subjective grounds. It is worth emphasizing that the

absolute shadow prices suggested above also enable us to

impose absolute price restrictions of the form am £ um

£ bm, which restricts the price of environmental pressure

m to the closed interval [ am,bm ]. We note that this con-

trasts with the usual DEA practice, which typically do not

employ absolute weight restrictions (see Dyson et al. 2001,

for discussion). From the perspective of policy maker the

absolute restrictions are usually more accessible and

transparent than relative restrictions, since lower and upper

bounds have a more meaningful interpretation. Further-

more, it is rather easy to include absolute weight restric-
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ZFig. 1 Isoquant map of the

numerical example

6 See Kuosmanen et al. (2005) for further discussion about the nor-

malization.
7 This issue of imposing additional a priori weight bounds has at-

tracted considerable attention in the DEA literature (see e.g., Allen

et al. 1997; Pedraja-Chaparro et al. 1997, for reviews).
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tions to the presented framework. Although absolute price

restrictions are more meaningful, conventional relative

price restrictions can also be used as well.

One alternative modification to the presented approach

is to change the reference group in (3) so that the evaluated

good cannot be compared with itself. Such adjustment

would be directly analogous with the super-efficiency ap-

proach by Andersen and Petersen (1993). In the super-

efficiency approach, the eco-efficiency measure indicates

how well consumer durable k performs relative to its best

competitor (i.e., the best other product). The value is

positive, if product k performs better than its best com-

petitor at the given optimal prices. The value is negative, if

its value added is lower than that of any other product. The

advantages of this approach include the following: 1) it is

possible to measure the comparative advantage of the

efficient products and 2) it is possible to find unique sha-

dow prices also for the efficient products. On the other

hand, the important problem related to super-efficiency

approach is that in the primal problem prices can go up to

infinity such that the solution of the primal problem is also

infinite. This problem results from the form of the model:

since the comparison product is not included in the refer-

ence group, it is possible that the linear programming

problem cannot be solved. However, if the super-efficiency

approach has a finite optimal solution, its shadow prices

can in some situations provide further complementary

information.

6 Eco-efficiency of sport utility vehicles

6.1 Setting

In this section we demonstrate how the presented approach

can be applied to the real-world case of eco-efficiency

assessment of car models. Generally, automobiles are ex-

tremely differentiated products, since many characteristics

vary considerably among different brands and models.

Therefore, it is not meaningful to compare cars that differ

heavily with respect to their technology and product

characteristics. To guarantee sufficient homogeneity we

will focus on evaluating eco-efficiency of Sport Utility

Vehicles (SUVs) that can generally be considered as fairly

homogeneous products.

A number of earlier studies have applied DEA for per-

formance evaluation of products, and some of these studies

have assessed efficiency of cars (e.g., Papahristodoulou

1997; Fernandez-Castro and Smith 2002; Staat et al. 2002).

To our knowledge, however, earlier DEA product evalua-

tion studies have not paid attention to the environmental

burden generated by the products. This is quite surprising

given that private automobiles are major contributors to the

global greenhouse effect, transboundary acidification

problem, particle emissions, and smog formation. Besides

pollutants and emissions, car traffic also creates other

notable side-effects such as noise. Together, all these dif-

ferent environmental effects present a great challenge for

the evaluation of environmental pressures and further, eco-

efficiency.

The main purpose of this application is to demonstrate

how the presented approach can be used for eco-efficiency

evaluation in practice. From an environmental point of

view, one of the most interesting issues is whether the

gasoline and diesel engine vehicles differ with respect to

their environmental performance. Hence, we examine the

effect of engine type on the eco-efficiency of SUVs. A

second important aim is to compare our approach to more

traditional DEA models based on relative shadow prices.

For this purpose, we use the environmental efficiency DEA

approach where emissions are modeled as negative outputs.

This approach has been suggested by many authors (e.g.,

Scheel 2001; Korhonen and Luptacik 2004) and used in

many environmental efficiency applications. From various

specifications presented in literature, this approach comes

closest to our method. This comparison helps to understand

the differences between absolute shadow price approach

and traditional DEA in greater depth.

6.2 Data

In accordance with our theoretical framework, the appli-

cation focuses on the use phase. Thus we have to take into

account environmental pressures, economic outputs (or

services) and costs that the use of automobiles generates. It

is reasonable to focus on the marginal costs and environ-

mental pressures associated with a 1 km drive with the

vehicle.

Our data set is based on the database of the Finnish

Vehicle Administration (AKE) and it includes the total of

88 different models from 8 different manufacturers

(Chevrolet, Hyundai, Jeep, Land Rover, Mitsubishi, Nis-

san, Suzuki and Toyota). From these, 49 are gasoline en-

gine and 39 diesel engine vehicles. The data are based on

the technical inspections carried out by AKE before a

model is approved a sales license in Finland (every ap-

proved model must meet certain criteria related to safety

and emissions). Although the database covers the most

important economic and environmental variables, many

important characteristics related to safety and comfort are

not available.

To a large extent, the economic value of safety and

comfort features depends on motorists’ subjective percep-

tions, which are difficult to quantify and evaluate objec-

tively. Here, we do not cover indicators for immaterial

benefits associated with owning and driving a car, but focus
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exclusively on its primary transportation function. For

comparison, we assume that all SUV models are driven at

the same speed to transport the same (unspecified) load of

passengers and cargo, which is less than the maximum

capacity of any of the vehicles. As a consequence, our

analysis includes only one output, the mileage, which has

the same value (1 km) for all vehicles. The value of all the

benefits per 1 km of transportation service is represented

by the output price p, which is treated as an unknown

variable. Since all vehicles are assumed to produce a

homogenous service, the true price is the same across all

vehicles. Still, the shadow prices of output will differ

across the vehicles due to the uncertainty regarding the true

price.

To calculate absolute efficiency scores and absolute

shadow prices, we have to fix a certain price or total costs.

In this application, it is natural to measure efficiency with

respect to costs (i.e., fix the price of total economic costs),

because information about costs or input prices is readily

available. Given our focus on the transportation function,

the total economic cost will in this case consist of the fuel

costs.8 Since we compare efficiency of the gasoline and

diesel engine vehicles from the social point of view, we use

tax-free prices for both gasoline and diesel fuels. After all,

the retail prices of fuels already include taxes that are (at

least partly) motivated by environmental policy arguments.

Thus, the fuel costs were calculated by multiplying the

average fuel consumption (l/km) by the price of 0.52 Euro

per liter for gasoline vehicles and by 0.54 Euro per liter for

diesel vehicles; the prevailing tax-free fuel prices in Fin-

land at the time of the analysis.

We accounted for five different environmental pressure

categories: climate change, acidification, smog formation,

dispersion of particles and noise. From various greenhouse

gases, the data include carbon monoxide (CO) and carbon

dioxide (CO2) emissions, which form the climate change

category. Other environmental pressures, on the other

hand, are only represented by one emission or burden:

nitrogen oxides NOx (g/km) for acidification, hydrocarbons

HC (g/km) for smog formation, total particulate matter

TPM for dispersion of particles and the noise level (dB) in

the speed of 50 km/h for the noise variable. Descriptive

statistics of environmental pressures and total costs are

provided in Table 3.

Before proceeding to the results, we note that the sample

of SUV models and their associated data represent the

situation in Finland. The fuel prices differ across countries,

and also the vehicles themselves are adapted to the tech-

nical requirements of the market area. For these reasons,

the results that follow do not directly apply to SUV markets

in other countries.

6.3 Results and discussion

We calculated efficiency scores for all 88 different models

by using absolute shadow price approach. For comparison,

we also estimated efficiency scores with the standard input-

oriented DEA model where the environmental pressures

were treated as negative outputs; thus the relative effi-

ciency measure is of form
pkYk�ukZk

Ck
. With the NIRS refer-

ence technology, this DEA model comes very close to our

method (see Sect. 4): the key difference is the absolute

versus relative scale of the measurement units.

The proportion of eco-efficient models is relatively high:

28 SUV models in our sample proved efficient in terms of

both models. According to presented methodology and the

classification of goods proposed in Sect. 3, all these 28

efficient vehicles were also eco-efficient, i.e., belonged to

group 1a. Thus, in this case there were no weakly efficient

products (group 1b). A total of 60 models were classified as

inefficient. Moreover, 44 models could be classified as

inefficient, but environmentally less harmful (group 2a) as

they had at least one positive environmental shadow price.

Further, 16 models were classified both inefficient and

environmentally harmful (group 2b) as these models re-

ceived zero shadow prices for all environmental pressures.

Table 4 reports the efficiency scores for the 10 least

efficient SUVs and the arithmetic averages of all models.

For these 10 models, the rank correlation of the absolute

and relative DEA efficiency measures is equal to one, and

for all models the correlation is 0.982. Interestingly, for

certain brands all models proved to be inefficient. For

example, all 6 different models of Chevrolet Tahoe are

inefficient, and even among the ten most inefficient models

as seen also from Table 4. Other examples of inefficient

models are Jeep Wrangler and Jeep Grand Cherokee.

Consider the efficiency score of the most inefficient

model in our analysis (i.e., Range Rover 4.4 V8 Vogue A).

The value of –4.57 means that this model has at least

4.57 Euros higher costs per 100 km than the efficient ref-

erence model. This inefficiency premium sounds surpris-

ingly high, given that it only represents an upper bound (or

the most optimistic estimate) for true efficiency. The re-

sults of the DEA are parallel to those of the absolute sha-

dow price model, although the interpretation of the

efficiency measure is different. According to the traditional

DEA, the most inefficient models have reduction potential

over 50% in costs, achievable through efficiency

improvements while keeping the mileage and environ-

mental pressures at the present levels. Of course, our

analysis does not take into account capital costs or

8 As we focus on the use phase of the vehicle, we only consider the

marginal costs of the primary transportation function of the vehicle,

and exclude the capital costs as sunk cost. Consumer-oriented anal-

ysis could take into account the capital costs as well as immaterial

benefits such as the prestige value of a car.
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immaterial benefits of car ownership (such as the prestige

value of owning a V8-engine SUV). Nonetheless, these

results clearly indicate that there are remarkable differ-

ences between different SUV models as far as eco-effi-

ciency in their primary transportation function is

concerned.

We also considered two alternative treatments of envi-

ronmental variables known in the DEA literature (e.g.,

Korhonen and Luptacik 2004): modeling environmental

pressures as inputs (efficiency measure of type
pkYk

CkþukZk
Þ,

and modeling environmental pressures as inputs and costs

as negative outputs (type
pkYk�Ck

ukZk
Þ. For comparability, we

focused on input-oriented DEA models with the NIRS

reference technology. These two specifications gave very

high efficiency scores; the mean efficiency was 0.989 for

the former and 0.988 for the latter model. As many as 61

SUVs had efficiency score of 1 in both models. The high

efficiency scores are explained by a large number of

weakly efficient products (i.e., products with positive

slacks); no less than 33 products were weakly efficient in

these two models. Note the effect of dimensionality: while

the first two models decrease a single variable (cost), the

latter two models simultaneously decrease 6 and 5 vari-

ables, respectively. Nevertheless, the subset of (strongly)

eco-efficient products was the same in all models. This

supports the result of Korhonen and Luptacik (2004) who

showed that the set of eco-efficient units in DEA does not

depend on the orientation of the efficiency measure.

Returning to Table 4, we note that the ten most ineffi-

cient vehicles all had gasoline engines. We next examine if

there are systematic differences in environmental perfor-

mance of gasoline and diesel vehicles. To eliminate other

possible effects (such as the safety and comfort features),

we consider the subset SUV models which are available

with either gasoline or diesel engine. Our data set includes

18 pairs of models with identical features, except for the

engine type. For both these groups, we use the full sample

of 88 models as the reference group. The efficiency mea-

sures of these 36 models are reported in Table 5.

From the 18 pairs presented in Table 5, only in one case

gasoline vehicle proved out to be more efficient than the

corresponding diesel engine vehicle. Yet more interesting

are the remarkable differences in certain pairs. For exam-

ple, the three Toyota Land Cruisers are efficient for diesel

models, whereas corresponding gasoline vehicles produce

2.75 Euros higher costs per 100 km than their efficient

reference models. The average difference between gasoline

and diesel vehicles is also quite high: the gasoline vehicles

generate about 1.1 Euros higher costs per 100 km than their

diesel engine counterparts. Although these results are

merely suggestive, they seem to indicate that diesel engine

SUVs are more environmental friendly than the gasoline

Table 3 Descriptive statistics
Variable Mean Std. dev. Min. Max.

Economic costs (e/100 km) 5.53 1.11 3.80 8.42

Climate change (g/100 km) 26299.29 4752.38 17455.70 39097.20

Acidification (g/100 km) 25.08 24.41 0.10 72.60

Smog formation (g/100 km) 5.24 4.18 0.00 23.50

Dispersion of particles (ppm) 0.03 0.03 0.005 0.08

Noise (dB) 72.70 1.76 68 76

Table 4 Efficiency scores, the

10 most inefficient SUVs and

the arithmetic average

Rank Brand/Model Engine Eco-efficiency

(e/100 km)

DEA-NIRS

Farrell efficiency

88 LAND ROVER Range Rover 4.4 V8 Vogue A Gasoline –4.57 0.46

87 JEEP Grand Cherokee 4.7 V8 A5 Overland Gasoline –4.47 0.46

86 MITSUBISHI Pajero 3.5 GDI V6 Wagon Instyle AT Gasoline –3.59 0.51

85 CHEVROLET TAHOE LT Gasoline –3.59 0.51

84 CHEVROLET TAHOE LT PREMIUM Gasoline –3.59 0.51

83 CHEVROLET TAHOE LS Gasoline –3.59 0.51

82 CHEVROLET TAHOE LT PREMIUM 7 H. Gasoline –3.53 0.52

81 CHEVROLET TAHOE LT 7 H Gasoline –3.53 0.52

80 CHEVROLET TAHOE LS 7 H Gasoline –3.53 0.52

79 JEEP Wrangler 4.0 A4 Sport Gasoline –3.42 0.53

Arithmetic average of all models –1.18 0.81
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engine SUVs. Definitive conclusions would yet require a

more detailed analysis concerning the economic benefits

and costs. In any case, this kind of analysis could be used

for assessing whether the use of diesel vehicles should be

encouraged by the government, and for designing efficient

policy instruments.

Thus far we have only considered the efficiency scores

and the effect of the engine type on the scores. However, it

is also important to investigate the absolute shadow prices

in more detail. Table 6 reports descriptive statistics for the

optimal shadow prices of environmental pressures and

output concerning all vehicles. Interestingly, the shadow

prices of climate change are zero for all but one model. By

contrast, prices for smog formation and noise are positive

for over half of the SUV models.

To understand how these shadow prices are determined,

it is illustrative to consider the evaluation from the per-

spective of strategic competition between alternative

models. Since assigning a positive price on an environ-

mental pressure will always decrease the economic net

benefit of the evaluated model, models that perform poorly

on environmental criteria will assign zero prices for those

criteria. Only those models that perform well (in relative

terms) on some environmental criterion assign a positive

price for an environmental pressure, because this will give

them a comparative advantage relative to competing

models. For example, all 11 Land Rover Freelander models

with a diesel engine assign a positive price for smog for-

mation. A closer inspection of the data shows that these

models indeed have notably lower hydrocarbon emissions

Table 5 Comparison of gasoline and diesel engine SUVs

Brand/model Gasoline engine Diesel engine Eco-efficiency (e/100 km)

Gasoline model Diesel model Difference

HYUNDAI Santa Fe GLS 5d A/C 2.4 2.0 CRDi VGT –1.300 –0.137 –1.163

HYUNDAI Santa Fe GLS 5d AA/C AT 2.7 V6 2.0 CRDi VGT –1.155 0.000 –1.155

JEEP Grand Cherokee A5 4.7 V8 2.7 CRD –4.472 –1.370 –3.102

LAND ROVER Freelander E 2.5 V6 2.0 Td4 0.000 0.000 0.000

LAND ROVER Freelander HSE 2.5 V6 2.0 Td4 0.000 0.000 0.000

LAND ROVER Freelander S 2.5 V6 2.0 Td4 0.000 0.000 0.000

LAND ROVER Freelander SE 2.5 V6 2.0 Td4 0.000 0.000 0.000

LAND ROVER Freelander Sport 2.5 V6 2.0 Td4 0.000 0.000 0.000

LAND ROVER Freelander Sport hardback 2.5 V6 2.0 Td4 0.000 0.000 0.000

LAND ROVER Range Rover Vogue A 4.4 V8 3.0 Td6 –4.569 –2.065 –2.504

MITSUBISHI Pajero Wagon Instyle AT 3.5 GDI V6 3.2 –3.588 –1.666 –1.922

MITSUBISHI Pajero Sport Instyle AT 3.0 V6 – –2.695 –1.608 –1.087

NISSAN X-TRAIL Sport 4x4 2.5 2.2 dCi 136 –0.266 –0.092 –0.174

SUZUKI Grand Vitara 4WD 5d AC 2 2.0 Tdi –0.991 –0.146 –0.845

SUZUKI Grand Vitara XL-7 4WD 7-S AAC 2.7 V6 LTD 2.0 TDi 0.000 –0.349 0.349

TOYOTA Land Cruiser Executive 8h aut. 4.0 V6 3.0 D-4D –2.749 0.000 –2.749

TOYOTA Land Cruiser Luxury 5h aut. 4.0 V6 VVT-i 3.0 D-4D –2.749 0.000 –2.749

TOYOTA Land Cruiser Luxury 8h aut. 4.0 V6 VVT-i 3.0 D-4D –2.749 0.000 –2.749

Average –1.516 –0.413 –1.103

Table 6 Absolute shadow prices for the output and environmental pressures

Variable Average price (e) St. dev. (e) No of models with positive price

Output 0.205 (e /km) 0.196 88

Climate change 0.000 (e /g) 0.000 1

Acidification 0.077 (e /g) 0.414 6

Smog formation 0.257 (e /g) 0.525 48

Dispersion of particles 0.099 (e /ppm) 0.263 14

Noise 0.002 (e /dB) 0.003 52

J Prod Anal (2007) 28:57–69 67

123



compared to other models. Similarly, five (out of 6) Nissan

models and seven (out of 10) Toyota models have a posi-

tive price for noise. These models have lower noise levels

than their competitors. In conclusion, if a model assigns a

high shadow price for an environmental pressure, it must

perform relatively well in this criterion compared to its

competitors.

It should be emphasized that although zero shadow price

are possible in our method, the same issue concerns other

DEA and activity analysis approaches presented in litera-

ture. To estimate more realistic absolute prices in this

context, additional price constraints could be included into

primal problem (3), as discussed in Sect. 5.

To conclude, this application illustrated how the pro-

posed approach for eco-efficiency analysis of consumer

durables can be employed in practice. We found that the

efficiency measure has a compelling economic interpreta-

tion, and that absolute prices enable its direct assessment.

Eco-efficiency analysis of automobiles is a fascinating to-

pic that certainly warrants further empirical analysis. A

more systematic empirical study could try to quantify the

economic benefits and costs more precisely, accounting for

capital costs and possibly certain subjective factors such as

safety and comfort and some immaterial benefits such as

the prestige value of a car.

7 Conclusions

We have presented a new approach for analyzing eco-

efficiency of consumer durables. Conceptually, our setting

is most closely related to the product evaluation approaches

of DEA literature. In contrast to the earlier studies, how-

ever, we considered the measurement problem from the

policy maker’s point of view taking into account environ-

mental pressures generated by products. From a technical

perspective, an important difference to previous studies

was our solution to measure efficiency in absolute mone-

tary terms using prices expressed in absolute units of

measurement. In the presented method, the efficiency score

indicates the minimum monetary loss that the usage of one

service of the evaluated consumer durable can offer com-

pared to the best product in the reference group.

The proposed approach was applied to the eco-efficiency

evaluation of Sport Utility Vehicles, with the main purpose

of demonstrating the application of the method in practice.

We calculated the efficiency scores by using the presented

approach and more traditional DEA models and compared

the results given by these approaches. In addition, we

examined the differences in eco-efficiency between gaso-

line and diesel engine vehicles. We conclude that a full-

scale empirical eco-efficiency analysis of automobiles

would provide a fascinating area of future research.

We believe that measuring efficiency in terms of abso-

lute scale shadow prices is a useful innovation in general,

and this paper is one of the first studies to explore that

route. In another research, we have applied the ideas of

absolute shadow prices to profit efficiency measurement

(Kuosmanen et al. 2005) and environmental cost-benefit

analysis (Kuosmanen and Kortelainen 2007). Although

these may be among the most intuitive application areas,

one can use absolute shadow price approach in many other

contexts equally well.
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