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Abstract
Purpose There is an apparent convention within both conse-
quential and attributional life cycle assessment (LCA) to as-
sume a 1:1 substitution ratio between functionally equivalent
product systems. However, this convention may not be com-
patible with the purpose of consequential LCA, which is to
model the actual consequences of the decision at hand. This
paper explores the implications of the convention using the
illustrative example of a 1 % tax on whole milk.
Methods A consequential LCAwhich assumes a 1:1 substitu-
tion ratio between two functionally equivalent product sys-
tems is compared with the results of an analysis that estimates
the actual substitution ratio based on empirical data. Cross-
price elasticities of demand for possible competitor products
are modelled using a linear approximated almost ideal de-
mand system (LA-AIDS).
Results and discussion The results show a 1:0.52 substitution
ratio between whole and low fat milk, rather than a 1:1 sub-
stitution ratio. Depending on the consequential LCA values
for whole and low fat milk, the 1:1 convention could under-
estimate the greenhouse gas emission reductions from the tax
by over 400 %.

Conclusions The results suggest that it is highly important to
model actual substitution ratios between competing product
systems in order to capture the consequences of the decision at
hand. As a subsidiary contribution, the paper also shows the
importance of modelling the displacement effects of milk fat
co-products, which are generally not considered in the
existing LCA literature on milk.

Keywords Consequential life cycle assessment . Demand
modelling .Milk products . Substitution ratios

1 Introduction

Life cycle assessment (LCA) is an impact assessment tool for
Bsupporting decisions on the substitution between two product
systems^ (Weidema et al. 2009, p.6), and generally, two dis-
tinct types of LCA are identified: attributional LCA (ALCA)
and consequential LCA (CLCA). ALCA aims to model the
environmental impacts produced by the processes used in the
life cycle of the product studied (Ekvall and Weidema 2004;
Earles and Halog 2011). In contrast, CLCA aims to model the
system-wide change in environmental impacts caused by a
change in production volumes or product configuration
(Ekvall 2002; Ekvall and Weidema 2004; Curran et al. 2005;
Finnveden et al. 2009; Plevin et al. 2014). The development
and use of CLCA is largely motivated by the principle that in
order to make rational decisions, information is required on
the consequences of the decision at hand (Weidema 1993;
Ekvall 1999; Wenzel 1998; Plevin et al. 2014). Nevertheless,
because CLCA has evolved out of ALCA, there are still a
number of methodological features that remain in common,
such as the assumption of a 1:1 substitution ratio between the
two product systems being compared.
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Plevin et al. (2014) argue that the assumption of a 1:1
substitution ratio is a feature of attributional LCA (though
the recent development of advanced ALCA (AALCA) means
this may not always be the case (Andrae 2015)) and that
CLCA shouldmodel the actual rate of substitution that occurs.
However, much of the existing guidance for CLCA adheres to
the principle of functional equivalence between the two prod-
uct systems in question, to ensure that the comparison is on a
like-for-like basis (Weidema 2003; ISO 2006; European Com-
mission et al. 2010). Similarly, there are many examples of
CLCA studies that adhere to a 1:1 substitution ratio, for ex-
ample, Ekvall and Andræ (2006) calculate the change in emis-
sions achieved by the ban on the use of lead in solder by
subtracting the LCA result for lead-based solder from the
LCA result for a functionally equivalent quantity of lead-
free solder. Even in CLCA studies that explicitly consider
the price difference between competing production systems,
such as Thiesen et al. (2008), the 1:1 substitution assumption
is still present.

There are a number of studies that depart from this conven-
tion and model non 1:1 substitution ratios between competing
products, particularly in the literature on biofuel policy
(Smeets et al. 2014; Rajagopal 2013; Drabik and De Gorter
2011; Taheripour and Tyner 2013; Hochman and Rajagopal
2010). For example, Smeets et al. (2014) use a computational
general equilibrium model to estimate a range of substitution
ratios between 0.78 and 0.66 (i.e. for every one unit of biofuel
produced, between 0.78 to 0.66 units of fossil fuel is substitut-
ed). These non 1:1 substitution ratios occur because the supply
of biofuels reduces the price of oil, which in turn increases
demand for oil elsewhere in the world. In addition, the in-
creased production of biofuels increases GDP in supplying
regions, which in turn increases demand for oil. Such studies
use partial equilibrium (PE) or general equilibrium (GE)
models, and it is precisely because these models tend not
adhere to the assumption of functional equivalence that some
authors suggest there is a distinction between traditional
Bbiophysical^CLCA and CLCA based on equilibriummodel-
ling (see for example Brandão et al. 2014, p.462). However,
this distinction does not appear to be entirely clear-cut as there
are examples of CLCA studies that use partial equilibrium
modelling but also adhere to a 1:1 substitution ratio, e.g.
Ekvall (2000) and Ekvall and Andræ (2006).

Given this background context, the goal of the present
study is to further explore the importance of modelling the
actual substitution ratio between competing product systems
and the implications for CLCA guidance and practice. This is
done using the illustrative example of a hypothetical tax on
whole milk. The impact category considered is global
warming potential, though the implications of the study are
equally relevant to other impact categories.

A tax on whole milk was selected as milk is a major food
commodity (Cederberg and Stadig 2003) and has received a

correspondingly high level of attention in the LCA literature.
Cederberg and Stadig (2003) provide an LCA of milk produc-
tion and explore alternative methods for dealing with beef co-
products from the dairy system. They suggest that
Bprospective^ LCA studies (what would now normally be
described as consequential LCA) should use the method of
Bsubstitution^ when dealing with co-products, as this method
provides information on Bthe environmental consequences of
manipulating product systems^ (Cederberg and Stadig 2003,
p.350). Substitution involves identifying the product systems
that are displaced by the co-products and crediting the dis-
placement of those product systems to the decision studied,
as the avoidance of those systems and their associated impacts
are a consequence of the decision (Ekvall and Weidema 2004;
Brander and Wylie 2011).

Thomassen et al. (2008) report the results from both an
attributional and a consequential LCA for fat and protein-
corrected milk. They also demonstrate the way in which the
consequential approach aims to capture the system-wide ef-
fects of milk production by including the substitution effects
of beef co-products from the dairy sector on dedicated beef
and pork production. A similar study is provided by Flysjö
et al. (2011), which models six alternative approaches for
dealing with beef co-products from milk production, includ-
ing substitution effects. Dalgaard et al. (2014) present a model
for calculating the carbon footprint of energy corrected milk,
with a fat content of 4.1 %. The consequential modelling
option includes the substitution effects of both beef and ma-
nure co-products from the dairy system.

One co-product from the dairy system that is generally
absent from the existing LCA literature is milk fat from the
manufacture of low fat milk. This appears to be because
existing studies tend not to differentiate between types of milk
with different levels of fat or have selected whole milk as the
functional unit, and therefore, milk fat co-products do not
arise. In the case of Hospido et al. (2003), milk fat is identified
as a co-product but is omitted from the analysis due to its small
proportion of total production (>2.5 %).

One study that does consider milk fat in more depth is
Flysjö (2012), where it is argued that skimmedmilk and cream
(i.e. milk fat) are both Bdetermining^ co-products, i.e. an in-
crease in demand for either product will increase the produc-
tion of both, and in such situations, the treatment of co-
products in consequential LCAwill be equivalent to allocation
by economic value (Weidema et al. 2009). However, it is
plausible that milk fat is not a co-determining product as al-
ternative products exist, at least for some of the applications of
milk fat (Ong and Goh 2002), and therefore, the long-run
marginal production costs of the alternative products will con-
strain the price of milk fat and its contribution to the revenue
from the co-producing unit process (Weidema et al. 2009).
Although the primary contribution of the present article is
concerned with the assumption of a 1:1 product substitution
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ratio in CLCA, a subsidiary contribution is an investigation of
the displacement effects of milk fat co-products, which is gen-
erally absent from the existing literature on milk.

2 Methodology

2.1 Consequential LCA

The goal of this study is to illustrate the importance of model-
ling the actual substitution ratio between competing product
systems. To this end, the study provides a comparison be-
tween a consequential analysis that assumes a 1:1 substitution
ratio between two functionally equivalent product systems
(the Btraditional^ LCA approach) and the results of an analysis
that estimates the actual substitution ratio based on empirical
data. The illustrative decision scenario selected for this pur-
pose is a 1 % tax on whole milk (i.e. the decision-maker is a
government appraising the climate change mitigation poten-
tial of shifting consumption from whole to low fat milk
through the introduction of a 1 % tax on whole milk). This
decision scenario was selected for a number of reasons: suffi-
cient data were available from the Kantar Worldpanel dataset
for modelling the price elasticities of demand for different
milk products; a tax on whole milk is an example of a real-
world policy option, albeit one that has proved difficult to
implement (BBC 2012); and, as mentioned, there is a wealth
of LCA studies onmilk, and the topic has played something of
a test case for methodological debate within the literature
(Cederberg and Stadig 2003; Thomassen et al. 2008; Flysjö
et al. 2011; Dalgaard et al. 2014).

The decision to implement a 1% tax on whole milk implies
a switch from whole milk to an alternative product, such as
low fat milk. For either of the substitution ratio approaches
identified (i.e. the assumption of a 1:1 ratio or an empirical
ratio), in order to model the change in greenhouse gas emis-
sions, it is necessary to quantify the emissions from the alter-
native product systems. In the case of whole milk and low fat
milk, the only difference is the quantity of milk fat co-products
supplied, as all raw milk is initially skimmed to produce
skimmed milk and cream, and in order to produce whole or
low fat milk, some of the cream is re-added (Stephens 2014,
personal communication., 25 July) This entails that there is
almost no difference in the upstream processing of the prod-
ucts, other than the blending process for re-introducing milk
fat to produce higher fat content milk products (i.e. low fat
milk does not require a skimming process that is absent for
whole milk). Standardised whole milk has a minimum fat
content of 3.5 %, and for the present study, it is assumed that
whole milk has an average fat content of 4 %, and low fat milk
has a fat content of 1 %.

The focus of this study is CLCA, and therefore, substitu-
tion was used to estimate the greenhouse gas effects from

different amounts of milk fat co-product produced. Palm oil
was identified as the marginal product that is likely to be
substituted by an increase in the supply of milk fat as it is
readily substitutable for milk fat in food products (Ong and
Goh 2002), and it is identified as the world marginal vegetable
oil product (Schmidt andWeidema 2008). In reality, there may
be a mix of marginal products that are affected by an increase
in the supply of any given substitute product (Ekvall and
Andræ 2006; Mathiesen et al. 2009); however, the simplified
assumption that palm oil is substituted is sufficient for the
illustrative purposes of the present study. Figure 1 provides
an overview of the changes that are modelled.

It was not possible to find data for the substitution ratio
between milk fat and palm oil, and therefore, a 1:1 mass ratio
was assumed, though the actual ratio is likely to vary by ap-
plication, based on taste, texture, price, and other technical
considerations. As above, this simplified assumption is
sufficient for the illustrative purposes of this study. A range
of LCA results for palm oil were sourced from Schmidt (2010)
and Brinkmann Consultancy (2009), in order to explore the
sensitivity of the results to different estimates for the emis-
sions from the substituted product. The emissions avoided
by the substitution of palm oil were subtracted from a pub-
lished CLCA figure for whole milk (901 gCO2e/kg from
Thomassen et al. (2008), which was converted to gCO2e/L
using a density factor of 1.035 kg/L of whole milk), to esti-
mate the consequential results for low fat milk.

2.2 Demand modelling

The effect of a 1 % tax on whole milk was modelled using
Scottish household purchasing data obtained from Kantar
Worldpanel datasets for the years 2006–2011 (i.e. time series
data). The dataset is comprised of five milk products: low fat,
semi-skimmed, skimmed, soy, and whole.

Own price elasticity of demand measures the responsive-
ness of a change in quantity demanded of product A (e.g.
whole milk) to a change in the price of product A (Snyder
and Nicholson 2008). Cross-price elasticity is how the quan-
tity demanded of product B ( e.g. low fat milk) responds to a
change in the price of product A (e.g. whole milk), and income
elasticities are similar to price elasticities yet measure the re-
sponsiveness of a change in quantity demanded to a change in
income. In the present study, Marshallian elasticities (which
account for both income and substitution effects) are modelled
from the data to show how a 1 % price increase in whole milk
would likely affect the demand for whole milk (i.e. own price
elasticity), as well as the demand for substitute goods (i.e.
cross-price elasticity).

The Marshallian elasticities were modelled using a linear
approximated almost ideal demand system (LA-AIDS). The
LA-AIDS system was first developed by Deaton and
Muellbauer (1980a) and has the advantage over the previously
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common Rotterdam or Translog demand models whereby the
AIDS can impose linear demand theory restrictions and can cal-
culate arbitrary first order approximations for a given demand
system (i.e. set of equations). The consumer derives utility from
quantities of goods/services, yet when faced with a linear budget
constraint, the utility function is dependent upon expenditure and
prices, i.e. the indirect utility function (Deaton and Muellbauer
1980b). This highlights the relationship between utility and the
demand function. The demand function is incorporated into the
demand system. This study builds on the model presented in
Chalmers et al. (2014), as low fat milk is incorporated into the
LA-AIDS for the whole of Scotland.

A further benefit of the LA-AIDS is the ability to be con-
sistent with the theory of a consumer maximising his/her pref-
erences subject to a budget constraint (Deaton andMuellbauer
1980b). Consumer demand modelling involves meeting the
various economic demand theory rules (Deaton and
Muellbauer 1980b) which makes it more complex than direct-
ly calculating the demand elasticities, as in Ekvall and
Weidema (2004). The LA-AIDS model has featured in studies
relating to price elasticities of food products (Tiffin and Tiffin
1999). Amore recent applicationmodelled Kenyan household
demand for different energy products (e.g. kerosene) through
the use of a conditional LA-AIDS (Ngui et al. 2011). In the
present paper, the conditional LA-AIDS model only considers
expenditure on milk products.

wit ¼ αi þ βiln
mt

P*
t

� �
þ

X N

j¼1
γi jln pjt

� �

þ
X K

k¼1
βik Dkt þ T þ uit

ð1Þ

ln P*
t

� � ¼ X N

j¼1
wjtln p jt

� �
ð2Þ

The LA-AIDS model is shown by Eq. (1) and is linear due
to the price index of Eq. (2). The LA-AIDS has the following
four restrictions of demand theory imposed (Deaton and
Muellbauer 1980b): adding up, homogeneity, symmetry, and
negativity.1 Homogeneity and symmetry restrictions can be
directly imposed on the LA-AIDS model while negativity
can be inferred from the elasticity results. The adding-up re-
striction is imposed through dropping one of the equations in
the estimation of the LA-AIDS (Wan et al. 2010).

The parameters in Eqs. (1) and (2) are w=budget shares,
m=expenditure, Pt=price index, γ=relative prices, and D=
seasonal dummy variables with subscript k representing 12
dummy variables as there are 13 periods within each year (this
avoids the problem of the dummy variable trap), and a time
trend is also included (T). Subscripts t=time; i and j represent
dairy products. The expenditure allocated to milk products by
households is assumed to be fixed as this is a conditional
demand system model. The LA-AIDS model used in this
study is calculated in R, using package BErer^ (Sun 2014)
which is based on Wan et al. (2010).

The Marshallian elasticities were applied to volume data
for individual milk products (Table 1), in order to calculate the
change in consumption resulting from a hypothetical 1 % tax
on whole milk. Milk purchasing volumes were obtained from
DairyCo (2014) which in turn were supplied from Kantar
Worldpanel for the 52-week period ending on the 12th of
October 2014. The dataset covered the whole of the UK and
was adjusted to account for Scottish purchasing using Defra’s
2013 household consumption dataset (Defra 2014), which is
the most recent consumer purchasing data available. The lim-
itation of this adjustment method is that Defra aggregated both
liquid milk and cream into one group, though no other method
could be devised to create a representative dataset. The Kantar
dataset used in the demand model has not been used in the
volume calculations as the DairyCo supplied Kantar data are
more recent. Therefore, this allows for an idea of the potential
impact of a 1 % tax on quantity demanded of the differing
milk products.

3 Results

The condition of negativity is met since all the own price
elasticities are negative and statistically significant. Table 2
shows the Marshallian cross-price elasticities of the different
milk products with regard to a change in the price of whole
milk. The results suggest that a 1% tax on whole milk is likely
to decrease demand for whole milk by 1.48 % and increase
demand for low fat milk by 3.44 %. The elasticities for the

1 This matrix C must be negative semi-definite for the restriction of neg-
ativity to apply (Deaton and Muellbauer 1980b).

Introduc�on of 1% tax on 
whole milk

Decrease in produc�on of 
whole milk

Increase in produc�on of 
low fat milk

Increase in produc�on of 
milk fat co-product

Subs�tu�on of palm oil 
(decrease in produc�on of 

palm oil)

Fig. 1 Flow diagram of the decision model
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other alternative milk products are not statistically significant
and are not used in the remainder of the analysis.

Table 3 shows the CLCA results for low fat and whole
milk, with a credit given to the avoided emissions from the
milk fat co-product from the low fat milk. The highest esti-
mate of palm oil emissions (36.15 tCO2e/tonne of palm oil)
gives in a net negative result (−190 gCO2e/L of low fat milk),
as the avoided palm oil emissions are greater than the rest of
the life cycle emissions for low fat milk. The high estimate of
palm oil emissions is due to deforestation and peatland drain-
age associated with palm cultivation. Depending on the size of
the credit given for avoided palm oil production, the differ-
ence between the CLCA emissions for low fat and whole milk
varies between a 10 % difference and a 120 % difference.

Table 4 shows the estimated change in consumption caused
by a 1 % tax on whole milk in litres (derived from the volume
data in Table 4 and the elasticities for low fat and whole milk
in Table 2). Whole milk consumption decreases by a greater
quantity than the increase in low fat milk consumption, indi-
cating that there will be an overall decrease in the total amount
of milk consumed.

Table 5 provides a comparison of the two different ap-
proaches to the substitution ratio between whole milk and
low fat milk. The empirical substitution ratio is 0.52 (derived
by dividing the change in low fat milk consumption by the
change in whole milk consumption), i.e. for every 1 L reduc-
tion in whole milk consumption an additional 0.52 L of low
fat milk is consumed. The estimated effects of the 1 % tax
based on the 1:1 ratio approach and empirical ratio approach
differ greatly, depending on the change in emissions caused by

the production of low fat milk. In the extreme case, the 1:1
ratio may underestimate the reduction in emissions caused by
the tax by 416 %.

4 Discussion

As with any assessment of system-wide consequences, there
are numerous sources of uncertainty with the estimated effects
of the decision (Plevin et al. 2014). Some of these are indicat-
ed in the analysis of the tax on whole milk, e.g. by the mag-
nitude of difference between the results from different param-
eter values for the emissions associated with palm oil
(Table 5). One source of uncertainty that is worth highlighting,
as it could be considerable, is the possibility of other conse-
quences from the 1 % tax (which are not included in the
model). The additional tax revenue could allow the govern-
ment to reduce taxes elsewhere in the economy, causing an
increase in demand in the affected markets, with associated
increases in emissions (however, further econometric model-
ling would be required in order to support this claim). Alter-
natively, the government could spend the additional tax reve-
nue itself, either increasing or decreasing environmental im-
pacts, depending on whether the expenditure is on environ-
mental protection measures or other items.

The main limitation of the conditional demand model (an
almost ideal demand system) is the modelling of only milk
products. The model’s assumption is that milk expenditures
are fixed and thus remain constant during the modelled time
period. Klonaris and Hallam (2003) have criticised this form
of demand modelling and emphasised the need for converting
to unconditional demand models. However, unconditional de-
mand models require more data as they model the various
food groups, and the problem of group expenditure being
treated as exogenous in the model may still exist (Thompson
2004). The potential of using the conditional model with en-
dogenous group expenditure could result in the violation of
demand theory (Thompson 2004). Therefore, this paper ac-
cepts that there are limitations and benefits to using the con-
ditional almost ideal demand system.

Despite these limitations, if the goal of a CLCA is to model
the actual consequences from the decision at hand thenmodel-
ling the actual substitution ratio does appear highly important.
To add further illustrative detail to the milk example and
assuming the Schmidt (2010) figure for palm oil, if a policy-
maker were given the 1:1 emissions reduction estimate of
97 gCO2e/L of milk substituted, then he/she may decide not
to proceed with the tax. In contrast, the actual reduction may
be over four times greater than the 1:1 estimate, and an effec-
tive mitigation opportunity would be missed. Adherence to a
1:1 substitution ratio may undermine the aim of estimating the
actual consequences of the decision at hand.

Table 2 Marshallian elasticities

Whole milk (%) Statistical significance

Low fat 3.445 ***

Semi-skimmed 0.159

Skimmed −1.035
Soya −0.581
Whole −1.483 **

Statistical significance: *10 %; **5 %;***1 %

Table 1 Total purchases of milk

Products 52-week period (ending 12 Oct. 2014)
Quantity (million litres)

Low fat 57.15

Semi-skimmed 713.16

Skimmed 158.94

Soya milk 31.98

Whole milk 255.44

Total 1216.67

1272 Int J Life Cycle Assess (2015) 20:1268–1276



However, there are at least three possible responses from
adherents to the 1:1 ratio convention:

1. It is questionable whether empirically derived substitution
ratios do actually provide a more accurate representation
of reality than 1:1 ratios. One short-comingwith empirical
elasticities is that they tend to be short-run elasticities, as
these are easier to measure (Weidema et al. 2009), where-
as environmental assessment is normally concerned with
the long-term effects from decisions. Theoretically, elas-
ticities of demand and supply are expected to be more
elastic in the long run, as consumers and producers will
have more opportunities for adjusting to the change in
price (Ekvall 2000, p.97), and therefore, short-run empir-
ical elasticities may not accurately model what happens in
the long run.

However, the relative accuracy of 1:1 versus empirical
substitution ratios appears to be, with some irony, itself an
empirical question (rather than one of principle), and fur-
ther empirical research is needed to determine whether the
1:1 assumption is a reasonable approximation of long-run
substitution or not. The empirical findings from the pres-
ent study, which does model long-run elasticities given
the time period 2006 to 2011, and those in the biofuel
domain (e.g. Smeets et al. (2014)), indicate that rates of
substitution may be very different from 1:1.

In addition, many CLCA studies that adhere to the 1:1
convention also use elasticities to model other market-
mediated consequences, such as changes in the demand
for inputs or the supply of outputs (e.g. Ekvall (2000);
Ekvall and Andræ (2006)), and if elasticities are suffi-
ciently representative for those purposes, they should also
be sufficiently representative for modelling substitution
ratios.

2. A second response is to suggest that the 1:1 ratio approach
is actually capable of modelling the consequences cap-
tured by the empirical ratio approach, and so, there is no

loss of information from maintaining the convention. For
example, Thiesen et al. (2008) assume a 1:1 substitution
ratio and model the indirect rebound effects of price dif-
ferences between two cheese products by including the
environmental impacts from the increased consumption
which is caused by savingmoney on the lower cost cheese
(indirect rebound effects occur when changes in the effec-
tive cost of one product causes changes in the consump-
tion of other products (Freire-González 2011)). There
may be a similar way of formulating the functional units
of the milk products to include the price differences and
thereby maintain 1:1 functional equivalence.

However, a simpler and more parsimonious account is
that the 1 % tax reduces the demand for whole milk, and
the demand for low fat milk does not increase by the same
amount. There may be a way of formulating the functional
units to maintain 1:1 functional equivalence, but it is not
immediately obvious what the explanatory, conceptual or,
methodological benefits would be.

Table 3 Consequential LCA results with substitution for milk fat co-products

Milk fat Schmidt 2010 Brinkmann 2009 Brinkmann 2009 Units
Co-product (g/L) (Lower estimate) (Upper estimate)

Consequential LCA result—low fat milk 31 836 831 −190 gCO2e/L

Consequential LCA result—whole milk 0 933 933 933 gCO2e/L

% difference between products 10 % 11 % 120 %

Table 4 Change in
consumption
(million litres)

Products Change (million litres)

Low fat milk 1.97

Whole milk −3.79
Total −1.82

Table 5 Comparison of different approaches to the product substitution
ratio

Reduction in emissions from
1 % tax on whole milk

Substitution
ratio (litre
of low fat
milk/1 L of
whole milk)

Schmidt
2010

Brinkman
2009
(lower
estimate)

Brinkman
2009
(upper
estimate)

1:1
substitution
ratio

1 97 101 1122 gCO2e/
L of
whole
milk
re-
duced

Empirical
substitution
ratio

0.52 498 501 1031 gCO2e/
L of
whole
milk
re-
duced

% difference
between
approaches

−48 % 416 % 394 % −8.1 %
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3. The third response is to identify two separate forms of
CLCA (as per Brandão et al. (2014)): Bbiophysical^
CLCAwhich maintains 1:1 substitution ratios and a form
of CLCAwhich does not.

However, as noted above, elasticities are used for
modelling other consequences within CLCA, such as
the effect of changes in demand for inputs or changes in
the supply of co-product outputs. It appears to be an arbi-
trary proscription that elasticities should not also be used
to model product substitution ratios. In addition, the sug-
gested distinction cannot be based on the use of partial or
general equilibriummodelling as there are instances of PE
modelling that adhere to the 1:1 assumption, and there are
also instances of CLCA, such as the present paper, which
do not use PE or GE but do depart from using a 1:1
substitution ratio.

A slightly different argument in favour of empirical elas-
ticities is that they are highly useful for identifying the com-
parator product, as well as the substitution ratio. The cross-
price elasticities for skimmed, semi-skimmed, and soya milk
were not statistically significant, which suggests that these
products would not be affected by the tax on whole milk,
and these products can therefore be excluded from the analysis
of comparator systems. An alternative method for identifying
the comparator product involves a three-step procedure for
identifying obligatory and positioning properties, market seg-
ments, and the products within those market segments with
the identified properties (Weidema et al. 1999; Ekvall and
Weidema 2004). The use of empirical data to model the
cross-price elasticity offers a more objective assessment of
what the substitute product(s) will be.

A final point on the use of empirical substitution ratios is
the importance of modelling the specific decision in question
or type of intervention used to implement the change. An
apparent assumption under-pinning the 1:1 ratio convention
is that the decision in question is always a straightforward
choice between two functionally equivalent products, whereas
in reality, this is an oversimplification (as illustrated by the
example of the tax). In the case of the regulation banning
lead-based solder (Ekvall and Andræ 2006), the choice of a
1:1 substitution ratio may be a reasonable estimate, as the
intervention itself does not involve the manipulation of price,
in contrast to a tax, although there could still be a change in
price and a reduction in total demand for solder, if lead-free
solder has higher cost than lead-based solder. The different
substitution effects from different types of intervention, such
as taxes, regulations, and information campaigns, could be
investigated in future research.

In terms of the subsidiary purpose of this paper, i.e. to
contribute to the LCA literature on milk, a clear finding is that
milk with different levels of fat content is likely to have very
different greenhouse gas emissions consequences. In the

extreme case, the additional production of low fat milk may
create a net reduction in emissions, due to the substitution of
palm oil. These effects have not previously been explored in
the LCA literature.

5 Conclusions

A guiding principle of CLCA is that it should model the
actual consequences of the decision at hand; however,
the convention of assuming a 1:1 substitution ratio be-
tween comparator products does not necessarily adhere
to this principle. This paper provides evidence to suggest
that CLCA should model empirical substitution ratios as
these may differ significantly from the 1:1 assumption.
In the case of the ratio between whole milk and low fat
milk, this was found to be 0.52 and not 1 as convention
would suggest. The 1:1 assumption could lead to a large
underestimation in the emission reductions caused by a
1 % tax on whole milk.

Based on the analysis presented above, it is recommended
that existing guidance and standards, such as ISO 14044 and
the ILCD Handbook are amended to allow the use of alterna-
tive substitution ratios and that the assumption of a 1:1 ratio
should be viewed as a heuristic or default value in the absence
of other information, rather than as a methodological
principle.

Allowing the use of non 1:1 substitution ratios between
competing products is a departure from what may be de-
scribed as Bbiophysical^ CLCA but appears to be wholly con-
sistent with the aim of modelling the actual consequences of
the decision at hand.
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