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Abstract
Purpose Existing computational methods for life cycle cost-
ing (LCC) are few and appeared inconsistent with the very
definition of LCC. This article improves the common matrix-
based approach in life cycle assessment as applied to LCC,
correcting previous errors.
Methods Reusing a simple and hypothetical example, the au-
thors derive the LCC from both the physical and monetary
technology matrices. Accounting for the added value of all
activities in the life cycle leads to a simplified computational
structure for LCC.
Results and discussion The results show that the definition of
LCC and computational structure can be fully harmonized
with life cycle assessments (LCAs) and simplified. In addition
to eco-efficiency calculations, the vector of added values, if
disaggregated over social groups, allows for distributional
analysis. It is furthermore shown how LCC can account for
costs shifting (economic externalities) in the same way as
LCA highlights shifting of environmental externalities be-
tween different products, life cycle stages or actors.
Conclusions Life cycle costing as defined by the sum of the
added value over the life cycle is consistent with LCA and
cradle to gate assessments in particular. The authors simplified

the computation of LCC with either the matrix-based ap-
proach or the added values of upstream activities as an ele-
mentary exchange vector or matrix.

Keywords Computationalstructure .Externalities .Lifecycle
assessment . Life cycle costing . Value added

1 Background

Research in the field of life cycle assessment (LCA) has grad-
ually expanded towards economic and social aspects of pro-
duction and consumption chains (Rebitzer and Hunkeler
2003). Despite the inherent differences between physical, eco-
nomic and social metrics, several attempts to harmonize the
methodological approaches have been made (Hunkeler et al.
2008; Swarr et al. 2011).

Historically, conventional life cycle costing (LCC) ad-
dressed only one stakeholder perspective, typically that of
the user of products with either long life times or high
maintenance costs, or both, in public procurement, for
example. Environmental LCC, as defined by Hunkeler
et al. (2008), assesses all costs associated with the life
cycle of a product, incurred by one or more actors over
the product’s lifetime, including externalities which are
foreseen to be internalized in the decision-relevant future.
Heijungs et al. (2013) point out that the adjective
Benvironmental^ here does not imply the inclusion of ex-
ternal environmental costs nor does it restrict the costs to
internal Benvironmental costs^ (for e.g. waste prevention
or disposal). It simply refers to the fact that the economic
analysis has been made in a way that is consistent with
the multi-stakeholder perspective of physical product life
cycles in environmental LCA according to the ISO
14040-series of standards, as opposed to conventional
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LCC that has a single-stakeholder perspective and
Bsocietal LCC^ (Hunkeler et al. 2008), which includes
also environmental costs to provide a fully monetarized
life cycle sustainability assessment. LCC provides useful
results for decision-making purposes: Cost hotspots at dif-
ferent stages of a product life cycle (Gadiesh and Gilbert
1998), eco-efficiency hotspots (environmental impact per
value added) in the product life cycle (Goedkoop et al.
1999; Clift and Wright 2000) or as an essential part of
overall life cycle-based cost-benefit assessments (life cy-
cle sustainability assessments) to avoid burden shifting in
general. The computational structure discussed below
clarifies such issues as identified by Heijungs et al.
(2013).

Heijungs et al. (2013) propose a computational structure
for LCC on the basis of the computational structure of LCA.
While we agree with the need for integrating LCC into the
computational structure of LCA, we disagree with the propos-
al of Heijungs et al. (2013) on their definition of life cycle
costs and the way these are calculated in their paper. In this
article, we provide a different definition of life cycle costs and
show how this leads to a simplified computational structure,
which in fact lies nascent already in the proposal of Heijungs
et al. (2013).

2 LCC according to Heijungs et al. (2013)

To illustrate LCC, Heijungs et al. (2013) use a simple and
instructive example. We reproduced and reworked this exam-
ple here to explain the difference between our approach and
theirs.

The functional unit in the example is 1 year of sitting
on a wooden chair. The life cycle is simplified to the five
activities (processes): Production of electricity, production
of wood, production of chair, use of the chair and disposal

of broken chair. Heijungs et al. (2013) provided the phys-
ical amounts and prices of all flows in the system, as
reproduced in Table 1.

Heijungs et al. (2013) set the price of sitting to zero, even
though to obtain this service or utility, it is necessary to pay for
producing the product and disposing it after use. The argu-
ment appears to be that Bsitting^ is Bnot a commodity that is
exchanged on a market, so there is no price for it^ (Heijungs
et al. 2013, p. 1727). This then leads Heijungs et al. (2013) to
find a negative value added for the use activity (see column 5
in Table 1). This Bvalue lost^ they then interpret as the life
cycle cost: Bwe have defined the life cycle cost as the negative
value added for the use process^ (Heijungs et al. 2013, p.
1728).

This definition causes a problem for interpreting LCC in
cradle-to-gate studies, e.g. studies on materials and
components, such as steel, plastic, electricity and engines.
Since such studies do not have a final use stage and the
activity in which the product is used typically will be a
production activity where revenues are greater than
intermediate costs, the definition above would imply a
negative life cycle cost. This leads Heijungs et al. (2013) to
conclude that BProbably, the concept of life cycle cost for an
incomplete life cycle doesn’t make any sense at all^ (Heijungs
et al. 2013, p. 1730).

Using the normal matrix formulation as in LCA, the phys-
ical flows from column 2 in Table 1 can be represented in the
physical technology matrixAp and the final demand vector fp,
allowing to calculate the scaling factors s, all in accordance
with Heijungs et al. (2013):

Ap ¼

1 0 −2 0 0
0 1 −5 0 0
0 0 1 −5 0
0 0 0 5 −1
0 0 0 10 0

0
BBBB@

1
CCCCA

fp ¼

0
0
0
0
1

0
BBBB@

1
CCCCA

s ¼ A−1
p

� �
fp ¼

1
2:5
0:5
0:1
0:5

0
BBBB@

1
CCCCA

Table 1 Hypothetical data for the life cycle of a wooden chair

Activity (process) Product (1) Physical amount (2) Price (3) Monetary amount (4) Value added (5)

Production of electricity Electricity 1 MJ 5 €/MJ 5 € 5 €

Production of wood Wood 1 kg 1 €/kg 1 € 1 €

Production of chair Electricity −2 MJ 5 €/MJ −10 € 10 €
Wood −5 kg 1 €/kg −5 €

Chair 1 piece 25 €/piece 25 €

Use of chair Chair −5 pieces 25 €/piece −125 € −135 €*
Broken chair 5 pieces −2 €/piece −10 €
Sitting 10 years 0 €/year* 0 €*

Disposal of broken chair Broken chair −1 piece −2 €/piece 2 € 2 €

The first four columns are reproduced from Heijungs et al. (2013) and the last column sums the monetary amounts in column 4 for each activity. The
values with an asterisk (*) for the activity BUse of chair^ are different in our approach since we calculate a price for sitting of 13.5 €/year, so that the
monetary value for 10 years is 135 € and the value added for the BUse of chair^ becomes zero
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Heijungs et al. (2013) then use the prices from column 3 in
Table 1 as a price vector α to derive the monetary technology
matrix Am and the final demand vector fm, as follows:

α ¼

5
1
25
−2
0

0
BBBB@

1
CCCCA
Am ¼ diag αð ÞAp ¼

5 0 −10 0 0
0 1 −5 0 0
0 0 25 −125 0
0 0 0 −10 20
0 0 0 0 0

0
BBBB@

1
CCCCA

fm ¼ diag αð Þ fp ¼

0
0
0
0
0

0
BBBB@

1
CCCCA

Since sitting has zero price, fm and the last line of Am only
contain zeroes. This has the unfortunate consequence that the
monetary technology matrix becomes singular and thus non-
invertible. This forces Heijungs et al. (2013) to use the phys-
ical scaling factors obtained as above from the physical tech-
nology matrix, for their further calculations, e.g. for the value
added:

v ¼ AT
m;scaled1 ¼

5
2:5
5

−13:5
1

0
BBBB@

1
CCCCA

3 Corrected and simplified procedure

As also pointed out by Heijungs et al. (2013), no feasible
economy will tolerate activities with a negative value added.
We thus regard the zero price of the reference product and the
resulting negative value added of the use activity as a concep-
tual error. Correcting this error leads to a new definition of life
cycle cost, a simplified computational structure and a wider
applicability of LCC since the revised definition also applies
to cradle-to-gate studies.

First, let us note that if the example chair was purchased
and maintained by a third party that would then rent the chair
to the user, this third party would indeed charge a hire price for
its use. The fact that the user owns the chair does not change
the fact that sitting has a value that may be determined on a
market. The absence of a market does not make the price
(value) disappear, it just requires it to be calculated, rather than
directly observed. So in our approach, the price of sitting is
calculated to 13.5 €/year (12.5 € for the chair and 1 € for its
disposal), so that the monetary amount for 10 years of sitting
becomes 135 € and the value added for the use activity be-
comes zero. The value added in the use stage may in principle
be different from zero, but in this case, the user is neither paid

nor taxed for sitting, and therefore, no further value is added to
the product by its use here, and the price of sitting is therefore
exclusively determined by the cost of the intermediate inputs
(the chair and its disposal).

This gives a corrected price vector α as follows, with the
corresponding monetary technology matrix Am and monetary
final demand vector fm:

α ¼

5
1
25
−2
13:5

0
BBBB@

1
CCCCA
Am ¼ diag αð ÞAp ¼

5 0 −10 0 0
0 1 −5 0 0
0 0 25 −125 0
0 0 0 −10 20
0 0 0 135 0

0
BBBB@

1
CCCCA

fm ¼

0
0
0
0

13:5

0
BBBB@

1
CCCCA

The corrected monetary technology matrix is invertible,
and inversion leads to the same scaling factors s as for the
physical matrix, and a corrected scaled technology matrix:

Am;scaled ¼ Amdiag sð Þ ¼

5 0 −5 0 0
0 2:5 −2:5 0 0
0 0 12:5 −12:5 0
0 0 0 −1 1
0 0 0 13:5 0

0
BBBB@

1
CCCCA

The corrected vector of added values v

v ¼ AT
m;scaled1 ¼

5
2:5
5
0
1

0
BBBB@

1
CCCCA

has a value added for sitting of zero instead of −13.5 €,
while the sum of the v vector is 13.5 €, namely the life cycle
cost. In contrast to Heijungs et al. (2013), we thus define the
life cycle cost as “the sum of all value added over the life
cycle”.

The above calculations show that if the costs of all
activities are correctly accounted for, the same matrix-
based approach can be applied to both physical and mon-
etary flows. However, we do not need to go via the mon-
etary matrix to obtain the life cycle costs. Observe that the
value added for each activity was already given in column
5 of Table 1 and obtained without any matrix operations.
All we have to do to obtain the life cycle costs is to
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extract this column 5 as a row vector b of value added
and apply the scaling factors s to this vector:

bT ¼

5
1
10
0
2

0
BBBB@

1
CCCCA

v ¼ bdiag sð Þð ÞT ¼

5
2:5
5
0
1

0
BBBB@

1
CCCCA

The b vector can be seen as one vector of the matrix of
elementary exchanges (also known as the Bemissions matrix^
or in Heijungs et al. (2013) as the Bintervention matrix^ with
processes as columns and emissions as rows). The life cycle
cost will then automatically be calculated alongside all other
elementary exchanges, such as Bcarbon dioxide^ or Bcoal, in
ground^, when the scaling factors are applied to the matrix of
elementary exchanges. This approach to computation of life
cycle costs was applied in Weidema et al. (2008) which also
give examples of situations where there is value added in the
use stage. Ciroth and Franze (2009) show how to implement
this approach in an LCA software. When data is available for
this, the b vector of value added can be split up into its com-
ponents: taxes, operating surplus, rent, and wages, which may
even be further disaggregated by receiving social groups,
whereby the information is ready for use in a distributional
equity assessment.

4 Discussion

When accumulating data over a product life cycle, double
counting is avoided by including the contribution from each
activity in the life cycle only once. In the life cycle of a news-
paper, the elementary exchanges from forestry are included in
the accumulated exchanges of paper pulp, which is included
in the accumulated exchanges of a newspaper, etc. Thus, it
would not make sense to add the forestry exchanges once
more to the accumulated paper pulp when calculating the ac-
cumulated newspaper impacts. In the same way, adding costs
over the life cycle of a product would result in double
counting. This is because cost is already an accumulated val-
ue. The cost of wood is included in the cost of pulp, which is

included in the cost of paper. So the life cycle cost is not the
sum of these costs at each activity in a product life cycle, but
rather the sum of the value added of each activity, i.e. the
difference between the cost of the output and the cost of the
intermediate inputs. This difference, the value added, repre-
sents the costs of primary factors for the activity, i.e. payments
to tax, entrepreneurs, resource owners and labour. Value added
summed over the upstream activities of a product is the cost of
that product input for the next activity. The price of a product
output is equal to the sum of the value added summed over all
the upstream activities, including the value added of the activ-
ity itself. Thus, the life cycle cost also becomes a meaningful
concept in a cradle-to-gate study. The sum of all value added
over the life cycle is the life cycle cost of the product.

An important difference between traditional life cycle
costing and environmental LCC is that the environmental
LCC includes the costs of all activities that are physically
linked to or caused by the life cycle of a product, irre-
spective of which actor is paying for these activities. For
example, the user of a vehicle may not pay for the road
use or the waste disposal of a vehicle, which may instead
be paid over the general taxes. This is essentially a sub-
sidy from the government to the vehicle user and thus an
economic externality of the vehicle use. However, the
road maintenance and the waste disposal are still physi-
cally linked to or caused by the vehicle use and thus part
of the life cycle of vehicle use for which LCC are calcu-
lated. So the cost that was originally calculated as part of
the government expenditure is now added to the vehicle
use LCC. However, since the vehicle user still does not
pay this cost, the shift of cost from the government to the
vehicle user must be counterbalanced when accounting
for the primary factors by subtracting the cost in the pri-
mary factors (taxes) paid by the vehicle user (i.e.
representing the subsidy) and adding the cost to the pri-
mary factors of the government (since the costs are now
calculated as a subsidy payment and no longer as a gov-
ernment payment to the suppliers of the road maintenance
and vehicle disposal). This way of accounting for eco-
nomic externalities, i.e. externalities that are already paid
for by another actor than the actor that causes the costs, is
illustrated in Fig. 1. In this way, LCC highlights costs

Road 
construction 

and 
maintenance

0.01 €
Car driving

0.3 €/km

Public 
spending

0.01 €/km

0.01 €

Net product taxes: - 0.01 €

Net product taxes: 0.01 €
a b

Road 
construction 

and 
maintenance

0.01 € Public 
spending

0.01 €/km0.01 €

Car driving
0.3 €/km

Fig. 1 Accounting for economic externalities in LCC. Part a on the left
shows the actual spending per kilometre of car driving. Part b on the right
shows the same activity modified for LCA and LCC calculation. The

negative net product tax represents a subsidy, an economic externality,
to the car driving activity
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shifting (economic externalities) in the same way as LCA
pinpoints shifts of environmental externalities between
different products, life cycle stages or actors.

With this form of accounting, the costs incurred by other
stakeholders are made explicit. A similar picture would apply
to the example of the chair if landfilling or incineration costs
were borne by the government and paid for through taxes. The
monetary matrix would then be augmented with a taxation
process and net taxes and the computation of the life cycle
costs or value added would still be done as in section 3.

5 Conclusions

We define the life cycle cost as Bthe sum of all value added
over the life cycle^, as opposed to Bthe negative value added
for the use process^ given by Heijungs et al. (2013). When
seen in relation to the definition by Hunkeler et al. (2008),
quoted above in the background section, a more generic for-
mulation of our definition would read: Bthe sum of the value
added for each activity in the product life cycle for each and
every actor involved, including externalities which are fore-
seen to be internalized in the decision-relevant future^. As
such, this definition provides a clear measure of what environ-
mental LCC entails in practice.

In line with Heijungs et al. (2013), we note that the value
added of an activity cannot be negative unless the activity is
subsidized. This leads us to conclude that also final use activ-
ities must have a value added ≥0 and that this value added can
be calculated as the sum of the costs of the inputs to the final
use activity. We conclude that the use of zero prices for the
reference product of the use activity in Heijungs et al. (2013)
is a conceptual error and the cause of the observed negative
value added of the use activity.

Using the simple example from Heijungs et al. (2013), we
show how correcting this conceptual error allows the same
matrix-based approach to be applied to both physical and
monetary flows and how the life cycle costs can be calculated
by applying the scaling factors from the inverted technology
matrix directly to the value added vector. By placing the value

added vector as part of the matrix of elementary exchanges,
the life cycle costs can then be calculated alongside all other
life cycle results, such as Bcarbon dioxide^ or Bcoal, in
ground^, when the scaling factors are applied to the matrix
of elementary exchanges.

Our approach already lies nascent in the proposal of
Heijungs et al. (2013), where a price vector is available for
all flows in the technology matrix, since this implies that the
value added is already inherent in the data for each activity in
the life cycle and that a separate inversion of the monetary
matrix is therefore unnecessary.

Ethical statement The work behind this article was prompted by
Heijungs et al. (2013) and took place as part of the development of an
advanced course in LCA given by the authors at the International Life
Cycle Academy in Barcelona, Spain.
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