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Abstract—The prevailing belief is that dense metropolitan
areas produce less carbon emissions on per capita basis than
the less dense surrounding and rural areas. This issue seems to
be much more complex, and the situation might even be
reversed when comprehensive analyses are conducted. In this
paper we present a consumption based life cycle assessment
(LCA) approach on the metropolitan carbon management, that
is both comprehensive in incorporating all living related
carbon emissions, and accurate in the results. Also, the method
allows analyses on sub-city level without boundary cutoffs, and
thus provides a sustainable basis for effective carbon
management. In addition, the method enables global
comparisons. The presentation of the utilized LCA method is
conducted via a representative analysis of carbon consumption
in a Northern European metropolis. The emphasis in the
analysis is on urban structure, where we demonstrate that
dense structure is not necessarily a precondition in creating
low-carbon communities.
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structure, carbon management, low-carbon communities

I. INTRODUCTION
There seems to be urgent need for reliable tools for city
level carbon management. Cities are estimated to produce up
to 80 % of the global green house gases (GHGs) [1]. Their
role in the climate change mitigation is thus eminent. This
has been widely recognized, and ambitious cut-off targets
have been globally set on the city level [2, 3, 4, 5, 6].
However, strategies for achieving these targets are often
weak or incomplete due to lack of applicable strategic urban
planning tools.
Furthermore, the prevailing belief is that dense
metropolitan areas produce less carbon emissions on per
capita basis than the less dense surrounding and rural areas
[7, 8]. This issue seems to be much more complex, as some
recent results indicate that the situation might even be
reversed when comprehensive analyses are conducted [9, 10].
It has been demonstrated that a substantial share of
carbon emissions attributable to a certain good or process
may occur in higher order tiers outside of the final
production phase [11]. Thus, only life cycle inquiries can
produce reliable information. In the city context these tend to
be highly complex, as the number of variables is high, which
both limits the utilization and creates room for high variation
in the results due to method choices.

In addition, a vast majority of the inquiries that have
assessed city level carbon emissions are conducted using
regional boundaries allocating the region emissions
occurring inside the set borders [f. e. 7, 12]. This perspective,
though, is not sufficient for effective carbon management.
This is due to two reasons. First, structural changes could
substantially affect the emissions inside the chosen borders,
but have no net effect on the global scale. Second, this
approach produces no reliable information for the creation of
low-carbon communities, for the industry structure affects
the per capita carbon emissions.
In this paper we present a consumption based life cycle
assessment (LCA) approach on the metropolitan carbon
management, that is both comprehensive in incorporating all
living related carbon emissions, and accurate in the results.
Also, the method allows analyses on the sub-city level
without boundary cutoffs, and thus provides a sustainable
basis for effective carbon management. In addition, the
method enables global comparisons.
The presentation of the utilized LCA method is
conducted via a representative analysis of carbon
consumption in a Northern European metropolis. In the
analysis, the emphasis is on urban structure, where we
demonstrate that dense structure is not necessarily a
precondition in creating low-carbon communities.
II. RESEARCH DESIGN
The study presents carbon consumption in Helsinki, the
capital of Finland in Northern Europe. Helsinki is the largest
city in Finland with over 500.000 inhabitants. It is also a
centre for over 1.000.000 inhabitants in the Helsinki
metropolitan area. The population density of the city is 3.000
inhabitants/km2. However, the city includes a dense
downtown area with solely apartment buildings, where the
figure is substantially higher, up to over 10.000 inhab./km2,
and the surrounding suburbs with a notable share of detached
and row-houses and substantially lower density.
The carbon consumption is assessed on annual per capita
basis for an average consumer incorporating all the
emissions related to consumption with life cycle perspective.
In addition, the effect of the city structure on carbon
consumption is analyzed to emphasize the possibilities of
carbon management. This analysis also demonstrates that
other factors than density or building type, the often
addressed sources of emissions [8, 13], seem to determine
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the carbon consumption. For the analysis, the city is divided
into two parts, the downtown core and the suburbs.
Also, a brief comparison of the results with a production
based and regionally defined analysis is made to demonstrate
the importance of the approach presented here. Both provide
eminent information, but, as is shown, comprehensive
understanding of the carbon emission sources and mitigation
possibilities requires both approaches.
The Finnish consumer survey 2006 [16] was utilized as
the primary input data. The utilized samples of the data
represent the consumption of average consumers of Helsinki
downtown and the suburbs. The level of detail of the survey
is very high including around 1.000 categories and subcategories of goods and services.
The process data utilized include the emissions of heat
and electricity production of Helsinki Energy [17], fuel
combustion emissions of private driving and public transport
[18]. Also, a regional price level correction was made for
property prices according to the statistics of The Housing
Finance and Development Centre of Finland (ARA) [19].
III. METHOD
The method utilized in this paper is life cycle assessment
(LCA). The LCA method includes three different approaches:
input-output-LCA, process-LCA and hybrid-LCA. Here we
utilize an input-output based application of hybrid-LCA. The
approach combines the comprehensiveness of input-output
approach with the accurateness of process approach [14].
The three LCA approaches are shortly presented below.
Process-LCA is the most common way of conducting an
LCA [11, 14, 15]. In process-LCA’s, the emissions are
assessed based on energy and mass flows in the main
production supply chain processes. Even with the inclusion
of multiple upstream processes, the approach suffers from
truncation error from the boundary selection that always
needs to be made. These boundary selection based cutoffs
may potentially significantly affect the result of the
assessment [11]. In addition, a comprehensive process-LCA
is often laborious and time consuming to conduct [11, 14].
The second approach, input-output-LCA, is a method
where the emissions are calculated based on monetary
transactions. The approach uses monetary sectoral
transaction tables to describe the interdependencies between
industries in an economy [15]. The input-output method does
not suffer from the truncation error described above. The
method is comprehensive, always providing a full inventory
of the emissions attributable to a certain good [14], except of
the end of life stage that should be added to the calculations
[11]. The input-output method is also quick and rather easy
to use [14].
The inherent problems related to the input-output method
include high level of aggregation of industry classifications,
possible temporal (inflation and currency rate differences)
and regional (industry structure differences) asymmetries of
data and the model, and the assumption of domestic
production of imports [11, 14, 16]. As can be seen, these
problems differ from those related to the process approach
thus creating space for hybrid-LCA models that combine the

strengths of the two approaches and reduce the weaknesses
related to them [11, 17].
Hybrid-LCA models have emerged to create models that
significantly reduce the truncation error while maintaining
process specificity. There are three different categories in
hybrid-LCAs. First, in tiered hybrid LCA’s higher order
upstream phases are covered with the input-output analysis,
whereas direct emissions and the most important upstream
phases are examined with the process analysis. Second, in
the input-output-based hybrid analysis output sectors are
disaggregated to include process data and avoid aggregation
and truncation problems. The third category is integrated
hybrid analysis model that incorporates process level
information into the input-output model. [13]
The model utilized in this study is an application of tiered
hybrid-LCA approach. The model is input-output based with
key emission sources assessed with process data and the
higher order phases covered with IO matrices to maintain the
full coverage.
The construction of the hybrid model advanced so that
first a direct input-output assessment was conducted utilizing
two different models, the Carnegie-Mellon EIO-LCA [18]
and the respective Finnish model ENVIMAT [21]. As the
results of the two assessments were very similar, the EIOLCA was chosen as the basis of the hybrid model.
In the first assessment four sectors were found to cover
two thirds of the carbon consumption. These were emissions
related to housing energy use (heat and electricity), building
related emissions and transport related emissions. According
to this, these sectors were enhanced with process data.
Concerning energy, the production phase emissions were
replaced with local process data in the output matrices for
electricity (284 g/kWh), district heat (286 g/kWh) and oil
(267 g/kWh). In addition, the communal building energy,
paid within rent or housing management charges, was added
to the energy consumption of a consumer according to a
study including 18 apartment house companies in the
Helsinki metropolitan area. Furthermore, all the other
operation and maintenance costs included in rents and
housing management charges, water, waste, cleaning,
maintenance and repair construction etc., were re-allocated
under appropriate consumption categories according to the
results.
In private driving, the first tier emissions related to the
fuel combustion phase were replaced with process data. This
was done according to the data from The Technological
Centre of Finland’s LIPASTO study [20]. Finally, the
emissions related to public transport were enhanced by
replacing the EIO-LCA output matrix with the Finnish
ENVIMAT [24] matrices for rail and coach and taxi
transport.
To match the input data with the model, the data was
aggregated down to 43 consumption categories. These were
further aggregated down to 10 consumption areas, which
indicate the urban structure and standard of living related
carbon consumption. The consumption areas are:
1) Heat and electricity
2) Building and property
3) Maintenance and operation
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4) Private driving
5) Public transportation
6) Consumer goods
7) Leisure goods
8) Leisure services
9) Travelling abroad
10) Health, nursing and training services
Of these, Heat and electricity contain all housing energy
use including household heat and electricity and the share of
communal building energy. Building and property is
dominated by construction, whereas Maintenance and
operation comprise emissions of repair construction, water
and waste water, waste and cleaning. Private driving, in
addition to gasoline combustion, includes all activities
related to driving, purchases and maintenance of private
vehicles. Public transportation consists mostly of travelling
by coach or train.
Goods and services classes comprise daily consumption
and consumption of durable goods, so that leisure related
expenses are separated for the demonstration of the
allocation of emissions and lifestyle differences. Travelling
abroad include all private flying and accommodation abroad.
Finally Health, nursing and training services are put together
as they only include private services, which in Finland form
a minor share of all the services of these sectors.
IV. RESULTS
The quite unconventional results of the study indicate
that low density suburban living creates less carbon
emissions compared to the metropolitan lifestyle in the dense
downtown. The assessed annual per capita carbon
consumptions in the two types of metropolitan living are
14,9 ton CO2-ekv. in downtown Helsinki and 12,1 in the
suburbs. The Finnish average, assessed in Heinonen&Junnila
(2010), is 10,2 ton CO2-ekv. [10]. The standard of living is
higher among the inhabitants of the downtown areas, where
the average annual net earnings are 26.300 € per capita
according to the input data [16]. In the suburbs the respective
figure is 19.800 €, the Finnish average being 14.300 €. While
this partly explains the differences, it would seem that
whereas consumption volume correlates with the earnings,
only a diminishing share of the growth in income is used.
This diminishes the differences in carbon consumption.
Figure 1 shows the per capita carbon consumption, net
earnings and the volume of consumption in Helsinki and in
Finland on the average.
Figure 1
What can be seen from the figure is that the structure of
the carbon consumption is similar in general, but the volume
grows following the consumption volume. The urban
structure related sectors identified in the direct IO assessment
for process data enhancement, Heat and electricity, Building
and property, Maintenance and operation and transportation
(Private driving and Public transportation), dominate the
total carbon consumption with a share of 60-75 % in all the
areas. Also, it seems that the share of these diminishes as
earnings and the consumption volume grow, indicating the
necessary goods character of these.

Some patterns related to the relation between carbon
consumption and the urban structure can be identified from
the results. First, it would seem that density has only minor
effect on the overall carbon consumption. Concerning
emissions from housing energy use, the emissions grow as
the density grows. In the downtown Helsinki energy use
related carbon consumption is 4,6 ton CO2-ekv., whereas in
the suburbs it is 4,1 ton and the Finnish average is 3,1 ton.
In addition, when all housing related carbon consumption
is examined, the same pattern is found in all of the categories.
The carbon consumption from Maintenance and operation is
2,0 ton CO2-ekv. in the downtown area and 1,5 ton in the
suburbs, the Finnish average being 1,1 ton. In Building and
property category the differences are smaller, but still the
carbon consumption is 1,4 ton CO2-ekv. in the downtown
area, 1,3 ton in the suburbs and 1,2 ton in Finland on the
average.
Where the density seems to have a positive effect on the
carbon consumption is the transport sector. As Figure 1
shows, private driving related carbon emissions diminish
from the Finnish average of 1,8 ton CO2-ekv. to 1,3 ton in
the suburbs of Helsinki and 1,1 in the downtown following
the growth in the areal density. The opposite of these, the use
of public transport, as a low-carbon option for private driving,
is in a minor role in Finland on the average, the emissions
being 0,1 ton CO2-ekv., whereas in Helsinki they are 0,3 ton
both in the suburbs and the downtown area.
The rest of the categories, consumption on goods and
services, clearly reflect the relation between income and
carbon consumption. However, this part of the carbon
consumption was not the focus of this study, and also cannot
be analyzed in depth with the presented hybrid model. The
model shows that travelling abroad and use of services grow
as the earnings grow, as Figure 1 shows, but on the part of
daily consumption, it is not possible to differentiate amount
and quality. Amount has direct effect on emissions, but if
only quality of the consumed goods grow, the effect on the
emissions is unclear.
V. DISCUSSION
The purpose of this study was to present a consumption
based life cycle assessment model of green house gas
emissions, carbon consumption, for the use of strategic urban
planning. The model presented is an application of tiered
hybrid-LCA. In the study, the applicability of the model was
demonstrated with an analysis of the largest metropolis in
Finland, Helsinki. Further, Helsinki was divided into
downtown areas and suburbs to analyze the urban structure
related differences in carbon consumption, and to test the
applicability of the method on a sub-city scale.
We argue that this type of consumption based modeling
of emissions is of high importance and adds essential
information to more common regional production based
assessments. Especially, when solutions for effective city
level carbon management are searched, consumption based
tools are essential.
The hybrid-LCA model was created in two phases. In the
first phase we assessed the annual carbon consumption using
two different input-output models, the Carnegie Mellon EIO-
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LCA [20] and the Finnish ENVIMAT [21]. According to the
similar results of these assessments, the EIO-LCA was
selected as the basis of the hybrid model. The assessments
were also used to select the categories that were enhanced
with process data. These were the four closely urban
structure related categories of energy related to housing,
building and property, maintenance and operation of the
building, private driving and public transportation. In the
second phase we assessed the carbon consumption in the
downtown Helsinki and in the suburbs with the hybrid model.
In addition, the Finnish average was used for comparisons
from Heinonen&Junnila (2010) [10].
The assessment followed the pattern identified in
Heinonen&Junnila (2010) [10], showing significant growth
in the carbon consumption as the areal density grows.
According to the hybrid-LCA model, the annual per capita
carbon consumption in Helsinki downtown is 14,9 ton CO2ekv., but only 12,6 ton in the suburbs and 10,2 ton in Finland
on the average. It seems that this is mainly due to high
correlation with the volume of private consumption, 21.200
€/a in the downtown area, 16.300 €/a in the suburbs and
14.300 €/a in Finland, which dominates other effects.
However, the data revealed interestingly that only a
diminishing share of annual net earnings is consumed as the
standard of living grows. This has an equalling effect on the
carbon consumption between higher and lower income areas.
The second structural pattern identified is the correlation
between density and private driving. When all emissions
related to private driving are calculated, including car
manufacturing, deliveries and maintenance of vehicles, the
carbon emissions are 1,1 ton CO2-ekv. in the downtown area,
1,3 ton and in Finland on average 1,8 ton. This result, while
in accordance with several earlier studies [in Finland f. e. 9,
26], is too weak to cancel the wealth effect on overall carbon
consumption. Thus, growth in trip generation due to decline
in the density of the city structure has only relatively minor
effect on overall carbon consumption.
Third pattern was that the consumption on services grows
together with the density of the structure. This seems to be
closely related to the income level, but was also assumed to
indicate growth in the availability of different services as the
density and population grow.
In overall, according to this study, it would seem that the
density of the urban structure should not be the primary
target in strategic urban planning. The connection between
carbon consumption and density is mostly related to private
driving and too weak to bring off a significant change. The
true potential of carbon management lies in energy
production and consumption.
The reliability of the study was assessed from different
perspectives. First, the hybrid-LCA approach and here also
the IO-LCA model selection bring up possible sources of
bias. We chose the Carnegie Mellon EIO-LCA as the basis
of our hybrid model. The model is the most disaggregated
model available reducing the aggregation error inherent in all
input-output approaches, which was considered critical as the
input data utilized in the study is highly complex. Also,
Finnish economy is an open economy with more than 50 %
of the value of total consumption oriented to import goods

[25]. In addition, the potential industry structure asymmetry
error due to the model selection was assessed not significant
according to the comparative assessment with the
ENVIMAT model.
Next, to decrease the temporal asymmetry problem
arising from inflation and currency rate differences between
the US and Finnish economies, the model was adjusted with
purchasing power parity (PPP) multiplier [23], a method that
was utilized by Weber and Matthews in their recent study of
the global and distributional aspects of American household
carbon footprint [16].
Further, as inherent in all input-output based models, the
emissions tables exclude the use and the end of life phases.
Here, as we used consumption data including all private
expenditure, also these phases are automatically included as
the prices of goods on the aggregate level include the
excluded phases and thus create emissions profiles for them,
too (gross domestic product include all private expenditure
and thus also the prices for the missing life cycle phases).
The final problem that needs to be assessed in inputoutput calculations is the accuracy problem arising from the
use of the industry averages in the output matrices. However,
in this study the use of hybrid assessment model significantly
reduces this problem.
Second, the reliability of the input data was assessed. In
this study, the Finnish consumer survey [16] provided the
primary input data. The level of detail of the data is very high
with more than 1.000 categories of goods and services. Also,
the sample size is representative including roughly 10.000
subjects (0,2% of the Finnish population).
Despite the very high quality input data, free public
services and heavily subsidized services create a source of
bias in the Finnish economy system, as these form a
noteworthy share of the total private consumption. However,
no amendatory actions were taken, since the assessment in
the Finnish ENVIMAT study showed that the bias concerns
predominantly our comprised consumption class "health,
nursing and training services" which had minor significance
in this study.
Third, a positioning of the results among earlier
applicable studies was made. Of these, the calculation with
the Finnish ENVIMAT study output tables showed an annual
per capita carbon consumption of 10,1 ton CO-ekv. for an
average Finnish consumer, whereas the figure with the
hybrid model is 10,2 tons. Regarding the chosen method in a
carbon consumption study, a reference has been published
quite recently by Weber and Matthews, who used the EIOLCA approach to study the global and distributional aspects
of American household carbon consumption [16].
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