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Abstract

Purpose The built environment consists of a huge amount of infrastructure, such as roads and utilities. The
objective of this paper is to assess the life cycle financial and environmental impact of road infrastructure in
residential neighbourhoods and to analyse the relative contribution of road infrastructure in the total impact of
neighbourhoods.

Methods Various road sections are analysed based on an integrated life cycle approach, combining Life Cycle
Costing and Life Cycle Assessment. To deal with complexity, a hierarchic assessment structure, using the
principles of the “element method for cost control”, is implemented. Four neighbourhood models with diverse
built densities are compared to gain insight in the relative impact of road infrastructure in neighbourhoods.
Results The results reveal important financial and environmental impact differences between the road sections
analysed. Main contributors to the life cycle financial and environmental impact are the surface layer and electrical
and piped services. The contribution of road infrastructure to the total neighbourhood impact, ranging from 2% to
9% of the total cost, is relatively limited, compared to buildings, but not negligible in low built density
neighbourhoods.

Conclusions and recommendations Good spatial planning of the neighbourhood is recommended to reduce the
amount of road infrastructure and the related financial and environmental impact. The priority should be to design

denser neighbourhood layouts, before decreasing the financial and environmental impact of the road sections.

Keywords: construction works; element method for cost control; environmental impact; economic assessment;

neighbourhood layout; built density
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1. Introduction

Urban sprawl has become a challenge for most developed countries due to its major impact on mobility, energy
and land use. Between 1980 and 2000, the built-up area in Europe increased by about 20% (European Environment
Agency 2006). This expansion is responsible for a huge amount of infrastructure such as roads and utilities. In the
same period the road network in Europe expanded by about 10% (European Environment Agency 2006). In order
to move towards a sustainable built environment, not only the characteristics of individual buildings should be
considered but also the relation between urban morphology, built density and the required infrastructure.

During the most recent decades the environmental impact of road infrastructure has been extensively studied. A
review of existing Life Cycle Assessment (LCA) studies of road infrastructure can be found in (Carlson 2011) and
(Santero et al. 2011). Some of these studies analyse the environmental impact of asphalt pavement (Waterford
County Council et al. 2010; Butt 2012) or compare the environmental impact of different pavement types (Stripple
2001; Hoang et al. 2005; Gschdsser 2011). Other studies focus on the impact of the surface layer on the traffic fuel
consumption during the use phase (Aradjo et al. 2014) or on maintenance strategies (Giustozzi et al. 2012; Jullien
et al. 2014), while others focus on the influence of methodological choices (Huang et al. 2013) or parameter
uncertainty (Noshadravan et al. 2013) on decision making.

The results obtained by these studies are often not comparable because different environmental impact categories
and/or life cycle phases are considered (Carlson 2011). Moreover, due to context-dependent aspects and local
construction techniques the road sections analysed differ in design traffic load, life span and/or composition.
Despite the differences observed between the existing studies, some general conclusions can be drawn from them.
First, the production of road materials has a high influence on the life cycle environmental impact (Mroueh et al.
2001; Weiland 2008; Gschosser 2011), with bitumen in asphalt pavement and cement in concrete pavement as
main contributors (Hékkinen and Méakeld 1996; Hoang et al. 2005). Second, the road maintenance plays a
significant role in the life cycle environmental impact (Gschdsser 2011; Giustozzi et al. 2012; Jullien et al. 2014).
According to (Jullien et al. 2014), about 1/3 of the life cycle environmental impact is caused by maintenance
operations. Third, several studies revealed that traffic fuel consumption during the use phase causes a considerable
environmental impact which is much higher than the impact of the road construction and maintenance (Stripple
2001; Mroueh et al. 2001; Aradjo et al. 2014). For example, (Stripple 2001) analysed the share of the energy use
due to a traffic intensity of 5000 vehicles per day and concluded that the energy consumption for the construction,
maintenance and operation of the road (including the energy consumption for road lighting and traffic control) is

between 9.9% and 11.8% of the energy use due to traffic. As the rolling resistance affect the vehicle fuel
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consumption, several studies hence recommend to include the influence of the road surface characteristics on the
traffic fuel consumption in the analysis (Santero et al. 2010; Carlson 2011). Finally, preferences between various
pavement types are influenced by the environmental impact indicators considered (Hakkinen and Mékel& 1996;
Weiland 2008; Gschdsser 2011). A comparison of asphalt and concrete pavement by (Weiland 2008), for instance,
revealed that concrete pavement contributes more to global warming potential and human health impacts, while
asphalt pavement causes a higher impact on acidification, eutrophication and photochemical smog.

In addition to the assessment of the environmental impact, Life Cycle Costing (LCC) is increasingly used in the
transport sector. In the United States, the Federal Highway Administration provided a technical bulletin to conduct
LCC (Walls and Smith 1998) and developed a specific software “RealCost” to support the evaluation of the
financial impact of road infrastructure (FHWA 2011). A state-of-the-practice concerning the use of LCC in the
United States, Europe and Canada can be found in (Rangaraju et al. 2008). Existing LCC studies of roads focus
on the comparison of different pavement types (Gschdsser 2011; Holt et al. 2011; Scheving 2011) or on the analysis
of pavement preventive maintenance (Giustozzi et al. 2012; Ding et al. 2013). From these studies the following
can be concluded. First, preferences between different pavement types depend on the traffic intensity. Compared
to asphalt pavement, concrete pavement is more expensive but becomes more competitive for a higher traffic
intensity. The reasons are lower maintenance frequencies for concrete and a limited increase in concrete thickness
for a higher traffic intensity (Holt et al. 2011; Scheving 2011). Second, the maintenance strategy has a major
influence on the life cycle financial cost. (Gschosser 2011) reported reduction potentials of 15% for asphalt
pavement to 23% for concrete pavements by optimizing maintenance strategies.

Only a limited number of studies consider the financial and environmental impact jointly, such as (Gschosser
2011) and (Giustozzi et al. 2012), and no detailed impact assessment of road infrastructure in residential
neighbourhoods is known by the authors.

This paper aims at contributing to the field by assessing the life cycle financial cost and environmental impact of
road infrastructure in residential neighbourhoods and to contextualise this in the total cost and impact of these
neighbourhoods. This paper is based on previous research (Trigaux et al. 2014; Wijnants 2014) on the
environmental impact of road infrastructure, which is integrated and further extended by adding an assessment of
the life cycle financial cost.

The methodology is described in section two and illustrated in section three by assessing various sections for local

roads and bicycle paths. To analyse the contribution of the road infrastructure in the total impact of the
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neighbourhood, four neighbourhood models with diverse built densities are assessed. Conclusions and
recommendations are formulated in section four.

2. Methods

2.1 Integrated life cycle approach

The assessment of the life cycle financial and environmental impact of road infrastructure is based on the
sustainability evaluation method for buildings developed in a previous research project, SuFiQuaD
(“Sustainability, Financial and Quality Evaluation of Dwelling Types™) (Allacker 2010; Allacker et al. 2013b).
This method follows an integrated life cycle approach combining LCC and LCA. The entire life cycle of the
building is considered, including the initial stage, use stage and end-of-life (EOL) stage. The SuFiQuaD method
was developed to assess and optimise the financial and environmental impact of a number of dwelling types
representative for the Belgian context. In this paper the SuFiQuaD method is extended to the neighbourhood level
by including the financial and environmental impact of road infrastructure in residential neighbourhoods.

2.2 Life Cycle Costing (LCC)

The financial costs during the various life cycle stages are considered within the LCC approach. These include the
investment cost (i.e. material, labour and indirect costs for initial construction), cleaning, maintenance,
replacement and energy costs during the use phase and costs for demolition and waste treatment during the EOL
stage. In the SuFiQuaD project, the financial data for the building components are mainly based on the Belgian
cost database ASPEN (ASPEN 2008a; ASPEN 2008b), combined with product specific data. As a Belgian cost
database for neighbourhood infrastructure is lacking, the British Spon’s Price Books “External works and
landscape price book” (Spon press 2015a) and “Civil engineering and highway works price book” (Spon press
2015b), are used for price data related to external works and road infrastructure. The life cycle financial cost is
calculated as the sum of the present values (for the reference year 2015) of all costs occurring during the life cycle
of the road infrastructure. The economic parameters - in real terms - are based on Belgian statistical data and are
summarized in Table 1.

Table 1 here

2.3 Life Cycle Assessment (LCA)

The environmental impact assessment method used in SuFiQuaD was recently updated within the MMG
(“Environmental profile of building elements”) project, commissioned by the Public Waste Agency of Flanders
(Allacker et al. 2013a), in order to be in line with recent developments in Europe (CEN 2011; EC-JRC 2011; CEN

2013).
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Concerning the included life cycle processes, the initial stage covers the production of building materials
(including raw material extraction and transport to the production site), transport to the construction site and
construction activities. The use stage includes processes related to cleaning, maintenance, replacement of
components and energy use. Finally, the EOL stage covers the demolition activities, waste transport and waste
treatment.

Regarding the selected environmental indicators, the impact categories in the MMG method (see Table 2) include
the ones defined by the CEN TC350 standards (CEN 2011; CEN 2013), which are further referred to as CEN
indicators. In addition, seven more impact categories are considered based on the International Reference Life
Cycle Data System (ILCD) Handbook (EC-JRC 2011) and consultation of Belgian policy makers and
administrations. The additional impact categories are further referred to as CEN+ indicators.

The MMG method includes — besides the characterised scores per impact category - an aggregated single-score
indicator, expressed in a monetary value (EURO), indicating the external environmental cost. This external
environmental cost is calculated by multiplying the characterised environmental impact indicators with their
specific monetary value and adding these up to obtain the overall environmental cost (single score). An overview
of the monetary values for each impact category, including a median, minimum and maximum scenario is given
in Electronic supplementary material, Table. S.1 and S.2. In this paper, the median monetary values are used but
sensitivity analyses are done, based on the minimum and maximum scenarios. Compared to other weighting
methods, the advantage of expressing environmental impacts in monetary values is the possibility to internalize
environmental externalities by calculating the sum of the financial and environmental costs, further referred to as
total cost. Similar to the financial cost calculation, discounting of future environmental cost is applied, based on a
real social discount rate of 1% (see Table 1). In literature, the use of a social discount rate, lower than the private
discount rate, is generally assumed for cost in connection with collective decisions (Allacker 2010).

Table 2 here

The Ecoinvent database (version 2.2) is used for the life cycle inventory (LCI) (Frischknecht et al. 2007).
Preference is given to Western European processes to ensure the representativeness for the Belgian context. When
generic Western European processes are lacking, Swiss data records are adapted by replacing the Swiss electricity
mix and transport processes by European corresponding processes, assuming that construction products on the
Belgian market are imported from several EU Member States (Allacker et al. 2013a). For specific materials, such
as road asphalt, concrete and paint, new records were defined by modifying the quantities and/or underlying

processes in existing similar records.
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2.4 Element method for cost control

The structure of the SuFiQuaD method is based on the element method for cost control (Allacker 2010). The
financial and environmental impact calculations are structured according to a hierarchical subdivision of the
building into functional elements, such as external walls, external finishing of external walls and support for
external finishing of external walls. For all those elements, defined by their function, different technical solutions
are possible, each using one or more building materials. In consequence, an analysis can be made at various scale
levels: building materials (e.g. brick, mortar, plaster), work sections (e.g. brickwork, plasterwork), building
elements (e.g. external wall including finishes) and buildings. In previous research (Trigaux et al. 2014), this
approach was extended to evaluate neighbourhoods, which are defined as a combination of buildings, networks
(e.g. roads, utilities) and open spaces (Fig. 1).

Fig. 1 here

The implementation of the element method is based on the BB/SfB-plus classification (De Troyer 2008), which is
an extension of the Belgian version (De Troyer et al. 1990) of the international CI/SfB classification system (Ray-
Jones and Clegg 1978). Constructions outside the building, such as road infrastructure or utilities, are classified in
“(9-) External works” (Fig. 2). In this research the functional elements “(94) Ground surface treatments”, “(95)
Piped services” and “(96) Electrical services” are used to evaluate the impact of road infrastructure and the adjacent
piped and electrical services.

Fig. 2 here

2.5 Case studies

2.5.1 Description of the road infrastructure

Various sections of a two-lane road for local traffic are considered in the analysis. The variants are representative
for Belgium and their composition is summarised in Fig. 3 and Table 3. The roads considered are five metres wide
and are composed of a geotextile, a sub-base, a base and a surface layer. Piped services, including drink water, gas
and sewer pipes, and electrical services, including road lighting, electric and data cables, are considered as well.
Five variants for the surface layer are compared, i.e. asphalt, concrete, reused cobblestone, concrete paving stones
and water-permeable concrete stones (Road 1 to 5). Three alternatives for the type of base and sub-base and the
sewer system are analysed (Road 6 to 8). For the base and sub-base, the use of crushed gravel instead of rubble is
considered. For the sewer system, the concrete storm sewer pipe and vitrified clay sanitary sewer pipe are replaced
by polyvinylchloride (PVC) pipes or lightweight ribbed polypropylene (PP) pipes. A detailed overview of the road

sections can be found in the Electronic supplementary material, Table S.3.
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Fig. 3 here

Table 3 here

Besides local roads, bicycle paths and footpaths have been assessed. As the sections of the bicycle paths and
footpaths are quite similar, only the bicycle paths are further discussed in this paper. The bicycle paths are 1.75
metres wide and are composed of a geotextile, a base and a surface layer (Electronic supplementary material, Fig.
S.1and Table S.4). Five variants for the surface layer are compared, i.e. asphalt, concrete, concrete paving stones,
water-permeable concrete stones and concrete tiles (Bicycle path 1 to 5). As red coloured bicycle paths are often
used by municipalities for security reasons, four alternative colouring systems are analysed: red road paint, red
cold plastic coating, red pigmented concrete and red pigmented concrete paving stones (Bicycle path 6 to 9).
2.5.2 Description of the neighbourhood models

To gain insight in the relative impact of road infrastructure in neighbourhoods, four neighbourhood models
composed of representative Belgian dwelling types are defined. These consist of respectively detached houses
(Model 1), semi-detached houses (Model 2), terraced houses (Model 3) and apartments (Model 4) (Fig. 4). The
models differ in built density with a Floor Space Index, ranging from 0.21 in Model 1 to 1.13 in Model 4. Each
building type leads to a different amount of road infrastructure per floor area, ranging from 0.02m road/m? floor
in Model 4 to 0.1m road/m? floor in Model 1.

Fig. 4 here

A detailed description of the dwelling types can be found in Electronic supplementary material (Fig S.2, Fig. S.3,
Fig. S.4 and Fig. S.5). The dwellings are composed of standard building elements from the database of the MMG
project, including brick loadbearing walls, concrete floors and a timber pitched roof or concrete flat roof
(Electronic supplementary material, Table. S.5). Only the space delimiting elements (i.e. floors, walls, roofs, stairs,
windows and doors) are considered. The technical systems (e.g. heating, ventilation and water supply) are not
included in the analysis. For each dwelling the impact of the energy use for heating due to transmission losses is
estimated based on the equivalent degree day method (Allacker 2010). Infiltration and ventilation losses are not
included since they are not depending on the materials used, but rather on the construction quality and the
ventilation system and settings.

Concerning the road infrastructure, one variant of the analysed roads, bicycle paths and footpaths, was selected for
the analysis at the neighbourhood level. In the different models, the road infrastructure consists of an asphalt road
(including piped and electrical services) with a bicycle path and footpath in concrete paving stones on both sides.

2.6 Functional unit and system boundaries
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This paper includes two types of analyses. First, an analysis is carried out at the level of the road infrastructure.
The life cycle impact of various sections for local roads and bicycle paths is assessed, including the impact of the
adjacent services and energy use for road lighting. Furthermore, for the road sections with a concrete and
cobblestone surface layer, an additional assessment, including the impact of car traffic during the use stage, is done
to identify the influence of the road surface layer on the fuel energy consumption. Second, an analysis is carried
out at the neighbourhood level, looking at the life cycle impact of buildings (including the impact of energy use
for heating), together with the required road infrastructure (including the impact of adjacent services and energy
use for road lighting). In this analysis the impact of car traffic was not taken into account as it would require a
more detailed study of the transport movements in the analysed neighbourhood models, which was out of the scope
of this research.

Concerning the analysis at the level of the road infrastructure, the impact is expressed per metre road of the entire
road section (including one or more lanes). This allows to compare a wide range of infrastructure components,
such as roads, bicycle paths and footpaths. To compare the alternatives in a meaningful way, a number of design
parameters are defined, such as the required road width and design load. Although the road composition influences
various quality aspects such as the driving comfort, noise generation, rolling resistance and safety, this research
does not include an in-depth evaluation of those performances.

The assumptions regarding the life span for road infrastructure vary among the studies reviewed. (Stripple 2001)
uses a life span of 40 or 60 year. (Gschdsser 2011) makes an analysis based on 25, 50 and 75 year. In this research,
a life span of 60 year is assumed for Belgian local roads, corresponding to the average technical life span of sewer
pipes (Egyed et al. 2008; Oosterom and Hermans 2013), as the replacement of sewer pipes often results in a
complete reconstruction of the road. For the road components that have not reached their technical life span after
60 year, no residual value is considered in the calculations as the whole infrastructure is assumed to be demolished.
Concerning the analysis at the neighbourhood level, the impact is analysed per square metre of floor area of the
buildings, allowing to compare different neighbourhood layouts and typologies. A life span of 60 years is assumed,
which corresponds to the average life span of dwellings in Belgium (Allacker 2010).

2.7 Life cycle scenarios

Scenarios have been defined concerning the transport of building materials, cleaning, maintenance and
replacement processes, energy use and EOL. The scenarios related to building elements are described in the
publications of the SuFiQuaD and MMG projects (Allacker 2010; Allacker et al. 2013a; Allacker et al. 2013b). In

this paper, the scenarios and assumptions, which are specific for the road infrastructure, are summarised.



239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262
263

264

265

266

267

268

269

Concerning the environmental impact assessment, the impact of road construction equipment, such as asphalt and
concrete paving machines, is calculated based on inventory data reported in (Gschdsser 2011). Regarding the use
stage, the cleaning of roads and sewers is not considered, in contrary to the cleaning of buildings, because financial
and environmental data are lacking. Scenarios for maintenance and replacements of road components are based
on publications from the road construction sector and existing LCA studies (Wijnants 2014). As the focus of this
paper is on local roads, relatively low replacement frequencies are assumed for the surface layers, i.e. 30 year for
asphalt and 40 year for concrete, concrete tiles and concrete paving stones. For the cobblestone pavement, no
replacement is considered during the road life span but a relay of the stones every 20 year is assumed. It should
however be noticed that for asphalt top layers, higher replacement frequencies of 12 to 20 year are found in the
literature for roads with a more intensive traffic load (Gschosser 2011). The results of the comparison between
different road surface layers are therefore only applicable for low traffic roads and should not be interpreted in
general terms. An overview of the maintenance and replacement scenarios is given in Table 4. The same scenarios
are used for the roads and bicycle paths, as the analysed bicycle paths are not physically separated from car traffic.
Concerning road lighting, the energy consumption is calculated assuming energy efficient lighting lanterns of
70W, placed every 20 m on one side of the road, and with an average lighting period of 12 hours per day.

Table 4 here

3. Results

3.1 Assessment of the road infrastructure

The LCA and LCC results for the local roads and bicycle paths are discussed in the subsequent paragraphs. In
order to show the relative importance of car traffic during the use stage in the global environmental impact, this
aspect is analysed in a separated paragraph. As mentioned above, the results are only applicable to local roads with
a low traffic load, as the replacement frequencies for surface layers are highly dependent on the traffic intensity.
The results should therefore not be interpreted in general terms.

3.1.1 LCA and LCC of roads

The life cycle environmental cost of the analysed road sections is shown in Fig. 5. The results are subdivided per
life cycle phase (i.e. from the production to the EOL) and expressed in euro per metre road (present value over a
life span of 60 year). The analysis of the first road section (i.e. a bituminous asphalt road) reveals that the
production phase contributes most to the environmental profile and represents 47% of the life cycle environmental
cost of the road. Besides the production, the energy use for road lighting causes a significant environmental impact
with a contribution of 15% to the life cycle impact. This is much higher than the impact of the lighting lanterns
and columns, which represent only 2% of the life cycle impact (Fig. 6). The transport to the construction site and

9
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replacement of the work sections contribute to about 10% of the environmental cost. Concerning the replacement
of work sections, the environmental impact is mainly due to the replacement of the surface layer every 30 years.
The latter emphasizes the importance of the replacement strategies for the surface layers. Finally, the construction,
maintenance, waste transport and waste treatment have a negligible impact, with a contribution of less than 5% to
the life cycle environmental cost.

Fig. 5 here

The analysis of the different work sections (Fig. 6) reveals that the asphalt layers of the first road section (Road 1)
contribute 21% to the life cycle environmental cost. Furthermore the environmental cost of the electric and data
cables is remarkably high (i.e. 28% of the life cycle environmental cost) due to the high environmental cost of
copper, used in electric cables. This high environmental cost results mainly from the impact categories freshwater
eutrophication, human toxicity, particulate matter formation and abiotic depletion of non-fossil fuels. Compared
with the surface layers, the base and sub-base have a low environmental impact as there is no maintenance or
replacement of these during the life span of the road.

When comparing asphalt with four alternative surface layers, (Fig. 5 and Fig. 6), the cobblestone surface layer
causes the lowest environmental cost, i.e. a reduction of 71% compared to the asphalt surface layer, mainly due to
the use of reclaimed cobblestones. Compared to asphalt, the concrete surface layer has a 5% higher environmental
impact due to a higher environmental cost for production. Despite a higher environmental cost for production,
surface layers in concrete paving stones and permeable concrete paving stones cause respectively a 10% and 14%
lower environmental impact, compared to asphalt, which can be explained by the lower environmental cost for the
replacement of these. However, for the permeable concrete stones, the lower impact of the surface layer is largely
compensated by an increase in the impact of the road base, consisting of porous lean concrete instead of cement
bonded crushed rubble.

Finally, alternatives for the type of base and sub-base and the sewerage system are analysed (Road 6-Road 8).
Using gravel instead of rubble for the base and sub-base leads to a small increase of 3% in the environmental cost
of those work sections. This is because the environmental cost of gravel mainly results from the crushing process
which is also required for the production of rubble. Replacing the concrete storm sewer pipe and vitrified clay
sanitary sewer pipe by polyvinylchloride (PVC) pipes does not influence the environmental impact. Replacing
these by lightweight ribbed polypropylene (PP) pipes results in a reduction of 10% of the environmental cost of

the sewer pipes, due to a lower impact for production (Fig. 5).

10
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As the analysed road sections only differ in the composition of a few work sections, differences in total
environmental cost, compared to the asphalt road, are limited to maximum 2%, except for the cobblestone road
(Road 3) which impact is 14% lower.

Fig. 6 here

The life cycle environmental cost per impact category for the asphalt road and the eight variants is shown
respectively in Fig. 7 and in the Electronic supplementary material, Fig. S.6. Nine of the sixteen impact categories
considered have a negligible impact: ozone depletion, terrestrial acidification, ionising radiation: human health,
terrestrial ecotoxicity, freshwater ecotoxicity, land occupation: forest, urban land occupation, transformation
tropical rain forest. Remarkable is the relatively low impact on climate change, marine eutrophication,
photochemical oxidant formation and particulate matter formation of the road section with reclaimed cobblestones
compared to the other road sections. Regarding freshwater eutrophication, abiotic depletion of non-fossil fuels and
human toxicity, the impact is similar for all the road sections analysed because these impact categories are
dominated by the contribution of electric and data cables, which are identical in all variants. When comparing the
concrete road with the asphalt road, the impact of climate change and particulate matter formation is respectively
16% and 6% higher for the concrete road, while the impact of marine eutrophication and photochemical oxidant
formation is respectively 19% and 13% lower for the concrete road.

Fig. 7 here

As sensitivity analyses, the LCA results are calculated based on the monetary values defined in the minimum and
maximum scenarios (Electronic supplementary material, Fig. S.7 and S.8). Compared to the median scenario, the
life cycle environmental cost of the road sections is about 75% lower for the minimum scenario and about 410%
higher for the maximum scenario. However the chosen scenario has no influence on the preferences between the
road sections and the abovementioned conclusions. For reasons of transparency, the characterized (not weighted)
results of the environmental impact assessment are reported in Electronic supplementary material Table S.6.
Beside the analysis of the environmental impact, the life cycle financial cost of the road sections is calculated. The
results are shown in Fig. 8 and Fig. 9. Similar conclusions as for the environmental cost can be drawn for the
asphalt road (Road 1): the investment cost is the highest (60% of the life cycle financial cost) followed by the
replacement cost of sub-elements (21% of the life cycle financial cost). The maintenance and waste treatment have
a negligible impact, with a contribution of less than 5% to the life cycle financial cost. In contrast to the

environmental cost, the financial cost of energy use for lighting is relatively limited, i.e. 7% of the life cycle
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financial cost. When looking at the work sections, the asphalt layers and the electric and data cables contribute
most to the financial cost, with respectively 22% and 18% of the life cycle cost.

Fig. 8 here

Fig. 9 here

The comparison of the life cycle financial cost of the different surface layers (Road 1-Road 5) shows a quite
different picture than for the environmental cost. The cobblestone surface layer has the highest financial cost,
210% higher compared to the asphalt surface layer. This is due to the high market price of reclaimed cobblestone
and the high labour cost for laying these. Compared to asphalt, the concrete surface layer has a 7% lower life cycle
financial cost but this reduction is compensated by the higher demolition cost of concrete roads. The surface layers
in non-permeable and permeable concrete paving stones are respectively 30% and 14% less expensive than the
asphalt surface layer, due to a lower maintenance and replacement cost. However, for the permeable concrete
stones, the lower financial cost of the surface layer is compensated by an increase in the cost of the road base,
consisting of porous lean concrete instead of cement bonded crushed rubble.

The analysis of the alternatives for the type of base, sub-base and sewerage system (Road 6-Road 8), reveals that
using a gravel base and sub-base results in an increase of 28% of the financial cost of those work sections. Another
type of sewerage (PVC or PP pipes) leads to a small change in the financial cost of the sewer pipes, of respectively
+4%, and -5%.

As for the environmental cost, differences in total financial cost between the analysed road sections are quite small,
i.e. about 1%, compared to the asphalt road. Only the cobblestone road and the road in non-permeable concrete
paving stones show bigger differences with financial cost of respectively +25% and -7%, compared to the asphalt
variant.

Based on the life cycle financial and environmental cost, the total cost of the road sections is calculated (Electronic
supplementary material Fig. S.9). The results show a similar picture as for the financial cost because the
environmental cost (calculated based on the median scenario) only represents about 10% of the total cost.

3.1.2 LCA and LCC of bicycle paths

The results of the environmental impact assessment of the bicycle paths are shown in the Electronic supplementary
material, Fig. S.10 and Table S.7. Large differences in environmental cost are found between the bicycle paths
analysed (Fig. S.10). When considering uncoloured bicycle paths (Bicycle path 1-Bicycle path 5), the asphalt
bicycle path causes the highest life cycle environmental impact due to a higher replacement frequency. Bicycle

paths consisting of concrete, concrete paving stones and concrete tiles cause an environmental cost which is
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respectively 11%, 7% and 35% lower than the environmental cost of an asphalt bicycle path, while permeable
concrete paving stones have a similar environmental cost. The analysis of the red coloured bicycle paths (Bicycle
path 6-Bicycle path 9) reveals that using red pigments in concrete and concrete paving stones results in a negligible
increase in environmental cost of approximately 1%. Road marking has a major impact as the results show a 44%
higher environmental cost for a bicycle path with red road paint and an increase of 192% when using red cold
plastic coating, compared to an uncoloured asphalt bicycle path. Despite the higher replacement frequency of road
paint (1 year versus 3 year), the environmental impact of a bicycle path with a cold plastic coating is 103% higher
than for a bicycle path with road paint, due to a larger dosage (3.35kg/m? versus 0.7kg/m?) and the production
impact of the polymethyl methacrylate binder used in cold plastic coating.

The results of the financial assessment are slightly different (Electronic supplementary material, Fig. S.11). The
bicycle paths of asphalt and a surface layer in permeable concrete stones have a similar financial cost. The other
bicycle paths consisting of concrete result in a lower life cycle financial cost, ranging from a reduction of 6 to 21%
compared to asphalt. The bicycle paths with road marking have a higher financial cost (i.e. up to 186% higher
compared to the uncoloured paths) due to the high frequency of repainting and recoating.

3.1.3 LCA of roads including car traffic

As mentioned in the introduction, the environmental impact of traffic during the use phase can be much higher
than the environmental impact of the road. Different studies focused on the effect of pavement properties on rolling
resistance which influences the vehicle fuel consumption (Willis et al. 2014). In this paper an estimation of the
impact of the surface layer on the fuel consumption is made for the concrete and cobblestone road (Fig. 10).
(Descornet 1990) pointed out that for a surface layer in cobblestones an increase in fuel consumption of 9%,
compared to concrete, is possible. This estimation is used in our analysis. Two scenarios for the traffic load are
analysed: the first scenario considers a low traffic load of 100 vehicles per day, the second scenario considers a
more intensive traffic load of 1000 vehicles per day. Although a higher traffic load could increase the damage to
the road surface layers, the same maintenance and replacement scenarios, as defined in Table 4, are assumed, due
to a lack of information in the literature. To evaluate the impact of traffic, an average passenger car is selected
from the Ecoinvent database. In this record the processes related to the vehicle operation are adapted to account
for an increase of 9% in fuel consumption. Furthermore, the processes related to the road infrastructure, included
in the environmental load per person-km in the Ecoinvent inventory records, are excluded to avoid double
counting. In the scenario of 100 vehicles per day the impact of car traffic is about 1/4 and 1/3 of the life cycle

environmental impact of the concrete and cobblestone road respectively. In the scenario of 1000 vehicles per day
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the impact of car traffic is respectively 2.5 and 3 times bigger. When including the impact of car traffic in the life
cycle impact of the road sections, the cobblestone road has an 11% lower environmental impact in the first scenario
but a similar environmental impact to the concrete road in the second scenario. This confirms the importance of
considering the impact of car traffic when comparing road sections with different surface layers.

Fig. 10 here

3.2 Assessment of the neighbourhood models

The life cycle financial and environmental costs of the four neighbourhood models, over 60 years and expressed
in euro/m? floor area, are shown in Fig. 11. A large variation between the different models is noticed: the total life
cycle cost of the model with terraced houses is about 27% lower than of the model with detached houses. Compared
to the model with terraced houses, the model consisting of apartments has a slightly higher total cost due to the
impact of collective spaces, such as stairs and technical rooms, which is allocated to the different dwellings. The
contribution of the road infrastructure to the total life cycle financial cost depends on the neighbourhood density,
from 2% in the model with apartments to 8% in the model with detached houses. The results of the life cycle
environmental cost show the same trends, although the contribution of the road infrastructure to the life cycle
environmental cost is much higher, from 5% in the model with apartments to 21% in the model with detached
houses.

Fig. 11 here

4. Conclusions and recommendations

In this paper the financial and environmental impact of road infrastructure in neighbourhoods are assessed, based
on an integrated life cycle approach, combining LCC and LCA. The hierarchical structure of the element method
for cost control is applied, enabling an analysis at various scale levels, i.e. from building materials, work sections,

building elements, buildings to neighbourhoods.

The methodology is illustrated by analysing various sections for local roads. The environmental impact assessment
shows the importance of the production phase, which contributes to about 50% of the life cycle environmental
cost. The high influence of the production phase was also concluded in (Mroueh et al. 2001; Weiland 2008;
Gschdosser 2011). Other main contributors are the energy use for road lighting, replacement of work sections and
transport to the site. Among the work sections, the surface layer causes a high impact, with a contribution in most
road sections of about 20% of the life cycle environmental cost. Therefore the selection of environmental friendly
surfacing materials and the optimisation of their maintenance and replacement scenarios are important parameters

to reduce the environmental impact of road infrastructure. The significant role of the maintenance and replacement

14



418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

processes was also pointed out in (Gschdsser 2011; Giustozzi et al. 2012; Jullien et al. 2014). Moreover, all piped
and electrical services contribute to about 50-60% of the life cycle environmental cost, mainly due to the high
impact of electric cables. The analysis of the environmental impact of neighbourhood infrastructure should
therefore include those work sections. As mentioned in the literature (Hakkinen and Mékeld 1996; Weiland 2008;
Gschosser 2011), preferences between the pavement types analysed are influenced by the environmental impact
indicators considered. Therefore the use of an aggregated indicator, such as the environmental cost, is
recommended to support decision taking. The same recommendation concerning the use of weighting instead of

single impact indicators was formulated by (Kégi et al. 2016).

Similar conclusions can be drawn for the financial cost. The investment is the main contributor, i.e. about 60-65%
of the life cycle financial costs, and is followed by the replacement of work sections. Among the work sections,
the surface layer causes a high cost, i.e. about 15-35% of the life cycle financial cost. The piped and electrical
services jointly contribute to about 45-60% of the life cycle financial cost. Despite these similarities, it is identified
that preferences between the road sections based on the financial cost differ importantly from those based on the
environmental cost. For example, the road with reclaimed cobblestone pavement has the highest financial cost but

the lowest environmental impact.

As concluded in (Descornet 1990; Stripple 2001; Mroueh et al. 2001), the analysis of the environmental impact of
car traffic during the use phase shows the significant contribution of this process, varying from about 1/4 of the
impact of the road for a traffic load of 100 vehicles per day to about 3 times the impact of the road for a traffic
load of 1000 vehicles per day. For more intensive traffic loads, the impact of the pavement rolling resistance on
the traffic fuel consumption should be considered when comparing road sections with different surface layers. This

is in line with the recommendations formulated by (Santero et al. 2010; Carlson 2011).

The comparison of four neighbourhood models highlights the importance of the neighbourhood layout and built
density with differences in total cost per m2 floor of more than 25% between the models analysed. The contribution
of the road infrastructure to the total (i.e. sum of the environmental and financial) life cycle cost is relatively limited
compared to the buildings. However the road infrastructure can contribute up to about 20% to the life cycle
environmental cost and up to about 8% to the life cycle financial cost in low built density neighbourhoods. Based
on this analysis, it can be concluded that spatial planning significantly influences the financial and environmental
impact of neighbourhoods. The design of denser neighbourhood layouts can be one of the key parameters to reduce

the amount of required infrastructure and to improve the sustainability of the built environment.
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Tables

Financial costs

Environmental costs

Discount rate 2% 1%
Growth rate material 0% 0%
Growth rate labour 1% -

Growth rate energy 2% 0%

547  Table 1 Economic parameters applied for the financial and environmental costs (real rates above the inflation),
548 based on (Allacker et al. 2013b)

CEN indicators CEN-+ indicators

Climate change Human toxicity, cancer and non-cancer effects

Ozone depletion Particulate matter formation

Terrestrial acidification lonising radiation, human health

Eutrophication (freshwater and marine) Ecotoxicity (terrestrial, freshwater and marine)

Photochemical oxidant formation Land use: occupation (agricultural/forest and urban)

Abiotic depletion of non-fossil resources Land use: transformation (natural and tropical rain

forest)

Abiotic depletion of fossil resources Water depletion
549  Table 2 Overview of the environmental impact indicators used in the MMG LCA method. A distinction is made
550 between the CEN and CEN+ impact categories. Impact categories indicated in italic are not translated to
551 environmental costs, due to the lack of reliable monetary values in the literature.

Variant name

Sub-base

Base

Surface layer

Sewer system

Road 1_asphalt

Road 2_concrete

Road 3_cobblestones

Crushed mixed

Road 4_concrete stones

rubble

Cement bound
base — crushed
concrete rubble

Asphalt

Concrete

Porphyry
cobblestones

Concrete paving
stones

Concrete paving

Storm water:
concrete

Road 5_permeable Porous lean stones with Sanitary water:
concrete stones concrete S vitrified clay
enlarged joints
Cement bound
Road 6_asphalt_crushed Crushed gravel base — crushed Asphalt
gravel
gravel
Road 7_asphalt_ PVC
sewer Crushed mixed Cement bound Asphalt PVC
Road 8_asphalt_PP rubble base — crushed
- - concrete rubble Asphalt PP

sewer

552 Table 3 Composition of the road sections analysed.

Work sections

Maintenance

Replacement

Surface layer

Road marking

Asphalt

Concrete

Cobblestones

Concrete tiles
Concrete paving stones
Solvent paint

Cold plastic coating

5% repair of asphalt top layer - 5 year

Fissure filling and 0.1% repair - 10 year

Relay - 20 year

Relay and 10% new tiles - 20 year

Relay and 10% new stones - 20 year

30 year

40 year

40 year
40 year
1 year

3 year
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Electrical services  Lighting column 40 year
Lighting lantern 20 year

Data cable 20 year

553 Table 4 Maintenance and replacement scenarios, applied to the analysed roads and bicycle paths, based on data
554  from (Wijnants 2014)

555
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556 Figures
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BUILDING WORK BUILDING BUILDINGS NEIGHBOURHOODS
MATERIALS SECTIONS ELEMENTS

557
558  Fig. 1 Element method for cost control and scale levels (Trigaux et al. 2014)

(91)

(91) GROUND PREPARATION
examples: ground clearing, shaping

(92) MINOR STRUCTURE
examples: shelters, sheds

(93) ENCLOSURES
examples: fences, gates

¢4 | (94) GROUND SURFACE TREATMENTS
' examples: roads, squares, green areas

%) ; (95) PIPED SERVICES
. examples: sewer, district heating

(96) ELECTRICAL SERVICES
examples: outdoor lighting

(97) =T (97) FITTINGS
[ examples: hoardings, outdoor benches

559
560  Fig. 2 BB/SfB-plus classification for external works (9-) (De Troyer 2008)

21



= Lantern

Gas pipe Road gutter
Bedding road gutter

Geotextile

Surface layer » Low voltage electricity cable
Base public lighting
Sub-base » Low voltage electricity cable

Geotextile » Data cable

Drink water pipe

Gully

Sanitary sewer system

Storm sewer system

561
562  Fig. 3 3D section of the road sections analysed

Model 1_detached Model 2_semidetached Model 3_terraced Model 4_apartments
Floor Space Index = 0.21 Floor Space Index = 0.39 Floor Space Index = 0.76 Floor Space Index = 1.13

563

564 Fig. 4 Neighbourhood models based on four representative dwelling typologies for the Belgian context: detached
565 houses (Model 1), semi-detached houses (Model 2), terraced houses (Model 3) and apartments (Model 4)

566
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568 Fig. 5 Life cycle environmental cost (median scenario) of the road sections analysed, subdivided per life cycle
569 phase
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571  Fig. 6 Life cycle environmental cost (median scenario) of the road sections analysed, subdivided per work section

23



Road 1_asphalt

140 M Energy use for lighting
120 - M@ Lighting lanterns and columns
100 - 1 Utilities - electric and data cables
b 80 1 Utilities - water and gas pipes
o
= 60 - -
£ 8 W Sanitary sewer system
5 §
5 40 - o ) )
] "] Gullies - including sewer connection
20 § u
D ki B Storm sewer system
0 - = m L g
"E’a _§ § 6 663 2 g % 2 £ 2 § § § [ Road gutter - including bedding
g2 888¢Fczs-2£35852¢8¢
5 k5 g _§_ § 5§ ¢c S § 8 8 'g 5 § § W Surface layer
SEEE RN E S EEEE RS
= 3 8o 38 5225 L g E 3 L [mBase
o gress ssfzE&8c
E % 52‘3 TG ’é T o8 © 8§ 5 mSubbase
- g E D B u 8 5 =
fr -§ g T g [ Geotextile
2 .2 8 B S
§ E S § W Excavation works

572

573 Fig. 7 Life cycle environmental cost (median scenario) of the asphalt road section, subdivided per impact category
574  and work section
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576 Fig. 8 Life cycle financial cost of the road sections analysed, subdivided per life cycle phase
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579  Fig. 9 Life cycle financial cost of the road sections analysed, subdivided per work section
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581 Fig. 10 Life cycle environmental cost (median scenario) of a concrete and cobblestone road, including the impact
582  of car traffic for a traffic load of 100 and 1000 vehicles per day.
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Fig. 11 Life cycle environmental (LE) and financial cost (LF) of the neighbourhood models analysed, subdivided
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Tables
CEN indicators Unit Median Minimum Maximum
(€/unit) (€/unit) (€/unit)
Climate change kg CO2 eq 0.06 0.012 0.3
Ozone depletion kg CFC-11eq 49.1 12.3 196.3
Terrestrial acidification kg SO2 eq 0.85 0.21 3.4
Freshwater eutrophication kg P eq 100 20 500
Marine eutrophication kg N eq 18 3.6 90
Photochemical oxidant formation kg NMVOC 74 1.85 29.6
€q
Abiotic depletion of non-fossil resources kg Fe eq 0.052 0.0104 0.26
Abiotic depletion of fossil resources kg oil eq 0 0 0

Table S. 1 Overview of the monetary values (median, minimum and maximum scenarios) for the CEN indicators
(Allacker et al. 2013a)

CEN+ indicators Unit Median Minimum Maximum
(€/unit) (€/unit) (€/unit)

Human toxicity, cancer and non-cancer DALY 60000 15000 240000

effects

Particulate matter formation DALY 60000 20000 180000

lonising radiation, human health DALY 60000 15000 240000

Terrestrial ecotoxicity kgl1,4-DBeq 4.31 1.078 17.24

Freshwater ecotoxicity kg1,4-DBeq 0.019 0.00475 0.076

Marine ecotoxicity kg1,4-DBeq 1.4E-06 3.5E-07 5.6E-06

Land use: occupation - agricultural/forest m?2a 0.036 0.007 0.182

Land use: occupation - urban m2a 0.181 0.036 0.907

Land use: transformation — natural m?2 / / /

(except tropical rain forest)

Land use: transformation - tropical rain m?2 0.8 0.16 4

forest

Water depletion m3 / / /

Table S. 2 Overview of the monetary values (median, minimum and maximum scenarios) for the CEN+ indicators
(Allacker et al. 2013a). Impact categories indicated in italic are not translated to environmental costs, due to the
lack of reliable monetary values in the literature.



Road 1_ Road 2_ Road 3_ Road 4_ Road 5_ Road 6_ Road 7_ Road 8
asphalt concrete cobblestones concrete permeable asphalt_crushed | asphalt PVC asphalt_PP
stones concrete stones gravel sewer sewer
Geotextile Polypropylene
i . Crushed gravel — | Crushed mixed rubble — type Il
Sub-base Crushed mixed rubble — type Il (10 cm) type 11 (10cm) (10 cm)
Pc?)rr?:rsétlsa—n E;Sr:in(t;ﬁgﬁgg Cement bound base — crushed
Base Cement bound base — crushed concrete rubble — type 1A (20cm) . concrete rubble — type 1A
limestone gravel — type Il (20cm)
(20cm) (20cm)
Concrete paving
Asphalt coi)%rlgs?/orr):es pa\c/:iﬁgcgfct)f]es stones
H * *
Surface layer (binder course Concrete (14*14*14cm) | (22*11*10cm) (22. 16,5+10cm) Asphalt (binder course 6¢cm, surface course 4cm)
6cm, surface (20cm) with enlarged
+ Sand layer + Sand layer S
course 4cm) (7.5cm) (3cm) joints + Gravel
' layer (3cm)
PVC (@ Ribbed PP (@
Storm sewer system Concrete (& 400mm) 400mm) 400mm)
Road gutter and Concrete road gutter (type I1IE) + Bedding road gutter (lean concrete) + Cast iron gully + Connection to storm sewer system ( Sewer pipe PVC @
gully 160mm)
Sanitary sewer - PVC (9 Ribbed PP (2
system Vitrified clay (@ 250mm) 250mm) 250mm)
Road lighting Low voltage electricity cable (4x25mm2 +16mmz2 ground wire) + Lantern 70W + Galvanised steel column
Electricity cable Low voltage electricity cable EXAVB-F2 (4x70mmg2)
Data cable Fibre glass data cables (& 14mm)
Gas pipe HDPE (@ 110mm)
Drink water pipe HDPE (@ 110mm)

8  Table S. 3 Detailed composition of the road sections analysed



10

Bicycle path | Bicycle path | Bicycle path | Bicycle path | Bicycle path | Bicycle path | Bicycle path | Bicycle path | Bicycle path
1 asphalt 2_concrete 3_concrete 4 _permeable 5_concrete 6_asphalt_re | 7_asphalt_re 8 red 9 red
stones concrete tiles d solvent d coldplastic concrete concrete
stones paint coating stones
Geotextile Polypropylene
Porous lean
Base Cement bound base — crushed concrete rubble — type 1A (20cm) ??Qg;ﬁ;ﬁ; Cement bound base — crushed concrete rubble — type I1A (20cm)
(20cm)
Concrete Asphalt . Asphalt
. bind (binder course
Concrete paving stones . (binder course 6cm, surface Concrete
Asphalt aving stones (22*16,5*10c | Concrete tiles | 6cm, surface courée acm) + aving stones
Surface (binder course Concrete ?22*191*100m m) with (40*40*4cm) | course 4cm) + red cold Red concrete (22*1g*10cm)
layer 6cm, surface (16cm) enlarged + Sand layer red solvent . (16cm)
course 4cm) ) + Sand layer joints + (3cm) paint plastic + Sand layer
(3cm) . . coating, (3cm)
Gravel layer inclusive glass | . .
inclusive glass
(3cm) beads
beads
Kerbstone Concrete kerbstone (type 1D4) + Bedding kerbstone (lean concrete)

Table S. 4 Detailed composition of the bicycle path sections analysed




Building element

Standard variant

Floor on grade

External wall
Loadbearing internal wall
Non-bearing internal wall

Floor

Stairs
Flat roof

Pitched roof

Window
Internal door

concrete slab — 5 cm PUR foam — screed mix — fired clay tiles

facing brick — hollow brick clay — 6 cm rockwool — gypsum plaster — acrylic paint
acrylic paint — gypsum plaster — hollow brick 14 cm — gypsum plaster — acrylic
paint

acrylic paint — plasterboard — metal stud + 10 cm glass wool — plasterboard —
acrylic paint

acrylic paint — gypsum plaster — concrete slab 15 cm — screed mix — fired earth
tiles

wooden open staircase — varnish — wooden banister

EPDM - 10 cm PUR - concrete slope layer — concrete slab 15 cm — gypsum
plaster — acrylic paint

Clay tiles — wood fibre board — purlins and jack rafters + 18 cm rockwool —
plasterboard — acrylic paint

PVC frame — standard double-glazed (U=1.1 W/m2K)

MDF frame - plain door

11  Table S. 5 Overview of the building elements analysed (Trigaux et al 2014)
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Impact category & & & & & & & &
Climate change (kg CO2 eq) 1.18E+03 1.37E+03 9.50E+02 1.27E+03 1.31E+03 1.19E+03 1.21E+03 1.20E+03
Ozone depletion (kg CFC-11 eq) 1.93E-04 9.64E-05 7.77E-05 9.14E-05 9.21E-05 1.94E-04 1.91E-04 1.90E-04
Terrestrial acidification (kg SO2 eq) 5.27E+00 5.43E+00 4.47E+00 5.17E+00 5.26E+00 5.30E+00 5.25E+00 5.15E+00
Eutrophication (kg PO4--- eq) 3.37E+00 2.73E+00 2.44E+00 2.65E+00 2.66E+00 3.38E+00 3.41E+00 3.36E+00
Photochemical oxidant formation (kg C2H4)  2.40E-01 2.25E-01 1.90E-01 2.18E-01 2.20E-01 2.41E-01 2.45E-01 2.41E-01
Abiotic depletion - non fossils (kg Sb eq) 1.51E-02 1.52E-02 1.47E-02 1.55E-02 1.55E-02 1.51E-02 1.49E-02 1.49E-02
Abiotic depletion - fossil (MJ, net cal) 2.13E+04 1.45E+04 1.21E+04 1.39E+04 1.39E+04 2.14E+04 2.24E+04 2.19E+04
Human toxicity (DALY) 7.59E-04 7.73E-04 7.34E-04 7.67E-04 7.67E-04 7.60E-04 7.68E-04 7.61E-04
Particulate matter formation (PM) (DALY 2.80E-03 3.02E-03 2.48E-03 2.80E-03 2.87E-03 2.81E-03 2.76E-03 2.72E-03
lonising radiation, human health (DALY) 1.32E-05 1.37E-05 1.27E-05 1.33E-05 1.33E-05 1.33E-05 1.33E-05 1.32E-05
Terrestrial ecotoxicity (kg 1,4-DB eq) 1.73E-01 1.53E-01 1.36E-01 1.49E-01 1.49E-01 1.74E-01 1.75E-01 1.72E-01
Freshwater ecotoxicity (kg 1,4-DB eq) 1.57E+01 1.37E+01 1.28E+01 1.36E+01 1.36E+01 1.57E+01 1.61E+01 1.64E+01
Marine ecotoxicity (kg 1,4-DB eq) 1.72E+01 1.54E+01 1.44E+01 1.53E+01 1.53E+01 1.73E+01 1.77E+01 1.78E+01
Land occupation: forest (species.yr) 6.29E-02 1.86E-03 3.99E-02 4.71E-02 6.26E-02 6.29E-02 6.29E-02 6.29E-02
Urban land occupation (species.yr) 3.45E-07 2.32E-07 2.94E-07 2.73E-07 2.25E-07 3.54E-07 3.42E-07 3.41E-07
Natural land transformation (species.yr) 1.39E-06 1.18E-06 1.30E-06 1.25E-06 1.37E-06 2.10E-06 1.31E-06 1.31E-06
Transformation tropical rain forest (species.yr) 1.90E-08 1.69E-08 1.34E-08 2.89E-08 2.76E-08 1.92E-08 1.85E-08 1.84E-08
Water depletion (m3) 1.78E+01 2.17E+01 1.75E+01 1.98E+01 1.98E+01 2.21E+01 1.75E+01 1.72E+01

12 Table S. 6 Life cycle environmental impact of the road sections analysed, subdivided per impact category (characterized results)
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Impact category s} [oa) o) [l e} oo m o o o)
Climate change (kg CO2 eq) 1.45E+02 1.73E+02 1.75E+02 1.90E+02 1.15E+02 2.08E+02 6.10E+02 1.73E+02 1.75E+02
Ozone depletion (kg CFC-11 eq) 4.72E-05 1.10E-05 1.15E-05 1.18E-05 8.11E-06 6.56E-05 5.03E-05 1.10E-05 1.15E-05
Terrestrial acidification (kg SO2 eq) 5.81E-01 5.30E-01 5.46E-01 5.76E-01 3.84E-01 9.29E-01 2.93E+00 5.31E-01 5.47E-01
Eutrophication (kg PO4--- eq) 4.16E-01 1.60E-01 1.62E-01 1.66E-01 1.15E-01 5.37E-01 6.99E-01 1.60E-01 1.62E-01
Photochemical oxidant formation (kg C2H4)  2.69E-02 1.80E-02 1.93E-02 1.99E-02 1.33E-02 5.46E-02 1.46E-01 1.81E-02 1.93E-02
Abiotic depletion - non fossils (kg Sb eq) 3.18E-04 2.88E-04 4.82E-04 4.69E-04 3.18E-04 1.13E-03 1.84E-03 2.88E-04 4.82E-04
Abiotic depletion - fossil (MJ, net cal) 4,01E+03 1.35E+03 1.39E+03 1.42E+03 9.83E+02 6.55E+03 1.18E+04 1.35E+03 1.39E+03
Human toxicity (DALY) 1.69E-05 1.83E-05 1.98E-05 2.00E-05 1.35E-05 3.81E-05 3.44E-05 1.83E-05 1.98E-05
Particulate matter formation (PM) (DALY) 3.39E-04 3.48E-04 3.40E-04 3.61E-04 2.50E-04 4.80E-04 1.02E-03 3.54E-04 3.43E-04
lonising radiation, human health (DALY) 3.58E-07 4.18E-07 3.80E-07 3.87E-07 2.64E-07 6.19E-07 4.90E-07 4.18E-07 3.80E-07
Terrestrial ecotoxicity (kg 1,4-DB eq) 197E-02 1.05E-02 1.13E-02 1.13E-02 8.02E-03 3.38E-02 6.89E-02 1.05E-02 1.13E-02
Freshwater ecotoxicity (kg 1,4-DB eq) 1.25E+00 4.75E-01 5.32E-01 5.26E-01 3.71E-01 1.84E+00 4.41E+00 4.75E-01 5.32E-01
Marine ecotoxicity (kg 1,4-DB eq) 1.24E+00 5.04E-01 5.66E-01 5.59E-01 3.94E-01 1.87E+00 1.92E+00 5.04E-01 5.66E-01
Land occupation: forest (species.yr) 2.20E-02 5.19E-04 1.65E-02 2.19E-02 8.21E-03 2.20E-02 2.20E-02 7.46E-04 1.65E-02
Urban land occupation (species.yr) 7.68E-08 3.05E-08 5.15E-08 3.48E-08 3.84E-08 9.04E-08 8.95E-08 3.05E-08 5.15E-08
Natural land transformation (species.yr) 1.26E-07 4.38E-08 7.73E-08 1.22E-07 5.86E-08 2.13E-07 1.28E-07 4.38E-08 7.73E-08
Transformation tropical rain forest (species.yr) 3.68E-09 2.50E-09 7.15E-09 6.68E-09 4.42E-09 5.13E-09 4.08E-09 2.50E-09 7.15E-09
Water depletion (m3) 1.57E+00 2.32E+00 2.27E+00 2.26E+00 1.51E+00 2.05E+00 2.25E+00 2.32E+00 2.27E+00

Table S. 7 Life cycle environmental impact of the bicycle path sections analysed, subdivided per impact category (characterized results)
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Figures

Surface layer

Base
Geotextile
Kerbstone

Bedding kerbstone

Fig. S. 1 3D section of the bicycle path sections analysed along the existing kerbstone of the road (excluded for
this calculation)
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27

floor area 123 m?

compactness C 1,18 m

protected (heated) volume V 382 m3

dwelling skin surface Ar 324 m?
g STORAG.E. B KITCHEN
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a8

a8

T60

= <. oy BEDROOM |_ R \
= LIVING ROOM
- ==
2 GARAGE - — /
HH < BEDROOM
350 430 350 10 430
1070
GROUND FLOOR LEVEL 1
Element table
BB/SfB code Element amount unit
(13.4) floor on grade 81 m?2
(21.+) external wall 103 m?2
(22.1+) loadbearing internal wall 53 m?2
(22.34) non-bearing internal wall 86 m?2
(23.4) floor 78 m?2
(24.+) stairs 1 p
(27.2+) pitched roof 81 m?
(31.4) windows and external doors 30 m?2
(32.4) internal doors 9 p

Fig. S. 2 Representation of the selected detached house (Allacker 2010)




floor area 144 m?

compactness C 1,60 m
protected (heated) volume V 525 m3
dwelling skin surface Ar 329 m?
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GROUND FLOOR LEVEL 1
Element table
BB/SfB code Element amount unit
(13.4) floor on grade 86 m?2
(21.+) external wall 104 m?2
(22.1+) loadbearing internal wall 42 m?2
(22.34) non-loadbearing internal wall 48 m?2
(22.8+) separating wall 65 m?2
(23.4) floor 60 m?
(24.+) stairs 1 p
(27.1+) flat roof 23 m?2
(27.2+) pitched roof 64 m?2
(31.+) windows and external doors 25 m?2
(32.+) internal doors 7 p

28

29 Fig. S. 3 Representation of the selected semi-detached house (Allacker 2010)
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31

floor area 200 m?
compactness C 1,96 m
protected (heated) volume V 549 m3
dwelling skin surface Ar 280 m?
32
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38
39 Element table
BB/SfB Element amount unit
(13.4) floor on grade 80 m2
(21.+) external wall 87 m?
(22.1+) loadbearing internal wall 38 m?
(22.3+) non-loadbearing internal wall 69 m?2
(22.8+) separating wall 126 m?2
(23.+) floor 61 m?2
(24.+) stairs 2 p
(23a+) attic floor 61 m?
(27.1+) flat roof 16 m?
(27.2+) pitched roof 64 m?
(31.4) windows and external doors 24 m?2
(32.4) internal doors 8 p

40
41 Fig. S. 4 Representation of the selected terraced house (Allacker 2010)
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floor area 143 m?
compactness C 158 m
protected (heated) volume V 298 m?3
dwelling skin surface Ar 189 m?
208 280
333 575
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N N
N N
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LIVINGROOM

Element table

BEDROOM

513

400

1472

BB/SfB code Element amount unit
(13.4) floor on grade 36 m2
(21.+) external wall 74 m?
(22.14) loadbearing internal wall 44 m?2
(22.3+) non-loadbearing internal wall 78 m?2
(22.8+) shared wall 12 m?2
(23.+) floor 151 m?2
(24.+) stairs 0.5 p
(27.1+) flat roof 40 m?
(31.) windows and external doors 39 m?
(32) internal doors 7 p

Fig. S. 5 Representation of the selected apartment (Allacker 2010)
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Fig. S. 6 Life cycle environmental cost (median scenario) of the road sections analysed, subdivided per impact category
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Fig. S. 7 Life cycle environmental cost (minimum scenario) of the road sections analysed, subdivided per life cycle

phase
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Fig. S. 8 Life cycle environmental cost (maximum scenario) of the road sections analysed, subdivided per life

cycle phase
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61  Fig. S. 9 Life cycle total cost of the road sections analysed, subdivided in financial and environmental cost. The
62  environmental cost is calculated based on the median scenario.

120 -
[ Waste treatment
1001 [ Waste transport
80 - [z Demolition
E 71 Replacement
= 60 -
% Maintenance
5 |
ki VY i [7] Construction
o
20 - = W iy ;=; = E Transport to site
7. 7 2 9 7 7 . :
0 - % é : : % //J - _ : .44 _ @ Production
s o Q @ o o gl ) Qo
g © T 8 © g I s ©
@ 2 e e = = 2 g
8 5 & £ § =_. TE § 3§
I e © @5 © G ©wm O
— | | @ 8_“ | £ g
< o~ ® 0 s wg 8T &8 E E 9
g £ £6 Yo <Lz [ o | |
Q @ 8% c@® 8- 9T "~z © o5
o e S0 F5 & £2 £8 £ £3
e 3 3 e © ¥5 Ba ¥ |
R 2 S 08 9 @ T a a
n @ L]
ia] o o [+ ) o S 3 2 9
m m o m > > g S
m 2 o 3 3
o @ @ o

63

64 Fig. S. 10 Life cycle environmental cost (median scenario) of the bicycle paths analysed, subdivided per life cycle
65 phase
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Fig. S. 11 Life cycle financial cost of the bicycle paths analysed, subdivided per life cycle phase



