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Abstract: The sustainability of urban surfaces can be enhanced by introducing innovations.
An ex-ante assessment of the potential sustainability impacts of innovations in urban areas can
provide decision-makers with valuable recommendations for their selection before implementation.
This knowledge helps to make the innovation more future-proof. Although a first methodological
approach for such an assessment is available, there is no readily applicable set of indicators. Hence,
this article proposes a holistic sustainability impact assessment method tailored to the management of
urban surfaces and their innovations. For the development of the method, a Sustainable Development
Goal (SDG)-based, top-down approach is adopted. The proposed assessment method makes it
possible to identify an innovation’s potential contribution to the achievement of the SDGs before its
introduction. In this article, the assessment method is tested by evaluating the sustainability impacts
of weed-suppressing joint filling sand on a walkway in a municipal cemetery in Southern Germany.
The case study shows that a mixed impact of the innovation in the three dimensions of sustainability
could be expected within the system boundary. It highlights the need for innovation optimization,
mainly in the economic dimension. As a result, the introduced method can support the innovation
process of urban surfaces for sustainable municipal development.

Keywords: Life Cycle Sustainability Analysis; impact assessment method; ex-ante; Sustainable
Development Goals (SDGs); urban surfaces; innovations; life cycle thinking

1. Introduction

Cities and urban areas around the globe are under increasing pressure to mitigate the effects of
global warming. Stakeholders are forced to take urgent measures to cope with the impacts of climate
change. Cities and communities have recorded increased intensity of heavy rains and floods, storms,
periods of heat, droughts, and fire incidents. As a result, these have caused loss of lives, damage
to infrastructure and economies, and need to be addressed immediately by building resilient cities.
Resilience can be addressed through the surfaces of urban areas that are most stressed by these impacts
and can present as starting points for action. Based on the work done by Leistner et al. [1], the term
urban surfaces was specified as “[ . . . ] surfaces that interact in public outdoor spaces within an urban
context” [2] (p. 4). Some examples for urban surfaces include vertical surfaces such as building facades
and horizontal surfaces such as roads, pavements, and squares. Especially when existing surfaces are
not able to deal with the consequences due to their properties, new and adapted solutions must be
developed and implemented. According to Leistner et al. [1], innovations in the field of urban surfaces
refer to either materials, machines, technologies, or management processes. Those innovations have
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to improve their ability to resist stress factors, to increase the resilience of urban surfaces and linked
systems, and to decrease their environmental impacts at the same time.

However, climate impact adaptation measures cannot be viewed in isolation from other effects.
Transformation processes must be geared to the Sustainable Development Goals (SDGs) of the United
Nations. In 2015, the member states of the United Nations committed to the realization of the Agenda
2030, with the 17 SDGs and 169 targets at its core [3,4]. The SDGs address all three sustainability
dimensions [3] and aim “[ . . . ] to end poverty, protect the planet and ensure that all people enjoy
peace and prosperity by 2030” [3]. Cities and communities are crucial for the success of sustainable
development. Hence decisions such as the selection of product innovations must also be based
on the SDGs. Innovations in the field of urban surfaces have the potential to contribute to several
SDGs throughout their life cycle. By using methods of Life Cycle Assessment (LCA), product-related
sustainability impacts can be quantified in the environmental dimension. Integrating the SDGs in the
sustainability assessment allows for a holistic assessment in all three dimensions of sustainability. So far,
there is neither an impact assessment method that is tailored to the case of urban surface innovations
nor a method that can directly be applied to this research area. Therefore, this paper describes a
methodical approach that aims to quantify the impact of innovations in the field of urban surfaces
across all three dimensions of sustainability and on the SDGs. The quantification of sustainability
impacts complements the basis for decisions at the municipal level, which usually are characterized by
cost-benefit analyses. The integration of SDGs makes decisions more future proof, as they address
main issues that are relevant to sustainable development.

2. State-of-the-Art

LCA is the “compilation and evaluation of the inputs, outputs and the potential environmental
impacts of a product system throughout its life cycle” [5], with its general methodological framework
being standardized in ISO 14040 [6]. The application of the Life Cycle Sustainability Analysis (LCSA)
Framework allows the assessment of potential impacts in all three dimensions of sustainability,
thus extending the scope of the classic LCA [6]. However, the LCSA Framework firstly has to be
operationalized [6]. This includes the selection of suitable disciplinary models [6]. For a Life Cycle
Sustainability Analysis on product level, there are various models and methods such as process-LCA,
LCC (Life Cycle Costing), and SLCA (Social Life Cycle Assessment) [6]. However, particularly in the
social dimension, there is no agreement on how to measure the impact and which indicators to use [7].
This brings the selection of suitable indicators for a holistic sustainability assessment into focus.

A study points out: “An indicator set chosen for technology sustainability assessment is gaining
increasing relevance and reliability if related directly to SDGs” [8] (p. 59). Wulf et al. [8] have reviewed
the use of SDGs by the LCA community. They have shown that the development of SDG-based
approaches is still at an early stage [8]. There are some existing methods that combine the LCSA
framework with indicators derived from the SDGs, such as [9–14]. Yet they are usually very specific to
a certain field of application such as energy projects [9], building materials [11], municipal solid waste
management [12], innovations in developing countries [13], only focus on individual SDGs [10] or on
positive impacts [14]. To the knowledge of the authors, there is no SDG-based LCSA method that is
able to evaluate innovations in the context of urban surfaces, despite their herein highlighted relevance
for sustainable urban development.

An extensive review of existing LCSA methods has been carried out by Wulf et al. [15], as they
point out there is still no agreement on the selection of SDG based indicators and the connection
towards the LCSA framework [8,15].

Maier et al. [13] and Wang et al. [12] have shown that the international SDGs can be used to
develop holistic sustainability assessment methods on a product and city level [2]. Looking at the
approach by Maier et al. [13] to develop an SDG-based indicator set by assigning the SDGs to several
impact category groups before allocating impact categories to those groups and identifying suitable
indicators for those categories, a study found, e.g., that “[ . . . ] no full example for an application of all
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impact categories is given [ . . . ]” [8] (p. 60). Wulf et al. [8] in turn have investigated the selection of
LCA, S-LCA, and LCC indicators on both SDG goal and indicator tier for a product. They found that
alone, the set of indicators based on the SDG goals covers the three dimensions of sustainability [8].
However, they point out that viewing the SDG indicators for a given case can help to improve the
understanding of the SDGs and direct the selection process of suitable indicators [8].

This speaks for the suitability of an SDG-centered sustainability assessment of urban surfaces,
a building component of municipalities which has gained research interest [1,2]. Henzler et al. [2]
propose a first methodological framework for the holistic sustainability assessment of innovations
in the field of urban surfaces. This is based on the proven methodologies by Maier et al. [13] and
Wang et al. [12], focusing on the general LCSA-operationalizing framework and phases of analysis [2].
Their approach adapts the SDG-based indicator sets by Wang et al. [12] and Maier et al. [13] to the
case of urban surfaces [2]. Maier et al. [13] have presented one of the first methods linking SDGs with
LCSA on a product level. This framework was then further developed by Wang et al. [12] and related
to a larger urban context in the field of waste management. This makes their indicators in particular
useful, as the new method is also being developed for the urban context. However, the focus of the
indicators and SDGs in Maier et al. [13] was on innovations in development cooperation projects and
in Wang et al. [12] on municipal solid waste management innovations. For this reason, their indicators
and impact categories cannot directly be applied to urban surfaces and need to be adapted. This is
the case in particular for the assessment of impacts in the social and economic dimension. For their
framework, Henzler et al. [2] have proposed a general life cycle of urban surfaces and presented a
scheme to consider the interaction between the life cycles of an urban surface and the products/product
innovations that are used in the management phase of an urban surface. The practitioner should adapt
this interactive life cycle scheme to obtain two scenarios representing the urban surface under question
with its management processes and the conventional product (baseline scenario) and the innovation
(comparison scenario), respectively [2,12]. Determining the delta between the two scenarios then
shows the potential sustainability impact of the innovation [2]. Figure 1 shows how their general
framework can be adapted to various urban surfaces and products/product innovations. It illustrates
the interacting life cycle scheme for the comparison scenario, i.e., the life cycle of the urban surface
with the life cycle of the innovative product that is used in its use phase.
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However, while Henzler et al. [2] indicate theoretically how the interacting life cycle scheme and
the SDGs are to be integrated into the sustainability assessment system, the impact assessment method
is not yet developed, and its applicability has to be demonstrated. Accordingly, Henzler et al. [2] have
pointed out that there is still a need for a complete indicator set that is tailored to the assessment of
innovations for urban surfaces. The indicators and impact categories in the methods by Maier et al. [13]
and Wang et al. [12] can be adapted to urban surfaces to close this gap. Hence, based on the framework
of Henzler et al. [2], the focus of this article is on the development and description of the impact
assessment method for the holistic sustainability assessment of innovations concerning different types
of urban surfaces. Special attention is given to the selection of the impact category groups and suitable
indicators. The developed method is then applied to a case study to test its applicability. As the focus
of this publication is on the method development, the case study is not described in great detail.

3. Methodological Approach for the Impact Assessment

This section presents the development and description of an impact assessment method for
innovations in the field of urban surfaces, which includes, among others, the analysis of the
relevance of SDG targets and sub-targets for urban surfaces and their innovations, as well as the
evaluation and selection of existing impact category groups, impact categories, and indicators for
the sustainability assessment of such innovations. The newly introduced method is based on the
methods by Wang et al. [12] and Maier et al. [13], adapting them to the assessment of urban surfaces
and innovations in this field for decision-support of municipalities.

3.1. Development of the Impact Assessment Method

The modeling stage of the LCSA Framework comprises the Life Cycle Inventory (LCI) analysis
as well as the Life Cycle Impact Assessment (LCIA) [6]. The LCSA Framework adds various
expansion dimensions with regard to the indicators, level of assessment, and relevant connections
to the LCA [6,12,17]. In the herein presented approach, the dimension of broadening of the LCSA
Framework was mainly realized with regard to the indicators: The proposed indicator set covers all
three dimensions of sustainability to allow for a holistic sustainability assessment.

To guide the development process, requirements for the indicator set were first established: (1) The
set of indicators should, as has been done by Wang et al. [12], allow a qualitative statement on the
potential contribution of an innovation to the achievement of the SDGs based on the evaluation results,
(2) it should allow for a holistic ex-ante sustainability assessment, followed by a qualitative statement
on the potential contribution of the innovation to the sustainability of the city, and (3) it should make
it possible to identify a possible shift of potential sustainability impacts between the life cycle of an
urban surface and the life cycle of a product/product innovation in this field.

For the development of the impact assessment methodology, the indicator-based, top-down
approach by Wang et al. [12] is adopted and adapted to innovations in the field of urban surfaces. The
adaption of the indicator system by Wang et al. [12] is guided by two research questions, to ensure that
the methodology allows for an assessment of relevant potential impacts: (1) Which SDGs are relevant
to municipalities? (2) Which SDGs are important for urban surfaces and innovations (product level)?

One challenge in the methodology development is that there are several assignment options
of the SDGs to impact category groups, as the summary of the SDGs to impact category groups in
Wang et al. [12] and Maier et al. [13] differs in part. This is backed up by the finding of Assman et al. [18]
that some of the targets of the SDGs have to be broken down thematically into sub-targets to evaluate
if they are relevant to municipalities (see research question (1).

Hence, with the two research questions in mind, one is to ensure that the targets and sub-targets
of the SDGs relevant to municipalities, urban surfaces, and innovations in this field are taken into
account and covered thematically when merging the SDGs to impact category groups and selecting
suitable impact categories and indicators. Hence, the development process is structured as follows:

1. SDG analysis;
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2. assignment of SDGs to impact category groups; and
3. selection of impact categories and indicators for impact category groups.

The first step of the development process is the analysis of the SDGs. In the second step, the SDGs
are to be assigned to impact category groups. The final step is the selection of meaningful impact
categories and indicators for the impact category groups. This procedure is shown in Figure 2.
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3.1.1. SDG analysis

The procedure for identifying relevant targets and sub-targets that are to be considered in the
assignment process of the SDGs to impact category groups is illustrated in a simplified manner in
Figure 2, step 1.

As a first step of the method development, it was checked which of the targets and sub-targets
of the SDGs identified in principal as problem- and task-relevant to German municipalities by
Assman et al. [18] were relevant to the field of urban surfaces and relating innovations (i.e., the life
cycle of urban surfaces and, e.g., the machines used for their management, respectively). When
screening those targets and sub-targets relevant to municipalities as part of the SDG analysis, it was
apparent that some of them were not relevant to the field of urban surfaces, e.g., target 4.2 (early
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childhood education). As part of step 1, it was then analyzed what additional targets and sub-targets
of the SDGs in the relevance checklist [19] become problem- or task-relevant through urban surfaces
and innovations in this field. Two of the criteria for evaluating the relevance were (1) whether the
field of urban surfaces has potential impacts in the SDG subject area, and (2) whether it is possible
to contribute/harm the achievement of a (sub)target through impacts in the field of urban surfaces,
e.g., with suitable innovations. In this step, it was found that some of the targets and sub-targets
have not been classified as problem- or task-relevant by Assman et al. [18], while innovations in the
field of urban surfaces could create further issues regarding those objectives or open up new global
areas of action for a municipality, e.g., for target 14.3 (acidification of the oceans) and sub-target 8.2.2
(precarious employment). Consequently, for the new approach, those targets and sub-targets are also
classified as problem- and task-relevant. In doing so, here are taken into account the given and newly
opened up municipal areas of actions regarding the SDGs and their relevant targets and sub-targets
through the field of urban surfaces and related innovations. The targets/sub-targets identified here as
significant can be seen in Table A1 (Appendix A).

3.1.2. Assignment of SDGs to Impact Category Groups

First, in step 2.1, it was screened to which impact categories in Wang et al. [12] and potential
new impact category groups the SDG targets and sub-targets, identified as relevant in step 1, can be
assigned thematically. The possible allocation can be seen in Table A1 in Appendix A. Then, in step 2.2,
taking into account the possible assignment of the SDG targets and sub-targets to groups identified in
step 2.1, the SDGs were assigned to impact categories of Wang et al. [12], those were then adopted as
impact category groups, adapted, and supplemented by missing groups. With this thematic summary
of the SDGs, direct connections are taken into account, as in Wang et al. [12] and Maier et al. [13].

Table 1 gives an overview of the eleven impact category groups that are used here. Changes
made to the impact category groups adapted from Wang et al. [12] concern the addition of the term
safety to the group health. Target 11.7 calls, for example, for ensuring general access to safe public
spaces [20]. Due to the open formulation of the target, this is understood to mean surfaces that can
be safely used in the sense of accident-free walkability and so on. Furthermore, the new impact
category group municipal life cycle costs is added. This makes it possible to assess the potential
economic impacts of an innovation from another perspective than in the impact category group poverty;
namely, from the point of view of the municipality and the guarantee of its functional capability.
Biodiversity loss, directly addressed in SDG 15, is a highly relevant issue in the field of urban surfaces.
There are several approaches for assessing the state of biodiversity, which have been reviewed by for
example Maier et al. [21]: The Sustainable Development Solutions Network (SDSN) [22] suggests,
e.g., the indicators Red List Index and Living Planet Index, however, in ReCiPe, biodiversity loss is
included as an endpoint-indicator [23]. However, due to its complexity, in this approach, biodiversity
loss is only indirectly taken into consideration through indicators in the environmental dimension. As
in Wang et al. [12], SDG 17 is not assigned to a specific group, as it is an instrument for realizing the
other SDGs.

3.1.3. Selection of Impact Categories and Indicators

Analogous to the structure of the indicator set of Maier et al. [13], the impact category groups
are composed of thematically refining impact categories and assigned to the three dimensions of
sustainability. Complementing the definition of impact category in ISO 14040, where it is defined as
a “class representing environmental issues of concern to which life cycle inventory analysis results
may be assigned” [5] (p. 13), here, impact categories also represent social and economic problem areas.
An indicator in turn is a “quantifiable representation of an impact category” [5] (p. 13). Accordingly,
indicator results need to be determined for the impact categories to gain insight into the environmental
impact of the system in question [5], as well as its social and economic repercussions. The SDG-based
indicators in the three dimensions of sustainability by Wang et al. [12], based on Maier et al. [13], are in
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principal promising. In the environmental dimension, Wang et al. [12] use impact categories, such
as resource use and climate change, that are also applied by the European Union in the method of
the Environmental Footprint (EF) [24]. The indicators under the economic and social dimension in
the method by Wang et al. [12] make various potential sustainability impacts measurable. Hence,
in step 3, indicators and impact categories are selected for the impact category groups from the
approach of Wang et al. [12], adapted and supplemented with further ones from several publications,
e.g., [8,13,25,26]. For this purpose the following approach was applied: First, for each impact category
group, and thus the here significant (sub-)targets of the SDGs, a) their relationship to the object of
investigation and b) potential sustainability impacts in the life cycle of the urban surface and the
products/ product innovations under investigation were researched; then suitable indicators that make
it possible to assess those impacts in the context of the SDGs were identified and selected. As in the
approaches by Wang et al. [12] and Maier et al. [13], this procedure makes it possible to evaluate the
sustainability impacts of innovations holistically and to assess innovations’ potential impacts on the
realization of the SDGs. Table 1 gives an overview of the impact category groups and the impact
categories of the herein proposed indicator set. The full indicator set is summarized in Table A2 in
Appendix B.

Table 1. Overview of the SDGs, assigned impact category groups and their impact categories, compiled
from several publications [12,13,18,24–27].

Sustainability
Dimension Impact Category Group SDGs Impact Category

Environmental

Climate 13 Climate change

Terrestrial ecosystem 2, 12, 15
Terrestrial acidification
Terrestrial ecotoxicity

Land use

Aquatic ecosystem 6, 12, 14

Water depletion
Eutrophication

Freshwater aquatic ecotoxicity
Marine aquatic ecotoxicity

Abiotic resource
depletion 7, 8, 9, 12 Abiotic resource depletion, elements

Abiotic resource depletion, fossil

Economic

Employment 8
Job creation

Job creation: Quality of jobs created
Working conditions

Energy supply and
efficiency 7, 8, 9 Energy consumption

Energy intensity

Municipal life cycle costs 16 Municipal costs

Poverty 1 Absolute poverty
Income

Social

Health and safety 2, 3, 6, 11 Accidents and health incidences
Human toxicity

Education and skill
development 4

Provision of education/trainings

Participation in trainings

Use of educational offers

Effectiveness of education/training

Quality of education/training

Egalitarian society 4, 5, 8, 10, 11, 16
Inclusion

Gender equality
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3.2. Description of the Impact Category Groups

In the following, the results are presented according to relevant sustainability impacts in the field
of urban surfaces, selected indicators, the SDGs, and the thematic relevance of the group for sustainable
development are elucidated.

3.2.1. Environmental Dimension

(1) Climate:
Climate change is the focus of SDG 13; however, it is related to other SDGs [13]. Greenhouse

gas (GHG) emissions are emitted in different sectors and processes that are linked to urban surfaces.
For example, when generating energy by burning fossil fuels, mainly the greenhouse gas CO2 is
emitted [28]. Therefore, the amount of greenhouse gas emissions emitted by the management of urban
surfaces depends on, among other things, the energy source. In addition, industrial processes, e.g.,
the production of goods such as steel and cement, are not only a source of air pollutants but also
greenhouse gas emissions [28]. However, the design and management of urban surfaces also open up
opportunities to reduce municipal GHG-emissions. For example, innovative urban surfaces, such as
green facades, can help to protect the climate by binding CO2 [1]. As in the method by Wang et al. [12],
the global warming potential is assessed for this impact category group.

(2) Terrestrial ecosystem:
Terrestrial ecosystems are thematized in SDGs 2, 12, and 15 [13]. There are links to other SDGs

such as SDG 13 (climate action), SDG 11 (sustainable cities and communities) [29], and SDG 9 (industry,
innovation, and infrastructure). Sound ecosystems provide safe drinking water and help protect
the climate by functioning as carbon sinks [29]. The provision of urban surfaces intervenes in those
ecosystems and impacts on their quality. Similarly to ReCiPE 2008 [30], two types of land use are to
be considered in the field of urban surfaces: a) Direct through the urban surface, and b) indirect, e.g.,
through factories for the manufacturing of the surface materials or machines. The emission of toxic
substances poses a threat to intact ecosystems, for example, soils can be contaminated with heavy
metals through emissions from industrial areas and the use of chemical fertilizers and pesticides [31–33].
Accordingly, innovating the management process of fertilizing (process innovation) could help to
reduce the negative impacts of the maintenance of green urban surfaces on soils. Furthermore,
an increase in urban green spaces, the reduction of the sealing intensity of urban surfaces such as streets
or walkaways, and the plantation of native and mixed vegetation positively influence biodiversity in
an urban environment and are examples of biodiversity friendly management of urban surfaces [21].

The indicators terrestrial acidification potential and terrestrial ecotoxicity potential used in the
approach by Wang et al. [12] are adopted. Besides, for the impact category land use, the model Soil
Quality Index, based on the LANCA Model [34], is chosen, which is in line with its recommended use
for the Environmental Footprint Framework in Sala et al. [24].

(3) Aquatic ecosystem:
This group is dealt with in the targets and sub-targets of SDGs 6, 12, and 14, and is thematically

linked to SDGs 9 and 11. “Access to clean water and therefore healthy aquatic ecosystems are not
only of environmental concern but also essential for human health and survival [ . . . ]” [13] (p. 10).
Additionally, manufacturing industries, among other economic sectors, rely on the availability of
water [13]. In the field of urban surfaces, various materials and machines are used that can impact on the
availability of the water resource and its quality. Water is withdrawn, e.g., for concrete production [35],
and directly used during the management of municipal surfaces, e.g., in cleaning processes and
when watering green spaces. Besides, hedge trimmers and leaf blowers with lithium-ion batteries are
alternatives to conventional gasoline-powered versions. However, Mahmud et al. [36] have found
that lithium-ion batteries have, e.g., a considerable marine aquatic ecotoxicity potential over their
life cycle. For this impact category group, the indicators quantity of water depletion, eutrophication
potential, and freshwater and aquatic ecotoxicity potential used in the methods by Wang et al. [12] and
Maier et al. [13] are adopted.
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(4) Abiotic resource depletion:
This impact category group is addressed by targets and sub-targets of SDG 7 (affordable and

clean energy), SDG 8 (decent work and economic growth), SDG 12 (responsible consumption and
production), and partially SDG 9 (industry, innovation and infrastructure), and is linked to SDG 11
(sustainable cities and communities). A more efficient resource usage as well as more sustainable
production processes and use of products are indispensable to allow for economic growth and thus
affluence in future [37]. Besides, “More efficient resource use can help to reduce environmental
pollution [ . . . ]” [38]. The life cycle of urban surfaces requires a broad variety of raw and operating
materials, depending, e.g., on the type of surface and machines used. Consequently, different resources
are consumed in the field of urban surfaces, such as fossil fuels and minerals. A thoughtful design of
products that are, e.g., recyclable and durable, is one of many possible approaches to limit the resource
use [38], besides, the consumption of resources for the provision of urban surfaces can be reduced
through resource-efficient management processes. Similarly to Maier et al. [13], the consumption
of water and land is considered in the impact category groups aquatic and terrestrial ecosystem,
respectively. The consumption of mineral resources and fossil fuels is assessed with the indicators
Abiotic depletion potential (ADP) elements and ADP fossil, respectively, adopted from Wang et al. [12].

3.2.2. Economic Dimension

(5) Employment:
This impact category group is directly thematized in the targets and sub-targets of SDG 8. “Jobs and

employment are not only crucial for the people to be able to afford their basic needs as well as education
or health services, but are also an important driver of the country’s economic growth“ [13] (p. 10). Jobs
in mechanical engineering, its supplier industry, the production of surface and operating materials,
the construction industry, as well as the municipal administration, among others, are linked to the field
of urban surfaces. The management of urban surfaces falls, e.g., within the area of responsibility of
the municipal building yard [1]. In the field of urban surfaces, one of the municipalities’ sphere of
influence is seen, e.g., in the selection of the supplier companies for the machinery and various products
employed, as well as external service providers (e.g., criteria fair wage). Besides, municipalities can
influence the working conditions, with regard to some aspects, in their own enterprises. Ziegler [39]
has found that operational innovations can influence the number of jobs, the required qualification,
the working time, the wage level, as well as the working conditions. Innovations in the field of urban
surfaces could have similar impacts on the employment, which are linked to the relevant (sub-)targets
of SDG 8. Therefore, indicators in the impact categories job creation, job creation: Quality of jobs
created, and working conditions are compiled from several publications [8,12,13,26,27].

(6) Poverty:
The topic of poverty is relevant to the field of urban surfaces, as, e.g., an innovation can lead to a

reduction of the management intensity of a surface and thus result in a loss of jobs in the municipal
building yard or a reduction of the number of working hours of external service providers, which in
turn can impact on the income available for employees. However, the number of employees living
below the poverty line could be reduced by creating well-paid jobs in the production of the innovation.
Besides, municipalities can contribute to poverty alleviation with their public procurement activities,
e.g., by choosing fair-trade products [40]. Consequently, the whole picture, but also the change of
the working situation of the individual employees in the various life cycle phases of the innovation
and urban surface, have to be examined to address poverty. Hence, here, the analysis of poverty is
conducted with regard to incomes in the economic dimension, thus partially adopting the approach in
Maier et al. [13]. Existing indicators from several indicator sets [12,13,22] are adapted.

(7) Energy supply and efficiency:
Especially the type of energy supply and the energy efficiency are addressed in the targets of

SDG 7 (affordable and clean energy) that were identified as relevant to the topic at hand. This topic is
linked to SDGs 8 (decent work and economic growth) and 9 (industry, innovation, and infrastructure),
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and SDG 13 (climate action). This impact category group is relevant to the field of urban surfaces
since the management of urban surfaces, as well as the provision of the products and innovations
used in its management, consume, in principle, energy. “For a prosperous economy, energy is needed
for almost all types of economic activities (jobs, productivity, and development)” [13] (p. 9). This is
why the indicators under the impact category group energy supply and efficiency are assessed in this
dimension, as in the methods by Wang et al. [12] and Maier et al. [13]. In this group, a higher energy
consumption and efficiency are evaluated as positive impacts from an economic perspective [12,13].
Here, the indicators primary energy consumption and change in energy intensity of Maier et al. [13]
are adopted.

(8) Municipal life cycle costs:
According to SDG target 16.6, institutions shall be established which are, among other things,

effective [20]. The living conditions in a municipality are directly influenced by its financial situation [18].
A lower investment rate, resulting from a high municipal debt, impacts negatively, e.g., on the
development of infrastructure [18]. For municipalities, a sustainable material flow management is
also beneficial from a financial, social, and economic perspective [41]. Innovations in the field of
urban surfaces can potentially contribute to a more sustainable resource management. However, for a
sustainable municipal product procurement, it is recommended that, apart from other criteria, not only
a product’s acquisition costs but also, if applicable, e.g., related energy and maintenance costs, are to
be considered in the decision-making process, i.e., the complete costs [42]. For this impact category
group, an indicator of Wang [27] is adapted to the field of urban surfaces using impact categories
of Horn et al. [25]. With this indicator, the municipal costs for resources, machines, electricity, other
energy, disposal, and labor are to be assessed.

3.2.3. Social Dimension

(9) Health and safety:
“Ensuring healthy lives and promoting the well-being at all ages is essential to sustainable

development” [43]. Health and well-being are thematized in SDG 3, and the topic is directly related to
SDG 2 (zero hunger) and SDG 6 (clean water and sanitation) [13]. Additionally, the safety of people is
addressed in targets of the SDGs 3, 11, and 13. The field of urban surfaces has many connections to
those subject areas. Hauke and Neitzner [44] have pointed out several safety and health risks associated
with the work in building and operating yards. In addition, particulate matter is produced, e.g., in the
production of metal and steel and from emissions of diesel-fueled construction machines, and a high
particulate matter level is linked to various health problems such as respiratory diseases [45,46]. Green
facades can reduce the pollution load locally, e.g., particulate matter, and thus benefit the environmental
quality in cities [1]. In the field of urban surfaces, it is important to evaluate if the innovation would
lead to a shift of accidents or other health-related incidences from one life cycle phase to another. The
indicators risk of (fatal) accidents and health incidences, particulate matter formation and human
toxicity potential of several publications [12,13,26,47] are adopted and adapted.

(10) Egalitarian society:
The achievement of sustainable development requires that no one is left behind, e.g., access to

basic services and a better life [48]. In the field of urban surfaces, especially the targets/sub-targets
of the SDGs 4, 5, 8, 10, 11, and 16 are relevant, which address, among other things, the inclusion
and equality of different groups with respect to income, employment, and education. In the area of
urban surfaces, the realization of an egalitarian society is influenced, e.g., by the staffing in municipal
facilities and the choice of product suppliers. Examples of relevant disadvantaged groups are women,
e.g., due to the existing gender pay gap in many countries, such as Germany [49], and persons with
migration background that experience discrimination on the labor market [50]. Target 11.7 calls for
giving “[ . . . ] universal access to safe, inclusive and accessible, green and public spaces [ . . . ]” [20]
(p. 28) highlighting groups, such as elderly and disabled persons [20]. Hence, here indicators are
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adapted or derived from several indicator sets [12,13,18,20,26], e.g., for gender equality, equal access to
employment and educational offers/ trainings, as well as the general accessibility of urban surfaces.

(11) Education and skill development:
“Education, or the transmission, acquisition, creation and adaptation of information, knowledge,

skills and values, is a key lever of sustainable development” [51] (p. 3). In SDG 4, the guarantee of
high-quality education and facilitation of life-long learning are addressed. Whilst in the relevant targets
and sub-targets of SDG 4 and partly in SDG 8, e.g., technical and vocational education are specifically
thematized. In the field of urban surfaces, education is relevant from various perspectives. Education
and professional qualification are seen as prerequisites for access to work, whereby it is important that
the vocational education meets the requirements of the labor market [52,53]. Additionally, life-long
learning and skill development are crucial to maintain employees’ employability [54]. Besides, applying
an innovation without the necessary skills, among other things, can result in its failure [55]. Therefore,
on job training can be seen as vital for successful implementation of innovative machines for the
management of urban surfaces. For innovations in the field of urban surfaces, e.g., façade PV systems,
also knowledge sharing on their correct disposal is significant. Education-related indicators are adapted
from various indicator sets [12,13,26].

3.2.4. Summary of the Impact Assessment Method

The proposed indicator set with descriptions and assessment methods can be found in Table A2
in Appendix B. Innovations in the field of urban surfaces may be of various kinds. The introduced
indicator set is formulated in a general manner to be adaptable for a broad range of innovations and
surfaces. The indicator catalog should be adapted before its use to assess relevant changes.

In Figure 3, the herein proposed general indicator set is illustrated as Tree of Sustainability, adapted
from Sadok et al. [56]. Figure 3 displays the three dimensions of sustainability, the impact category
groups under each sustainability dimension, and indicates in brackets to which impact category
groups each SDG was assigned. To ensure the readability of Figure 3, the SDG targets and sub-targets
were not included in this illustration. Figure 3 shows the indicators to be assessed for the selected
impact categories.

As can be seen in Figure 3, it is possible that in the case of innovations in the field of urban surfaces,
e.g., in the impact category accidents and health incidences, potential impacts of an innovation oppose
one another in numerous ways: a) Within one life cycle stage. For example, in the case of an innovative
flaming device for municipal weed removal, a possibly increased work-related risk of accidents, i.e.,
during the management of the surface with the innovation, could contrast a potentially reduced risk of
accidents in the use of the pavement that has been treated with the innovation, meaning pedestrians
using the surface; b) across life cycle stages. For instance, in the case of an innovative clearing and
gritting vehicle, a potentially increased risk of occupational accidents during the production of the
innovation could contrast a possibly reduced risk of accidents during the use of the street that has
been managed with the innovative vehicle. Accordingly, during the assessment, the perspectives of
the surface users and/or of the workers are taken, depending on the life cycle phase. Furthermore,
the tree makes clear that a shift of impacts can also occur between the impact category groups, e.g.,
poverty and municipal life cycle costs, as well as between the dimensions of sustainability. For example,
different perspectives are taken when assessing the potential impacts in the impact category groups
costs and poverty: The one of the municipality (impact category group costs) and the one of the
workers or end-users (impact category group poverty), respectively. The proposed approach also
allows disclosing a shift between different processes that can compensate each other when determining
the indicator values.
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3.3. Operationalization of the Modeling Phase

First of all, the proposed general indicator set should be adapted to assess relevant impacts. For
the operationalization of the modeling phase, the proven approach by Wang et al. [12] with its scoring
rules, adapted from Maier et al. [13], is adopted. However, there are two differences to the scoring
rules for the indicators by Wang et al. [12]: (1) In the case of a lack of data, an N/A should be noted.
This N/A should be eliminated when calculating the score of the impact category and impact category
group. (2) Likewise, an irrelevant indicator should be highlighted as such (N/A) or removed and not
included in the further calculations. It should be noted that, as in Wang [27], the practitioner should
determine diligently if the change of the indicator value between the comparison and the baseline
scenario indicates a positive or a negative impact.

The line of aggregation to obtain a final result from the indicators can be followed by reading
Figure 3 from right to left: The indicator scores are first aggregated to impact category scores, which then
are aggregated to impact category group scores. Due to the assignment of the SDGs to impact category
groups, the final impact category group scores show indirectly the possible impact of an innovation to
the achievement of the respective SDGs.

4. Case Study

In a first application, the presented method was applied to a case study to a selected innovation
in the area of a particular urban surface in order to investigate its potential sustainability impacts.
The goal of the case study was to test the applicability of the presented method, therefore it is not
described in great detail. Besides, possible starting points for the optimization of the approach were
identified. The case study was conducted within an existing research project. While the city in which
the case study was to be conducted was predefined by the project, the urban surface, the process to
be innovated, as well as the innovation to be assessed were selected in a participatory process by the
municipal stakeholders.

The newly introduced SDG-based sustainability assessment methodology was used to assess
the potential sustainability impacts of weed-suppressing joint filling sand to support a municipality
in Southern Germany in its decision on whether or not it should introduce the innovative material
on walkways of its municipal cemeteries from a sustainability point of view. While there are several
studies that examine the effectiveness of different weed-suppressing joint filling sands, e.g., [57–60],
so far, no holistic sustainability assessment of those sands had been conducted. Hence, this study
aimed to determine the potential impacts of the innovative joint filling sand in the environmental,
social, and economic dimensions of sustainability within the system boundary. It was evaluated
if the joint filling sand can contribute to the sustainability of the city. Based on the results of the
sustainability assessment, a recommendation to the municipality regarding the introduction of the
innovative material was to be put forward.

4.1. Goal and Scope Definition

Following the steps for the first phase of the methodology in Henzler et al. [2], both a baseline and
comparison scenario were built. Primary data was collected using a semi-structured questionnaire
in the municipality to form the basis of the baseline scenario. Due to the lack of data on a municipal
level, assumptions based on secondary data had to be made in coordination with the municipality for
the design of the baseline scenario. Further data sources, such as studies on the effectiveness of the
joint filling sand [58,60], were used to develop the comparison scenario. Before lining out the assessed
baseline and comparison scenario, the used functional equivalent is introduced and an overview of the
installation mode of the innovation is provided below.

Joint filling sand is used for jointing the walkway in the cemetery and is managed in conjunction
with the walkway in the use phase of the walkway. Accordingly, not only the joints with a width of
3 mm are cleaned, etc., but the whole surface is managed. Due to data availability, the assessment



Sustainability 2020, 12, 4466 14 of 32

was conducted for the first management year. A functional equivalent was formulated as follows for
the assessment: Provision of 100 m2 paved cemetery walkway for one year (the first management
year), which is jointed with joint filling sand, is free from weed as well as aesthetically pleasing,
durable, safe, and walkable, with the reference unit [100 m2 * 1a]. The acceptable weed growth was
set to Class II according to Sluijsmans et al. 1997 (picture class quality) in Kortenhoff et al. [61] (low).
This decision was made after considering the aspects mentioned in Kortenhoff et al. [61]: “The level of
weed infestation that is acceptable depends—among others—on the function, the use and the location
of the hard surface concerned and the demands (wishes) of the administrators and users” [61] (p. 6).
The process of weed removal is conducted when this set limit is exceeded. This is in line with the
information provided by the municipality for the case study that the weed removal on the walkway in
question is conducted, e.g., depending on the visual impression.

In this case study, the innovative joint filling sand would be applied to an existing walkway in
a municipal cemetery, which is made of concrete paving stones and currently jointed with crushed
sand 0/2 mm. For this purpose, first, in a cleaning process (‘sweeping’), the currently installed crushed
sand would be removed from the walkway’s joints at the height of 1.5 cm. Then, in the module
modernization of the existing surface, the innovative joint filling sand would be applied on top of the
remaining crushed sand. The modernization would be conducted before the first regular cleaning of the
surface. It can be assumed that the municipal nursery will maintain its current use of equipment during
jointing for the modernization with the innovative joint filling sand. Adopting the municipality’s use
of equipment in the processes jointing and joint repairing from the questionnaires, only a broom would
be used for applying the innovative joint filling sand in the module modernization, and not a vibrating
plate as recommended by the producer [62]. After its introduction, the joint filling sand would also be
used for the process of joint repair.

In Figure 1, a simplified version of the examined interactive life cycle scheme is illustrated,
showing the installation mode of the innovative joint filling sand in the module modernization in the
use phase of the walkway. In the use phase of the walkway, several tasks and management processes,
respectively, are carried out. According to the questionnaire, they are conducted by employees of
the municipal nursery. The processes of (pre-)cleaning, subsequent cleaning, thermal weed removal
with a hand-held weed flamer, joint repair, as well as transports between the municipal building
yard and the cemetery that are related to those processes, were identified as relevant in both the
baseline and the comparison scenario. In the use phase in the comparison scenario, the additional
processes of sweeping (removal of conventional crushed sand) and modernization of joint filling sand
were determined as significant. Identified characteristics of the management processes included, e.g.,
the use of equipment, their frequency, number of involved employees, mode of transport, respective
working-time (including transport time between municipal building yard and cemetery) as well as all
input and output flows (MFA).

The environmental system boundary comprises the production and transport of the joint filling
sand from the production site to the municipal building yard as well as the use phase. Due to data
availability, for the social and economic dimension of sustainability, only the use phase was assessed in
the case study at hand.

4.2. Modeling

Following the methodology, the introduced general indicator set was adapted as a first step of
the modeling phase. The assessment of the environmental dimension was carried out using the LCA
software GaBi. The GaBi models included the production and transport of the joint filling sand from its
production site to the municipal building yard, the liquefied petroleum gas and its provision, as well
as the transports between the municipal building yard and the cemetery in relation to the management
processes (transport of employees, materials, and tools). It must especially be noted that since there are
no processes available in GaBi to representatively model the process of weed flaming, here only the
liquefied petroleum gas used in the flaming process and its provision were considered. As proposed
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by Wang et al. [12], characterization factors of the CML 2001 method (here: Version Jan. 2016) were
applied for the assessment of most of the indicators under the environmental dimension, and also
the factor from ReCiPe (here: Version 1.08) was used for the evaluation of the terrestrial acidification
potential. For quantity of water depletion, the factor from ReCiPe 1.08 was used, for land use from EF
2.0. For the economic and social dimension, a partially quantitative and partially qualitative assessment
was carried out.

Regarding the assessment, it should be noted that the authors have identified potentials and
have not carried out a consequential assessment. This means that, for example, while a potential for
working time-saving was pointed out, it was not considered if and what tasks could be accomplished
in the time saved.

In the following, the modeling results of two exemplary impact category groups, climate and
employment, are illustrated. In Table A3, Appendix C, the absolute and percentage change between
the indicator values in the two scenarios are given for all impact category groups.

4.2.1. Modeling Results: Impact Category Group Climate

In the environmental dimension, an overall LCA was carried out for the production and transport
of the joint filling sand to the municipal building yard and the use of the walkway and the joint
filling sand. In the following, the modeling results for the impact category group climate under the
environmental dimension are presented. It illustrates how the approach by Wang et al. [12] was
adopted to receive an overall score for this impact category group.

In the group climate, the indicator global warming potential is assessed. The global warming
potential is 95.3 kg CO2-eq./functional eq. in the baseline scenario and 52.1 kg CO2-eq./functional
eq. in the comparison scenario. The indicator value in the comparison scenario is reduced by 45.3%
compared to the baseline scenario. Hence, the indicator shows a positive impact (+1).

Insight: At 78.1 kg CO2-eq./functional eq. in the baseline and 29.4 kg CO2-eq./functional eq. in
the comparison scenario, respectively, the liquefied petroleum gas causes the highest proportion of
total Global Warming Potential (GWP). The reduction of the GWP of the liquefied petroleum gas by
62.4%, whose consumption is reduced by the innovation, leads to a decrease of the GWP in the overall
balance. Hence, it is not obvious that, e.g., the GWP of the production and transport of the joint filling
sand to the municipal building yard is increased through the innovation by 193.4% in the comparison
scenario compared to the baseline scenario.

The scores in the impact category group climate are summarized in Table 2. The score of the
impact category group climate is +1.

Table 2. Scores in the impact category group climate, phases: Production and transport, use.

Impact Category Indicator Score of Indicator Score of Impact
Category

Score of Impact
Category Group

Climate change Global warming
potential +1 +1 +1

4.2.2. Modeling Results: Impact Category Group Employment

Due to limited data availability, only the impacts in the use phase were assessed for the impact
category groups under the economic dimension. In the following, the modeling results in the impact
category group employment are elucidated.

For the impact category job creation under the impact category group employment, the indicator
job creation is assessed, which evaluates the possible impact of the innovation on the number of jobs
that are linked to the provision of 1 functional eq. In 2019 the municipal nursery counted 24 employees.
The working time required for the management of the walkway is calculated to 4554 min./functional
eq. in the baseline scenario and 3828 min./functional eq. in the comparison scenario, respectively. The
working time saving caused by the innovation is determined as 726 min./functional eq., which equals a
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reduction of 15.9% of the working time due to the innovative joint filling sand. Due to this reduction
of the working time, the innovation could potentially have a negative impact on the number of jobs
within the system boundary. The indicator shows a potential negative impact (−1).

As it was found that the innovation would potentially not increase the number of jobs, the indicator
concerning the quality of jobs created is not relevant in the use phase.

The results of the assessment are summarized in Table 3. The score of the impact category group
employment is −1.

Table 3. Scores in the impact category group employment, phase: Use.

Impact Category Indicator Score of Indicator Score of Impact
Category

Score of Impact
Category Group

Job creation Job creation −1 −1 −1

4.3. Interpretation

4.3.1. Presentation and Evaluation

The scores of the eleven impact category groups in the case study are illustrated in Figure 4. When
looking at this figure, it has to be kept in mind that for the impact category groups in the environmental
dimension, an overall assessment of the phases production and transport of the joint filling sand and
use was carried out, while for the impact category groups in the social and economic dimension, only
the use phase was assessed.
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Environmental dimension: In the overall assessment for the phases production & transport
sand and use, the modernization of the walkway with the weed-suppressing joint filling sand could
potentially have a positive impact in the impact category groups climate, terrestrial ecosystem, aquatic
ecosystem, and abiotic resource depletion. This is due to the reduced consumption of liquefied
petroleum gas in the process of weed removal, which covers, e.g., a deterioration in the provision of
the joint filling sand. In the impact category group terrestrial ecosystem, the positive change through
the innovation may not be so pronounced (+0.67), as the positive impact of the reduced demand for
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liquefied petroleum gas in the impact category land use contrasts with the clear negative impact of the
provision of the innovative joint filling sand.

Economic dimension: In the use phase, the innovation could overall have a slightly positive
impact on the impact category groups in the economic dimension. The innovation can potentially lead
to a reduction of the effort needed for the management of the walkway, which in turn can result in
savings in municipal expenditure related to the management of the cemetery walkway. In the impact
category group life cycle costs, this is evaluated as a positive change (+1). In the impact category
group energy supply and efficiency, a slightly negative economic impact of the innovation is observed
(−0.5), which can be attributed to the fact that the primary energy consumption in the use phase is
potentially decreasing while the used equipment would remain unchanged. In the impact category
groups poverty and employment, the indicators show negative impacts of the weed-suppressing joint
filling sand, which can be related to the reduced workload.

Social dimension: In the use phase, the innovation could potentially have either no or a positive
impact in the three impact category groups under the social dimension. Due to the reduced weed
growth and effort for the management of the walkway, the innovation could have an overall positive
impact on the impact category group health and safety. With the slightly increased mileage of the
platform truck due to the modernization of the joint-filing material, the risk of accidents during service
rides increases somewhat; however, this change is only marginal. In the impact category group
education and skill development, no potential impact of the innovation is assessed since no new
skills are needed for the management of the modernized surface. The innovation has no effect on
the structure of the workforce and does not change the accessibility of the surface for disadvantaged
groups; hence no impact is observed in the impact category group egalitarian society.

Overall, the innovation could have a positive impact in the environmental dimension (sum of
both phases), a negative impact in the economic dimension (use phase), and a slightly positive impact
in the social dimension (use phase). In total, the innovation could have a slight positive contribution to
the sustainability of the system and thereby to the sustainability of the municipality.

SDGs: The potential impact of the innovation in the eleven impact category groups and its
possible contribution to the achievement of the SDGs are summarized in Table 4. The innovation could
contribute across all dimensions of sustainability and assessed life cycle phases to the achievement of
the SDGs 2, 3, 6, 12 to 15. In the use phase, the realization of the SDGs 11 and 16 would not receive
full support (no and positive contribution of the innovation, respectively). Besides, in the use phase,
the innovation cannot contribute to the realization of SDGs 4, 5, and 10. In the use phase, the innovation
might counteract the achievement of SDG 1. The innovation would make contradicting contributions
to the realization of SDGs 7, 8, and 9.

Table 4. Potential impact of the innovation in the impact category groups and potential contribution of
the innovation to the achievement of the SDGs. Concept adapted from IPBES [63]. SDG Icons: [64].

Impact Category Group Sustainable Development Goals (SDGs)
Potential Contribution of the

Innovation to the Achievement
of the SDGs

Climate
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The assessment results have shown that the innovative joint filling sand could potentially have
overall slightly positive impacts across the three dimensions of sustainability within the system
boundary and could possibly contribute to the sustainability of the city.

Based on the results of the sustainability assessment, the introduction of the innovative joint
filling sand on the walkways of municipal cemeteries in the municipality concerned seems promising.
However, before making a final decision on the introduction of the innovation, it is recommended to
assess the further life cycle phases holistically and to examine the effectiveness of the innovative joint
filling sand in the planned installation mode.

On the basis of the assessment results, the following recommendations for the optimization of the
potential sustainability impacts were put forward:

• Impact category groups employment and poverty: Additional tasks could be assigned to the
employees of the municipal nursery to counteract a deterioration of their employment situation
and income.

• Impact category group education and skill development: In the course of the introduction of
the innovative joint filling sand, the employees should be informed about its correct installation
and disposal.

• Impact category group health and safety: The municipality could purchase a gas cylinder trolley
to reduce the risk of occupational health incidences and accidents.
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• Impact category group egalitarian society: The municipality could investigate whether the
reduction of the flaming activities makes the work at the municipal nursery more accessible for
physically impaired people. In the course of modernization, the municipality could consider
options for the improvement of the usability of the walkways for people with a visual impairment.

• Impact category group egalitarian society: The municipality could pay attention to granting equal
access to jobs in the municipal building yard, sector municipal nursery.

• Optimization of material flows: The municipality could investigate the use of an alternative
method for weed removal since the liquefied petroleum gas used for the flaming is the leading
cause of the environmental sustainability impacts within the system boundaries.

• Optimization of material flows: The municipality could look into modernizing the walkway
with an alternative weed-suppressing joint filling sand since the indicators in the environmental
dimension show potential negative impacts for the transport of the selected innovative joint filling
sand from its production site to the municipal building yard.

5. Discussion

5.1. Strengths of the Newly Developed Method

This study presents a methodological approach to the sustainability assessment of innovations
in the field of urban surfaces based on SDGs. This includes the development of an SDG-based
catalog of indicators tailored to the management of urban surfaces. The methodology thus enables
impact assessment and result communication in all three dimensions of sustainability in a consistent
way. It provides information on the possible (positive and negative) sustainability impacts of an
innovation before it is implemented in a city. Thus, a product can be assessed in the context of the
embedding organization. The results can therefore be used by decision-makers to identify benefits and
trade-offs, and to derive further recommendations for optimization that can contribute to sustainable
and future-proof innovations. The applicability of the methodology was demonstrated by applying
the new method to a case study on the innovation of weed-suppressing joint filling sand on the urban
surface of pavements compared to the baseline scenario. With Table 4, the municipality is provided
with an easily communicable summary of the assessment results, thus giving a first insight into the
results. The case study results have shown that recommendations can be made to the municipality
regarding the introduction of the innovation from a sustainability perspective. This is accompanied
by specific proposals for optimizing the material flows on the surface. It is important to ensure
the transparency of the method and to provide the municipal decision-makers with the detailed
assessment results to allow for informed decisions on changes of the system. Transparency can be
achieved through close collaboration between municipal stakeholders and the assessors, e.g., during
the design of the scenarios and the data collection process, as well as the provision of information on
the assessed indicators and applied methods for calculating the assessment results. Giving insight
into the assessment methods and indicators can make it easier to understand the given evaluation
results. Furthermore, providing the full results (here made available in Appendix C) allows municipal
stakeholders to comprehend why hot spots were identified as such, how the recommendations for
system improvement were derived, and to identify further optimization potentials. However, a balance
must be achieved: While decision-makers should have as detailed information as possible, the results
should still be comprehensible. One advantage of the method presented is that the results can be both
communicated in a simple, understandable way, and that more detailed information on the individual
indicators can be given.

5.2. Limitations and Outlook

One of the general challenges for LCSA are the data needs [65]. The here presented method
is no exception. One of the main limitations is the large amount of data required to assess each
indicator within each impact category group across all life cycle phases of the innovation. For the
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production phase of the innovation, for example, only those indicators that can be assessed by life
cycle assessment could be considered, the other indicators would require primary information or
secondary statistical data, which would make the assessment very time-consuming. As this information
was not available for the case study, it was not possible to quantitatively assess the indicators of
the social and economic dimension of the production of the innovation. However, for a holistic
assessment, it would be necessary to examine the possible shifts in impacts within the different life
cycle phases and between SDGs. While the amount of data required for the assessment might limit
the application of the method, this is no real obstacle, which is shown by the broad use of LCA. The
impact assessment method presented here goes beyond the LCA’s scope, e.g., by assessing potential
impacts in all three dimensions of sustainability and on the SDGs, providing additional valuable
insights for decision-support, which cannot be done with a small data set. One of the advantages of
the method is its coupling with the LCA, which already provides a large background data set for the
environmental dimension.

With regards to the assessment of an innovation’s potential impact on the realization of the SDGs,
for the proposed impact assessment methodology, the same applies as for the underlying methodology
by Maier et al. [13], which is that “[ . . . ] the direct connection between the chosen indicators and the
SDGs is weakened by several steps of impact categorization” [8] (p. 60). To address this weakness of
the approach, one of the next steps could be making the cause-effect-chains transparent.

The analysis and assessment of the individual indicators should be updated in the future, as the
values for each indicator and impact category are simply added together, which does not reflect the
magnitude of the actual impacts. Therefore, normalization factors such as for EF could be adjusted
to aggregate all results within one dimension. Besides, while the indicator set considers imported
sustainability impacts, such as working conditions in the case of import goods, and can disclose a shift
of sustainability impacts to other countries, it should be adopted to the country of assessment to take
into account case-specific circumstances. This is in line with the finding that holistic sustainability
assessments also need to be tailored to the country of assessment to ensure that relevant impacts are
assessed and representative modeling processes are used. In addition, the set of indicators is not
universally applicable, and may need to be adjusted to reflect case-specific changes.

Furthermore, some of the impact categories cannot yet be assessed, although their importance
is highlighted in one or more SDGs. For example, as mentioned in SDG 15, impacts on biodiversity
should be included in the overall methodology. As the authors have made the method development
process transparent and opted for an open design of the method, the impact categories can be adapted
and supplemented.

With regards to the case study, the limited availability of data at local level on the material flows
associated with the various management processes was a major issue. In consultation with the city
administration, several assumptions based on observations of the city administration and secondary
data had to be made in order to design the baseline scenario. Consequently, the scenario did not
represent the exact management situation in the city administration, which made the evaluation results
less meaningful for the city. Furthermore, due to a lack of data, the potential sustainability impacts of
the innovation in the social and economic dimension could not be assessed for the life cycle phases
of the production and transport of the joint filling sand. Therefore, this case study compared the
evaluation results of an overall assessment for the environmental dimension (phases of production and
transport of the joint filling sand and use) with the results for the use phase in the social and economic
dimension. Prior to a final decision on the introduction of the innovation, an overall assessment should
be carried out to show a possible shift of the sustainability impacts to other phases and to identify
further starting points for the optimization of the innovation. With respect to the case study, it should
be kept in mind that it represents a first application of the method. While it has shown its applicability,
it has also helped to determine valuable starting points for further improvement, both of the method
and the data collection in municipalities. Building on this usage of the method, further case studies on
innovations in the context of other urban surfaces are to be conducted.
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6. Conclusions

In the context of urban surfaces, the authors have advanced the sustainability assessment of
innovations connecting the life cycles of the urban surface and the proposed innovation through
an SDG-based impact assessment methodology. In the process of method development, a detailed
analysis of the SDG (sub-)targets with regard to the urban context and especially to urban surfaces was
conducted. Based on relevant SDGs, a first literature review on suitable indicators was carried out to
measure sustainability impacts of innovations in the field of urban surfaces.

The analyzed case study showcases the applicability of the proposed approach for decision support
on a very specific issue. However, the robustness of results may increase with growing availability of
both background and foreground data. The development of generic data for the sustainability of urban
surfaces is strongly recommended by the authors and identified as a requirement for the approach to
be applicable in broader contexts. While the case study provides decision support on a very specific
issue, the proposed methodology offers a way to assess urban surfaces in a holistic approach based
on life cycle thinking. The impact assessment framework furthermore allows us to communicate
the findings through the SDG framework, which is better understood by the public and by deciding
authorities. Thus, the approach perspectively allows practitioners to consider the impacts of a decision
in the context of urban surfaces based on quantitative life cycle sustainability assessment. Having
information on potential sustainability impacts and starting points for system optimization prior to the
implementation of innovations helps to make innovations more future-proof. Furthermore, urban
surfaces are identified as an original field of scientific interest and field of decisions impacting the
sustainability of public organizations. In the time of climate change emergencies decided by public
bodies and actions towards the SDGs becoming an integral part of public decision making, quantitative
evaluations on decision options become a necessary prerequisite. This publication contributes to this,
providing a scalable, transferrable impact assessment method and showcasing its application and
communication. However, further steps are inevitable to facilitate the approach and make it accessible
to practitioners.
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Appendix A

Table A1. SDG targets and sub-targets in Assman et al. [18], and further SDG targets and sub-targets
in the relevance checklist [19] (highlighted in italic), here identified as relevant with a potential
(direct) allocation to the impact categories in Wang et al. [12] and potential new impact category
groups, respectively.

SDG Targets/ Sub-Targets of the SDGs and Possible Assignment to Impact Category Groups

1 1.1: Poverty; 1.2: Poverty; 1.5.1: Poverty

2 2.1.1: Health; 2.2.1: Health, terrestrial ecosystem

3 3.4.2: Health and well-being; 3.6: (traffic) Safety; 3.9.2: Health

4 4.3: Egalitarian society; 4.4: Education and skill development; 4.5.1: Egalitarian society;
4.5.2: Egalitarian society; 4.a: Egalitarian society

5 5.1: Egalitarian society; 5.5: Egalitarian society

6 6.3.1: Aquatic ecosystem, health; 6.4: Aquatic ecosystem, health; 6.6: Aquatic ecosystem

7 7.2: Energy supply, abiotic resource depletion; 7.3: Energy efficiency, abiotic resource depletion

8

8.3.1: Employment; 8.4.1: Abiotic resource depletion; 8.4.2: Employment, energy supply and
efficiency, abiotic resource depletion, terrestrial ecosystem, aquatic ecosystem; 8.5.1: Employment,

egalitarian society; 8.5.2: Egalitarian society; 8.6: Egalitarian society; 8.7.1: Employment; 8.7.2:
Employment; 8.8.1: Employment; 8.8.2: Employment

9
9.4: Abiotic resource depletion, energy supply and efficiency; aquatic ecosystem, terrestrial
ecosystem, climate; 9.5.3: Promotion of innovations (within the innovation process); 9.5.5:

Spending on research and development (within the innovation process)

10 10.2.2: Egalitarian society; 10.3.2: Egalitarian society; 10.4: Egalitarian society

11
11.3.1: Egalitarian society; 11.5: Health and safety; 11.6: Health, terrestrial ecosystems, aquatic

ecosystems; 11.7: Egalitarian society; safety; 11.b.1: Egalitarian society, abiotic resource depletion,
climate

12
12.1: Abiotic resource depletion, aquatic ecosystem, terrestrial ecosystem; 12.2: Abiotic resource
depletion, aquatic ecosystem, terrestrial ecosystem; 12.4: Terrestrial ecosystem, aquatic ecosystem,

health; 12.5: Abiotic resource depletion

13 13.1: Climate

14 14.1: Aquatic ecosystem; 14.3: Aquatic ecosystem

15
15.1: Terrestrial ecosystem; 15.2.1: Terrestrial ecosystem; 15.3.1: Terrestrial ecosystem; 15.3.2:

Terrestrial ecosystem; 15.5.1: Terrestrial ecosystem; 15.5.2: Biodiversity; 15.8: Biodiversity; 15.9.1:
Biodiversity; 15.9.2: Biodiversity

16 16.6: Municipal costs (for functional capability of municipality); 16.7: Egalitarian society; 16.b:
Egalitarian society

17 17.16: Partnerships
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Appendix B

Table A2. Indicator set for the sustainability assessment of innovations in the field of urban surfaces. Sources of impact category groups, impact categories, indicators
and assessment methods are given in the right column.

Impact Category Group Impact Category Indicator Description Measurement Unit Assessment Method Sources

Climate Climate change Global warming potential Potential contribution to global warming by
providing 1 funct. eq. [kg CO2-eq.] LCA-CML 2001 [12,13]

Terrestrial ecosystem

Terrestrial
acidification

Terrestrial acidification
potential

Potential for terrestrial acidification by
providing 1 funct. eq. [kg SO2-eq.] ReCiPe 1.08 [12,13]

Terrestrial ecotoxicity Terrestrial ecotoxicity
potential

Potential toxicological effects of substances on
terrestrial ecosystems by providing 1 funct. eq. [kg DCB-eq.] LCA-CML 2001 [12,13,47]

Land use Soil Quality Index
Potential impact of land use on several soil
properties by providing 1 funct. eq.;
aggregated index

[pt]
Soil Quality Index
(based on LANCA,

Bos et al. [34])
[12,24]

Aquatic ecosystem

Water depletion Quantity of water depletion Water consumption for the provision of
1 funct. eq. [m3] ReCiPe 1.08 [12,13]

Eutrophication Eutrophication potential Potential for eutrophication of aquatic
ecosystems by providing 1 funct. eq. [kg PO4

3--eq.] LCA-CML 2001 [12]

Freshwater aquatic
ecotoxicity

Freshwater aquatic
ecotoxicity potential

Potential toxicological effects of substances on
freshwater aquatic ecosystems by providing
1 funct. eq.

[kg DCB-eq.] LCA-CML 2001 [12,13,47]

Marine aquatic
ecotoxicity

Marine aquatic ecotoxicity
potential

Potential toxicological effects of substances on
marine aquatic ecosystems by providing
1 funct. eq.

[kg DCB-eq.] LCA-CML 2001 [12,13,47]

Abiotic resource
depletion

Abiotic resource
depletion, elements

Abiotic depletion potential
(ADP) elements

Consumption of elements by providing
1 funct. eq. [kg Sb-eq.] LCA-CML 2001 [12]

Abiotic resource
depletion, fossil

Abiotic depletion potential
(ADP) fossil

Consumption of fossil fuels by providing
1 funct. eq. [MJ] LCA-CML 2001 [12]
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Table A2. Cont.

Impact Category Group Impact Category Indicator Description Measurement Unit Assessment Method Sources

Employment

Job creation Job creation Number of jobs that is linked to the provision of
1 funct. eq. [Number] Quantitative [12,13]

Job creation: Quality
of jobs created

Quality of jobs created, e.g.,
disaggregated by:
Percentage of jobs:
- with indefinite contract
- with commitment to a
collective agreement
- that requires a certain
qualification (skilled)
- that is in line with
nationally recognized labor
standards (e.g., ILO)

Jobs created that are linked to the provision of
1 funct. eq., analyzed with regard to their
quality:
- Type of contract: temporary/indefinite
(possibly: jobs bound by a collective agreement)
- Required qualification (skilled/ unskilled)
- Compliance with nationally recognized labor
standards, e.g., remuneration according to basic
wage or tariff wage, working time, no child
labor

[%] Quantitative [8,12,13,26,27]

Working conditions Reduction of precarious
employment

Percentage of precarious employment in
relation to total employment that is linked to the
provision of 1 funct. eq.

[%] Quantitative [12,13]

Energy supply and
efficiency

Energy consumption

Primary energy
consumption, from
renewable and fossil energy
sources

Primary energy consumption (renewable and
fossil) of the individual life cycle phases [MJ] LCA-CML 2001 [12,13]

Energy intensity Change in energy intensity Change in energy intensity in the individual life
cycle phases [MJ] LCA-CML 2001 [12,13]

Municipal life cycle costs Municipal costs Municipal costs

Municipal costs for the provision of 1 funct. eq.:
Costs for resources, power, other forms of
energy (e.g., fuel), employees, machines,
disposal

[Local currency of
the municipality] Quantitative [25,27]
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Table A2. Cont.

Impact Category Group Impact Category Indicator Description Measurement Unit Assessment Method Sources

Poverty

Absolute poverty

Rate of employees with an
income below $1.90 (PPP)
per day

Percentage of employees with an income below
$1.90 (PPP)/day per total number of employees.
(Employees that are involved in the provision of
1 funct. eq.)

[%]; local currency
and then converted
into international

dollars (PPP)

Quantitative [12,13,22,66]

Rate of employees living
below the national poverty
line (urban/ rural)

Percentage of employees living below the
national poverty line (urban/ rural) per total
number of employees.

[%]; local currency
and then converted
into international

dollars (PPP)

Quantitative [12,13,22]

Income

Income of employees living
above national/
international poverty line

Assessment of how the income of the employees
living above the national/international poverty
line changes through the innovation.

Local currency and
then converted into
international dollars

(PPP)

Quantitative [12,13]

Income of employees living
below national/
international poverty line

Assessment of how the income of the employees
living below the national/ international poverty
line changes through the innovation.

Local currency and
then converted into
international dollars

(PPP)

Quantitative [12,13]

Health and safety

Accidents and health
incidences

Risk of occupational health
incidences Risk of employees’ health incidences [%] Quantitative [12,13]

Risk of accidents (during
usage and at work) Risk of users’ and employees’ accidents [%] Quantitative [12,13]

Risk of fatal accidents
(during usage and at work) Risk of users’ and employees’ fatal accidents [%] Quantitative [12,13,26]

Particulate matter
formation

Particulate matter formation by providing
1 funct. eq. [kg PM 10-eq.] ReCiPe 1.08 [12,13]

Human toxicity Human toxicity potential Potential toxicological effects of substances on
human health by providing 1 funct. eq. [kg DCB-eq.] LCA-CML 2001 [12,13,47]



Sustainability 2020, 12, 4466 26 of 32

Table A2. Cont.

Impact Category Group Impact Category Indicator Description Measurement Unit Assessment Method Sources

Education and skill
development

Provision of
education/trainings

Number of educational
offers/trainings

Number of offered training positions or number
of further training offerings [Number] Quantitative [12,26]

Participation in
trainings

Rate of employees
participating in trainings

Percentage of employees participating in
trainings per total employees [%] Quantitative [12,26]

Use of educational
offers

Rate of educational
offers used

Percentage of educational offers, e.g., training
positions, used/filled per total educational offers [%] Quantitative [12]

Effectiveness of
education/training

Rate of participants in
educational offer/training
applying their knowledge

Percentage of participants in educational
offer/training applying their knowledge per
total participants

[%] Quantitative [12,13]

Quality of
education/training

Satisfaction of participants
with their
education/training

Survey among participants on their satisfaction
with their education/training Grading system Quantitative [12,13]

Educational offer/training
completion rate

Percentage of participants completing the
educational offer/training per total participants [%] Quantitative [12,13]

Egalitarian society

Inclusion

Rate of disadvantaged
groups (usage, work,
educational
offers/trainings)

- Percentage of disadvantaged employees
(handicapped, female, young, older employees/
employees with a migrant background) per
total employees
- Percentage of disadvantaged participants (e.g.,
handicapped, female participants) per total
participants in educational offers/trainings
- Percentage of disadvantaged groups (mainly
elderly and handicapped persons) for whom
the publicly useable space is usable

[%] Quantitative [12,13,20,26]

Gender equality

Rate of female employees
in management positions

Percentage of female employees in management
positions in relation to all employees in
management positions. (Management positions
in companies, municipal enterprises etc.
participating in the provision of 1 funct. eq.)

[%] Quantitative [12,26]

Gender pay gap
Median income of female employees in relation
to the median income of male employees
participating in the provision of 1 funct. eq.

[%] Quantitative [12,18,26]

Note: Abbreviation funct. stands for “functional”, eq. stands for “equivalent”.
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Appendix C

Table A3. Modeling results of the case study. The fourth column gives the change between the indicator values in the comparison scenario compared to the
baseline scenario.

Impact Category Group Impact Category Indicator Difference Unit Change
[%/funct. eq.] Assessment Method

Climate Climate change Global warming potential −4.32 × 10 [kg CO2-eq./funct. eq.] −45.3 CML 2001—Jan. 2016

Terrestrial ecosystem

Terrestrial
acidification

Terrestrial acidification
potential (TAP) −1.02 × 10−1 [kg SO2-eq./funct. eq.] −50.9 ReCiPe 1.08

Mindpoint(H)

Terrestrial ecotoxicity Terrestrial ecotoxicity potential
(TETP inf.) −4.20 × 10−2 [kg DCB eq./funct. eq.] −44.2 CML 2001—Jan. 2016

Land use Land use 7.00 [pt/funct. eq.] 3.6 EF 2.0

Aquatic ecosystem

Water depletion Quantity of water depletion −5.20 [m3/funct. eq.] −27.8 ReCiPe 1.08
Mindpoint(H)

Eutrophication Eutrophication potential (EP) −6.90 × 10−3 [kg PO4
3--eq./funct. eq.] −26.04 CML 2001—Jan. 2016

Freshwater aquatic
ecotoxicity

Freshwater aquatic ecotoxicity
potential (FAETP inf.) −1.23 [kg DCB-eq./funct. eq.] −59.2 CML 2001—Jan. 2016

Marine aquatic
ecotoxicity

Marine aquatic ecotoxicity
potential (MAETP inf.) −3.47 × 103 [kg DCB-eq./funct. eq.] −56.0 CML 2001—Jan. 2016

Abiotic resource
depletion

Abiotic resource
depletion, elements

Abiotic depletion potential
(ADP) elements −8.09 × 10−6 [kg Sb-eq. /funct. eq.] −51.2 CML 2001—Jan. 2016

Abiotic resource
depletion, fossil

Abiotic depletion potential
(ADP) fossil −3.39 × 103 [MJ/funct. eq.] −58.5 CML 2001—Jan. 2016

Employment Job creation Job creation Negative 1 [no./funct. eq.] −15.9 Qualitative

Energy supply and
efficiency

Energy consumption Primary energy consumption
(net calorific value) −3.01 × 103 [MJ/funct. eq.] −59.9 GaBi

Energy intensity Change in energy intensity 0 2 [MJ/funct. eq.] 0 Quantitative

Municipal life cycle costs Municipal costs Municipal costs −2.62 × 102 [€/funct. eq.] −18.7 Quantitative

Poverty Income Total remuneration of
employees −1.87 × 102 3 [€/funct. eq.] −15.9 Quantitative
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Table A3. Cont.

Impact Category Group Impact Category Indicator Difference Unit Change
[%/funct. eq.] Assessment Method

Health and safety

Accidents and health
incidences

Risk of occupational health
incidences while performing

the tasks
- - −16.4 Quantitative

Risk of accidents during usage - - Negative 4 Qualitative

Risk of occupational accidents
while carrying out the

management tasks
- - −16.4 Quantitative

Risk of fatal and injury
accidents during transport

between municipal building
yard and walkway

- - 7.7 Quantitative

Particulate matter formation −2.66 × 10−2 [kg PM 10-eq./funct. eq.] −45.4 Quantitative

Human toxicity Human toxicity potential −5.05 [kg DCB-eq./funct. eq.] −55.3 Quantitative

Education and skill
development

Provision of
education/trainings

Number of trainings N/A 5 [no./funct. eq.] N/A Qualitative

Number of educational offers 0 6 [no./funct. eq.] 0 Qualitative

Egalitarian society Inclusion
Rate of disadvantaged groups

for whom the public space
is usable

- - 0 7 Qualitative

Note: Abbreviation funct. eq. stands for “functional equivalent”; abbreviation no. stands for “number”. 1 See Section 4.2.2. 2 No change in energy intensity is expected since the same
machines are used in the baseline and comparison scenario. 3 Change in total remuneration that the employees would receive in connection with the provision of 1 funct. eq. 4 There is no
information available on whether the innovative joint filling sand can prevent a moving of the paving stones more efficiently in comparison to the conventional crushed sand and thus
enable a higher degree of safety when using the walkway. However, e.g., the surefootedness of walkways can be influenced negatively by some weed species with a pronounced shoot and
root growth [67]. As a result of the reduced weed growth between the weed removal operations in the reference scenario with the innovation, the risk of accidents during usage could
potentially be reduced for all users. The indicator shows a positive impact. 5 Depending on the implementation mode of the innovation, instruction might be given when introducing the
innovative joint-filling material to inform the employees about the correct handling and disposal of the weed-suppressing sand. According to the municipality, the crushed sand used in
the baseline scenario is mainly reused as a component of tree substrate, and only a small amount is disposed of at a construction rubble landfill. However, the chosen innovative joint filling
sand has to be taken to a recycling center [62]. Hence, the number of trainings could potentially increase due to the innovation. However, as the number of trainings would potentially only
be changed marginally, the indicator shows no impact. 6 According to the questionnaire, the municipal nursery is responsible for carrying out several tasks. Hence, it is not expected that
less training positions will be offered in the comparison scenario due to the reduced effort for the management of the cemetery walkway. Moreover, for the management of the walkway
grouted with the innovative joint filling sand, no new skills are required for which new training positions would have to be created. The indicator shows no impact of the innovation. 7

Two disadvantaged groups are considered for the assessment of this indicator: Physically impaired people using a wheelchair or walker and visually impaired people. In the assessed
comparison scenario, the introduction of the innovation is not accompanied by measurements that would considerably change the properties of the surface, which in turn would lead to an
increase or decrease of the rate of disadvantaged groups for whom the public space is usable. Moreover, the reduced weed growth in the comparison scenario does not impact on the
accessibility of the surface. Hence, the innovation does not result in a change of the rate of disadvantaged groups for whom the walkway is useable. The indicator shows no impact.
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