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Abstract

Urban metabolism studies have gained momentum in recent years as a means to assess the
environmental performance of cities and to point to more resource-efficient strategies for
urban development. Recent literature reviews report a growing number of applications of the
industrial ecology model for material flow analysis in the design of the built environment.
However, applications of material flow analysis in green infrastructure development are
scarce. In this article, we argue that: (i) the use of material flow analysis in green infrastructure
practice can inform decision-making towards more resource-efficient urban planning; (ii) the
ecosystem service concept is critical to operationalize material flow analysis for green infrastruc-
ture planning and design, and, through this, can enhance the impact of urban metabolism research
on policy making and planning practice. The article draws from a systematic review of literature
on urban ecosystem services and benefits provided by green infrastructure in urban regions. The
review focuses on ecosystem services that can contribute to a more energy-efficient and less
carbon-intensive urban metabolism. Using the Common International Classification of Ecosystem
Services as a baseline, we then discuss opportunities for integrating energy provision and climate
regulation ecosystem services in material flow analysis. Our discussion demonstrates that the
accounting of ecosystem services in material flow analysis enables expressing impacts of green
infrastructure on the urban energy mix (renewable energy provision), the magnitude of energy
use (mitigation of building energy demand) and the dynamics of biogeochemical processes in
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cities (carbon sequestration). We finally propose an expanded model for material flow analysis
that illustrates a way forward to integrate the ecosystem service concept in urban metabolism
models and to enable their application in green infrastructure planning and design.

Keywords
Energy metabolism, material flow analysis, renewable energy provision, climate regulation,
nature-based solutions

Introduction

Urban metabolism (UM) research is nowadays a growing field of study spanning across a
wide spectrum of disciplines. A Scopus Boolean search on journal articles including “urban
metabolism” OR “metabolism of cities” in the title, abstract or keywords shows that the
publication pace has accelerated from an average of two papers per year in the early 2000s to
80 in 2017. Such figures are in line with the rejuvenation of metabolic studies since the 2000s,
described in several UM review articles (e.g. Kennedy, 2016; Zhang et al. 2015). The pop-
ularity of UM studies reflects a growing consensus in the scientific community that UM
research can help address critical sustainable development issues, such as resource erosion
and the impact on climate change of the growing energy demand in cities (Ferrao and
Fernandez, 2013).

The industrial ecology approach to UM

UM research is far from being a monolithic field of study. It includes different lines of
thinking such as industrial ecology, urban ecology, political ecology (Castan Broto et al.,
2012) and, more recently, political-industrial ecology (Newell et al., 2017). In terms of the
number of publications and cited articles, industrial ecology is the most influential research
path in UM studies (Newell and Cousins, 2014). In industrial ecology, UM is defined as the
totality of processes through which cities import, produce and export materials, energy and
other resources (and expel waste) to ensure their maintenance and growth (Kennedy
et al., 2007).

The mass-balance model for material flow analysis (MFA) formalized by Eurostat (2001)
(Figure 1) is considered as the “mainstream” approach (Kennedy et al., 2011) or the
“traditional” UM method within industrial ecology (Newell and Cousins, 2014). Initially
employed as a standardized input-output model for material flow accounting at the national
scale, the Eurostat’s MFA was adapted at the regional and city’s scale by Hammer et al.
(2003a), and subsequently used in a large number of studies of urban systems (e.g. Barles,
2009; Hammer et al., 2003b; Niza et al., 2009; Voskamp et al., 2017). The MFA model has
reached a maturity that enables metabolic indicators to complement traditional economic
and demographic data in informing decision-making toward an optimized use of resources
(Fischer-Kowalski et al., 2011).

Applications of UM models in urban planning and design

A metabolic perspective can help decision makers understand and assess the socio-technical
processes associated with the harvesting and use of resources in cities. A deeper understand-
ing of the scale of resource flows that are required for the growth and maintenance of urban



Perrotti and Stremke 3
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Domestic Extraction DE: material accumulation
- fossil fuels (net addition to stock)
DMmI - minerals Domestic Processed
- biomass Output to nature DPO:
™I - emissions to air
- waste landfilled TDO
Imports I: - emissions to water
TMR - fossil fuels and fossil fuel products ; y
- minerals and products from minerals material throughput Unused domestic extraction ™0
- biomass and products from biomass (per year) Exports E:
- secondary raw materials - fossil fuels and fossil fuel products
- other products - minerals and products from minerals
- packaging - biomass and products from biomass
- waste - secondary raw materials
- other products
Unused domestic extraction - waste
Indirect flows @ Indirect flows
associated to imports associated to exports

Resource-use aggregate indicators:
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Figure |. Eurostat’s input-output model for material flow analysis (MFA) and resource-use aggregate
indicators. Adapted from Eurostat (2001: 16).

systems, and their impacts on the local, regional or global environment, can enable more
resource-efficient urban planning and effective waste-minimization strategies (Barles, 2010).

In response to the growing concerns about urban sustainability, several attempts to tailor
industrial ecology UM models to urban planning and design were conducted over the last
decade, both in academia (e.g. Fernandez, 2007; Quinn, 2012; Roy et al., 2015) and in
professional practice (e.g. Tillie et al., 2014; Metabolic et al., 2015). MFA has been applied
in the planning and design of utility networks (e.g. water and energy supply, waste man-
agement), new residential developments and building design. For example, MFA was used
to assess the material and energy intensity of the building sector in various metropolitan
regions in the USA and China, leading to the formulation of alternative low-carbon models
of urban development (Fernandez, 2007; Quinn, 2012). At the neighborhood scale, data on
resource flows have been translated into design concepts and diagrams for future resource-
efficient residential districts in Toronto (Codoban and Kennedy, 2008). In the regeneration
of the post-industrial neighborhood Buiksloterham in Amsterdam, an MFA assessing the
neighborhood’s current and future resource inflows and outflows led to a design concept for
a residential development, which incorporates passive design strategies for more efficient
management of energy and water flows at the building and neighborhood scale (Metabolic
et al., 2015).

UM models and green infrastructure

Despite the considerable attention paid recently to the application of UM research in urban
planning and design, metabolic models are to date only scarcely used to inform green
infrastructure development in cities. A second Scopus search combining “urban metabo-
lism” AND “green infrastructure” in journal article title, abstract or keywords returned only
two records, both published recently (Chelleri et al., 2016; Finewood, 2016). The two
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articles, however, do not directly discuss applications of metabolic models in green infra-
structure development.
In this article, we argue that:

e the application of UM models in green infrastructure development can assist decision
makers, urban planners and landscape architects in pursuing more energy-efficient and
less carbon-intensive urban development;

e the ecosystem service concept provides a way forward to operationalize UM models for
green infrastructure planning and design and, through this, can enhance the impact of
UM research on policy and practice.

Green infrastructure is defined as a spatially and functionally integrated network of green
areas supported by built infrastructure, which provides complementary ecosystem and land-
scape functions to the public (Ahern et al., 2014). Strategically planned and designed green
infrastructure can enhance the environmental quality and improve the energy efficiency of
cities through the optimization of biogeochemical cycles (Gill et al., 2007). Ecosystem
services are defined as the benefits people obtain from ecosystems (Millennium Ecosystem
Assessment, 2005). Recent studies show that the ecosystem service concept is valuable to
explicitly identify, assess and value the multiple functions of the urban green infrastructure,
and to establish an evidence base to address emerging environmental challenges in cities
(Hansen and Pauleit, 2014; Kremer et al., 2016). Moreover, local authorities have growing
ambitions to employ nature-based solutions (e.g. biomass-fuelled district heating, transport
biofuels, carbon sequestration by urban vegetation) as a means to minimize the environ-
mental pressure of cities and facilitate the delivery of low-carbon agendas (Hansen et al.,
2015; Williams, 2013). As such, supporting decision makers’ goals and needs represents a
compelling argument to foster the use of the ecosystem service concept in UM studies.

The purpose of this article is to explore opportunities to integrate the ecosystem service
concept in UM research as a way forward to enhance UM models and enable their appli-
cation in green infrastructure planning and design. We focus on the urban energy metab-
olism, that is all the inflows, outflows and internal flows of energy in the form of electricity,
heating and transport fuel (excluding the energy contents of materials and embodied
energy), which are processed within the urban system, as well as the waste resulting from
energy consumption (e.g. carbon dioxide emissions). This allows streamlining our discussion
on policy and urban planning strategies that aim at countering unsustainable trends in
energy use and the related carbon footprint.

Amongst the ecosystem services provided by urban green infrastructure (Ahern et al.,
2014), this article focuses on energy provisioning and climate regulating services, as these
can be directly linked to the urban energy metabolism and the remit of UM studies.
Through consideration of these services, urban green infrastructure is proposed as a
driver of flows and stocks of energy, materials and substances (e.g. biomass, carbon),
which are a part of the energy metabolism of urban systems. These flows and stocks are
studied for their impacts on the energy-related inputs and outputs associated with other
components of the urban system, such as buildings (e.g. mitigation of heating/cooling
demand through vegetation), as well as transport and utility networks (e.g. sequestration
of fossil-fuel carbon dioxide by plants and soils; provision of biofuels and other forms of
bioenergy). We make use of the Common International Classification of Ecosystem Services
(CICES version 5.1) (Haines-Young and Potschin, 2018) as a baseline for our study. CICES
allows for a more comprehensive consideration of energy provisioning services compared to
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other classifications and includes services provided by abiotic outputs of ecosystems (see
Table S.1, Supplementary Materials) (Potschin and Haines-Young, 2016).

The article is structured as follows. In the following section, we describe the method and
materials as well as the main findings of the literature review we conducted as the starting
point of our research. In the subsequent section, we present a new approach for linking UM
models with the ecosystem service concept. To this end, we critically discuss whether the
Eurostat’s model for MFA is well equipped to account for the delivery of key ecosystem
services highlighted in the review. We then present opportunities and strategies to account
for ecosystem services in MFA, departing from recently established integrated industrial
ecology UM models. Finally, to illustrate our new approach, we propose an expanded
model for MFA that incorporates energy provisioning and climate regulating services pro-
vided by urban green infrastructure.

Literature review

Method and materials

We conducted a literature review with the purpose of analyzing how the study of the eco-
system services and benefits provided by green infrastructure can help identify its contribu-
tion to a more energy-efficient and less carbon-intensive UM. In order to address this
purpose, we performed a Scopus search using the following Boolean operators: journal
articles including the terms “ecosystem” AND (“service” OR “benefit”) AND “energy”
AND “climate” AND “urban” in their abstract, title or keywords, published in English
between 2005 (year in which the Synthesis Report of the Millennium Ecosystem Assessment
was published) and the end of 2017 (moment at which the review was completed). The
search returned 78 initial documents. After reading the abstracts of all initial documents,
we selected 26 final publications that met all of the following three criteria:

e focus on ecosystem services provided by green infrastructure in urban regions or (if
located outside urban areas) to urban populations;

e use of the “ecosystem service” concept or explicit mention of benefits provided by green
infrastructure to urban populations; and

e explicit goal to inform decision-making and urban planning through knowledge of eco-
system services or benefits by green infrastructure.

The 26 selected publications included six review articles summarizing knowledge, tools
and methods to classify and value urban ecosystem services, and to apply the concept in
practice (Elmqvist et al., 2015; Gomez-Baggethun and Barton, 2013; Haase et al., 2014;
Hubacek and Kronenberg, 2013; Luederitz et al., 2015; Wang et al., 2014).

Findings

Our review shows that concerns about climate change and the need to transit towards more
energy-efficient and less carbon-intensive models of urban development have resulted in a
substantial growth of studies on renewable energy provision and climate regulation services
provided by green infrastructure (Grét-Regamey et al., 2017; Hansen et al., 2015; Hauck
et al., 2013; Hubacek and Kronenberg, 2013).

District heating systems or combined heat and power plants fuelled by plant-based bio-
mass (e.g. wood chips from urban forest maintenance, waste and agricultural residuals) are
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increasingly adopted at the local authority level in Europe (Kraxner et al., 2016; Perrotti and
Henrion, 2013; Proskurina et al., 2016). Similarly, the production of transport biofuels such
as bioethanol and biodiesel from C3 crops (e.g. poplar, willow, wheat and other cereals) and
C4 grasses (e.g. maize, sorghum, miscanthus and sugarcane) has substantially increased
worldwide in the last decades, with a nearly 5-fold increase of bioethanol, and a 20-fold
increase of biodiesel between 2000 and 2010; this growth is predicted to continue, given the
targets set by world’s largest producers (e.g. USA, Brazil, EU) (Kogar and Civasg, 2013).
Cities such as Berlin, Milan, Helsinki and London have played a significant role in imple-
menting national and supranational directives on the promotion of transport biofuel (e.g.
EU Biofuels Directives 2003/30/EC), for example through the financing of biogas plants and
the development of dedicated transport strategies at the local level (Silvestrini et al., 2010).

The contribution of urban forests to atmospheric carbon storage and sequestration, and
the economic benefits associated with the delivery of global climate regulating services have
been studied in several cities (e.g. Nowak et al., 2013a). For example, in Syracuse (NY), a
mid-sized city in the US with high tree cover and density (average 167.4 trees/ha in 2009),
urban forests can store approximately 165,900 metric tons of carbon and remove 5,300
metric tons of carbon annually (Nowak et al., 2016). The economic value associated with
these ecosystem services has been estimated to be $13 million in total and $417,000 per year
(yr). Based on evidence of carbon sequestration and storage capacity of woody species, some
local authorities have planned densification of urban forests as a means to reduce atmo-
spheric carbon concentration. The City of Toronto, for example, set the target to double its
existing tree canopy by 2020, as one of its main strategies to achieve 30% reduction in
greenhouse gas (GHGQG) emissions compared to the 1990 level (Mohareb and Kennedy,
2012). Trees in Toronto (average 160.4 trees/ha in 2008) are estimated to store 1.1 million
metric tons (CADS$25 million) and remove about 46,700 metric tons (CADS$1.1 million/yr)
of carbon annually (Nowak et al., 2013Db).

Modeling studies and field measurements in different climate zones provide a growing
evidence base for the contribution of microclimate regulation services by green infrastruc-
ture vegetation, showing that street trees, green roofs and fagades can mitigate the energy
demand for cooling and heating in buildings both in summer and in winter (Elmqvist et al.,
2015; Wang et al., 2014). The above-mentioned study of Syracuse, NY shows that in res-
idential buildings annual savings in energy use from trees can reach up to $1.1 million/yr
($636,000/yr in reduced heating and $483,000/yr in reduced cooling) (Nowak et al., 2016). In
the UK, computational simulations of naturally ventilated office buildings in Edinburgh
show that shelterbelt trees can reduce heating energy consumption by 18% (Liu and Harris,
2008). An empirical study conducted in Reading using heated brick cuboids showed that
green fagades can reduced mean heating energy use by 37% and up to 50% in extreme
weather conditions (Cameron et al., 2015). However, none of the reviewed studies explicitly
refers to microclimate regulation services provided by abiotic (non-vegetational) compo-
nents of green infrastructure (topography and inorganic structures that support vegetation),
which are included in CICES v5.1 (Table S.1, Supplementary Materials).

Several reviewed works point at the need for more research into how plant choice affects
the delivery of ecosystem services, and potential “disservices” or tradeoffs between different
services (Cameron and Blanusa, 2016; Haase et al., 2014; Pataki et al., 2011). More gener-
ally, several authors stress that, despite the recent progress in ecosystem services research,
integration of the ecosystem service concept in decision-making and planning practice
remains challenging for different reasons (e.g. Ahern et al., 2014; Grét-Regamey et al.,
2016; Hansen and Pauleit, 2014; Kremer et al., 2016). These range from the limited trans-
ferability of findings, to the need for clarifying definitions in multidisciplinary studies and



Perrotti and Stremke 7

for increased involvement of stakeholders in ecosystem service assessment (Luederitz
et al., 2015).

Table 1 presents a systematization of the main findings of our literature review through
the use of the ecosystem service concept and following the categories of the ecosystem
service classification established in CICES v5.1 (Section, Division, Group and Class). It
summarizes the provision and regulation/maintenance services provided by urban ecosys-
tems and their abiotic outputs that have a direct impact on the urban energy metabolism
(energy efficiency and carbon intensity). Each service is associated with the benefits provided
by green infrastructure towards the optimization of the urban energy metabolism (renew-
able energy provision, mitigation of building energy demand, decrease of atmospheric
carbon concentration). Examples of reviewed studies discussing each service are listed.

A new approach to link MFA and the ecosystem service concept

Ecosystems service accounting in MFA

The results of our literature review show that the concepts of provisioning and regulation/
maintenance ecosystem services (as classified in CICES v5.1) can foster the identification of
the benefits provided by green infrastructure towards an optimized urban energy metabo-
lism (Table 1). Based on this finding, we will now discuss whether MFA, in its current state,
is well equipped to account for the delivery of these ecosystem services in urban systems. For
this, the Eurostat’s methodological guide (Eurostat, 2001) served as a baseline.

As summarized in Table S.1 (Supplementary Materials), the Eurostat’s MFA (Figure 1)
accounts for a limited number of provisioning services. Minerals, fossil fuels and fossil fuel
products are included as domestic extraction, imports or exports of the economy and, fol-
lowing CICES, can be considered as provisioning services by abiotic outputs of ecosystems,
as they are the result of geochemical processes over a long time period. The Eurostat’s model
does not directly include water flows (drinking water and wastewater). Eurostat recom-
mends presenting these flows separately due to their much higher magnitude (one order
more than all other flows) (Eurostat, 2001). In practice, water flows are only accounted for
in a limited number of MFA studies (e.g. Voskamp et al., 2017). Despite the lack of sys-
tematic accounting of global climate regulation services (e.g. carbon sequestration by green
infrastructure) (see Table S.1, Supplementary Materials), MFA is potentially relevant in
providing this level of information, as it includes data on the carbon emissions associated
with energy use. Some urban scale models for GHG emission assessment (e.g. Mohareb and
Kennedy, 2012) allow for quantifying carbon storage by forests and soils; they can be
coupled with MFA to account for the provision of climate regulation ecosystem services.
In general, regulation/maintenance ecosystem services are routinely excluded from MFA
studies. This can be explained by the fact that, in MFA, the system boundaries are set
according to the economy of the system (Figure 1). Consequently, benefits provided by
natural processes and resources that are not translated into monetary terms and do not
directly affect the economy of the system are not taken into account. Among the few
exceptions are studies from the early stages of industrial ecology, such as the studies of
Tokyo (Akiyama, 1994) and Brussels (Duvigneaud and Denaeyer-De Smet, 1977), and a
more recent MFA of Paris (Barles, 2009). At a more general level, some authors argue that
the lack of systemic and comprehensive consideration of all ecosystem service categories in
MFA results from the limited consideration of biophysical flows and geochemical processes
in the industrial ecology “black-box” modeling of urban systems (Golubiewski, 2012; Zhang
et al., 2015). This would be due to the supposed small contribution of natural processes and
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resources to material and energy flows in cities, and would reflect the tendency of technical
systems to dominate natural systems when the UM aggregated macroview is taken
(Kennedy, 2012). Our findings are in line with previous UM review articles, which highlight
that ecosystem services are not yet systemically and comprehensively integrated into indus-
trial ecology UM models, and that more research into expanded UM frameworks is needed
(Golubiewski, 2012; Pincetl et al., 2012; Zhang et al., 2010, 2015).

Opportunities for integrating ecosystem services in MFA

Substantial progress has been made in recent years to enhance the MFA method and
account for natural flows of the UM. The Eurostat’s MFA has been expanded with param-
eters that are typically quantified in energy and water balance modeling or substance flow
analysis (Bringezu and Moriguchi, 2002). For example, in an MFA of Amsterdam,
Voskamp et al. (2017) propose a detailed breakdown of the water provision flows (including
storm water and groundwater entering the sewer), and incorporate renewable energy pro-
vision (wind, solar and biomass) in the domestic extraction category. Notwithstanding the
relatively small share of biomass-based renewables in the Amsterdam’s energy mix, their
integration in MFA provides a more complete picture of how local natural resources are
used in the city and suggests strategies to increase the city’s self-sufficiency and decarbonize
its energy supply.

Prior to the Amsterdam’s study, Kennedy and Hoornweg (2012) developed a framework
allowing for more comprehensive consideration of biophysical stocks and flows in the UM
(Figure S.1, Supplementary Materials). Natural resources (e.g. biomass for fuel, groundwa-
ter flows and precipitations, substances) are captured in terms of inflows, outflows, internal
flows, production and storage, beside stocks and flows of building materials and minerals.
This research led to the elaboration of a multi-layered set of indicators to perform metabolic
analyses of megacities with better incorporation of natural components of the UM
(Kennedy et al., 2014).

Daigger et al. (2016) reviewed the MFA method, alongside other metabolic accounting
methods (e.g. socio-ecological infrastructure systems framework, multi-sectoral systems
analysis, ecological network analysis), and suggested integrated modeling approaches to
better assess the benefits of up-scaling urban agriculture and its impacts on food-energy-
water systems in city-regions. Informed by complementary UM lines of thinking, the study
pointed to key socio-economic and ecological factors influencing the UM, including urban
ecosystem services.

Other precedents to better account for ecosystem services in UM can be found in mete-
orology and climate science approaches to UM research. For example, the UM model
underpinning the BRIDGE Decision Support System (Chrysoulakis et al., 2013) integrates
microclimatic measurements and simulations with socio-economic data of the UM. The
model enables accounting for the heat transfers between built and vegetated surfaces,
among other energy flows, as well as for the effects of the urban vegetation on pollutant
fluxes (Lietzke et al., 2015).

Expanded MFA model to advance green infrastructure planning

Integrated UM frameworks such as those developed by Kennedy and Hoornweg (2012),
Chrysoulakis et al. (2013), Daigger et al. (2016) and Voskamp et al. (2017) show that the
combination of models originated in complementary approaches to UM research (e.g. urban
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TMle - renewable energy provision ES Output to nature DPOe™:
one 1. h o ) TDOe
- abiotic renewable resources CO2 emissions to air (lowered)
TMRe - other DEe throughput flows - other DPOe
(lowered)
Unused DEe* TMOe
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- fossil fuels** (lowered) EXP"!"S Ee*i
- biomass (from animals) - fossil fuels™ (lowered)
- biomass*** (from plants) i . - biomass (from animals)
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N - renewable energy provision E. - other Ee
Unused DEe - global climate regulationES / |L__________________________
Indirect flows microclimate regulation E. Indirect flows
associated to le* associated to Ee*
(lowered)
Resource-use aggregate indicators*:
DMle: Direct Material Inputs (energy-related) TDOe: Total Domestic Outputs to nature (energy-related)
TMle: Total Material Inputs (energy-related) TMOe: Total Material Outputs (energy-related)

TMRe: Total Material Requirements (energy-related)

*All MFA categories (DEe, le, DPOe, Ee) and resource-use aggregate indicators (DMle, TMle, TMRe, TDOe, TMOe) are normalized to
account only for energy-related flows in the UM .

** Fossil fuels and abiotic renewable ressources (e.g. hydro, wind, solar) are classified as energy-provision ES by abiotic outputs of
ecosystems in CICES. However they are not presented here as energy-provision ES, as they are not delivered by green infrastructure.
*** Imports of plant-based biomass are not presented here as renewable energy-provision ES, as they are not delivered by in-boundary
urban green infrastructure.

Figure 2. Expanded model for Eurostat’s MFA and aggregate resource-use indicators, capturing energy-
related inputs, outputs and internal cycling of flows, as well as flows associated with the delivery of energy
provision and climate regulation ecosystem services (ES) by urban green infrastructure.

ecology and meteorology) can facilitate the incorporation of ecosystem services in industrial
ecology UM analyses.

Figure 2 presents an ecosystem-service expanded model for MFA (based on Eurostat,
2001, Figure 1), with categories and resource-use indicators normalized to account only for
energy-related flows. The expanded MFA enables accounting for energy provision and cli-
mate regulation services provided by urban green infrastructure. These ecosystem services are
integrated within the energy-related inputs, outputs and internal cycling (flows of energy-rich
waste and biogeochemical cycles) of the urban system. Energy provisioning services from
locally sourced biomass are included in the energy-related domestic extraction (DEe) category,
and, in the case of biomass residues, in the Internal Cycling (ICe) category (e.g. waste-to-
energy from green infrastructure maintenance or urban farming). Microclimate regulating
services from green infrastructure are equally captured in the ICe category, as this includes
not only waste-to-energy flows but also the biogeochemical processes occurring within the
system, such as evapotranspiration by plants and soils (water cycle). The ICe category also
includes global climate regulating services through carbon sequestration and storage by plants
and soils (carbon cycle), which can help reveal changes in energy-related domestic processed
outputs (DPOe) to nature (abatement of CO, emissions).

Besides the outputs to nature, the expanded MFA enables the assessment of how energy
flows associated with ecosystem services can offset carbon-intensive energy-related inputs
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Table 2. Ecosystem services provided by in-boundary urban Gl (following classes in CICES v5.1) with
direct impacts on UEM (Table 1), and: |. Corresponding category in expanded MFA where service is
captured; 2. Associated impacts on UEM following the categories of expanded MFA (Figure 2); 3. Gl design
criteria to maximize impacts on UEM.

Ecosystem services by Gl
with direct impacts
on UEM

I. Corresponding catego-

ry in expanded MFA

2. Impacts on UEM following
categories of expanded MFA

3. Gl design criteria
related to physical layout,
structure and

planting selection

Provision of energy from
biomass/
cultivated plants

Microclimate regulation
and mediation of air/
gaseous flows by
plants, soils and abiotic
outputs of ecosystems

Global climate regulation
by reduction of GHG
concentration

Domestic extraction,
internal cycling
(waste-to-
energy), exports®

Internal cycling
(biogeochemical)

Internal cycling
(biogeochemical)

Increase of DEe (local sourc-
ing of plant-based biomass)
Increase of ICe (waste-to-
energy from residues from
urban forest maintenance
and urban agriculture)
Decrease of le (fossil fuels)
due to local sourcing of
plant-based biomass
Decrease of DPOe—
Emissions to air (CO,) due
to reduced use of
fossil fuels

Increase of ICe (water
cycle—evapotranspiration,
and heat transfers
between plants/soils and
buildings)

Decrease of le and DEe due
to increased energy con-
servation in buildings

Decrease of DPOe—
Emissions to air (CO,) due
to reduced fossil fuel use
in buildings

Increase of ICe (carbon cycle)

Decrease of DPOe—
Emissions to air (CO,) due
to carbon storage and
sequestration by
plants/soils

Choice of plant material
pending on net calorific
value of energy car-
riers (e.g. firewood and
wood chips from short
rotation coppice,
grasses and non-
woody energy crops
from Gl maintenance,
arable crop residues
from urban agriculture;
non-food crops for
bioethanol
and biodiesel)

Dimensions, proportions
and orientation of
biotic/abiotic elements
of Gl, influencing sun
shadow casting, wind
and rain control over
building walls and roofs

Morphological and physi-
ological characteristics
of selected species (e.g.
deciduous/evergreen,
size and density of
foliage, frost hardiness)

Morphological and physi-
ological characteristics
of selected species (e.g.
tree size and age, total
leaf area, decidu-
ous/evergreen)

GI: green infrastructure; DPOe: energy-related domestic processed outputs; DEe: energy-related domestic extraction;
ICe: energy-related internal cycling; GHG: greenhouse gas; le: energy-related imports; MFA: material flow analysis; UEM:
urban energy metabolism.

*lmports of plant-based biomass are not considered, as these are not delivered by in-boundary urban GI.

and increase the overall energy efficiency of the UM. Renewable energy provision can
minimize fossil fuel inputs; microclimate regulation by green infrastructure can decrease
energy use in buildings and, consequently, can reduce the magnitude of the energy flows
entering the system. In more general terms, the integration of energy provision and climate
regulation ecosystem services in MFA enables capturing changes in internal cycling and in
locally extracted energy-related inputs (DEe), as well as changes in energy-related imports
(Ie). This is particularly critical to reduce cities’ dependency on external sourcing and to
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enhance cities’ self-sufficiency, for Ie are routinely of much higher magnitude than DEe in
urban systems.

Table 2 summarizes which ecosystem services provided by in-boundary urban green
infrastructure (cf. CICES v5.1 classes in Table 1) are captured in the expanded MFA
model (Figure 2), referring to the specific category in which each service is captured (1).
It also presents the impacts of each ecosystem service on the urban energy metabolism,
following the energy-related input/output/internal cycling categories of the expanded MFA
model (2). Additionally, possible design criteria to maximize impacts on the urban energy
metabolism, including physical layout and structure of biotic/abiotic green infrastructure
elements as well as planting selection, are listed (3).

Conclusion

Over the last decades, UM research has significantly contributed to an increased awareness
of the environmental pressure associated with urbanization and to the discourse on more
resource-efficient urban planning and design. It is however widely acknowledged in the UM
research community that more efforts to enhance the applicability of UM studies in urban
planning and design are needed. There is, therefore, a clear need for UM research to further
expand beyond accounting exercises and to engage more substantially with urban planning
agendas in order to support communities’ aspirations and goals more effectively. In this
article, we have argued that the application of UM models in green infrastructure planning
and design represents a promising new frontier for UM research, especially in light of local
authorities” growing ambitions to make use of nature-based solutions in pursuing a more
sustainable UM (e.g. carbon sequestration and storage through green infrastructure, locally
sourced bioenergy and biofuels). To this end, we have argued that the ecosystem service
concept can help operationalize UM models and can foster their applications in green
infrastructure planning and design.

The ecosystem service concept can assist in systematizing knowledge of the multiple
benefits provided by green infrastructure and their contribution to a more energy-efficient
and less carbon-intensive UM. Ecosystem services frameworks like CICES can help system-
atically account for energy provision and climate regulation services provided by urban
green infrastructure. Based on the findings of our literature review, we have discussed
that the integration of these ecosystem services in UM models such as MFA can both
reveal and quantify the contribution of green infrastructure to an optimized urban energy
metabolism. Accounting for these ecosystem services can provide a more accurate picture of
the composition of the urban energy mix (renewable energy provision from local biomass),
as well as reveal the impacts of green infrastructure on the magnitude of energy use (mit-
igation of energy demand in buildings), and the dynamics of biogeochemical processes in
cities (microclimate regulation and carbon sequestration by plants and soils). We have
illustrated this argument through the development of an expanded model for the
Eurostat’s MFA that integrates ecosystem services, using the CICES framework as a base-
line. The expanded MFA incorporates energy provision and climate regulation services
provided by urban green infrastructure among other inflows, outflows and internal flows
of the urban energy metabolism. The model illustrates a possible way forward to integrate
UM analyses and the ecosystem service concept, well beyond the here discussed selection of
provisioning and regulating services. We hope that our research can contribute to the devel-
opment of extended UM models that can advance the planning and design of green infra-
structure, while enhancing both the scope and the impact of UM research on real-world
decision-making and planning practice.
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