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Abstract: 1 

The concept of urban metabolism has often been used to model and analyze urban regions to provide 2 

insights on their environmental sustainability. However, no consensus exists on the assessment 3 

methods that should be used to analyze the sustainability of these complex systems. This lack of 4 

consistency prevents data sharing and comparison between most studies. Past and current 5 

publications are therefore surveyed to identify key methodological aspects that could be favored to 6 

harmonize the sustainability assessment of urban metabolism. This investigation is structured 7 

around the common aspects of environmental assessment methods that have been used for the past 8 

forty years. It suggests that a network system modeling approach, a global life-cycle perspective, and 9 

a multi-criteria assessment are strategic choices for environmental sustainability assessment. While 10 

challenging in their implementations, these choices can offer common grounds to capitalize on the 11 

knowledge brought forth by new studies. The investigation also discusses basic principles to propose 12 

developments like the use of a functional equivalent as a basis of comparison and the use of specific 13 

uncertainty assessment methods. These propositions could help to improve the clarity of future 14 

studies that tackle the question of environmental sustainability in urban metabolism. 15 

 16 

Keywords: 17 

Urban metabolism, environmental sustainability, industrial ecology, life cycle, methodological 18 

choices 19 
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Highlights: 21 

− A critical review of studies on urban metabolism is performed. 22 

− Methodological choices for environmental sustainability assessment are identified. 23 

− The analysis of the studies is structured around the methods of industrial ecology. 24 

− New methodological choices are proposed for future studies on urban metabolism. 25 

− Principles are listed for consistency in the assessment of sustainability. 26 

 27 

  28 
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1. Introduction 29 

Since the 1950s, the global proportion of urban citizens has been consistently increasing and 30 

demographic specialists expect that this trend will continue for the next 30 years. As a consequence of 31 

this growth, the global urban population surpassed its rural counterpart during the period between 32 

2005 and 2010 and the majority of the human population now resides within urban regions (United 33 

Nations, 2012). These urban regions and their associated activities are managed by specific authorities 34 

at the sub-national level (e.g. city council). Effective actions taken at this sub-national level could 35 

potentially help us tackle environmental issues at the global scale (Bulkeley and Betsill, 2005; 36 

Wilbanks and Kates, 1999). In light of this, and given the current trend of urbanization, improving our 37 

understanding of the local and global impacts of urban activities could help us in meeting the 38 

challenge of achieving global sustainable development. 39 

1.1. Evolution of the Urban Metabolism Concept 40 

In this context, research on the assessment of urban sustainability is important and it is easy to 41 

understand why it has been ongoing for more than a century. Indeed, the book “Capital: Critique of 42 

Political Economy” written in 1894 by Karl Marx (1909) is often cited as one of the first works on the 43 

subject. In 1965, Wolman (1965) further developed the discussion and proposed the Urban 44 

Metabolism (UM) concept to summarize the ideas of modeling and assessing the environmental 45 

effects of urban activities. In 2007, Kennedy et al. (2007) defined the UM concept as: “the sum total of 46 

the technical and socioeconomic processes that occur in cities, resulting in growth, production of 47 

energy, and elimination of waste”. This definition explicitly encompasses most of the components of 48 

urban systems that can be analyzed in UM studies. In practice, it means that a UM serves as a model 49 

of a system that combines anthropic activities occurring in cities (e.g. transport, energy consumption) 50 

and their related urban infrastructure (e.g. roads, buildings). Past and current studies on quantitative 51 

assessment of UMs do not always follow Kennedy’s definition since they consider aspects beyond the 52 

city limits or only some flows (e.g. copper, nitrogen). Nevertheless, it is one of the most explicit and 53 

comprehensive descriptions that set the stage for future development of the concept. 54 
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1.2. An Interdisciplinary Perspective 55 

In 2011 and 2012, the interdisciplinary nature of the UM concept (Broto et al., 2012; Rapoport, 2011) 56 

was highlighted by the numerous studies that have tackled the issue with a diversity of modeling 57 

methods from different fields (e.g. industrial ecology, ecological economics). This potential made the 58 

UM concept particularly relevant (Decker et al., 2000) for the multidimensional assessment of 59 

sustainability. A recent search has identified more than 150 studies that use a wide range of strategies 60 

to assess the environmental performance of UMs since 1974 (see figure 1). These studies offer 61 

relevant information to quantitatively compare the environmental sustainability of different urban 62 

consumption/production scenarios. Most of these studies have been presented and analyzed in the 63 

reviews of Bai (2007a), Decker et al. (2000), Goldstein et al. (2016a), Holmes and Pincetl (2012), 64 

Kennedy et al. (2011, 2007, 2012, 2015), and Zhang (2013). The different analysis focus either on the 65 

observed environmental trends between studies (Decker et al., 2000; Goldstein et al., 2016a; Kennedy 66 

et al., 2007, 2015; Zhang, 2013) or the range of assessment methods (Bai, 2007a; Holmes and Pincetl, 67 

2012; Kennedy et al., 2011; Kennedy and Hoornweg, 2012). The reviews of environmental trends do 68 

not present many comparable conclusions except for the need to obtain more data to describe UMs and 69 

the importance of efficiency in managing water and energy. The analyses of methods clearly show the 70 

growing importance of the industrial ecology field in the assessment of UM. They also underline the 71 

need for more consistency and new studies to increase our knowledge of urban sustainability. 72 

> Figure 1 < 73 

1.3. Variable Scope and Strategies of UM Studies 74 

An overview of the numerous UM studies shows that more than 60 different cities (i.e. systems) have 75 

been assessed. They spread all over the world, mostly in Asia (65 studies for more than 10 cities) and 76 

Europe (49 studies for more than 28 cities). The time coverage varies significantly from a specific year 77 

(e.g. Barles, 2009; Marteleira et al., 2014; Nilsson, 1995) to multiple centuries (e.g. Billen et al., 2009; 78 

Krausmann, 2013; Tarr, 2002). In 2007, the review of Kennedy et al. (2007) argued that: “With data 79 

from metabolism studies in eight cities, spread over five continents and several decades, observation 80 
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of strong trends would not be expected”. This comment highlights that UM assessment methods will 81 

need to tackle a wide range of sustainability issues since cities around the world are confronted by 82 

different challenges that require different scopes. 83 

The resurgence of case studies on different UMs in the last 20 years (see figure 1) has brought 84 

numerous implementation strategies and tools to answer specific questions related to sustainability 85 

(Decker et al., 2000; González et al., 2013; Haapio, 2012; Schremmer et al., 2009). Their main goals 86 

are to describe and evaluate the effects (e.g. impacts like greenhouse gas (GHG) emissions) of urban 87 

anthropogenic systems (Alberti, 2008; Haapio, 2012). Some methods focus on specific issues (e.g. 88 

energy use in a UM (Keirstead et al., 2012)) and others, like the Decision-Support System 89 

(DSS)(González et al., 2013), the Urban Ecological Model (UEM)(Alberti, 2008) and the Integrated 90 

Assessment (IA)(Ravetz, 2000) try to make holistic assessments. Six generic categories of methods 91 

from the field of industrial ecology have also often been used for environmental assessment (Barles, 92 

2010; Decker et al., 2000; Dong et al., 2016; Holmes and Pincetl, 2012; Pincetl et al., 2012; Zhang, 93 

2013, 2015). These categories are: flow analysis (e.g. mass flow), energy assessment (e.g. emergy), 94 

footprints (e.g. carbon), input/output analysis, network analysis, and life cycle assessment (LCA). 95 

They offer different and complementary advantages for the environmental assessment of UMs (Pincetl 96 

and Bunje, 2009), but create important variability between studies. This variability then complicates 97 

the comparison and sharing of data between studies. 98 

1.4. Goals of the Critical Review 99 

The aim of this paper is to present a comprehensive review of the methodological choices that have 100 

been made in prior studies to outline a common ground for environmental sustainability assessment of 101 

UMs. This common ground is proposed to facilitate data sharing and comparison of results between 102 

studies. In a way, this work builds upon the main idea of Kennedy and Hoornweg (2012) by detailing 103 

new methodological choices and explaining their relevance in the development of a comprehensive 104 

framework for the environmental sustainability assessment of UMs.  105 
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2. Followed Procedure of the Critical Review 106 

Past reviews of the UM concept and its implementation were the first document to be consulted (Bai, 107 

2007a; Holmes and Pincetl, 2012; Kennedy et al., 2011; Kennedy and Hoornweg, 2012). They offered 108 

many insights on the history and development of the UM concept with a clear description of the most 109 

commonly used methods (i.e. material flow analysis and emergy). Many methodological choices were 110 

identified and analyzed across the numerous studies that were found (i.e. more than 150). Publications 111 

that did not specifically use the term UM were left out of the analysis. 112 

The methodological choices presented in these UM studies are defined and analyzed in the following 113 

section of the paper. Usual inputs (i.e. sources of information) and outputs (i.e. results) are analyzed in 114 

section 3. Methodological implementation choices like the geographical scope, the temporal scope, the 115 

modeling perspectives and approaches are listed in section 4. From these observations, key 116 

methodological choices (i.e. input data format and structure)(Garcia et al., 2009; Holmes and Pincetl, 117 

2012; Kennedy et al., 2007; Pincetl et al., 2012) are listed and their relevance for sustainable 118 

assessment is explained in section 5. Finally, additional methodological choices and implementation 119 

strategies are discussed in section 6 to propose future development for the environmental sustainability 120 

assessments of UMs. 121 

Other documents that are linked to methodological developments in industrial ecology and the 122 

environmental analysis of urban systems have also been reviewed to support the analysis that can be 123 

found in sections 3 to 6. In total it is more than 220 documents that have been reviewed to offer 124 

insights on how to assess the environmental sustainability of UMs. 125 

3. Analysis of Modeling Data in UM Studies 126 

The types and categories of information used to model UM systems and their effects (i.e. results of 127 

studies) depend on the methods that are chosen for environmental assessment. Accordingly, this 128 

section starts with a quick overview of methods that have been used in UM studies. The analysis of 129 

modeling information then structures itself around the specificities of each method. First, formats of 130 
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input data are described identifying common characteristics. Then, an equivalent search is carried out 131 

for the results (i.e. modeling outputs) of UM studies. 132 

3.1. Environmental Assessment Methods 133 

Many environmental assessment methods have been developed within the field of industrial ecology 134 

(Rapoport, 2011). They have been used in a variety of frameworks to assess, for example: 135 

sustainability (Ness et al., 2007), interregional exchanges (Blanc et al., 2009; Kissinger and Rees, 136 

2010; Wiedmann et al., 2009), territorial impacts (Loiseau et al., 2012), and UM (Dong et al. 2016, 137 

Holmes and Pincetl, 2012; Zhang, 2013, 2015). Table 1 lists published UM studies in relation to seven 138 

categories of assessment methods (i.e. flow analysis, energy assessment, footprint, input/output 139 

analysis, LCA, network analysis, and integrated). The high number of studies that use methods from 140 

the flow analysis and energy assessment categories (43 and 26, respectively) clearly shows their 141 

popularity in the field of UM assessment. This trend has also been observed in other reviews (Holmes 142 

and Pincetl, 2012; Zhang, 2013, 2015). The assessment methods related to each category are more 143 

extensively presented and discussed in the supplementary information (SI). 144 

> Table 1 < 145 

3.2. Format of Data Inputs 146 

UM studies use a variety of complementary information sources to model their systems (i.e. urban 147 

regions/activities). Statistics, subject-specific databases, other studies/reports, authors’ measures and 148 

values from the industry are the key sources that are used in these works. The formats of data between 149 

these sources are inconsistent and analysts should understand their specificities to combine or share 150 

them efficiently. For example, assessments that use the multi-regional input−output (MRIO) method 151 

requires the combination of supply and use tables with Input−Output tables (IOTs) (Tukker et al., 152 

2009, Zheng et al., 2016). 153 
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3.2.1. Types of Data Inputs 154 

UM systems and their environmental effects are typically described with four types of flows: 155 

economic, material, process and energy. Economic and process flows only describe links between 156 

different parts of a UM (i.e. links between ‘nodes’, such as economic sectors) while material and 157 

energy flows can also describe effects of UMs on the environment. For example, economic IOTs can 158 

be used to link different economic sectors of a city (e.g. monetary exchanges between the car and oil 159 

sectors) but will not describe the environmental effects of each sector. 160 

All types of data are linked with many assessment methods (e.g. substance flows are used in Material 161 

Flow Analysis−MFA, Carbon Footprint−CF and Ecological Footprint−EF studies). Table SI1 presents 162 

the links between methods and types of data. 163 

Economic data are sometimes converted into physical data (e.g. material flows) to estimate the 164 

environmental effects of consumption from UM components. As shown by Zhang et al. (2014a), this 165 

conversion is made with intensity factors (i.e. embodied ecological elements). These factors can then 166 

be used to represent quantities of environmental effects per unit of monetary value. The variability of 167 

these factors should be explicitly defined to offer a more transparent assessment of environmental 168 

effects, but it is not usually discussed nor considered in UM studies. In a similar manner, the 169 

environmental effects of process flows can be assessed if amounts of material flows are defined for a 170 

referenced amount of process flow. This conversion is standard within the LCA method but it could be 171 

applied in UM studies that use other environmental assessment methods such as CF. 172 

3.2.2. Aggregation Level of Data Inputs 173 

The data used to model systems in UM studies can be split between top-down and bottom-up levels. 174 

Most often, statistics created by a government institute like Eurostat (European Union, 2014), offer 175 

macro-scale data that are representative of the average data for a region larger than the UM scope (e.g. 176 

country). Such averages of larger regions fit with the basic definition of top-down information from a 177 

UM point of view because they aggregate the information over a region that is larger than the UM. 178 
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Top-down data have been used in more than 65% of the reviewed UM studies, with all environmental 179 

assessment methods (see table SI1), except for exergy (linked to the energy assessment category) and 180 

process-based LCA. Most UM studies use average country-specific data but some of them also use 181 

European averages (Eurostat, 2001; Weisz et al., 2002) and even data from international organizations 182 

(Lutter et al., 2014; OECD, 2008). Every UM studies where MFA was used include top-down data 183 

from a specific year and the models often did not offer insights on how the urban region and its 184 

activities were evolving. Only some MFA studies (e.g. Billen et al., 2009; Brown et al., 2011) 185 

explicitly define drivers (e.g. population growth, densification) to explain how they have modeled the 186 

evolution of UMs. 187 

In contrast, published studies/reports, on-field measures, industry values or databases like ecoinvent 188 

(Weidema et al., 2012) may describe processes or components of the human activity and urban 189 

infrastructure with data that are specific to a city or neighborhood. In UM assessment, this type of 190 

information is considered to be in the bottom-up aggregation level because it represents a part of the 191 

sub-systems of a UM. Table SI1 shows the relationship between top-down and bottom-up categories 192 

with types of data inputs and environmental assessment methods. 193 

Bottom-up data have been used in more than 20% of the reviewed UM studies. This aggregation level 194 

is also used with most of the environmental assessment methods (see table SI1) but is typically used in 195 

the process-based LCA method. The related datasets usually described average values for the city 196 

(Barles, 2007; Haberl, 2001; Moore et al., 2013; Zucchetto, 1975), except in one case (Oliver-Solà et 197 

al., 2007) where the data could illustrate the full life cycle of the UM’s components. Bottom-up data 198 

should be, by definition, specific to a studied UM but can also be used as proxies to describe other 199 

comparable systems. They allow for finer analysis of UMs, but their collection is usually more time 200 

consuming. 201 

About 6% of the studies used both top-down and bottom-up data, highlighting the challenge of 202 

combining these two categories of information. The main difficulty that has been encountered, in such 203 

cases, is to subdivide the top-down data in order to fit it with the bottom-up data in a useful manner. 204 
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For example, a top-down data of electricity production in a country will require subdivision to 205 

describe the proportion from renewable sources (e.g. photovoltaic installations) that could be seen as 206 

bottom-up data for the UM. 207 

Finally, the remaining reviewed studies (fewer than 9%) did not offer enough information to identify 208 

the category of data that was used. This last value shows a problem of transparency in the description 209 

of some case studies and is mostly worrisome for the usefulness of their results. 210 

It is worth noting that the choice of an aggregation level for input data is not voluntary in most studies. 211 

The main driver for data selection derives from the author’s domain-of-expertise and the mere 212 

availability of data (e.g. accessibility of relevant statistical books). Still, the aggregation level can 213 

affect the representativeness and details of the UM model and different options should be considered 214 

when available. 215 

3.3. Format of Results 216 

The published UM studies and reports present a wide variety of results that can help to compare the 217 

environmental sustainability of urban systems and their development scenarios. In fact, 64% of the 218 

reviewed UM studies have explicitly discussed the sustainability of the analyzed UM. However, table 219 

2 shows that some categories of assessment are used less often when sustainability discussions arise. 220 

The category of flow analysis methods is divergent on this question; probably because it is difficult to 221 

encompass the comprehensive subject of sustainability with data on certain types of flow. 222 

> Table 2 < 223 

In the following subsections, the description of results for UM studies is organized by classes, 224 

considered indicators and the public they target. Such an analysis will help in understanding how they 225 

relate to each other, ensuing insights on how studies can be compared. 226 
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3.3.1. Class of Results 227 

The reviewed UM studies offer results with three classes of information. The first class discusses 228 

different forms of exchanges between ‘nodes’ (processes/components) of a UM and is directly linked 229 

to the Environmental Network Analysis (ENA) method. Interestingly, all these studies (>4% of 230 

reviewed publications) conclude that lower exchange rates with the outside world (i.e. higher 231 

interdependence between ‘nodes’ of the urban region) guarantees an increase in environmental 232 

sustainability because the UM is more self-sufficient. This narrow perspective on the issue of 233 

sustainability might not allow for the identification of a UM development scenario with lower global 234 

environmental impacts which could be more environmentally sustainable. It does, however, offer a 235 

relevant output to evaluate the independence of a UM and can be linked to the concept or circular 236 

economy. 237 

The second class of results describes substance flows entering, moving within, and exiting the UMs. 238 

This mostly concerns the data outputs of methods from the MFA category, but the Physical I/O (PIO), 239 

Environmentally-Extended I/O (EEIO) and MRI/O methods also offer that kind of information. In 240 

studies where MFA- or I/O-based methods are used, the analysis is often done for one substance (e.g. 241 

N2 in food (Billen et al., 2009) and € (Lenzen et al., 2004) respectively) but recent works (Codoban 242 

and Kennedy, 2008; Garcia et al., 2009; Villalba and Gemechu, 2011) present results and analysis of 243 

three or four substances at the same time. This class of results allows for an evaluation of consumed 244 

substances and its removal from the UM through waste production. Distributions of flows within 245 

different components of a UM are also described in some other studies (Baldasano et al., 1999; 246 

Krausmann and Haberl, 2002; Liang and Zhang, 2011b; Van Beers and Graedel, 2003) with this class 247 

of results. 248 

The third class of results presents calculated environmental impacts (e.g. Global Warming Potential) 249 

of UM systems or their components (Barrett, 2001; Lebel et al., 2007; Oliver-Solà et al., 2007). In this 250 

case, the flows between processes or components of a UM and their respective environmental 251 

interventions (e.g. resource extractions, emissions of pollutants) must be first defined, aggregated and 252 
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then translated into potential impacts. With such modeling and analysis, the environmental 253 

performance of a UM is evaluated by comparing the impacts value across different development 254 

scenarios. The hypothesis behind these impacts assessment models needs, however, to be comparable 255 

if the goal is to compare the results from this class. 256 

3.3.2. Indicators 257 

Environmental impact assessment can take different forms (i.e. single-issue or multi-criteria) and it 258 

can be linked to different indicators. For example, the CF and EF methods assess single issues (i.e. 259 

climate change and productive land consumption, respectively). The emergy- and exergy-based 260 

methods focus on direct and indirect consumption of energy (i.e. equivalents of solar energy and 261 

useful energy, respectively) and also offer single indicators. 262 

Many authors show that sustainability-oriented indicators can also be calculated (e.g. emergy intensity 263 

and environmental loading ratio)(e.g. Li et al., 2014;Russo et al., 2014; Tao et al., 2016) to derive 264 

suitable and holistic assertions about the use of energy and material flows from local renewable, non-265 

renewable, and imported resources. 266 

A detailed and multi-criteria analysis of environmental impacts is often obtained by using the EEI/O 267 

and LCA methods. In these cases, hundreds of environmental stressors (e.g. resource extractions, land 268 

use, greenhouse gas emissions) are translated into different environmental effects like, for instance, 269 

water acidification and ozone layer depletion. The modeling of a wide range of impacts improves the 270 

chance of promoting solutions with significant environmental trade-offs when UM development 271 

scenarios are compared. 272 

3.3.3. Target Audience 273 

The information provided in results of UM studies also often depends on the targeted audience. Many 274 

results of UM studies require the understanding of how to model impressive amount of data to really 275 

grasp the meaning of analysis for the different issues linked with the development of these complex 276 

UM systems. 277 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

13 

 

For example, Liu et al. (2010) have modeled the UM of Beijing with emergy flows to evaluate the 278 

node “coupling” between its sectors. They then come to the conclusion that Beijing “depends on a 279 

larger external system surrounding the city which can supply resources and services that are lacking 280 

within the city”. Despite substantiated, such a conclusion, which is also claimed in some other UM 281 

studies (e.g. Barles, 2010; Huang et al., 2007; Lei and Wang, 2008; Liu et al., 2011d), might not be 282 

straightforward for decision-makers when they analyze the basic results. This complexity shows the 283 

need for additional experts’ analysis and opinions to identify priorities for the UM sustainable 284 

developments. In fact, statistics from the reviewed studies show that only 45% of the publications are 285 

meant for decision-makers. The rest has been published in conference communications and journals 286 

that are specifically oriented to experts and researchers. Table 3 describes the percentages of studies 287 

for decision-makers when compared to the full list of reviewed UM studies (for each category of the 288 

assessment methods). These statistics clearly show that the footprint and integrated methods have been 289 

the main choices to offer information specifically for decision-makers. 290 

> Table 3 < 291 

In the cases of the CF, EF, EEI/O and LCA methods, the analysis is based on comprehensive 292 

indicators of potential environmental pressures that decision-makers should understand more easily. 293 

Specific models and sets of rules are followed to translate the effects of natural resource extractions, 294 

land uses and pollutant emissions into different impacts on the environment or humans. These rules 295 

are proposed and discussed by the scientific community, and offer varying degree of analysis with the 296 

requirement of more or less judgment calls from analysts. 297 

Table SI2 summarizes the classes and target audiences (among analysts and decision-makers) of the 298 

different environmental assessment methods. This division shows the methods (i.e. ENA, MFA, EFA, 299 

PI/O, I/O, emergy and exergy) that often require specific expertise to identify the environmental 300 

development paths of UMs. 301 

4. Modeling Scope and Strategies 302 
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Implementation strategies of UM studies limit the usefulness of results for environmental 303 

sustainability analysis since they are linked with the scope definition and the system modeling 304 

approaches. The following description explains how different methods can affect the evaluation of 305 

UMs. The use of different environmental assessment methods (see table 1) allows for a wide range of 306 

implementation strategies that increase the differences among results of UM studies. Many experts 307 

(e.g. Chester et al., 2010; Pincetl et al., 2012; Ulgiati et al., 2011; Zhang, 2013) have argued for the 308 

use of the broadest scope and most detailed modeling approach to help in the assessment of 309 

environmental sustainability, but this can sometimes be challenging. The following sections discuss on 310 

the balance between simplification and complexity of implementation strategies and on the effects that 311 

such choices could imply. 312 

4.1. Scope Definition 313 

The city’s name and time of assessment are the only descriptions that define the scope of UMs in most 314 

studies. This basic information does not offer a particularly precise boundary and only suggests the 315 

period when activities are considered. A more detailed scope definition (e.g. geographic limits and 316 

precise period of assessment) would help to clarify the range of representativeness for each study. 317 

4.1.1. Geographical Scope 318 

Three levels of geographical boundaries are used to define the spatial scope of environmental 319 

assessment in UM studies. Each boundary is not restrictively used for a specific environmental 320 

assessment method but affinities do exist (e.g. emergy and global scope). 321 

The political limit of a city is the first and most limited geographical boundary. This first type of 322 

boundary is considered in < 20% of the reviewed studies, and is particularly relevant for the black-323 

box/gray-box system modeling approach (see subsection 4.2). These studies only assess the 324 

environmental effects (or impacts) that occur inside the city, neglecting to include background 325 

processes beyond the city’s borders. Substantial impacts can be missed especially for infrastructure 326 

and building related materials produced outside the city. The evaluation of a UM’s sustainability from 327 
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such studies are somewhat risky because they can identify solutions that are not sustainable at a 328 

broader geographical scale. For now, most studies (e.g. Codoban and Kennedy, 2008; Zhang et al., 329 

2006; Zhao, 2012) with this kind of scope suggest a need to consider the regional or global impacts of 330 

human activities. For example, Codoban and Kennedy (2008) discuss the importance of considering 331 

transport organization (e.g. at regional scale) to help citizens in choosing the environmentally friendly 332 

option of public transport. Ottelin et al. (2014) go further and suggest that air travel should be 333 

considered to identify how to better offset the GHG emissions coming from the transport activity of a 334 

UM. 335 

The second geographical boundary in UM studies is linked with the relative concept of regions (e.g. 336 

metropolitan region, state, country). The general idea is to consider the regional environmental effects 337 

of UMs and their links to the hinterlands environment. This level of spatial scope is used in < 20% of 338 

the reviewed UM studies. It can be relevant in some cases, if the environmental analysis is limited to 339 

pollutants with regional effects like SO× emission in the air (Yi et al., 2007). Conversely, the effects of 340 

resource extraction (e.g. oil, gold), land use (with focus on indirect utilization) and pollutant emissions 341 

(e.g. GHG) are not considered if they happen outside of the region even if they are relevant for the 342 

comparison of the environmental sustainability between scenarios. Some studies show valuable 343 

findings with respect to a regional scope, although they either only analyze the flows of material(s) 344 

(Browne et al., 2011, 2009) or consider one substance with regional environmental effects like lead 345 

(Obernosterer and Brunner, 2001). 346 

Finally, the third and most comprehensive geographical boundary covers the globe. With this spatial 347 

scope, human activities anywhere in the world are considered if they support the activities that are 348 

happening within the geographical limits of the analyzed UM. Environmental effects of these 349 

supporting activities are considered for the global assessment of impacts and results help in the 350 

identification of solutions with better environmental performances at an international scale. More than 351 

60% of the reviewed UM studies use this level of geographical boundaries. In these cases, 352 

international trade of commodities are considered with a MRI/O framework (e.g. Goldstein et al., 353 
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2013; Herfray et al., 2011; Herfray and Peuportier, 2010) or with emergy values that describe indirect 354 

effects of input and output processes (e.g. Huang et al., 2007; Liu et al., 2011a; Zhang et al., 2009b). 355 

While comprehensive, this geographical scope is often linked with a high level of aggregation because 356 

more details would require important amounts of data that cannot be managed or found when studies 357 

are carried out. 358 

4.1.2. Temporal Scope 359 

The choice of a temporal scope for UM studies is often based on the available input data. Since many 360 

statistical databases (European Union, 2014; Government of Canada, 1995) present annual flows, most 361 

UM studies either model a specific year or yearly variations. Table 4 presents the statistics of temporal 362 

scopes for the different UM studies that were reviewed. 363 

> Table 4 < 364 

About than 53% of the reviewed UM studies discuss environmental effects and sustainability patterns 365 

based on a single year’s model. They can be used for benchmarking and require less data because of 366 

the restrictive scope. Such UM studies often neglect the impacts of urban infrastructure because their 367 

lifetime and environmental effects are spread over a much longer period than the chosen year of 368 

assessment. With the results of the studies that were reviewed, the validity of such simplifications is 369 

still difficult to accept when sustainability assessment is the goal. Moreover, the environmental 370 

assessment of short term urban activities (e.g. urban transport) is difficult to do with a single period 371 

because a specific year might not offer much insight on the UM’s development. For example, 372 

analyzing an unusual increase in the share of public transport for 2014 would give a misleading 373 

impression on the state of the transport sector in a UM. Therefore, the one-year period is the least 374 

interesting temporal scope for sustainability assessment of a UM, unless it is used with a life cycle 375 

modeling perspective (see subsection 4.2.4). 376 

The second type of temporal scope is based on time-series assessment of UM flows. Studies with this 377 

type of boundary typically provide analysis of trends through time for the emissions of different 378 
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pollutants (e.g. kg CO2 eq. from Lebel et al., 2007) with histograms. About than 47% of the reviewed 379 

studies use this kind of information to assess the environmental impacts of UMs. Time-series analyses 380 

are sometimes applied only to two specific years (e.g. Browne et al., 2009; Liang and Zhang, 2012, 381 

2011a; ), while other assessments cover periods that are longer than one century (e.g. Baccini and 382 

Brunner, 2012; Billen et al., 2009; Kuskova et al., 2008). This modeling strategy is definitely relevant 383 

for questions linked with sustainability, but the results often require the analysis of environmental 384 

experts to offer relevant conclusions to the observed trends. They also require assumptions, 385 

predictions or projections to describe future environmental flows. 386 

4.2. System Modeling Approaches 387 

As shown in figure 2, three system-modeling approaches categorize the ways of describing the flows 388 

and sections of a UM. They are called: black-box (BB), gray-box (GB) and network (NE). They all 389 

present both benefits and drawbacks in a UM sustainability assessment (Ravalde and Keirstead, 2015). 390 

The representations of BB and NE approaches of figure 2 are inspired by the work of Zhang (2013), 391 

whereas the GB approach was proposed by Liang & Zhang (2011a) and Zhao (2012). In general, 392 

moving from BB to NE increases the system modeling complexity (i.e. disaggregate the modeled 393 

system) and requires a larger amount of input data to model the UM. Table 5 then lists the reviewed 394 

UM studies in terms of the modeling approach they use. 395 

> Figure 2 < 396 

> Table 5 < 397 

4.2.1. Black-Box (BB) Approach 398 

The BB modeling approach relies on the description of flows coming in (inputs) and going out 399 

(outputs) of the UM (i.e. system). About 23% of the reviewed studies use the BB modeling approach 400 

(see table 5). A recent study that uses the BB approach has been published in 2014 which shows its 401 

use even today (Mellino et al., 2014). This specific study presents an emergy-based description of the 402 

energy resource consumption for the urban region through the use of Geographic Information Systems 403 
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(GIS), where a detailed analysis of input requirements and outflows at regional system scale is carried 404 

out. 405 

The BB approach is mainly used in combination with either the MFA (e.g. Browne et al., 2011; Cui et 406 

al., 2009; Femia, 2009;) or the EF (e.g. Neset and Lohm, 2005; Swilling, 2006; Wackernagel et al., 407 

2006). Almost all BB-based UM studies use top-down data to describe urban systems. Eurostat is 408 

often cited as the main source of information because it is considered to be an acceptable proxy (i.e. 409 

data that is representative of a similar process, sector or system). This organization facilitates the 410 

collection of information on imported, exported and locally produced resources, allowing a relatively 411 

comprehensive depiction of the system flows (European Union, 2014). Nevertheless, it does not 412 

necessarily support the identification of dynamic and/or complex patterns of resource consumption 413 

inside the urban region (Athanassiadis et al., 2015). The relatively easy modeling features underlying 414 

the BB approach has often enabled the assessment for long time-series, providing useful and 415 

straightforward evaluation of the materials’ throughput over the years. This, in turn, helps in 416 

understanding if the UM is improving its independence from external systems. A common, main 417 

general outcome from these studies argues that a UM would be more sustainable if it decreased its 418 

total consumption of products. Other strategies to improve the inner-workings of UMs require a more 419 

detailed description of the system. 420 

4.2.2. Gray-Box (GB) Approach 421 

In contrast to the BB approach, the GB modeling approach disaggregates the input and output flows of 422 

UMs for different components (e.g. roads, buildings, parks, services, etc.). About 40% of the reviewed 423 

studies use this modeling approach (see table 5). GB has been used for more than 15 years in UM 424 

studies because it offers an interesting balance between a detailed description and the required efforts 425 

for modeling, when compared to other approaches. Moreover, the use of top-down and bottom-up data 426 

(see section 3.2) is common in studies with GB modeling. Assessment through time becomes less 427 

likely than for studies using the BB approach because of the higher data requirements linked with the 428 

increasing complexity of the UM mode (i.e. description). GB-based studies work with the widest 429 
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range of environmental assessment methods and analytical results are more straightforward to identify 430 

the most relevant environmental impact flows of a UM. 431 

4.2.3. Network (NE) Approach 432 

The NE modeling approach, just like the GB approach, disaggregates the inputs and outputs flows of a 433 

UM between different components. However, as an added value, it allows for the description of links 434 

between different components of a UM. This structural information allows for the description of the 435 

environmental impact for specific UM components that are part of an assessed life cycle (see 436 

subsection 4.2.4). 437 

About 37% of the reviewed studies use a network modeling approach (see table 5). The first identified 438 

study that used the NE approach dates back to 1975 and assessed the UM of Miami through emergy 439 

analysis (Zucchetto, 1975). Since then, most of the emergy-based UM studies have been built 440 

according to a NE modeling approach. 441 

The emergy is not the only method linked with the NE approach. The MFA, ENA, EE-I/O and LCA 442 

methods have used the NE approach for different case studies (e.g. Baccini and Brunner, 2012; 443 

Goldstein et al., 2013; Russo et al., 2014). 444 

The NE approach usually requires the collection of an important amount of input data. Interestingly, 445 

most of the reviewed UM studies that use the NE approach also use top-down data. This is likely 446 

because of the challenges in retrieving representative bottom-up data to offer detailed analysis of all 447 

processes. About half of the NE-based studies (~ 45%) present results over different years. This 448 

suggests that it is possible to find and manage important amounts of data to describe UM and their 449 

future development. The NE modeling approach also has the key advantage of allowing the 450 

identification of hot spots in UMs when the functions of the system are the basis of comparison (e.g. 451 

basic principle of LCA studies on products (14040, 2006)). 452 
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4.2.4. Life Cycle Perspective 453 

Another type of modeling approach that is used for environmental analysis of UMs is the life cycle 454 

perspective. This perspective requires the consideration of environmental effects for the complete 455 

supply chains, from cradle (e.g. resource extraction) to grave (e.g. waste treatment) of products, 456 

services and systems (e.g. UM). It can be applied both to single year and time-series assessment. It 457 

differs from the aforementioned temporal scope (see subsection 4.1.2) because it aggregates all flows 458 

and impacts of a UM over the cradle-to-grave period (i.e. life cycle of the system). About 40% of the 459 

reviewed studies use the life cycle perspective to model the UM, at least for some components or 460 

substance flows e.g. (Baynes et al., 2011; Goldstein et al., 2013; Liu et al., 2009; Su et al., 2013; 461 

Zhang et al., 2011). Life cycle-based results offer measures that can help in the evaluation of 462 

environmental sustainability. While a life cycle is an important modeling perspective for the 463 

assessment of sustainability, the life cycle of a complex system like a UM is not clearly framed in 464 

most UM studies that were reviewed. This can be understandable because the start of a UM’s life 465 

cycle is often set a long time before data collection and defining the end of life is rather challenging. 466 

  467 
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5. Choices for Environmental Sustainability Assessment 468 

The categories and types of data (section 3) combined with the implementation strategies (section 4) 469 

used in the reviewed UM studies illustrate the significant level of heterogeneity that currently exists 470 

between environmental sustainability assessment in studies. This wide range of methodological 471 

choices is linked with a range of questions and goals that are all somewhat related. In fact, it is 472 

possible to select a specific method and implementation strategies based on the answer to six 473 

questions. Subsection 5.1 presents a map of methodological choices based on these six questions. 474 

Recommendations are then presented in subsection 5.2 to help compare the effect of some of the 475 

methodological choices on the potential to assess the environmental sustainability of UM. These 476 

recommendations are proposed to help practitioners with the exchanges of knowledge (i.e. to increase 477 

the capitalization potential). 478 

5.1. Methodological Choices 479 

The many research and policy questions on the basis of an UM assessment explain the range of 480 

methodological choices that have been identified in the reviewed UM studies. To make these 481 

relationships clearer, a consolidated map is presented in figure 3. It shows how some methods or 482 

implementation strategies might be more relevant for specific assessment goals in UM studies. 483 

> Figure 3 < 484 

The map is divided in four levels of methodological choices. These choices define temporal scope, 485 

geographical scope, system-modeling approaches and types of results. Six main questions and two 486 

sub-questions constitute the map. Each question can be answered only in two ways. The relevant 487 

methodological choices linked to the answers of each question are presented in bold and their 488 

description can be found in sections 3 and 4. The methodological choices that are made after each 489 

question do not limit the selections in the following levels. No question to identify the specific input 490 

data is proposed because the choice of data should fit with the chosen environmental assessment 491 

method and its availability within the scope of analysis. 492 
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Figure 3 also summarizes the most important sources of variability underlying the study of UM in the 493 

past 40 years. Analyzing these variability sources is particularly interesting as they have most likely 494 

prevented analysts from sharing data that was created to model different UMs. Therefore, the current 495 

low capitalization potential of UM studies might be reduced with the application of standardized 496 

procedures that can consolidate methodological choices to carry on consistent environmental 497 

assessments for UM. 498 

A recent work (Zijp et al., 2015) on the Sustainability Assessment Identification Key offers other 499 

insights on methodological choices for sustainability assessment. The proposed method, which is 500 

based on a systematic problem analysis, could offer more general ideas on how to conduct a study that 501 

will answer specific questions. In a more specific way, Athanassiadis et al. (2015) and Ravalde and 502 

Keirstead (2015) have proposed ideas to understand the issues of black-box modeling. These ideas fit 503 

well with the methodological choices that are presented in this section. 504 

5.2. Recommendations for the Comparison of Environmental Sustainability 505 

While the previously mentioned methodological choices (subsection 5.1) can be relevant for different 506 

assessments of UM, some offer more fitting information to identify the most sustainable development 507 

scenarios. The following subsections (i.e. 5.2.1, 5.2.2, 5.2.3, 5.2.4 and 5.2.5) present the most relevant 508 

choices that have been identified in the review of UM studies (sections 3 and 4) to reach this goal. 509 

Justifications are given in the hope that these methodological choices will become more common 510 

when the environmental sustainability of a UM is assessed and compared in UM studies. 511 

5.2.1. Considering How the UM Change Through Time 512 

The first requirement to compare the environmental sustainability of UMs is to; at least, evaluate their 513 

effects in the present and future. This is important because UM effects on the environment might vary 514 

significantly over time due to changes in consumption patterns, underlying economic activities and 515 

technologies. For example, a UM with fewer construction projects could presently show lower 516 

environmental impacts than a UM with many. However, the former UM might then present higher 517 
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energy consumption levels in 10 years when compared with its high-construction rate counterparts. In 518 

such a comparison, the use of a life cycle perspective is an efficient strategy to identify if the first 519 

scenario is less sustainable for the future. 520 

In theory, sustainability could also be evaluated with time-series of data (see subsection 4.1.2). Time-521 

series modeling is likely the simplest way to assess sustainability trends since it can be defined by 522 

projections from available annual statistical datasets. However, results from such models require the 523 

analysis from environmental specialists to propose sustainable development solutions for the UM. The 524 

expert’s knowledge is required in this case because the resulting histograms offer information on the 525 

number of environmental effects but not on the functions they are linked to (i.e. reason they exist). 526 

This is also the case when modeling resource and energy flows with statistics over time and then 527 

translating them into networks, providing users and policy makers with periodic information on urban 528 

consumption trends. Contrastingly, a UM model based on the life cycle perspective is more complex 529 

to implement but offers results that are simpler to analyze. It can help decision-makers in their 530 

identification of the most sustainable urban planning options from an environmental viewpoint. That is 531 

why the life cycle perspective should be favored in the methodological recommendations. Then, 532 

repeating the LCA analysis for different years (i.e. time-series assessment) could effectively monitor 533 

the evolution of impacts for a UM and thus provide reasonable information to analyze the evolution of 534 

sustainability. Considering time within a life cycle modeling approach is not currently standard even 535 

in LCA studies. However, recent developments on time consideration for systems modeling (e.g. 536 

Beloin-Saint-Pierre et al., 2014; Collet et al., 2011; Pehnt, 2006) and impact assessment (e.g. Chester 537 

et al., 2013; Kendall, 2012; Levasseur et al., 2010; Säynäjoki et al., 2012) might offer some insights on 538 

how this issue. 539 

5.2.2. Comprehensive Geographical Scope 540 

The concept of sustainable development (Brundtland, 1987), linked with environmental sustainability, 541 

does not limit itself to the need of considering the evolution of human activities through time. Other 542 
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risks, like shifting effects from a site to another or from one impact category to another, are relevant to 543 

sustainable assessment and require a certain level of comprehensiveness. 544 

From a geographical point of view, sustainability assessment requires the consideration of effects that 545 

happen inside and outside of the UM boundaries if they are linked to its activities. For studies with a 546 

city scope, the relevance of external environmental effects is highlighted by the comments of many 547 

authors on the low sustainability of UMs that import large quantities of natural resources and export 548 

large amount of waste (e.g. Folke et al., 1997; Newman, 1999; Schulz, 2007). If the focus of the 549 

assessment is made on local environmental impacts, then the regional scope is relevant and will offer 550 

precise information for impact assessment. The regional scope is, however, limited mostly because the 551 

international activities in relation to the UM will not be considered. Studies that use a global scope 552 

(e.g. Collins et al., 2006; Liu et al., 2011b; Sovacool and Brown, 2010) can offer information on local 553 

and global environmental effects but often with less detail because of the aggregation in the modeling 554 

data. Both regional and global scopes are relevant for environmental sustainability assessment and a 555 

choice is made only when it is put into perspective with the need for multi-criteria environmental 556 

evaluation. 557 

5.2.3. Environmental Impacts and Indicators 558 

The effects of UM are numerous and affect different aspects of the environment at global and local 559 

scales (e.g. climatic change and land use respectively). Many environmental assessment methods 560 

evaluate only one type of environmental effect/impact (e.g. MFA, emergy, and CF). With these 561 

methods, the comparison of different UM development options might present a solution that is more 562 

effective but only for one issue (e.g. lower GWP). Promoting different options to decision-makers 563 

based on this single information can be risky since some damage on other concerns for the 564 

environment can be missed. This risk of omission explains why multi-criteria assessment should be 565 

pursued for environmental sustainability assessment of UMs. Since both global and local issues are 566 

relevant, the multi-criteria requirement then imposes a global scope for the UM assessment methods. 567 
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The translation of environmental effects into environmental impacts is another important 568 

methodological choice to offer more informative results to non-specialists (e.g. decision-makers). Not 569 

many assessment methods use impact factors to translate the flows of substances from the UM to the 570 

environment, but some (e.g. LCA and environmentally-extended I/O) can do it by aggregating a large 571 

amount of data into a few comprehensive indicators. The recent publications of Bai (2016), Mostafavi 572 

et al. (2014), Kennedy et al. (2014) and Inostroza (2014) are examples of relevant indicators that are 573 

specific to UMs but emergy indicators are also often used e.g. (Lei and Wang, 2008; Liu et al., 2011b; 574 

Zhang et al., 2011). No specific indicators have been proposed here because the target users should 575 

decide on the type of information they want to analyze before they make informed choice for the 576 

improvement of the analyzed UM systems. 577 

5.2.4. Inner Workings 578 

The choice of a system modeling approach should be based on the targeted audience (e.g. local 579 

administrators, urban planners, technical experts and analysts, public agencies). The general goal is to 580 

offer a description of a UM structure that can help them in finding sustainable solutions for its 581 

development. In general, the targeted audience of UM assessment should be decision-makers because 582 

they are responsible for the development at the urban scale. To make changes, they need to understand 583 

how the components of the UM affect the environment (e.g. Anderson et al., 2015; Athanassiadis et 584 

al., 2015). This first requirement rules out the use of a BB approach because it does not describe the 585 

inner working of a UM. The GB modeling approach then becomes the simplest choice of 586 

implementation to offer this kind of information. However, GB presents different sources of 587 

environmental effects from the UM without showing the inherent links between the urban 588 

components. For example, the transport components of a UM can be responsible for a large share of 589 

the GHG emissions but most of the transport could be linked to workers’ travel and these emissions 590 

should be allocated to the production of the UM (Nichols and Kockelnab, 2015; Sosa et al., 2016). 591 

Hence, finding the most sustainable scenario of UM development is always in reference to an UM 592 

with similar functions. The goal is then to analyze the UM environmental effects linked with the 593 
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different functions. The NE modeling approach is the only option that provides this information. 594 

Hence, the NE approach should be selected to offer more consistent environmental sustainability 595 

assessment of UMs. However, NE analyzes approaches are typically static and only consider time-596 

series features to assess long-term sustainability trends. 597 

5.2.5. Assessment Methods 598 

While the LCA and environmentally-extended I/O methods respect most of the previously defined 599 

methodological choices (e.g. Batouli and Zhu, 2014; Mastrucci et al., 2015; Lotteau et al., 2015), 600 

recommendations are not proposed to prevent the use of other methods for UM environmental 601 

assessment. The main goal is to suggest a framework that helps in identifying the strategies that will 602 

better answer questions of the target audience on different aspects of UMs. This could be done with 603 

the combination of different studies using different assessment methods. For example, a UM 604 

assessment made with the MFA method usually does not offer multi-criteria impact assessment but it 605 

can respect the other methodological recommended choices and offer a comprehensive assessment of 606 

stocks. Therefore, the information incorporated in such a UM assessment could be used as input data 607 

to extend the scope of other studies on comparable components if data can be shared. 608 

6. Further Developments 609 

The methodological choices that have been proposed in subsection 5.2 will offer part of the solution to 610 

help in the comparison of UMs’ environmental sustainability. Other methodological and 611 

implementation options from the field of industrial ecology and more specifically for the assessment 612 

of regions (Loiseau et al., 2013, Lotteau et al., 2015) are explored, in this section, to reach this goal 613 

more efficiently in the future. 614 

6.1. Increasing the Number of Useful Inputs 615 

Structuring a common format to model a UM, its components, its life cycle, and its environmental 616 

effects should help in sharing data between practitioners. An example of such a common structure can 617 

be found in the EN 15978 standard (2009) where different phases of a building’s life cycle are defined. 618 
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Fuzzy sets have also been considered for the definition of urban regions (Gopal et al., 2016). If such 619 

rules are accepted by the UM assessment community, data will be easier to exchange and analysis 620 

should become more transparent and comprehensive. A common information structure is a key 621 

concept for the proposed methodological recommendations but other options are available to increase 622 

the amount of usable data for UM studies. The exploration of open source data (Ravalde and 623 

Keirstead, 2016) is also an interesting path to explore. 624 

6.1.1. Proxies and Uncertainties 625 

The most common implementation issue raised by authors of UM studies is the lack of data to 626 

describe the numerous parts of a UM. The first solution to overcome this issue is to use data proxies 627 

that can describe different components of a modeled UM. Proxies have been used in most UM studies 628 

for some components/effects, but usually without considering the variable representativeness (i.e. 629 

confidence interval and standard deviation) of the quantitative results for specific case studies (e.g. 630 

Eurostat). No simple solution can bridge the gap between specific data and proxies. The only complete 631 

solution is to acquire more representative data but this requires time and resources that might not be 632 

available. So, without alleviating the problem of proxies’ representativeness, the basic solution to 633 

promote a consistent use of proxies is to offer an assessment of the uncertainty/variability. Such 634 

considerations allow the use of any type of proxies and help in identifying the need for more specific 635 

information to model a UM with enough precision to differentiate the results of different development 636 

scenarios. 637 

So far, results uncertainty is rarely discussed (~18% of the reviewed UM studies) and two categories 638 

of uncertainty assessment are identified in the literature. Nine studies discuss the representativeness 639 

and variability of results but without any quantitative information on figures or tables (e.g. Browne et 640 

al., 2009; Liang and Zhang, 2011b; Ramaswami et al., 2008). These discussions reveal a good 641 

understanding of the challenges linked with quantitative environmental modeling. The complexity of 642 

the modeled system (i.e. many sources to consider) and the magnitude of relative uncertainty (e.g. 643 

more than 5% of the median value) are the main sources of challenges in this case. 644 
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Efforts of quantitative uncertainty assessment are found in some published works (e.g. Baccini and 645 

Brunner, 2012; Billen et al., 2009; Liu et al., 2011c; Niza et al., 2009), and they make an analysis of 646 

results with more reliable observations on development trends. 647 

In the last 20 years, the uncertainty assessment on input data has been an important subject of 648 

development in the field of LCA. Today, the main strategy rests on the use of a pedigree matrix to 649 

quantitatively describe the qualitative mismatch between proxies and the data that they represent 650 

(Weidema et al., 2012; Weidema and Wesnæs, 1996). Many developments (e.g. Hoxha et al., 2014; 651 

Huijbregts et al., 2001; Lasvaux et al., 2013; Williams et al., 2009) have since been proposed to 652 

improve on this idea and the exploration of such solutions could be relevant for future, more 653 

transparent description of the uncertainty associated with UM assessment. 654 

6.1.2. Combining Different Sources 655 

The combination of macro- and micro-scale data might also be an interesting way to alleviate some of 656 

the problem with the lack of input data. The combination of these data sources is challenging because 657 

macro data encompass micro data and they need to be disaggregated before merging can be operated. 658 

This idea has already been explored in the environmentally extended I/O and the hybrid LCA methods 659 

(e.g. Finnveden et al., 2009; Ramaswami et al., 2008; Suh, 2009; Suh and Huppes, 2005) and their 660 

modeling approaches should be considered in future UM studies. As shown by the few UM studies 661 

using a hybrid assessment method (Goldstein et al., 2013; Lenzen, 2002; Ramaswami et al., 2008), 662 

hybridization can facilitate the UM system modeling by allowing the use of economic and physical 663 

data. 664 

This is an important issue because LCA, with its comprehensive and detailed scope, is probably the 665 

most data intensive method in industrial ecology (Batouli and Zhu, 2014). With this key idea in mind, 666 

a proposition has been made to combine the data from the LCA, MFA and environmental risk 667 

assessment methods to analyze different UMs (Schiopu et al., 2014). 668 
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6.2. Results for Decision-Makers 669 

The LCA method has been created to offer information specifically to decision-makers (i.e. non-670 

specialists of environmental assessment). Many of its principles are built on this goal and can serve to 671 

make UM environmental sustainability assessment more accessible to urban decision-makers. This 672 

subject of discussion has previously been explored by Chester et al. (2012, 2010) and some other ideas 673 

are proposed in the following sections to identify potential future development pathways. 674 

6.2.1. Comparison Framework 675 

The evaluation of environmental sustainability for a system should always be made on the basis of its 676 

function. The goal is to find ways of reducing impacts while keeping an equivalent function. If 677 

functions were not considered, then the general assessment conclusions would probably be to lower 678 

the use of sources that cause environmental impacts disregarding the loss of services or products (i.e. 679 

positive effects of human activity). 680 

In LCA (14040, 2006; 14044, 2006), the usual tool to describe the function of a system (e.g. UM) is 681 

the functional unit. Environmental impacts for different scenarios are then compared in relation to this 682 

functional unit. However, if the analyzed systems provide a combination of functions (e.g. industrial 683 

production and commercial services), the comparison is valid only if both systems have the same list 684 

of functions. The strategy of evaluating UMs by their functions is, however, not explicitly stated in 685 

any of the reviewed studies. UM, by their nature, offers a multitude of functions that might not be 686 

divided easily if the system is to be assessed as a whole. Different cities and cities at different periods 687 

in time are two examples of UMs that can offer different functions and their quantitative 688 

environmental assessment should not simply be compared. Therefore, according to the rationale of the 689 

functional unit, UMs based on equivalent functions are the only systems that should be compared by 690 

their relative environmental impacts. Accordingly, the number of reviewed UM studies that compare 691 

results (i.e. >40%) is worrying. To be fair, these comparisons are often followed by a discussion on 692 

their limited usefulness and validity. 693 
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The problem with the limited validity of comparison between UMs is that the use of a life cycle 694 

evaluation (favored in the methodological recommendations) is mostly relevant through a comparison. 695 

This creates a need to define a new unit of comparison that is tailored to the specificities of UMs. To 696 

this end, the concept of functional equivalent contained in the EN 15978 (2009) standard can be 697 

useful. It is defined as: “quantified functional requirements and/or technical requirements for a 698 

building or an assembled system (part of works) for use as a basis for comparison”. By changing the 699 

term building with UM, this definition offers a great frame to describe the unit of reference for UM 700 

studies. The key concept here is to describe specific aspects of the system that contain the UM’s 701 

functions. Using the functional equivalent makes the implicit hypothesis that the list of functions will 702 

be somewhat comparable if the UM specific aspects are equivalent. These specific aspects do not have 703 

to restrict themselves to spatial or temporal characteristics. They can also specify the density of citizen 704 

or industrial surface, for example. 705 

An equivalent proposition has been made by Loiseau et al. (2013) to describe the functions of regions. 706 

The main idea is to replace the functional unit by the identification and selection of appropriate 707 

functions related to predetermined reference flows. These reference flows must be linked with 708 

functions of the land. Using this proposition, results can be presented in relation to each of the chosen 709 

land functions. 710 

Some publications (Heinonen et al., 2013a; Loiseau et al., 2013; Minx et al., 2013; Ramaswami and 711 

Chavez, 2013) also discuss the modeling perspective from the point of view of production or 712 

consumption in UM components. While their arguments are reasonable, considering only the 713 

consumption of components might be problematic because it will not assess the environmental 714 

impacts of products/functions that are produced in a UM but consumed outside. Therefore, it will be 715 

difficult to improve the environmental sustainability of these products/functions within a UM study. In 716 

addition, it could be expected that the production point of view is more comprehensive if all of the 717 

UM consumption is linked to products/functions. 718 
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6.2.2. Structure of the Modeled System 719 

A UM assessment can offer useful information for decision-makers but they have a specific 720 

perspective of the urban system and its related activities. To offer relevant information, a UM system 721 

should be modeled in accordance to their visions. This can be done by disaggregating the system into 722 

specific components. For example, economists might understand the inner workings of a city if it is 723 

described by different economic sectors, but an urban planner will probably prefer to see assessments 724 

by building types and urban infrastructure (e.g. roads). This suggests that UM systems should be 725 

defined through infrastructure components that are relevant to urban decision-makers and planners. 726 

Then, the activities of the city should be linked with these specific infrastructure to show the indirect 727 

effect of decisions made on them (i.e. NE approach). In other words, the main disaggregation in 728 

components of a UM should correspond to different types of infrastructure and activities on which 729 

decision levers are available (e.g. laws, budget). 730 

This issue has been previously discussed by Dakhia et Berezowska-Azzag (2010), but feedback from 731 

the targeted audience (i.e. urban planners and decision-makers) is still deeply needed to create a 732 

common useful structure. Feedback could then be used to define a specific life cycle system modeling 733 

structure for UMs. Inspiration for such a structure could also be found in the EN 15978 standard 734 

(2009) with their specific system boundaries for different phases of a building’s life cycle. This 735 

specific division of the system also helps to identify if the use-phase presents more or less 736 

environmental impacts then the building construction phase (i.e. infrastructure). In comparison, 737 

decision-makers would probably be interested to know if the city’s infrastructure is responsible for 738 

more environmental impacts than its activities. 739 

6.2.3. Uncertainty Assessment 740 

The LCA has been confronted to the challenges of assessing result uncertainty; just like UM studies 741 

(i.e. complex systems and important relative uncertainty). The basic strategy has been to use a Monte 742 

Carlo-based calculation (Ciroth, 2004; Lloyd and Ries, 2007; Sonnemann et al., 2003) to obtain a 743 

distribution of uncertainty to describe results. This method is interesting for its simplicity but requires 744 
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a lot of computation power. The concept of fuzzy numbers has also been explored in a recent LCA 745 

study (Tan, 2008). While no favored solution exists at the moment, these pathways could be 746 

implemented in UM studies to have a better understanding of the results' uncertainty. 747 

6.3. Critical Change in UMs 748 

UMs are complex and large systems to analyze and their development might affect the global or 749 

regional economy or industrial activities in significant ways. For example, offering lower tax levels to 750 

buildings that use photovoltaic systems (i.e. electricity produced by solar energy) could affect the 751 

regional electricity mix. In turn, this change in the electricity mix should be considered in the energy 752 

consumption scenarios. When making sustainability assessment with a life cycle perspective, the issue 753 

of future development scenarios can become a key aspect to reach a more representative assessment. 754 

The consideration of such development scenarios in LCA studies is done with different system-755 

modeling strategies. The issue is so important that it has brought the development of a new approach 756 

called Consequential LCA (CLCA). Many publications discuss the key aspects of the CLCA approach 757 

(e.g. Earles and Halog, 2011; Finnveden et al., 2009; Reap et al., 2008; Zamagni et al., 2012), but a 758 

consensual CLCA method to conduct prospective analysis at different scales has not been identified so 759 

far. The concepts underlying CLCA should be transferred to UM assessment in the future when 760 

implementation solutions will be available. 761 

Other tools for dynamic and integrated (possibly multistage) modeling of UM flows, which can 762 

consider the feedback and inter-relationships among UM system components, have been developed 763 

recently (e.g. Guan et al., 2011; Qi and Chang, 2011; Xu and Coors, 2012). These tools were not the 764 

focus of this review but many ideas are proposed. Some studies (Heinonen et al., 2013a, 2013b; Weisz 765 

and Steinberger, 2010; Wiedenhofer et al., 2013) analyze the evolution of critical drivers like the 766 

urban form, the urban building stock, and the urban consumption patterns. Others focus on specific 767 

sectors like the city’s infrastructure and the use of automobiles (Chester et al., 2013). In these studies, 768 

the general idea is to forecast the evolution of urban activities in order to offer a more useful 769 

assessment of its sustainability in respect to specific choices for some critical parameters. 770 
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7. Conclusion 771 

The environmental sustainability of UMs is a subject of growing interest that brought its fair share of 772 

studies over the last four decades. It has been assessed with many methods for more than 60 cities, 773 

neighborhoods, urban regions or territories around the world. The diversity of evaluations currently 774 

hinders the potential to capitalize on the knowledge brought forth by these many important studies 775 

from experts in the field. Therefore, a critical review of UM studies is proposed to identify and analyze 776 

the methodological choices that can be used to share input data and allow for the comparison of results 777 

when environmental sustainability issues are discussed. 778 

Our review of UM studies is structured by six categories of assessment methods, four types of input 779 

data, three classes of results, six choices of scope definition and four system-modeling approaches. In 780 

most cases, the chosen implementation strategy seems to depend on the authors’ area of expertise and 781 

the available input data. 782 

All implementation strategies can be relevant, but some fit better with the general goal of providing 783 

urban decision-makers with comprehensible information on the environmental sustainability of UMs. 784 

For this purpose, the network system modeling approach, the global life cycle modeling perspective 785 

and the multi-criteria assessment are judged to be critical. The main principles of the LCA and 786 

environmentally-extended I/O methods correspond well with those choices but challenges may arise 787 

for their implementation with a complex like a UM. 788 

The main challenges, when using such methodological choices, are: the difficulty of defining the 789 

system’s functions (i.e. basis of comparison between development scenarios) and finding enough 790 

representative data to model the system’s network and its effects on the environment. Six 791 

complementary development paths are proposed to solve these issues. The first path shows how to 792 

improve the use of data proxies in UM studies. The second path highlights the usefulness of hybrid 793 

environmental assessment methods, where both top-down and bottom-up data are used. The third path 794 

develops a common basis of description for all UMs with the concept of functional equivalent. The 795 
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fourth path focuses on a disaggregated UM structure that fits with the understanding of urban 796 

decision-makers. The fifth path explains how uncertainties could be considered in the calculation of 797 

results (i.e. environmental impacts). The final and sixth path, while not the focus of our review, 798 

explores the idea that an assessment of a UM’s sustainability should consider the evolution and 799 

dynamics of urban human activities. 800 

Hopefully, the methodological choices and development paths that are proposed will create a solid 801 

basis to harmonize data and analysis potential in future studies. 802 
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Table 1: List of environmental assessment categories that have been used in UM studies since 1974. 
Categories of 
methods used in 
UM studies 

Number 
of 

studies 

References to published UM studies 

Flow Analysis 43 

Baccini and Brunner, 2012; Baker et al., 2001; Baldasano et al., 1999; Bao, 
Z.M., 2010; Barles, 2009, 2007; Billen et al., 2009; Browne et al., 2011, 
2009, 2005; Codoban and Kennedy, 2008; Cui et al., 2009; Færge et al., 
2001; Femia, Aldo, 2009; Fikar, 2009; Forkes, 2007; Garcia et al., 2009; 
Hammer et al., 2003; Hedbrant, 2001; Hendriks et al., 2000; Kennedy, 
2002; Krausmann and Haberl, 2002; Kuskova et al., 2008; Lauver and 
Baker, 2000; Li et al. 2016; Liang and Zhang, 2011a; Marteleira et al., 
2014; Newman, 1999; Nilsson, 1995; Niza et al., 2016, 2009; Obernosterer 
and Brunner, 2001; Pauleit and Duhme, 2000; Rosado et al., 2016, 2014; 
Sahely et al., 2003; Schulz, 2007; Singh et al., 2001; Van Beers and 
Graedel, 2003; Villalba and Gemechu, 2011; Zhang et al., 2014a, 2013; 
Zhao, 2012 

Energy Assessment 26 

Balocco et al., 2004; Campbell et al., 2004; Haberl, 2006, 2001; Horta and 
Keirstead, 2016; Huang, 1998; Huang et al., 2007; Huang and Chen, 2009; 
Lei and Wang, 2008; Liu et al., 2011a, 2011b, 2011c, 2011d, 2011e, 2010, 
2009; Mellino et al., 2014; Pincetl et al., 2016; Song et al., 2014; Su et al., 
2013, 2009; D. Yang et al., 2014; Zhang et al., 2011, 2009b, 2009c; 
Zucchetto, 1975 

Footprint 11 

Barrett, 2001; Collins et al., 2006; Folke et al., 1997; Kennedy et al., 2010, 
2009; Moore et al., 2013; Neset and Lohm, 2005; Sovacool and Brown, 
2010; Swilling, 2006; Wackernagel et al., 2006; Warren-Rhodes and 
Koenig, 2001) 

Input/Output 8 
Baynes et al., 2011; Lenzen et al., 2004; Liang and Zhang, 2012, 2011b; 
Ngo and Pataki, 2008; Pomázi and Szabó, 2009; Xia et al., 2015; Yi et al., 
2007 

Life Cycle 
Assessment (LCA) 

5 
Goldstein et al., 2013; Herfray et al., 2011; Loiseau et al., 2014; Lundin 
and Morrison, 2002; Peuportier et al., 2012 

Network Analysis 5 
Li et al., 2012; Xia et al., 2016; Yang et al., 2014; Zhang et al., 2014b, 
2009a 

Integrated 
(combination of the 
previous methods) 

14 

Conke and Ferreira, 2015; Harvey, 1993; Hillman and Ramaswami, 2010; 
Huang and Hsu, 2003; Lu et al. 2016; Melaina and Keoleian, 2001; Oliver-
Solà et al., 2007; Pincetl et al., 2014; Ramaswami et al., 2008; Russo et al., 
2014; Shahrokni et al. 2015; Sun et al. 2016, Yang et al., 2016; Zheng et al. 
2016 
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Table 2: Statistics of studies that explicitly discuss the sustainability of the assessed UMs. 

Categories 
% of studies with a 

discussion on 
sustainability issues 

Total amount 
of reviewed 
UM studies 

Examples of studies that discuss the 
sustainability of the UM 

Flow analysis 44% 43 
Li et al., 2016; Marteleira et al., 
2014; Rosado et al., 2016; Zhang et 
al., 2014a 

Energy assessment 96% 26 
Horta and Keirstead, 2016; Mellino 
et al., 2014; Su et al., 2013; Zhang 
et al., 2011 

Footprint 73% 11 
Collins et al., 2006; Moore et al., 
2013; Sovacool and Brown, 2010; 
Wackernagel et al., 2006 

Input/Output 75% 8 
Liang et al., 2012; Liang et al., 
2011b; Ngo and Pataki, 2008; 
Pomázi and Szabó, 2009 

Life Cycle Assessment 60% 5 
Goldstein et al., 2013; Lundin and 
Morrison, 2002 

Network analysis 60% 5 
Li et al., 2012; Yang et al., 2014; 
Zhang et al., 2014b 

Integrated 81% 14 
Lu et al., 2016; Shahrokni et al., 
2015; Sun et al., 2016; Yang et al., 
2016 

Average for all studies 64% 112  
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Table 3: Statistics of the reviewed UM studies that are published for decision makers. 

Categories 

% of studies 
meant for 

decision makers 

Total amount 
of reviewed 
UM studies 

Examples of studies with discussion meant 
for decision makers 

Flow analysis 42% 43 
Browne et al., 2011; Li et al., 2016; 
Marteleira et al., 2014; Niza et al., 2009 

Energy assessment 31% 26 
Horta and Keirstead, 2016; Huang and Chen, 
2009; Lei and Wang, 2008; Su et al., 2013 

Footprint 91% 11 
Kennedy et al., 2010, 2009; Moore et al., 
2013; Sovacool and Brown, 2010; Swilling, 
2006 

Input/Output 50% 8 
Baynes et al., 2011; Liang and Zhang, 2012, 
2011; Yi et al., 2007 

Life Cycle 
Assessment 

0% 5 - 

Network Analysis 0% 5 - 

Integrated 93% 14 
Hillman and Ramaswami, 2010; Lu et al., 
2016; Ramaswami et al., 2008; Russo et al., 
2014 

Weighted average 45% 
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Table 4: Statistics of the reviewed UM studies based on their temporal scope. 

Categories 
Temporal scope Total amount 

of reviewed 
UM studies 

Examples of time-series 
assessment One year Time-series 

Flow Analysis 43% 58% 43 
Browne et al., 2009; Liang and 
Zhang, 2011a; Newman, 1999 

Energy Assessment 50% 50% 26 
Haberl, 2006; Huang, 1998; 
Huang et al., 2007 

Footprint 73% 27% 11 Neset and Lohm, 2005 

Input/Output 63% 38% 8 
Liang and Zhang, 2012; Ngo 
and Pataki, 2008 

Life Cycle Assessment 80% 20% 5 
Herfray et al., 2011; Loiseau et 
al., 2014; Lundin and Morrison, 
2002 

Network Analysis 25% 75% 5 Li et al., 2012; Yang et al., 2014 

Integrated 71% 29% 14 
Huang and Hsu, 2003; Zhang et 
al., 2008 

Weighted 53% 47% 
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Table 5: List of references to the reviewed UM studies in terms of the system modeling approach. 
System 
modeling 
approaches 

Number 
of 

studies 
References 

Black-box (BB) 24 

Balocco et al., 2004; Browne et al., 2011, 2005; Conke and Ferreira, 
2015; Cui et al., 2009; Douglas et al., 2002; Færge et al., 2001; Femia 
and Falcitelli, 2009; Fikar, 2009; Folke et al., 1997; Forkes, 2007; 
Hammer et al., 2003; Hendriks et al., 2000; Kennedy, 2002; Mellino et 
al., 2014; Neset and Lohm, 2005; Newman, 1999; Sahely et al., 2003; 
Schulz, 2007; Singh et al., 2001; Sovacool and Brown, 2010; Swilling, 
2006; Wackernagel et al., 2006; Zhang et al., 2008 

Gray-box (GB) 42 

Baldasano et al., 1999; Barles, 2009; Barrett, 2001; Baynes et al., 2011; 
Billen et al., 2009; Browne et al., 2009; Codoban and Kennedy, 2008; 
Collins et al., 2006; Garcia et al., 2009; Goldstein et al., 2013; Haberl, 
2001; Hedbrant, 2001; Hillman and Ramaswami, 2010; Horta and 
Keirstead, 2016; Huang and Hsu, 2003; Kennedy et al., 2010, 2009; 
Krausmann and Haberl, 2002; Kuskova et al., 2008; Lebel et al., 2007; 
Lenzen et al., 2004; Li et al., 2016; Liang and Zhang, 2012, 2011a, 
2011b; Marteleira et al., 2014; Melaina and Keoleian, 2001; Moore et al., 
2013; Ngo and Pataki, 2008; Niza et al., 2016, 2009; Obernosterer and 
Brunner, 2001; Oliver-Solà et al., 2007; Pincetl et al., 2016; Ramaswami 
et al., 2008; Rosado et al., 2016; Shahrokni et al., 2015; Van Beers and 
Graedel, 2003; Villalba and Gemechu, 2011; Warren-Rhodes and 
Koenig, 2001; Yang et al., 2016; Zhang and Yang, 2007 

Network (NE) 38 

Baccini and Brunner, 2012; Baker et al., 2001; Barles, 2007; Campbell et 
al., 2004; Hendriks et al., 2000; Huang, 1998; Huang et al., 2007; Huang 
and Chen, 2009; Lauver and Baker, 2000; Lei and Wang, 2008; Li et al., 
2012; Liu et al., 2011a, 2011c, 2011e, 2010, 2009; Lu et al., 2016; 
Lundin and Morrison, 2002; Nilsson, 1995; Pincetl et al., 2014; Russo et 
al., 2014; Su et al., 2013, 2009; Sun et al., 2016; Xia et al., 2016; Yang et 
al., 2014; Yi et al., 2007; Zhang et al., 2014a, 2014b, 2013, 2011, 2009a, 
2009b, 2009c, 2006; Zhao, 2012; Zheng et al., 2016; Zucchetto, 1975 

Total 104 
*There is a discrepancy between the total number of reviewed UM 
studies in tables 1 and 4 since some studies did not offer enough 
information to identify the type of system modeling approach 
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Figure 1: Histogram of reviewed UM case studies that have been published since 1974. 
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Figure 2: Comparison of three modeling approaches that are currently used to assess the 
environmental sustainability of UMs. 

 

(a) Black-box
(BB)

(b) Gray-box
(GB)

(c) Network
(NE)

UM modeling strategies

UM
Inputs Outputs

Main Benefit
Simplify the retrieval of input 
data because of the important 
aggregation of information

Main Drawback
Does not offer information on 
the inner workings of the UM

UMInputs Outputs
Component A
Component B
Component C

Main Benefit
Enables some level of 
understanding on the UM’s 
inner workings (components)

Main Drawback
Links between sectors are not 
shown, which prevent the hot 
spots identification

UMInputs Outputs

A B

C

Main Benefit
Defines the links between the 
components of the UM

Main Drawback
Time consuming and 
challenging implementation 
due to the large amount of 
required data
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Figure 3: Map of methodological choices that are used to answer different goals of the UM studies that have 

been reviewed in this publication. 

 

1) Is it an evaluation of the UM for a rating or for the analysis of its development?

2) Is it for evaluating the sustainability or direct environmental effects of the UM?

Arbitrary period (e.g. 2015) Time-series (e.g. 2010 to 2020)

Rating Development

Life-cycle perspective Per arbitrary period of time

Sustainability Direct

3) Is it an assessment of inputs/outputs or environmental effects? (i.e. elementary flows or impacts)

Temporal scope

Geographical scope

City limits 3a) Consideration of global supply chains?

Inputs/Outputs Environment

Global Regional (e.g. city+hinterlands)

Yes No

System modeling approaches

4) Is it an evaluation of the system or its inner workings?

Black-box 4a) Consideration of the links between components?

System Inner workings

Network Gray-box

Yes No

Type of results (indicators and targeted audience)

5) Is the study focusing on one type of environmental sustainability indicators?

Yes No

Single issue (where a material flow can be an indicator)
Methods:
SFA, MFA, EFA; Emergy, Exergy, CF, EF, P-I/O, ENA 

Multiple indicators
Methods: 

EE-I/O, LCA

6) Who is the targeted audience for the quantitative results of the evaluation?

Environmental specialists Decision makers

Methods:
SFA, MFA, EFA; Emergy, Exergy, P-I/O, ENA 

Methods:
CF, EF, EE-I/O , LCA



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 

Highlights: 1 

− A critical review of studies on urban metabolism is performed. 2 

− Methodological choices for environmental sustainability assessment are identified. 3 

− The analysis of the studies is structured around the methods of industrial ecology. 4 

− New methodological choices are proposed for future studies on urban metabolism. 5 

− Principles are listed for consistency in the assessment of sustainability. 6 
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Table SI1: List of input data categories and types for UM studies. This list presents the most likely 
categories and methods that are linked with each type of input data. 

Types of input-data Aggregation levels Environmental assessment methods 

Economic flows Top-down I/O, EE-I/O, ENA, LCA, Emergy 
Substance flows Both MFA, MEFA, CF, EF, EE- I/O, P-I/O, LCA, Emergy 
Process flows Bottom-up Emergy, Exergy, CF, EF, P-I/O, ENA, LCA 
Energy flows Both EFA, MEFA, Emergy, Exergy, P-I/O, ENA, LCA 

 
Table SI2: Environmental assessment methods based on types of results and targeted audience. 

Classes 
Target audience 

Analysts Decision makers 
Relation in UM systems ENA - 
Flows of substances MFA, EFA, MEFA, P-I/O, I/O - 
Environmental impacts Emergy, Exergy CF, EF, EE-I/O, LCA 
 
The choice of an assessment method, its related input data and the corresponding type of results offer 
different options to evaluate environmental sustainability in UM studies. Categorizing the available 
options helps to understand the type of information that is used to assess the environmental 
sustainability of a UM. The compared descriptions also present insights on what can be shared 
between studies.  

1.1. FLOW ANALYSIS METHODS 

Flow analysis methods evaluate the sustainability of a system (e.g. UM) by modeling one or more of 
its substance, material, or energy flows. The model describes, at the very least, the flows entering and 
leaving the system but inner circulation of materials can also be considered. They are valid for a 
specific period and stocks are usually modeled to respect the principle of mass/energy conservation. 
Flow analysis methods, in their standard forms, are quite simple and easy to implement. This 
simplicity is quite useful when complex systems like UMs are assessed. The simplicity allows for 
yearly assessment without requiring unmanageable amounts of data. Those methods are also the only 
ones that specifically offer information on stocks of materials and/or energy. This type of information 
can be quite relevant for decision makers even if it is not the main focus when environmental impacts 
or performances are assessed. The main drawback of using the flow analysis methods is the lack of 
clear environmental impacts description. For example, the UM studies do not show the environmental 
effects of those wastes if the flows of wastes are assessed with those methods. Flow analysis has been 
used to model and analyze different input data and this led to the creation of different methods. We 
have identified five methods in reviewed UM studies. 

1.1.1. Material Flow Analysis (MFA) 

This method specifically describe flows of material and, from what we could gather, its key principles 
were developed at the Wuppertal institute1 in the 90’s. The method is now internationally recognized 
and detailed descriptions of its implementation are available2,3. 

1.1.2. Substance Flow Analysis (SFA) 

The principles of this method are comparable to the ones of MFA but they are specifically used for the 
assessment of a single type of matter (i.e. chemical elements)3. 

1.1.3. Energy Flow Analysis (EFA) 

This specific method concentrates on modeling flows of energy instead of materials4–6.  
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1.1.4. Material and Energy Flow Analysis (MEFA) 

This method is based on the MFA principle but considers both material and energy flows to offer a 
more comprehensive assessment of the modeled system7. 

1.1.5. Economy Wide MFA (EW-MFA) 

The material flows from the assessed UM are described with their links to the entire nation (i.e. China) 
with this method8. This particular scope has been popularized by the data made available by the 
Eurostat organization9. 

1.2. ENERGY ASSESSMENT METHODS 

The methods from this category offer information on the upstream energy needs of UMs. They usually 
consider the network of components in the UM to model the flows of energy. The period covered by 
those methods is relatively long because it ascends the stream up to natural resources. Their main 
advantage is their capacity to simplify the aggregation of different types of flows (e.g. mass, energy, 
area, volume, money) by defining specific energy equivalents with the use of pre-calculated 
conversion factors for all components/processes. This single type of information is however difficult 
to tie with environmental impacts. For example, it is almost impossible to correlate the energy content 
of emissions and their specific toxicity levels10. Emergy and Exergy are the two types of methods from 
this category that have been used in UM studies. 

1.2.1. Emergy 

Emergy focuses on embodied energy and measures the direct and indirect flows required for the urban 
activities and their related processes11. The aggregation is made on the basis of solar Emergy joule 
(seJ) which represents the memory of energy used up from the primary solar radiation to the final 
components of a UM. The main principles of the methodology have been presented by Odum11 in the 
90’s. 

1.2.2. Exergy 

Exergy method focuses on the evaluation of the energy used for work in a system. It aggregates the 
amount of useful work that is consumed for the infrastructure and other activities of a UM12,13. The 
consideration of useful work informs the end-user of the increase in entropy from the energy use in the 
life cycle of the UM. The term seems to have been popularized in the 50’s. 
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1.3. FOOTPRINT METHODS 

The footprint methods can evaluate the direct and often indirect environmental effects of a UM for a 
particular indicator (e.g. global warming potential). As for the energy assessment methods, all flows 
between components of the assessed system must be considered to evaluate a footprint. Once this step 
is done, the goal is to add the environmental effects of those components and translate them into one 
type of environmental impact per habitant (i.e. footprint). The main advantage of the footprint 
methods is the simplicity of the message it offer to its target audience, that is to say, decision makers. 
However, this great advantage is counterbalanced by the lack of consideration for other relevant 
impacts (e.g. human health, biodiversity) that are also linked with the activities of UM14. The 
ecological footprint and the carbon foot prints are the two types of footprints that have been used to 
assess UM in the reviewed studies but others variants (e.g. water footprint) also exist. 

1.3.1. Ecological Footprint (EF) 

The main principles of this method have been described by Wackernagel and Rees in the 90’s15–17 and 
are now internationally known. The EF presents the biologically productive land and water area 
(wherever located on the Earth) required to produce the consumed resources and absorb the wastes 
generated by fossil fuel use for a specific population. It is measured in global hectare (gha), which is 
not just a ‘world-average’ measure of physical land but also considers the quality of the land used. 
Hence, gha is a measure of the productivity and “regenerative capacity” that can be produced out of a 
hectare of land 18. 

1.3.2. Carbon Footprint (CF) 

The CF19,20 follows the same basic modeling principals as the EF, but only considers the greenhouse 
gas (GHG) emissions for the evaluation of the environmental impacts (i.e. indicator). It is noteworthy 
that the EF should implicitly consider the effects evaluated in CF, because it evaluates the equivalent 
land needed to absorb the CO2 emissions from fossil fuel consumption (i.e. land uptake of carbon). 
However, the representativeness of this evaluation has been put into questioning21. 

1.4. INPUT/OUTPUT METHODS 

Methods of the input/output (I/O) category start their modeling with the description of direct links 
among components of a global structure (e.g. national exchanges). The direct and indirect needs of a 
component (e.g. economic sector) can then be accounted for to offer relevant information on the 
sustainability of the global structure. The general concepts underlying the I/O methods are based on 
the pioneer work of Leontief22 in the 1930’s. The main advantage of I/O based methods is the inherent 
completeness of analysis they allow. All flows inside the system boundary (e.g. UM) are considered 
and the proportion of effects from each components of a UM can be put into perspective with the 
global effects. For instance, if using a multi-regional I/O framework23–25. Still, this completeness may 
come with coarse definition of the full system. This prevents the targeted audience of a study from 
choosing precise solutions to improve the sustainability of components that are found in a UM. For 
example, it is rather difficult to identify the type of vehicle that is responsible for the majority of GHG 
emissions in a city if the model only says that the transport sector is responsible for 35% of the GHG 
emissions from a UM. The I/O methods usually use economic flows to describe the link between 
components of a system. This monetary modeling does not offer information for the evaluation of 
environmental impacts. Therefore, other methods have been proposed to overcome this missed 
opportunity. 

Physical Input/Output (P-I/O) 

With the P-I/O method26,27, the amounts of natural resource extractions and pollutant emissions (i.e. 
elementary flows) are accounted per sectorial component in physical quantities. Those values can then 
be aggregated to offer more explicit assessment of environmental effects from a UM. The P-I/O is 
quite useful when few substances are analyzed, but a more comprehensive evaluation of a UM’s 
environmental effects will present results with too many data. 
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Environmentally Extended I/O (EE-I/O) 

The Environmentally-Extended Input/Output (EE-I/O) method23–25,28–30 then becomes an advantageous 
choice compared to the P-I/O method because the effects of many elementary flows (e.g. pollutant 
emissions) are translated into few environmental impact indicators for each component. 

1.5. LIFE CYCLE ASSESSMENT (LCA) METHOD 

The process-based LCA method supports the quantitative evaluation of environmental impacts over 
the full life cycle of a system. To do this, the amount of process flows (i.e. exchanges between 
components/nodes of the UM) and elementary flows (i.e. pollutant emissions and natural resource 
extractions) that are required to obtain the function of the system (e.g. 1 MJ for heat production by a 
combined heat and power plant) are assessed. Just like for the EE-I/O, the aggregated interactions of 
the urban system with the environment are then translated into environmental impact values to offer 
useful results for decision makers. The methods of the life cycle category use a global analysis 
perspective that fits perfectly with the requirements of an environmental sustainability assessment. It 
helps in avoiding unintended tradeoffs by making multi-criteria assessment within a life-cycle 
perspective31. This means that results of this type of assessment offer simple and relevant information 
to choose sustainable development paths for UMs. This great compatibility of LCA with sustainability 
assessment comes with a price. Such a comprehensive assessment of anthropic systems requires 
important amount of work and data. The main structure and principles of this method are described in 
the ISO 14 040 and 14 044 standards32,33. The European Union is also supporting the establishment of 
this method with a guidance handbook34 to describe specific implementation strategies. The LCA 
method is also evolving with the consequential system modeling approach35,36. This specific approach 
requires the consideration of market evolution to offer more representativeness when the 
environmental impacts of macro system are assessed. For example, a city that decides to favor wood 
for its new buildings, might affect the regional wood industry dramatically and the environmental 
performance of their product might change. 

1.6. NETWORK ANALYSIS (ENA) METHOD 

This method models UM systems by focusing on the description of nodes (i.e. components), and the 
paths/flows between them (i.e. process flows)37–39. The system’s description offered by this method is 
comparable to the one that is provided by the economic (I/O) methods. The analysis of ecological 
relationships (i.e. closed loops) between different nodes indicates if the overall UM is developing 
increased synergism (i.e. increasing net utility). The same analysis also identifies the contradictions 
and constraints in UM processes. The ENA method offers an assessment of sustainability by the 
analysis of relationships between nodes of the UM. This type of assessment, while not quantitative, is 
rather simple to understand. However, the link between environmental sustainability and existence of 
closed loops inside a system is theoretical and limited if the analysis is restricted to a region. Few 
implementations of the method have been used in UM studies (see table 1) and the roots of the 
methodology seem to be based on the work of Fath and Patten37 in 1999. 
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