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Abstract: While urban areas hold great potential for contributing to sustainable development, there
is a critical need to better understand and verify what measures improve urban sustainability.
To achieve this, this project implements emergy synthesis to evaluate the environmental support to a
building—called Smaragden—located in a certified “green” urban district in Uppsala, Sweden. Inputs
to the building’s construction and maintenance phases are accounted for, as are flows supporting the
residents’ everyday practices (i.e., urban life), on a yearly per capita basis. In this way, the relative
importance of lifestyle issues versus the built environment is quantified and compared. Key focus
areas are identified where efficiency and sustainability gains are most likely. The emergy synthesis
detailed the top contributors to urban resource consumption and revealed that both the lifestyle and
built environment in Smaragden are highly unsustainable, ranking poorly in terms of the emergy
indices calculated, and, when considered from a global emergy perspective, overshooting resource
consumption by more than 70 times. The paper therefore concludes that interdependencies of urban
districts on systems at larger scales of society and environment need to be explicitly addressed and
actively incorporated in urban policy and planning, and that design interventions are hence grounded
in a systems perspective on urban sustainability.

Keywords: emergy; green; planning; sustainable; Sweden; urban

1. Introduction

Urban areas require large quantities of land and natural resources to continuously provide food,
water, shelter and energy for their inhabitants [1]. In an increasingly tele-coupled world, the impacts of
urban resource consumption and development are widely externalized to other landscapes [2]. When
assessing urban sustainability, internalizing impacts of distant interactions is therefore key, requiring
approaches that simultaneously consider local and externalized resource use. Numerous studies taking
such inclusive approaches detail the poor sustainability of urban systems (e.g., [3-8]), and, since 68%
of populations are forecasted to live in cities by 2050 [9], the unsustainable nature of urban areas and
lifestyles presents a substantial and critical problem for future development.

Cities can be considered heterogeneous, complex, adaptive, coevolving human-environment
systems; while their development is not fully predictable, they should be influenced and guided
towards more desirable and sustainable directions [10]. However, while urban sustainability is pivotal
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to sustainable development, its conceptualization in public discourse has its share of critics: similar to
green-washed sustainable consumerism, urban sustainability could be simplified to a willingness and
ability to pay for “green” products and services [11]. Consequently, there is a need in urban planning
for deeper and more comprehensive notions of sustainability and its complexity, as well as approaches
to identify what measures do improve urban sustainability (cf. [12]).

Planners and policymakers have sought to increase urban sustainability through policies and
initiatives targeting efficient energy-use and optimization of urban functions through technological
innovations [13]. However, the expectation that large-scale development of “technologically advanced,
knowledge-intense buildings, infrastructure and services” will result in decreased environmental
impacts is unsupported [13]: few studies have documented an overall reduction in resource
consumption resulting from innovative technological solutions. While this can be partly explained by
inconsistent or even paradoxical conceptualizations of urban efficiency and sustainability (e.g., [5]), the
continuous disregard of such phenomena is an important and disconcerting observation, especially
when other critical issues, such as rebound effects and increased volumes of consumption, overrun
technological efficiency gains [14,15] but also remain overlooked. Thus, smart technologies alone are
not able to address the complex unsustainable nature of cities.

For a more comprehensive understanding of urban sustainability, the broader environmental
support (i.e., the externalized and indirect resource consumption) that underpins and sustains urban life
is of high relevance to explore. Consequently, this paper uses the concept of emergy, which synthesizes
all direct and indirect resource use required to sustain any system [16]. From an emergy systems
perspective, the emphasis is placed on whether specific technologies, or human consumer behavior,
result in lower total aggregate resource use, as well as larger relative shares of renewable resources.
The emergy perspective on urban sustainability applied in this paper also explains the absence of
climate change related aspects of urban development; while CO, emissions are considered important
environmental impacts originating in urban areas, emergy focuses exclusively on environmental
support, representing the cause, or upstream system drivers, of the urban sustainability predicament,
which constitutes the main focus in this paper.

Aim and Principal Conclusions

7

The aim of this study was to evaluate the environmental support to a building and its residents
everyday practices (i.e., urban life) observed in Rosendal, an urban district in Uppsala, Sweden.
As one of the first urban districts in Sweden to be “green” certified, or certified sustainable, according
to the Sweden Green Building Council’s (SGBC) Miljobyggnad certification [17,18], Rosendal was
selected as a case representing formal efforts by Uppsala municipality to achieve sustainable urban
development. According to SGBC, certification schemes provide clear quality assurance to assessed
projects, and their Miljobyggnad certification, a Swedish environmental certification focusing on
“good environments to live, work and play in”, carefully assesses projects with sixteen different
indicators for energy use, indoor environment, and materials with the objective of ensuring social
and environmental wellbeing [19]. The study was delimited by selecting one of the first completed
buildings, Smaragden, in Rosendal to represent the built environment and urban life in this district.
Smaragden is an apartment complex comprising 115 micro dwellings, between 23 and 48 m?, initially
marketed emphasizing sustainable and space-efficient living [20].

The study evaluated the emergy support to construction and maintenance of the building, as
well as to maintain the lifestyles of its residents. Specific input categories dominating total resource
use were identified and accounted for, in order to compare and contrast the relative importance of
lifestyle issues versus the built environment (i.e., which resource use categories are the largest), and
consequently have a greater potential to enable overall progression towards resource-efficiency at local
and aggregate levels of society and the environment.
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2. Materials and Methods

This study is a part of a larger interdisciplinary research project evaluating urban sustainability
from environmental, social, and policy perspectives. This paper exclusively focuses on biophysical
and environmental support aspects, whereas policy and resident perspectives are examined in other
papers originating from this project. Emergy accounting data and calculations are presented in full in
the emergy tables and accompanying notes (Appendix A).

2.1. Emergy Synthesis

Due to the wide range of primarily imported resources that urban districts depend on, the case
study was evaluated using emergy synthesis [21]. This method was selected due to its ability to
account for energy and material flows and the indirect environmental work behind such system inputs,
in addition to human processes such as labor and services [16]. Primary global environmental sources
of energy (i.e., solar radiation, tidal momentum and geothermal sources) drive all other earth processes;
once in the geobiosphere, their availability is used up and assigned as emergy to secondary and tertiary
renewable flows [22]. The estimated sum of these primary resource flows on a global and yearly
basis results in the Global Emergy Baselines (GEB) (i.e., 1.21 x 10 Sej) [22]. The GEB can also be
construed as the Global Renewable Emergy Constant (GREC) (6) [23], which serves as the basis for the
productivity of environmental systems and all subsequent economic and human systems. Additionally,
the series of transformation processes behind specific input resources, how each resource is created,
is expressed in one unit: solar emergy joules (sej). Depending on how resources are produced and
supplied to a system, each input is associated with its own unique Unit Emergy Value (UEV). In this
study, and to the extent possible, UEVs from the literature were sourced from other emergy studies in
as similar a context as possible, and double checked for accuracy. All UEVs were adjusted to the GEB
proposed by Brown et. al. [24], 12 x 10%* seJ/year, and are given in emergy per unit of input (e.g., sej/J,
sej/g, and sej/SEK).

2.1.1. Emergy Indices and Ratios

Emergy indices and ratios are calculated and used to evaluate the behavior of systems [25] to
detect points for improvement and facilitate exploration of alternative routes for development that
could execute the same functions in more efficient and sustainable ways. The indices and ratios used
in this study are listed in Table 1.

Table 1. Emergy indices and ratios calculated in this study.

Indices Expression Use

Emergy yield ratio (EYR)  Y/F The ratio of the total emergy driving a process or system to all
imported emergy; measures the potential of the system to
contribute to the encompassing system.

Percent Renewable

o R/(R+N+F) The ratio of renewable emergy to total emergy use. In the long
(%Ren) . .97 .
run, only processes with high %Ren are sustainable.
F{ral;g?]?ﬂs)n tal Loading (F+N)/R The ratio of nonrenewable and imported emergy use to
renewable emergy use; is considered a measure of ecosystem
stress due to a system’s activities.
Emergy Sustainability . . . .
EYR/ELR Calculates the emergy yield ratio to the environmental loading
Index (ESI) . . o
ratio and measures the potential contribution of a resource or
process to the economy per unit of environmental loading.
Solar Cost Index (SCI) Y/SolarShare Calculates the emergy of a good or service to the average share

of renewable global emergy.
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2.1.2. Emergy Systems Diagramming

To describe the processes required for construction and maintenance of the building Smaragden,
Participatory Emergy Synthesis (P-ES) was used. Drawing on Bergquist et al. [26], P-ES in this study
was operationalized as a stakeholder workshop with key informants involved in the planning, design
and construction phase: an architect from the real estate developer [20] and foremen and builders from
the construction company (PEAB). In this exercise, the informants were asked to reflect on and discuss
the required components for completing this particular building project. Post-it notes and a large white
board were used as aids to label, list and organize all individual components used in the construction
phase. Additionally, estimates were made of additional inputs required in the maintenance phase.

The P-ES workshop was facilitated by a member from the research team, with the task of supporting
the discussion by reminding participants to consider inputs from a broad systems perspective. The
result was an initial sketch—a flow chart—of energy, material, and other resource flows required to
construct and maintain the physical building, anchored in the stakeholders” expertise and perceptions.
This empirical material was then converted into an emergy systems diagram, in accordance with
emergy diagram conventions [21], by the research team.

2.2. Raw Data Acquisition

Drawing on the input categories identified using P-ES, quantitative data for the built environment
was obtained from Computer Aided Design (CAD) files and plan documents produced by the real
estate developer and construction company. The processing and analysis of these data consisted of
an industry standard practice of model-based estimation [27-29]. Specifically, processing notes from
design descriptions by the building architect, third-party technical reports used for building permits,
and CAD structural, CAD architectural, CAD electrical, CAD plumbing, and CAD ventilation models,
as illustrated in Figure 1.

Figure 1. The building Smaragden’s architectural, electrical, mechanical, and structural models
(perspective, wireframe view, SE to NW). Produced with Autodesk NAVISWORKS 2019. ©
Felix Peniche.

The model-based estimation however was hampered due to inconsistencies in the CAD files that
were developed around 2010-2013 by different actors, software, and standards (i.e., not in BIM, ISO,
LEED, or SB 2030 standards). For example, the CAD models data lacked volume, weights, and items
with multiple resources and dimensions. Therefore, item specific controls and estimates had to be done
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for all data (e.g., 564 windows, 2793 m of cables, 1895 electrical fixtures, etc.). Specifically, solving for
each item’s resource weight required: (1) estimating each item’s volume in cubic millimeters; and (2)
estimating specific resource weight percentage (wt%) or fractional mass density (e.g., 90% copper and
10% plastic). The equation for this model-based estimation is shown below, and the process is visually
explained in Figure 2.

x1 = Vol X wt%q X uDy @)

Figure 2. Visual explanation of the equation and data modelling process used in this study.

1. A database of specific items was needed to complete the construction: ~352 Structural columns,
4182 walls, 354 masonry blocks, 652 paint areas, 1026 doors, 546 windows, 8870 m of cables, 5037
ventilation ducts/fittings, 153 radiators, 2 KONE elevators, 1895 electrical fixtures, 4438 plumbing
items, etc.

2. A classification of items by resource use (copper, steel, glass, etc.) was used for the determination
of X element pD from formal standards (e.g., copper = 8.96 g/cm3).

3. If not specified (e.g., no volume or weight), secondary sources from the literature were used to
determine the item specific weight per unit (e.g., 200 kg per 100 m of cable) and the fractional
mass density (e.g., USA EPA/ NEMA: wt% of 3LEAD cable is 7% plastic and 93% copper).

Since calculations were made on a per item and millimeter basis, this approach produced a high
level of detail regarding the minimum amount of resources. Where the item-specific product sheet was
missing or incomplete, proxy estimation by mass fractional densities was based on for example Life
Cycle Analysis (LCA) studies. In such cases, the amount of error was reduced given the borders of
analysis, which excluded the more uncertain parts of LCA analysis (e.g., the LCI for manufacturing,
transport, maintenance and end-life) which are inherently highly sensitive to location (regulation,
performance, etc.). Therefore, it should be emphasized that the actual amount of used resources to
build Smaragden is larger than this estimate, given for instance the degree of waste or recycling during
construction or post-construction installations and repairs. In addition, throughout the entire emergy
evaluation procedure, when estimates had to be made from uncertain data ranges, the lowest numerical
alternative was consistently selected, which implies that the total emergy per input category is likely to
be underestimated.

Data for food consumption were sourced from an emergy study of the specific diets in Rosendal,
published separately by Maassen et al. [30]. Data on resident’s everyday practices (i.e., their lifestyles,
behaviors, and consumption patterns) were collected through a qualitative interview study with 15
inhabitants, enriched with a number of visual and participatory methods that included a mapping
exercise of the routes and routines of the respondent’s everyday life, performed on a weekday. For more
on this methodology, see [31]. Data for electricity use and district heating were modeled using IDA
ICE and published separately in Hussein [32]. Raw data not gathered using the above-mentioned
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approaches were estimated from national averages from published statistics, as referenced in the
emergy table notes in Appendix A.

2.3. Assumptions and Raw Data Calculations Made for the Study

Several assumptions were made to account for inputs, and for converting them to an average,
yearly per capita basis. The expected service life of the building was estimated to be 50 years; any
additional material resources required to maintain the building beyond that time are not included in
this study. Were the lifetime of the building increased to over 50 years, it would result in lower annual
emergy flows given that initial resource investments (e.g., in the construction phase) are divided by
the 50-year building life estimate. To obtain annual mean values in the emergy table, solar emergy
for material inputs (e.g., concrete, steel, and glass) were therefore divided by 50 (years), whereas
constant emergy flows (e.g., food, water, and electricity) were not divided but originally accounted for
as yearly averages.

The building contains 115 households: 89 studios assumed to be occupied by one resident,
4 room-and-a-half flats following the same assumption, and 21 two-room apartments, each assumed to
be occupied by two residents. This totals at 135 assumed residents, i.e., 1.2 residents/household.

Electronics and appliances were accounted for based on empirical accounts from the qualitative
interview study in which Smaragden residents were asked to list all electronic equipment present in
their homes. Following the type and quantity specified by the informants, these values were converted
to kilograms by using product specifications attained from Elgiganten, one of Sweden’s most used
stores for electronics and appliances. Detailed calculations for these conversions are provided in Note
13, Appendix A. Since all respondents in this study did not own the same items, the average per capita
was obtained by dividing the specific appliance totals with the number of active respondents. For all
appliances, a 10-year service life was assumed, accounted for by dividing the total quantity per capita
by 10.

Hygiene products were accounted for using the UEV for soap to represent a generic value for said
products, including cleaning supplies.

Furniture and kitchen utensils were estimated by assuming an average household’s standard setup
by visiting a comparable apartment in the same urban district. When this average was established,
quantities expressed in kg of furniture were estimated based on product specifications from IKEA [33].
Details for these calculations and conversions are specified in Note 14, Appendix A. For all furniture
and kitchen utensils, a 10-year service life was assumed, accounted for by dividing the total quantity
per capita by 10.

Clothing was based on an assumption from Svenska MiljoEmissionsData (SMED) [34] that includes
imports and domestic production on a yearly basis for 2000-2009. This input is considered a yearly
flow and as such has no assumed service life. Sporting goods and tools were accounted for based on
empirical accounts from the qualitative interview study in which Smaragden residents were asked to
list all goods present in their homes, given in SEK and divided by a 10-year assumed service life to
attain yearly flows.

District heating and electricity were modeled and published separately by Hussein [32]; these
values were utilized in this study without modification. Similarly, data for food consumption were
used directly from the study by Maassen et al. [30]. Assumptions from that study include food imports
primarily from conventional European food systems; implications from sourcing food from local or
other alternative food systems are not considered in this study.

The plants and soil categories refer to the designed gardens in Smaragden and include perennial
fruit bushes and green cover plants. The expected service life for soil was set to 20 years [35] and 10
years for plants. However, this excludes additional inputs for maintenance and thus these inputs were
accounted for based on their assumed depreciation rate.

The long-distance travel category includes all transportation for recreational purposes. However,
UEVs for the specific modes of transport used for this purpose were not found in the emergy literature.
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Therefore, railway electric UEV was used consistently for long distance travel, hence under the
assumption that all long-distance travel took place by train. Consequently, the emergy estimated for
long distance travel is likely underestimated in this study.

Walking and biking were not accounted for in the transportation sub-category in order to avoid
double counting; these modes of transport are enabled through access to sporting goods (i.e., bicycles)
and as such were previously accounted for under that heading. Additionally, since the human metabolic
energy expended in the process of walking or biking is a system co-product that feeds back internally
as labor, it was also excluded to avoid double counting (see the emergy diagram in Figure 3).

Water,
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materials

Col

"»‘ e
\ |
Y ol A@ 4 LT

[ Everyday ‘ ~| \ | J |

SO
7

N0100

|
| " \ \\ I/ |
\ ‘ Work & leisure | \ J j‘
\ ‘ Transportation ) > ‘I' Waste i> f ] p Waste
“ ]/// Human life in a “green”
o — Az o~ ~“rban district (Uppsala) )

\J

Figure 3. Emergy systems diagram of human life in the urban district Rosendal in Smaragden.

Services were estimated using the emergy to dollar ratio for Sweden (3.42 x 10!, updated by
Maassen et al. [30], and the 2016 average gross per capita income in Sweden (333,634 SEK), obtained
from Ekonomifakta [36]. This number was then broken down and accounted for separately for each
input subcategory based on the share of total expenditures: food 12.03%, consumables 24.30%, built
environment 16.31%, transportation 8.00%, and taxes and social fees 39.37% [37]. Wherever UEVs were
absent, estimates were made using the Swedish emergy to dollar ratio. Lastly, it should be stated that
underestimation of collected and reported data is likely.

3. Results

3.1. Emergy Systems Diagram

The P-ES workshop and qualitative interview study with the residents [31] identified the energy
and material flows, storages, and internal processes that support human life in this “green” district.
The systems boundary and inputs are defined and depicted in the emergy systems diagram (Figure 3).

Local renewable (R) and imported (F) resources are shown on the left and top of the diagram,
respectively; there are no local, nonrenewable (N) inputs. Inputs in this system defined as R include
the sun and rain; however, sun is excluded from emergy calculations to avoid double counting. Inputs
into the system defined as F include all other inputs to the system, from water to services. Outputs
generated by the system are represented as outflows on the right side of the diagram. It is important to
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note that the majority of inputs into the system lie outside of the system boundary, meaning that the
majority of inputs to Smaragden are imported, whereas they are stored and consumed locally.

3.2. Emergy Table

Guided by the processes mapped in the emergy diagram in Figure 3, the inputs were listed in
the emergy table (Table 2), in ascending order of Unit Emergy Value (UEV), and grouped into the
subcategories Food, Consumables, Built Environment, Transportation, and Services. All inputs were
converted to solar emjoules (sej), and calculated as per capita flows on a yearly basis, and summed to
obtain the total emergy support to the building and the residents’ lifestyles. Resource inputs shared by
all residents (e.g., shared spaces in the building, surrounding gardens, and terraces) were divided by
the estimated building population of 135 residents. While flows are yearly inputs, material resource
inputs that have a longer lifetime are divided by their respective assumed service life in order to
account for emergy on a yearly basis. This emergy synthesis is presented in Table 2 (see Appendix A
for detailed calculations and notes).

Table 2. Emergy flows per year Smaragden, Rosendal, Uppsala.

Unit Emergy

Data Value Solar
Note Item Unit (units/y) (sej/unit) Emergy
Local renewable inputs (R)
1 Sun J 1.87 x 1010 1 1.87 x 1010
2 Rain ] 3.98 x 107 7.00 x 103 2.78 x 101!
Imported inputs (F)
Food
3 Cereals and derived J 1.48 x 10° 3.88 x 10* 5.75 x 1013
4 Beverages, non-alcoholic J 1.49 x 108 1.26 x 10° 1.87 x 10%3
5 Beverages, stimulants g 489 x10° 7.19 x 10° 3.52 x 10°
6 Fruits and vegetables g 1.56 x 10° 4.67 x 10 7.29 x 1013
7 Dairy and eggs g 9.52 x 10* 1.01 x 10° 9.62 x 1013
8 Beverages, alcoholic g 4.73 x 104 3.57 x 10° 1.69 x 104
9 Fats g 1.30 x 104 1.85 x 1010 241 x 10
10 Fish, sustainable coastal fishery g 1.52 x 10* 2.37 x 1010 3.62 x 101
11 Meat g 412 x 10* 3.02 x 1010 1.24 x 101
Consumables
12 Hygiene products J 1.83 x 10° 9.14 x 10° 1.67 x 10%
13 Electronics and appliances g 9.35x 10° 5.09 x 10° 4.76 x 1013
14 Furniture and kitchen utensils g 2.31 x 10* 8.51 x 10° 1.96 x 101
15 Clothing (and other textiles) g 1.50 x 10* 8.51 x 10° 1.28 x 101
16 Sporting goods and tools sek 1.93 x 103 3.42 x 101 6.59 x 1014
Built environment
17 District heating J 8.37 x 10° 2.95 x 10* 247 x 1014
18 Electricity J 2.30 x 10° 5.90 x 10* 1.36 x 104
19 Water ] 291 x 108 5.98 x 10* 1.74 x 1013
20 Soil ] 2.41 x 108 9.40 x 10° 227 x 1014
21 Wood g 7.30 x 10° 1.06 x 10° 7.73 x 1012
22 Concrete and mortar g 1.13 x 10° 1.83 x 10° 2.06 x 101
23 Steel g 212 x 103 6.74 x 10° 1.43 x 1013
24 Plastics g 5.37 x 10° 7.45 x 10° 4.00 x 1013
25 Glass g 248 x 10° 9.75 x 10° 2.42 x 1013
26 Aluminum g 3.65 x 10? 1.61 x 1010 5.89 x 1012
27 Paint g 9.78 x 102 1.92 x 10'° 1.88 x 1013
28 Copper g 3.62 x 102 1.02 x 101 3.69 x 1013
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Table 2. Cont.

Unit Emergy

Data Value Solar
Note Item Unit (units/y) (sej/unit) Emergy
29 Plants (green roof excluded) g 9.21 x 10? 1.72 x 10° 1.58 x 10'2
30 Paper g 6.23 x 107 1.81 x 10° 1.13 x 10'2
31 Iron (electrical) g 2.81 x 102 5.27 x 10° 1.48 x 1012
32 Glass wool (insulation) g 3.46 x 102 1.22 x 10'° 4.22 x 102
33 Green roof m2 4.07 x 102 2.12 x 1013 8.64 x 101
Transportation
34 Long distance travel km 9.23 x 10° 2.37 x 101 2.19 x 1015
35 Public transportation, commute km 3.39 x 10° 4.70 x 1010 1.59 x 1014
36 Automobile, commute km 414 x10° 3.14 x 101! 1.30 x 1015
Services, monetary expenditures
37 Food sek 4.01 x 10* 3.42 x 101 1.37 x 1016
38 Consumables sek 8.11 x 10* 3.42 x 101! 2.77 x 1016
39 Built environment sek 5.44 x 10% 3.42 x 101! 1.86 x 1016
40 Transportation sek 2.67 x 10* 3.42 x 101 9.13 x 1015
41 Taxes and social fees sek 1.31 x 10° 3.42 x 101 4.49 x 1016
Total emergy, excluding services seJ 1.15 x 1016
Total emergy, including services seJ 1.26 x 1017
Outputs Unit emergy values (UEVs), calculated
42 Urban life, excl. services hr/yr 8.77 x 103 1.31 x 1012 seJ/hr
43 Urban life, incl. services hrfyr 877 x 103 1.43 x 1013 seJ/hr

As shown by the calculations in Table 2, the total emergy support to building Smaragden and its
residents’ lifestyle is 1.26 x 10! (with services), which at 17 orders of magnitude represents a high
position in the global emergy hierarchy. The top 5 input sub-categories, in descending order, were:
(1) Long distance travel (2.19 x 109); (2) Hygiene products (1.67 x 10%9); (3) Automobile, commute
(1.30 x 10'%); (4) Meat (1.24 x 10'%); and (5) Sporting goods and tools (6.59 x 10'4). Whereas it is
important to note that the difference between these input categories is only marginal and may not be
statistically significant, their overall contribution to the total is both significant and very high at 14-15
orders of magnitude. The results of this study, therefore, identify these resources as main contributors
to the total environmental support to this building and its resident’s lifestyles; as such, these specific
input categories merit further scrutiny when considering potential planning and policy measures to
facilitate more sustainable urban life. However, since emergy support in absolute terms says little
about overall system sustainability, there is a need for other ways to interpret the data, such as emergy
signatures and indices.

3.3. Emergy Signature

Emergy signatures illustrate the relative dependence of a system on resources of different kinds,
expressed in a bar chart where inputs are organized according to their position in the emergy hierarchy.
As such, emergy signatures show both the quantity and quality of resources used by a system,
visualizing relative shares and environmental support behind each specific subcategory. The emergy
signature of the building Smaragden and its residents’ lifestyles is presented in Figure 4.

The contribution by R is minimal, and N inputs are entirely absent in this system. Since the majority
of inputs are imported (F), only these were accounted for in the emergy signature. Furthermore, due
to the substantial number of individual F inputs, they were aggregated into umbrella subcategories,
organized from top to bottom in ascending order, where the bars towards the bottom of the chart
indicate a dependency on high quality (UEV) inputs. The grey color indicates additional contribution
from services to the specific input subcategories. Taxes and Social Fees are considered additional
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service inputs without physical resource contributions, since they are accounted for using the Emergy
to Dollar Ratio.

0 5x10° 1x10° 15x10° 2x10° 25x10° 3x10° 35x10° 4x10° 45x10°

All other food products
Food Meat

Consumables

Built -—I:Mawrimc, built environment
Environment Flows

- X commmmm iy commute
Transportation == :
A Long distance travel

Taxes and
Social Fees

Figure 4. Emergy signature of the building and residents’ life in Smaragden.

The Food subcategory is an aggregate of the food consumed by the residents per capita. The
average UEV for food in comparison to the rest of the input categories is lower, most likely attributed
to the relative proximity of food production to natural ecosystem processes. Meat is still a highly
visible input within this subcategory, due to the amount residents consume and meat’s higher UEV in
comparison to other food products. The Consumables subcategory is an aggregate of various physical
items (e.g., clothes, hygiene products, electronics, and sporting goods) residents make use of for daily
living that exclude the built environment. The Built Environment subcategory aggregates all inputs
required for the physical living space, including all materials for the building and flows of electricity,
district heating, and water. The Transportation subcategory aggregates the resident’s long-distance
travel and daily commutes to reflect the yearly transportation of individuals residing in Smaragden.
While air and other forms of long-distance travel is often the main focus in policy and public discourse,
resident’s daily commutes, which include pedestrian, bicycle, and public modes of transport, also
represent a significant share in terms of total emergy support to transportation.

Food, consumables, the built environment, and transportation are categories of resources with
potential. Without additional transformative processes, neither food nor people would ever move
from one place to another and the built environment would not be maintained. As a result, additional
transformation processes provided by the encompassing societal system are required to activate the
potential of those resources to enable and support urban life at local levels. Money serves as payment
for this type of work, which, within the context of this case study, is embodied by the delivery of goods
and services to Smaragden and its residents. In emergy evaluations, this societal function is called
“service”, and is accounted for using the emergy that money purchases, or the emergy to money ratio,
which differs between nations; services were therefore estimated by multiplying the Swedish emergy
to money ratio (3.42 x 10!!, as updated by Maassen et al. [30]) with the money available to the residents
for the payment of goods and services. This included the gross average income in this urban district
based on national statistics from 2016 [36]. As a result, the additional service subcategory expresses
emergy support to purchased goods in addition to tax funded societal functions such as healthcare,
education, pensions, and other public infrastructure in Sweden.

3.4. Emergy Indices

Whereas emergy signatures convey relative shares and total emergy, assessment of the overall
system performance in terms of sustainability and efficiency was evaluated by using the following
indices and ratios: emergy yield ratio (EYR), %renewable (%Ren), environmental loading ratio (ELR),
and emergy sustainability index (ESI). The calculations of these indices are presented in Table 3.
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Table 3. Emergy Indices for Smaragden, Rosendal, Uppsala.

Index Expression Units Smaragden
Total emergy, incl. services Y sej 1.26 x 10Y7
Local renewable inputs R sej 2.78 x 1011
Local non-renewable inputs N sej 0.00 x 100
Imported inputs F s€j 1.26 x 107
Emergy Yield Ratio (EYR) Y/F n/a 1.0000022
Y%renewable (%Ren) R/Y % 0.0000022
Environmental Loading Ratio (ELR) (F+N)/R n/a 451,379.89
Emergy Sustainability Index (ESI) EYR/ELR n/a 0.0000022

Similar to other developed human systems, this particular system depends almost entirely on
consumption of imported inputs. As a result, other than emphasizing the system’s innate lack of
sustainability, conventional emergy indices experience significant limitations is suggesting how a
system can improve. For example, the higher the %Ren of a system is, the more sustainable the system
is considered to be. With a %Ren at 0.0000022%, due to Smaragden making use of a minimal fraction of
locally renewable inputs, the system is cannot be considered sustainable from an emergy perspective.
However, other than suggesting an increasing utilization of locally renewable inputs to improve the
system sustainability, this index has little else to contribute.

The rest of the indices provided similar results, indicating poor sustainability performance overall.
EYR, with a value equal to 1, describes a system that is incapable of efficiently using available local
resources and defines the system as a consumer process: it consumes, or transforms, more resources than
it contributes back to the environment. Moreover, any system’s value for ELR above 10 is considered
high and inefficient; large EYR and ELR values indicate that the system has high environmental
impacts, neglecting to use its encompassing environment and local inputs efficiently [16]. To provide
a global contextualization of these results, Table 4 includes a selection of more recently developed
emergy indices, which are arguably more appropriate for discussing overall system performance, and
improvement potential, from a global aggregate perspective.

Table 4. Emergy Indices for Smaragden, global contextualization.

Index Expression Units Smaragden
Global Renewable Emergy Constant 0 Sej 1.21 x 10%°
Global Population, 2016 Global Population n/a 7.44 x 10°
SolarShare 8/Global Population (1) sej 1.63 x 1015
sej/capita, Smaragden Global comparison sej/capita (Y) sej 1.26 x 107
Solar Cost Index (SCI) Y/SolarShare (2) n/a 77.29
Theoretical max population Global Population/SCI people 96,308,650

(1) Global population (7.44 x 10° people) in 2016 [38]; (2) Y (i.e., emergy per product or service) represents
Smaragden’s human metabolic flows per capita, expressed as sej/capita-year.

When the Global Renewable Emergy Constant (GREC), or the basis for the productivity of
environmental systems and all subsequent economic and human systems, is divided by the human
population, it results in the theoretical amount of renewable emergy available per person per year,
or a SolarShare [23]. Since the results of this study provided an amount of emergy consumed per
person per year, comparisons can be made between the system’s urban lifestyle and the SolarShare.
The SolarShare’s theoretical value (1.63 x 10'° sej/capita) for available emergy per person results two
orders of magnitude smaller than the amount of emergy that residents in Smaragden use per capita
per year (1.26 X 107 sej/capita), emphasizing the drastic gap between the fair share emergy available
to the residents, versus the actual emergy support. This comparison can also be seen in the Solar Cost
Index (SCI), which compares the emergy of a good or service (here, urban life in Smaragden) to the
SolarShare [23]. Similar to existing discussions on planetary overshoot, the SCI, or what can be termed
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the SolarShare “overshoot”, was framed for the consideration of sustainability implications related to
particular lifestyles and their ability to operate within resource/planetary boundaries. An SCI greater
than 1 indicates a lifestyle that utilizes more emergy per capita per year than is theoretically available;
an SCI less than 1 indicates a lifestyle that operates within the available emergy per capita per year
(i.e., within resource/planetary boundaries). At 77.29, the SCI for Smaragden’s urban life indicates
that the average Smaragden resident utilizes over seventy times more emergy than is theoretically
available for them to use on a yearly basis.

4. Discussion

Sustainable and space-efficient living was the key messaging in Smaragden’s marketing to the
public. However, the emergy synthesis carried out in this study presents a different vision for the
building’s, and its residents’, actual impact. While trends for sustainable urbanization among planners
and policymakers focus on trendy, high-tech, efficiency-oriented solutions, such as Smaragden, the
results from this study indicate that such approaches barely scratch the surface into improving the
sustainability of urban living. Unless proposed solutions make a greater effort to facilitate contributions
from local renewable sources, as the indices calculated in this study propose, the contributions to
sustainable urbanization will be negligible.

While conventional emergy indices can reveal relatively little besides the drastic unsustainability
exhibited by Smaragden’s urban life, the SolarShare and SCI indices enable broader discussions
regarding sustainable living in Sweden. An important and noteworthy observation is that the
SolarShare is only a maximum theoretical potential, a conceptual number indicating a hypothetical fair
share of the GREC, and not the actual emergy available per capita per year. Because it overlooks or
fails to discount the emergy that non-human systems and ecosystems require to sustain their processes,
the SolarShare drastically overestimates the amount of emergy available per capita; this amount would
thus be much smaller if emergy was also shared with all other processes, indicating that any person,
good or service using up an entire SolarShare per year (i.e., 1.63 X 10'° sej) is considerably overshooting
their yearly emergy use.

Furthermore, taking into account SolarShare’s drastic, foundational overestimation, the overshoot
by urban life in Smaragden is in reality even more excessive than what this theoretical number portrays,
broaching interesting population considerations. For example, Doherty et al. [39] estimated the
theoretical maximum population that could be sustained exclusively on Swedish national renewable
resources (R), which they defined as the Renewable Carrying Capacity at Present Living Standard index
= [(R/U)*Population]. This study’s results enabled calculation of this sustainable theoretical maximum
population, based on the specific standard of living in Smaragden, all else remaining unchanged
(shown in Table 4). To calculate this, the global population was divided by the overshoot ratio to give
a maximum global population sustained by this lifestyle, which resulted in a theoretical maximum
of 96,308,650 people. This implies that, for urban life as in Smaragden to be sustainable, society can
choose between two fundamentally different development trajectories: (1) reduce global population to
make room for the lifestyle currently enjoyed by a minority, prioritizing Smaragden’s lifestyle; or (2)
reduce the emergy support to urban life by a factor of 77.29 to enable fair share of available resources
for the current population of 7.44 billion.

Outside of this study, however, this way of relating per capita emergy to the emergy available
on national or global scales is scarce in emergy literature. This study hence signals to delicate yet
important and underexplored ethical considerations regarding a person’s ability to consume more than
their fair share of resources depending on their lifestyle or where they live, setting up an interesting
direction for future research.

4.1. Methodological Implications

Conventional indices such as EYR and EIR were developed primarily to assess efficiency of systems
where the distribution among R, N, and F inputs is relatively balanced. In the case of Smaragden, the low
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R, and non-existent N, meant that these ratios were inefficient in terms of evaluating the nuances those
indices were created for. The limited contribution by the emergy indices in this study demonstrates
a need for methodological development of indices better suited for evaluating systems operating at
high positions in the global emergy hierarchy, and depending primarily on imported (F) inputs. This
need is further justified as services become a larger part of systems of higher order. Methodologically,
when services dominate a system’s total emergy, it dictates that all other input categories will be
overshadowed by their contribution. In systems such as Smaragden, where the relative contribution
by local, renewable resource flows is low, especially compared to the contribution by services at 91%,
these inputs are hence virtually negligible when considering the system holistically. On the other hand,
this distortion of data would be irrelevant if human processes depended on systems with stronger
foundations in local renewable resources and processes, as opposed to imported and non-renewable
inputs. As pointed out earlier by Maassen et al. [30], this calls for new emergy accounting practices and
indices better suited for capturing and distinguishing also between direct and indirect renewability, i.e.,
the fraction renewables imported in F inputs, which represents a potentially significant contribution
from renewable sources that are currently underestimated in emergy accounting.

4.2. Policy Implications

To suggest impactful action that encourages sustainable urban processes, it is necessary to focus on
the processes of urban life that are supported by the largest overall share of emergy. The single largest
contributor in this study, long distance travel (and automobile commuting at third place), corroborates
the common argument in current sustainability discourse: that greater efforts are warranted that reduce
travel on a per capita basis and, more importantly, on the aggregate level of society. This implies
exploring ways to reduce the emergy per km per capita (i.e., sej/p-km), such as emphasizing more
efficient (high capacity) public transit systems rather than different modes of transport, facilitating
remote work, or locating workplaces closer to where people live. This would include policy focus on
the creation of work opportunities in rural and peri urban areas, which could not only decrease the
distances people travel but also alleviate urban densification processes.

While the importance of reducing long-distance travel is already well known, the high relative
contribution by hygiene products to urban life in Smaragden is a more surprising result. This finding
indicates that significant efficiency gains may in fact be found in changing the consumption pattern of
products such as soap, detergents, and cosmetics. It also emphasizes the importance of reviewing and
improving the industrial and transportation processes required for producing and delivering these
goods to consumers; the main reason hygiene products rank so high from an emergy perspective.

Moreover, this study highlights the importance held by the construction materials such as
windows, steel beams, and concrete walls that are utilized in construction of urban areas. However,
the lack of standardized reporting for construction companies, which made it difficult to estimate
resource use in construction, justifies interventions to incentivize more transparency and consistency
in how construction projects are documented, for the purpose of tracing materials used and thus
verifying progression towards more efficiency. Greater focus is also needed on design interventions
for space efficient living, which minimizes the material requirements per capita. While in the case of
Smaragden, space efficient living was marketed as sustainable, the small residential units translated
to large per capita consumption of concrete and household appliances. Since the individual housing
units were all equipped with the same base components (i.e., washing machines, dishwashers and
other domestic appliances), there resulted a high per capita consumption of these inputs. As a result,
the concept of lower square meter living space per capita results in greater construction material than
might be considered usual, emphasizing the need to explore more appropriate layouts, floor plans,
and other design solutions that simultaneously enable more resource sharing and decrease material
use per capita.

Overall, the results also underscore a need for transitioning to renewable inputs in general, both in
terms of how vehicles are powered, and the sourcing of energy and materials used in the construction,
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maintenance and decommission of transit systems and buildings alike. These results highlight the
relative importance of both lifestyle and infrastructural issues, which need to be tackled simultaneously
in order to achieve true resource-efficiency at local and aggregate levels of society and the environment.

5. Conclusions

This research has identified which specific inputs are relatively greatest in terms of environmental
support, as well as those with marginal importance. For example, it may be concluded that among the
largest individual inputs to the system were long-distance travel, hygiene products, and commuting.
This conclusion is contradictory to common trends in urban policy and public discourse that target,
for example, the everyday consumption of electricity, heat, and water (constant input flows) on
the basis that they are of significant importance to the sustainability of urban districts. While this
study demonstrates that consumption of these types of resources far exceeds what could be deemed
sustainable, this conclusion is accurate only in absolute terms. In relative terms, however, this study
found that the highest emergy support is associated with lifestyle issues such as consumer goods and
mobility, which are the biggest contributors to the unsustainability of urban life.

The findings also corroborate that resource use or flows associated with building maintenance and
everyday life of residents (e.g., water use, heating, and electricity) are in fact marginal when compared
to one-time material investments, such as feedbacks from energy and material storages during the
construction phase. One central conclusion, therefore, is that, while reducing resource flows over the
course of the building’s lifetime is important, there is an even greater potential to improving urban
sustainability by reducing the need for materials from nonrenewable storages, such as concrete, steel,
and glass. This implies that significant efficiency gains can be achieved for example by exploring
alternative construction materials, recycling materials to a larger extent, more efficient floor plans, new
ways to share material resources and physical living space, and other design interventions that reduce
total material use on a per capita basis.

Additionally, from a broader societal perspective, the results of this study indicate that current
planning and urban design trends fall short on directing urban development towards improved
sustainability from an emergy perspective. This study, despite being case specific, is indicative of the
general tendency of urban systems to depend primarily on non-renewable and imported resources.
While the emergy values alone cannot explain the sustainability of systems (i.e., high or low emergy
values), the composition and relative shares of renewable versus nonrenewable inputs is more useful.
Rather than decreasing total emergy in absolute terms, what is important is to increase the relative
share of emergy contributed from local renewable sources.

Lastly, more studies are required to determine how this type of “green” urban development
performs in comparison to conventional housing development, and other urban districts developed in
the past, present, and future. However, departing from a solar share overshoot of 77.29 indicates a
major challenge for urban policy and planning to achieve sustainable urban development. The fact
that this particular building is one of only a few that are certified, and thus officially recognized as
sustainable, further underscores the gravity of this challenge.
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Appendix A. Emergy Notes: Smaragden Emergy Evaluation

1.

10.

11.

12.

13.

Sun received in Smaragden. ((Avg. total annual insolation J/year)(Area)(1-albedo))/(residents)
(UEV) = ((3.63 x 10° J/m?/year ([40]; data for 2016)) x ((2.31 x 10® m? [41]) x (1-0.7 [42])/(135) x (1
sej/J [22]) = 1.87 x 10 sej.

Rain received directly on the Smaragden area, runoff omitted. (((area mz)((yearly precipitation
mm/year)/1000 m/year)(1E6 g/m3)(4.94 J/g))/residents)(UEV) = (((2312 m? [41]) x (470 mm/year
/(2.1240 ([40];data for 2016))/1000 m/year) x (1E6 g/m3) X (4.94 J/g))/135) x (7 x 10° sej/J [22]) =
2.78 x 10! sej.

Cereals and derivatives. (Annual energy per capita (J/capita))(UEV) = (1.48 x 10” J/capita/year [30])
X (3.88 x 10* sej/] [30])= 5.75 x 10'3 sej.

Non-alcoholic beverages. (Annual energy per capita (J/capita))(UEV) = (149 x 108
J/capita/year [30]) X (1.26 x 10° sej/J [30]) = 1.87 x 10'3.

Beverages, stimulants. (Annual energy per capita (g/capita))(UEV) = (4.89 x 10° g/capita/year [30])
X (7.19 x 10° sej/g [30]) = 3.52 x 10° sej.

Fruits and vegetables. (Annual energy per capita (g/capita))(UEV) = (1.56 x 10° g/capita/year [30])
X (4.67 x 10® sej/g [30]) = 7.29 x 1013 sej.

Dairy and eggs. (Annual energy per capita (g/capita))(UEV) = (9.52 x 10* g/capita/year [30]) X
(1.01 x 10” sej/g [30]) = 9.62 x 10'3 sej.

Alcoholic beverages. (Annual energy per capita (g/capita))(UEV) = (4.73 x 10* g/capita/year [30])
X (3.57 x 10° sej/g [30]) = 1.69 x 10 sej.

Fats. (Annual energy per capita (g/capita))(UEV) = (1.30 x 10* g/capita/year [30]) X (1.85 X 10°
sej/g [30]) = 2.41 x 10 sej.

Fish from assumed sustainable coastal fisheries. (Annual energy per capita (g/capita))(UEV) =
(1.52 x 10* g/capita/year [30]) X (2.37 x 10'0 sej/g [30]) = 3.62 x 10'* sej.

Meat. (Annual energy per capita (g/capita))(UEV) = (4.12 X 10* g/capita/year [30]) x (3.02 x 1010
sej/g [30])= 1.624 x 10 sej.

Hygiene products. (quantity(g))(8816 kcal/g)(4186 J/kcal)(UEV) = (((620 kr/month/capita [43];
estimated expenditure on personal hygiene products and cleaning supplies) x 12
(months/year))/(150 kr/kg ([44]; generic soap weight:kr ratio)) x 1000g/kg) x (8.816kcal/g) x
(4186]/kcal) x (9.14 x 10° sej/] ([45]; corrected by a factor of 1.27 to update to the emergy baseline
for 2016 [24]) = 3.59 x 10'° sej.

Electronics and appliances. (quantity(kg)/capita)(1000g/kg))/lifetime)(UEV) = (((27 TVs (this
study) x 11.4 kg (Assuming 43 inches [46])/31 respondents) + (4 digital tv boxes (this study) x
0.24 kg [46] /31 respondents) + (22 laptops (this study) x 1.5 kg [46] /31 respondents) + (24 PCs
(this study) x 8.0 kg [46] /31 respondents) + (20 tablets (this study) x 0.57 kg [46] /31 respondents)
+ (31 combo washer dryer (this study) x 70 kg [46] /31 respondents) + (31 cellphone (this study) x
0.172 kg [46] /31 respondents) + (2 Playstation (this study) x 2.1 kg [46] /31 respondents) + (2 xbox
(this study) x 3.8 kg [46] /31 respondents) + (3 wii (this study) x 1.3 kg [47] /31 respondents) + (2
cordless keyboards (this study) x 0.55 kg [46] /31 respondents) + (hair straightener (this study)
x 0.433 kg [46] /31 respondents) + (2 vacuum (this study) x 0.447 kg [46] /31 respondents) + (1
electric massage pillow (this study) x 1.6 kg [46] /31 respondents) + (2 electric screwdrivers (this
study) x 1.5 kg [48] /31 respondents) + (11 lamps (this study) X 1.63 kg [33] /31 respondents) +
(1 tall lamp (this study) x 6.65 kg [33] /31 respondents) + (2 irons (this study) x 1.2 kg [48] /31
respondents) + (1 amplifier (this study) x 2.1 kg [46] /31 respondents) + (2 DVD player (this study)
x 0.8 kg [46] /31 respondents) + (1 sewing machine (this study) x 5.1 kg [46] /31 respondents) + (4
modem (this study) x 0.3 kg [46] /31 respondents) + (1 vertical fan (this study) x 5.6 kg [46] /31



Sustainability 2020, 12, 5661 16 of 20

14.

15.

1e.

17.

18.

19.

20.

21.

22.

23.

respondents) + (2 round fans (this study) x 2.2 kg [46] /31 respondents) + (2 entertainment system
(this study) x 6.3 kg [46] /31 respondents) + (1 radio (this study) x 0.43 kg [46] /31 respondents) +
(6 speakers (this study) x 3.5 kg [46] /31 respondents) + (1 stereo (this study) X 3.0 kg [46] /31
respondents) + (3 monitor (this study) X 3.0 kg [46] /31 respondents) + (1 record player (this
study) x 5.7 kg [46] /31 respondents) + (1 guitar (this study) X 2.0 kg [46] /31 respondents) + (2
microphones (this study) x 1.0 kg [46] /31 respondents) + (1 electric toothbrush (this study) x
0.316 kg [46] /31 respondents) + (1 beard trimmer (this study) x 0.172 kg [46] /31 respondents) +
(1 music audio adjuster/recorder (this study) x 1.8 kg [46] /31 respondents) + (3 hard drive (this
study) x 0.37 kg [46] /31 respondents) + (1 camera (this study) x 1.1 kg [46] /31 respondents) +
(1 video camera (this study) x 0.305 kg [46] /31 respondents) + (1 CD player (this study) x 0.34
kg [46] /31 respondents) + (1 giant roof flat screen 174 kg [49] /135 residents)) x (1000 g/kg))/10
years X (5.09 x 10 sej/g [30] = 4.76 X 103 sej.

Furniture and kitchen utensils, assumed quantities converted to kilograms based on Ikea [33].
((quantity(kg))(1000 g/kg)/(avg.residents/household))/assumed lifetime)(UEV) = ((1 Malm series
bed, including mattress X 73.5 kg) + (1 table, 120 cm x 15.7 kg +2 chairs x 8.9 kg) + (1 sofa X 60.58
kg) + (1 coffee table x 18.05) + (1 set of drawers x 35.2 kg) + (1 armchair x 13.98 kg) + (2 side
table x 9.58 kg) + (1 set, utensils x 1.44 kg) + (1 set, plates x 10.01 kg ) + (1 set, pots and pans X
4.98 kg) + (1 set (6), glasses x 2.17 kg) + (1 set (6), cups x 1.92 kg ) + (1 set, knives X 0.61 kg) + (1
cutting board x 1.55 kg) x (1000 g/kg))/1.2)/10 yrs) X (8.51 x 10° sej/g ([50]; corrected by a factor of
1.27 to update to the emergy baseline for 2016 [24]) = 1.96 X 10 sej.

Clothing and other textiles. (Quantity(kg))(1000 g/kg)(UEV) = 15 kg/capita/year [34] x (1000 g/kg)
X (8.51 x 10” sej/g ([50]; corrected by a factor of 1.27 to update to the emergy baseline for 2016 [24])
=1.28 x 10 sej.

Sporting goods and tools. ((Value (SEK) sporting goods (this study) + value (SEK) tools (this
study))/assumed lifetime)/capita)(UEV) = ((16,100 sek in tools (this study)) + (126,900 sek in
sports equipment (this study))/10 yrs) + 30,000 sek/year; stable rent)/23 respondents (this study))
X (3.42 x 10! sej/sek [30] (Maassen et al., 2020) = 6.59 x 10 sej.

District heating, yearly flow. ((KWh)(energy content)(J/KWh))/capita)(UEV) = ((3.14 x 10°
KWh [32] X (3.60 x 10° J/KWh))/135 residents)) x (2.95 x 10* sej/J ([51]; corrected by a factor of
0.76 to update to the emergy baseline for 2016 [24]) = 2.47 x 10'* sej.

Electricity, yearly flow. (Area)(KWH/m2)(J/JKWh)(UEV) = (6588 m? [32] x (13.1 KWh/m? [32]) x
(3.60 x 10° J/KWh))/135 residents) X (5.90 x 10* sej/J ([51]; corrected by a factor of 0.76 to update
to the emergy baseline for 2016 [24]) = 1.36 x 10 sej.

Water consumption, yearly flow. (Volume/capita)(4990 J/kg)(UEV) = ((160 L/capita/year [52]) x (1
kg Hy0/1 L H,0) X (4990 J/kg))/135 residents) x (5.98 x 10* sej/J ([53]; corrected by a factor of 1.27
to update to the emergy baseline for 2016 [24]) = 1.74 x 103 sej.

Soil. ((quantity (kg))(1000 g/kg)(5.4 kcal/g)(4186 J/kcal))per capita)/assumed lifetime)(UEV) =
((2.88 x 10* kg (this study)) x (1000 g/kg) X (5.4 kcal/g) x (4186 J/kcal))/135 residents)/20 yrs [35] X
(9.40 x 10° sej/] ([21]; corrected by a factor of 1.27 to update to the emergy baseline for 2016 [24])
= 1.81 x 10'2 sej.

Wood. ((quantity (kg))(1000 g/kg)/capita)/lifetime)(UEV) = ((4.93 x 10* kg (this study)) x (1000
g/kg)/135 residents)/50 yrs) X (1.06 X 10° sej/g ([54]; corrected by a factor of 1.27 to update to the
emergy baseline for 2016 [24]) = 7.73 x 102 sej.

Concrete and mortar. ((quantity(kg))(1000 g/kg)/capita)/lifetime)(UEV) = ((7.61 x 10° kg (this
study)) x (1000 g/kg)/135 residents)/50 yrs) x (1.83 x 10° sej/g ([54]; corrected by a factor of 1.27 to
update to the emergy baseline for 2016 [24]) = 2.06 X 10'° sej.

Steel. ((quantity (kg))(1000 g/kg)/capita)/lifetime)(UEV) = (((1.43 x 10* kg (this study)) x (1000
g/kg)/135 residents)/50 yrs) X (6.74 X 10° sej/g ([54]; corrected by a factor of 1.27 to update to the
emergy baseline for 2016 [24]) = 1.43 x 10'3 sej.
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24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Plastics. ((quantity (kg))(1000 g/kg)/capita)/lifetime)(UEV) = ((3.62 x 10* kg (this study)) x (1000
g/kg)/135 residents)/50 yrs) X (7.45 X 10° sej/g ([54]; corrected by a factor of 1.27 to update to the
emergy baseline for 2016 [24]) = 4.00 x 10'2 sej.

Glass. ((quantity (kg))(1000 g/kg)/capita)/lifetime)(UEV) = ((1.68 x 10* kg (this study)) x (1000
g/kg)/135 residents)/50 yrs) X (9.75 X 10° sej/g ([54]; corrected by a factor of 1.27 to update to the
emergy baseline for 2016 [24]) = 2.42 X 1013 s€j.

Aluminum. ((quantity (kg))(1000 g/kg)/capita)/lifetime)(UEV) = ((2.46 X 108 kg (this study)) x
(1000 g/kg)/135 residents)/50yrs) X (1.61 x 100 sej/g ([54]; corrected by a factor of 1.27 to update
to the emergy baseline for 2016 [24]) = 5.89 x 102 sej.

Paint. ((quantity (kg))(1000 g/kg)/capita)/lifetime)(UEV) = ((6.60 X 103 kg (this study)) x (1000
g/kg)/135 residents)/50 yrs) x (1.92 x 1019 sej/g ([54]; corrected by a factor of 1.27 to update to the
emergy baseline for 2016 [24]) = 1.88 x 10'2 sej.

Copper. ((quantity (kg))(1000 g/kg)/capita)/lifetime)(UEV) = ((2.44 x 1013 kg (this study)) x (1000
g/kg)/135 residents)/50 yrs) x (1.02 x 10! sej/g ([55]; corrected by a factor of 1.5 to update to the
emergy baseline for 2016 [24]) = 3.69 x 10'3 sej.

Plants, excluding the green roof. ((quantity (kg))(1000 g/kg)/capita)/lifetime)(UEV) = ((1.24 X 103
kg (this study))/135 residents)/10 yrs) x (1.72 x 1012 sej/kg ([56]; corrected by a factor of 1.3 to
update to the emergy baseline for 2016 [24] /(1000 g/kg)) = 1.58 x 10'2 sej.

Paper. ((quantity (kg))(1000 g/kg)/capita)/lifetime)(UEV) = ((4.21 X 103

kg (this study)) x (1000 g/kg)/135 residents)/50 yrs) x (1.81 X 1012 sej/g ([57]; corrected by a factor
of 0.76 to update to the emergy baseline for 2016 [24]) = 1.13 x 10'° sej.

Iron, electrical. ((quantity (kg))(1000 g/kg)/capita)/lifetime)(UEV) = ((9232.57 km/capita/year (this
study))/135 residents)/50 yrs) x (9.10 x 10'! sej/g ([57]; corrected by a factor of 0.76 to update to
the emergy baseline for 2016 [24] /(1000g/kg)) = 1.00 x 10 sej.

Glass wool, for insulation. ((quantity (kg))(1000 g/kg)/capita)/lifetime)(UEV/1000g/kg) = ((2.34 x
103 kg (this study)) x (1000 g/kg)/135 residents)/50 yrs) x (1.22 x 10'2 sej/g [57]; corrected by a
factor of 0.76 to update to the emergy baseline for 2016 [24]) = 4.22 x 10'2 sej.

Green roof. ((1/3 area of roof(m2))/(Capita))/lifetime)(UEV) = ((824 m 2/3 (this study))/(135
residents)/50 yrs) x (2.12 x 10'2 sej/g ([35]; corrected by a factor of 0.76 to update to the emergy
baseline for 2016 [24]) = 8.64 x 10'! sej.

Long distance travel. (Distance/capita/year)(UEV) = (9232.57km/capita/year)(this study) x (2.37 x
10! sej/p-km ([58]; Electric Railway UEV used and corrected by a factor of 1.27 to update to the
emergy baseline for 2016 [24]) = 2.19 x 10'° sej.

Public transportation, as part of daily commute. (Distance/capita/year)(UEV) = (3388.67
km/capita/year)(this study) x (4.70 x 10'° sej/p-km ([58]; Bus UEV used and corrected by a
factor of 1.27 to update to the emergy baseline for 2016 [24]) = 1.59 x 104 sej.

Automobile use, as part of daily commute. (Distance/capita/year)(UEV) = (4143.83
km/capita/year)(this study) X (3.15 x 10! sej/g [58]; Bus UEV used and corrected by a factor of
1.27 to update to the emergy baseline for 2016 [24]) = 1.30 X 10" sej.

Services, food. (% Gross income/capita/year)(UEV) = (12.03% x 333.634 sek) [36] x (3.42 x 101
sej/g [30]) = 1.37 x 10 sej.

Services, consumables. (% Gross income/capita/year)(UEV) = (24.30% X 333.634 sek) [36] x (3.42
x 10 sej/g [30]) = 2.77 x 10 sej.

Services, built environment. (% Gross income/capita/year)(UEV) = (16.31% x 333.634 sek) [36] x
(3.42 x 10" sej/g [30]) = 1.86 x 10'° sej.

Services, transportation. (% Gross income/capita/year)(UEV) = (8.00% x 333.634
sek/year/capita) [36] x (3.42 x 10! sej/g [30]) = 9.13 x 10'° sej.

Services, taxes and Social fees. (% Gross income/capita/year)(UEV) = (39.37% x 333.634
sek/year/capita) [36] X (3.42 x 10 sej/g [30]) = 4.49 x 10'° sej.
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43. Output, Urban Life; excluding services. (h/year) (Total emergy (Sej/h), excluding services) = (8765
h/year)(1.15 x 10'® Sej) = 1.31 x 10'? (Sej/h), calculated UEV 1.

44.  Output, Urban Life; including services. (h/year) (Total emergy (Sej/h), including services) = (8765
h/year)(1.26 x 10'7 Sej)= 1.43 x 10'3 (Sej/h), calculated UEV 2.
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