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Abstract: Sustainability of cities and the environmental implications of high resource utilization by
the domestic sector are growing concerns related to urban regions. Well-informed urban planning
decision-making is an essential tool to help in the task and, for that, an important point to consider is
the influence of parameters like residential density and housing typology on the intensity of resource
utilization. Emergy synthesis, a life-cycle energy analysis methodological approach that considers
the interaction of natural and human-made flows, was used to evaluate the environmental support
for dwelling operational stage in five typical present-day housing units on the island of Montreal.
As expected, resource utilization, measured as total emergy used, was positively correlated to housing
unit size both with respect to number of occupants and dwelling size. Results suggest that variables
affecting notably the intensity of resource utilization are per household income and per dweller
habitable space and, while a higher income increased per capita emergy in all cases, increasing space
availability per resident did not result in a decrease of empower density after 50 m? /person. Future
work should consider lower and higher densities and analyses at the scale of blocks, neighborhoods
and urban planning zones.

Keywords: housing unit; dwelling operation; housing type; resource utilization; emergy-based
performance indicators

1. Introduction

Since the end of the last decade, most of the world’s population resides in a city and around 33%
of city-dwellers lives in a slum [1]; current trends indicate that the number of urban residents will
continue to increase to around 66% of total world population by 2050 [2]. Among the main local level
to global scale environmental problems related to urban growth, often also associated with inadequate
planning, are decline in agricultural and forest land, drying out of marshes, extraction of construction
materials in large quantities, pollution of water courses by untreated wastewater, air pollution and
large emissions of greenhouse gases from motor vehicles and industries [3,4]; hence, the evolution and
development of cities has become a growing concern.
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The domestic sector’s high resource consumption in urban regions is a frequent characteristic
that must be undertaken. For instance, operation of buildings in urban areas requires a substantial
fraction of the energy used in the world, reaching up to 50%, 41% and 36% in the UK, the EU and the
USA, respectively [5], and fractions corresponding to the transport and industry sectors should also be
added. Household domestic consumption is an important source of greenhouse gases (GHG) in urban
areas, along with the industrial and urban agricultural sectors [6]. Food, people’s mobility, and energy
use at home are arguably three of the most important features related to housing activities threatening
sustainability; altogether, they may be responsible of up to four-fifths of the environmental impacts in
developed countries [7].

An important point to consider is the influence of the occupation intensity of the urban territory
on resource consumption. Since almost three decades ago, Newman and Kenworthy [8] in their
seminal work, found that cities with low population density use more energy for the transportation
of people than cities with higher occupation rates. In the case of residential land uses, occupation
intensity is directly determined by development density (number of dwellings per unit area), but it
also involves concepts like spatial distribution of dwellings, housing typology, dwelling occupation
rate [9,10] and other features indirectly related to urban form, such as distance to downtown and
access to urban amenities and infrastructure [11].

The operational stage of buildings is a very important phase of their life cycle. Some authors
have found that energy consumption in the operation of residential buildings may account for up to
90% of total energy consumption in the life cycle of that kind of buildings [12]; while other authors
have found housing type, floor area, occupancy rate and household income among other variables
influencing electricity consumption during the operational stage of residential buildings [13].

For their part, material flow accounting [14,15], ecological footprint [16,17], and life cycle energy
analysis [10,18,19] are among the most widely used methodologies to quantify the flows that coincide
in the built environment. Emergy synthesis belongs to the energetic life cycle approach, but it also
allows the integration of both natural and human-made flows (like the economic ones) into the same
basis of comparison, which takes into consideration the ‘free’ services provided by the environment
and their quality: “emergy is the total amount of available energy of one kind (usually solar) that is
directly and indirectly required to make a given product or to support a given flow” [20].

Emergy analysis has showed to be an appropriated methodology to evaluate and compare
sustainability in the built environment because it allows to consider, in a combined way, the flows
of different nature intertwining in urban ecosystems [21]. From the standpoint of geographical
disaggregation level, emergy synthesis has been used in several studies from the urban region scale to
the building level scale. At the city scale, several works have been reported since one of the seminal
works was published in 1998 for the Taipei region [22], among which are studies for Rome [23],
Macao [24], Beijing [25] and Montreal [26], just to cite some of them.

At the building level, several emergy assessments have been carried out focusing on the
environmental impact of construction materials and on energy efficiency of single buildings [27,28] or
addressing the subject from a generic perspective, since building appraisal was not the central issue of
the study [29]. At this scale of analysis, other methodological tools have been combined with emergy
synthesis; arguably, the most widely used in this way is life-cycle assessment since Hau and Bakshi
noticed the advantages this might entail [30]. With this methodological combination, Reza et al.
compared a single-family building with a multi-family building in Canada [31] and evaluated
the sustainability of paved roads [32], and Li and Wang assessed a residential area of more than
150,000 inhabitants although with a building level approach [33], just to mention a few. The common
denominator of these studies is that the focus is mainly on building materials and construction
processes’ environmental performance and on the environmental impacts of single buildings (for the
case of dwelling buildings), in which the operational stage does not include the dwellers daily
activities; in general, for this stage of the building life cycle, the main variables considered are water
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and energy consumption, which are estimated either through average statistical values or well-known
simulation tools.

On the other hand, from the urban planning perspective, a relevant intervention level is the
neighborhood [34]. At this disaggregation level, or close to it, some authors have highlighted the
need for information at the scale of land use or land cover to determine the relationship between
socioeconomic performance of urban subsystems such as industry, business and commerce, real
estate and housing developments and other services and their environmental implications [35].
Also, regarding environmental sustainability, some studies have pointed out the need of studying
quantitatively, and in greater detail, the impacts that go beyond the neighborhood limits, including
regional resource use, due to the fact that local consumption of goods and services is greatly dependent
on areas surpassing the city level [36].

A relevant scale of analysis between the building level and the neighborhood or planning zone
level (e.g., residential land use) is the housing unit, which is an essential part of the neighborhood
structure. To a large extent, for the case of the residential land use, urban form is induced through
the application of density, and other related parameters, to groups of blocks, which translates into
different housing unit configurations. This study aimed at providing elements to close the gap in this
opportunity area for sustainable urban development and planning; it was conducted with a strong
sustainability approach [37], focusing on the environmental work provided by the resources supporting
dwelling operational stage in the housing units, since this phase is one of the most important of the
whole dwelling life cycle. At this stage, not only direct dwelling operation related activities (e.g., water
and energy consumption) should be taken into account: dwellers activities (e.g., food, mobility, goods
and services) are also relevant for the appraisal of the way in which housing units use resources, in
this case, through the quantification of emergy-based sustainability indicators.

In this context, the present work sought to quantify the environmental support required for
dwellers” daily activities in five housing units on the island of Montreal, Canada (45°30'N, 73°30'W). In
2015, the Island had a total population of two million inhabitants distributed in an area of 500 km? [38].
The economy of the Island is based on industrial, technology and knowledge related activities [39].
Net residential density (total number of dwellings divided by lot area without roads and public
and institutional related infrastructure) averages 38.5 dwellings per hectare (dw/ha) on the island,
ranging from around 120 dw/ha in downtown districts to 15 dw/ha in suburban residential areas [40].
The general objective of the study was to evaluate the ‘free” environmental work supporting dwelling
operational stage using five typical present-day housing units in Montreal Island as a case study
by means of the appraisal of the main flows interacting in the residential units with the help
of the emergy environmental accounting methodology to examine the usefulness of emergy-based
indicators for assisting urban planning decisions, especially, in the setting-up of future residential
units” environmental design guidelines to support neighborhood planning processes.

The work has a sustainable urbanism perspective, since the focus is put on the applicability
of sustainability criteria (emergy-based indicators) to support decision-making in urban planning
contexts. As already mentioned, the work’s main purpose was to explore the appropriateness of
using sustainability indicators as a complement of commonly used parameters in urban physical
planning decision-making (e.g., development density, building parameters, accessibility to urban
amenities), to collaborate in the setting-up of guidelines for housing units and neighborhoods with
better environmental performance. Among the emergy-based indicators calculated for the dwelling
operational stage in the five selected housing units (all of which are described in greater detail in the
methods, results and discussion sections) are per capita emergy use, indicating resource use intensity
on a per dweller basis, empower density, indicating resource use intensity per unit area, and emergy to
money ratio, indicating ecological-economic efficiency. It was observed that overall resource utilization
(total emergy used) was positively correlated to housing unit size (both with respect to number of
occupants and to floor area) and it was also noticed that per household income and per dweller
habitable space influenced intensity of resource utilization in the analyzed housing units.
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2. Methods and Data

2.1. Emergy Synthesis

An important aspect that should be considered in life-cycle energy studies is that there are
different energy qualities organized in a hierarchy; for example, many joules of sunlight are required
to generate one joule of electricity [20]. Here, a central idea is the required amount of accumulated
energy at the input of a process to obtain one joule, one gram or one dollar at its output, the emergy
unit value concept; when this value relates the accumulated energy (measured in sef, solar emergy
joules) in the input to the energy obtained (available) at the output (joules) of a process, it is known as
transformity, which is the most widely known emergy unit value and it is also a measure of the energy
efficiency of the process [41].

Initially, a balance of the energy accumulated in the biosphere was made [42,43]. Subsequently,
from the aforementioned energy balance, transformities of large ecosystems such as forests, marine
and wetland ecosystems, agricultural landscapes and lakes were calculated [44-46]. Likewise, from
these transformities, unit values of resources such as wood, soil, water, among others, were estimated,
and so on; emergy unit values of human-made materials, products and services have been calculated
with a very good level of detail and are available for their use in studies of different academic
disciplines [21,23].

Generally, emergy assessments start with the delimitation of the system under analysis (Figure 1).
The system’s diagram should include the most important flows of materials, energy, money, etc. at the
input and output. For the evaluation of the housing units, the most important natural flows considered
were: energy from the sun, wind kinetic energy, loss of vegetation humidity (evapotranspiration),
loss of surface soil, food, water, domestic consumer goods, electricity, fuels, municipal solid wastes
and wastewater. Once the system under analysis is delimited, a table is drawn up with the raw data
collected and processed to calculate the emergy flows (Table 1), which are computed by multiplying the
first ones by the appropriate emergy unit values [41].
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Figure 1. Diagram of the flows considered in the selected housing units.

In the present study, the only feature not corresponding to dwelling operational stage considered
was the building materials in the structure; it was examined to explore the approximate percentage
they represent of total emergy used. Although other materials present in dwellings, like non-structural
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materials and finishes, and related infrastructure, such as streets, sewers and other facilities, are
important components contributing to total emergy used, they were not considered in this work
because, unlike structural materials, they are present in similar proportions in virtually all cases, and
maintenance and other constructive stages appear to have low significance [18] and, for its part, the
structure may represent up to 80% of the bulk of a typical construction [47]. Likewise, the distance to
downtown was taken into account as an important parameter affecting resource consumption owing
to residents’ mobility, which in turn should be considered as a dwelling operational stage inherent
activity [48].

Total emergy utilized (U) is the sum of the emergy from purchased goods (items 5 to 21 in Table 1)
and the highest value of emergy from renewable resources (items 1 to 4 in Table 1), to avoid double
counting [25,49]. The global baseline of emergy accumulated in the biosphere considered in the present
study was 15.83 x 10?4 seJ /year, which was estimated from solar insolation, deep earth heat and tidal
energy [41,43]. Once the aggregate emergy flows are calculated, i.e., renewable (R), non-renewable
(N), acquired or purchased (F) and those accumulated in wastes (W), the performance of the system
under study is evaluated through indicators and indices (Table 2), which are used as support criteria
in decision-making processes [50].

Table 1. Emergy synthesis of the analyzed flows in the housing units (Outremont’s case).

Transformity References Emergy

Item Quantity Unit (se]/J, g %) (Transformity) (seJ/Year)

Renewable resources (R)

1 Solar radiation 5.96 x 1012 J/year 1.00 [20] 5.96 x 1012
2 Wind 4.80 x 1010 J/year 245 x 103 [43] 3.92 x 1013
3 Rain (evapotranspiration) 2.54 % 10° J/year 3.10 x 10* [43] 2.88 x 1013
4 Surface heat flux 1.91 x 10° J/year 1.07 x 10* After [43] 2.04 x 1013
Local non-renewables resources (N)
5 Topsoil loss 1.13 x 10* g/year 2.29 x 10° [43,51] 2.59 x 1013
Purchased resources (F)
6 Cereals 4.63 x 10° g/year 9.82 x 108 [20,52] 4.55 x 101
7 Fruits 4.14 x 10° g/year 1.23 x 10° [20,52] 5.08 x 1015
8 Vegetables 7.98 x 100 g/year 5.96 x 10° [20,44] 4.75 x 101°
9 Meat 4.87 x 106 g/year 3.17 x 10%0 [44,53] 1.54 x 1017
10 Fish 4.84 x 10° g/year 1.53 x 1011 [20,53] 7.38 x 10%6
11 Milk and other diaries 6.90 x 100 g/year 2.41 x 1010 [20,44] 1.66 x 1017
12 Eggs 5.46 x 10° g/year 1.07 x 101 [44] 5.84 x 1016
13 Sugars and syrups 1.74 x 106 g/year 1.55 x 108 [41,44] 2.70 x 101
14 Potable water 8.26 x 10° g/year 3.00 x 10° [52] 2.48 x 1010
15 Natural gas 1.88 x 1012 J/year 4.00 x 10* [54] 7.52 x 10'6
16 Electricity 4.70 x 101! J/year 6.23 x 10* [55] 2.93 x 1016
17 Gasoline 8.89 x 10° g/year 292 x 10° [54] 2.59 x 1016
18 Diesel 8.89 x 10° g/year 2.83 x 10° [54] 2.52 x 101
19 Electricity (transport) 1.01 x 1010 J/year 6.23 x 10* [55] 6.30 x 1014
20a Building structure (steel) 2.54 x 10° g/year 3.27 x 10° [23,49] 8.32 x 1015
20b Building structure (wood) 3.27 x 10° g/year 6.48 x 108 [49,56] 2,12 x 105
21 Basic costumer items (spending) 3.05 x 10° $/year 1.54 x 1012 [26] 4.71 x 1077
Wastes (W)
22 Municipal solid wastes 5.81 x 1010 J/year 1.80 x 10° [51] 1.05 x 107
23 Wastewater 3.31 x 1010 J/year 6.66 x 10° [51] 2.20 x 1016

The above-mentioned indicators help to compare the performance of the considered housing
units with an emphasis on the environmental support (measured as emergy from the used goods and
services) needed for the households’ daily running.

For further methodological issues related to emergy analysis, the following references may be
consulted [20,41,43-46,50,57,58]. For case studies of emergy synthesis in the built environment, the
following papers may also be consulted [23-28,33,51].
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Table 2.

Emergy-based indicators calculated for the case studies.
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Indicator

Calculation Unit

Indication

Per capita emergy (Ucap)

U /number of residents in the residential unit seJ /person-year

Standard of living

Empower per household (EH)

U/number of dwellings in the residential unit seJ /household-year

Living quality

Empower density of
the habitable area (EDp,)

U/total habitable area in the

2.
residential unit’s dwellings seJ/m*-year

Intensity of
resource utilization

Emergy to money ratio (EMR) U/total income of the residential unit se] /USD Eco.logm.a!
economic efficiency
Environmental loading ratio (ELR) [N + FI/R - Balance non-renewable
to renewable resources
. (IN + FJ/[ELR X (R/area)]ptontrear)/ number of 2 Emergy-based
Per capita support area (SAay) residents in the residential unit m?/person ecological footprint

Per household emergy of wastes (WH) W /number of dwellings in the residential unit seJ /household-year Environmental loading

2.2. Data

Five residential units, located in five different boroughs of the City of Montreal, were analyzed.
The housing types of the units were: four-story apartment buildings, two and three-story side attached
townhouses and three-story complexes in the unit in the borough of Rosemont, two-story side attached
small houses and four-story multifamily buildings in Outremont, three-story multifamily building
in Plateau Mont-Royal (M-R), seven-story multifamily building in Saint-Laurent and five-story
multifamily building in Saint-Leonard, with lot coverage ratios of 42, 80%, 52%, 28% and 50%,
respectively [59]. Distance to the city center was estimated indirectly through the length between the
location of the residential units and the center of the central business district of the island, which was
measured with the help of ArcView 3.3 GIS software. As mentioned above, distance to downtown
was estimated as a straight line (rather than network distance) as a proxy to explore the importance
of occupants” mobility on daily resource consumption as the analysis was focused on household
day-by-day activities. Tables 3 and 4 show the most relevant features used in the assessment of the
residential units.

Table 3. Main features of the housing units.

Case Net Density Year of Number of Number of Structure’s Distance to
(dw/ha) Occupation Dwellings Residents Material DT (km)
Rosemont 85 1997-2000 217 510 Concrete/ Wood 7.0
Outremont 171 2001 23 48 Steel/Wood 49
Plateau M-R 180 2006 36 89 Wood 2.3
Saint-Laurent 271 2007 83 208 Concrete 7.7
Saint-Léonard 323 2005 47 94 Concrete 79

Table 4. Housing typologies of the residential units.

Case Housine Tvpolo Number of Avg. Habitable Avg. Occupants
8 lypology Bedrooms Area (m%/dw) Per Dwelling
Low-rise apartment buildings, side
Rosemont attached houses and triplexes lto6 114.0 2:35
Outremont Side att.ached small hou.se.s, low-rise 1to6 116.1 210
big apartment buildings

Plateau M-R Low-rise apartment buildings 1to4 84.5 2.50
Saint-Laurent Mid-rise apartment buildings 1to4 59.1 2.50
Saint-Leonard Mid-rise apartment buildings 1to5 58.5 2.00

The year of study was 2008, however, some information came from sources of slightly different
dates, such as the studies related to energy consumption in buildings, the electoral districts statistics
profiles, given that all data were scaled down to the most detailed level of disaggregation possible as
one of the highest priorities and challenges [34].
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In addition, unavailable data for the year of study, especially those belonging to money flows
(all expressed in U.S. dollars), were converted to 2008’s value through the application of price
indexes [18,60]. Table 5 shows the data processing.

Table 5. Data processing.

Item Processing References

Natural resources Long period averages [61-63]

Per capita averages for Canadian cities adjusted by food spending and per

Food household income in electoral districts [64-66]

Water Per capita treated drinking water adjusted by consumption by house type [67,68]

Energy from dwelling operations ~ Energy consumption by house type [69-72]
Energy from transport Calculated from the metropolitan survey of people’s mobility [34,73-75]

Building materials in the structure =~ Materials take-off estimation [76-79]

Basic consumer items E:;s:}iﬁ?;tgﬁjiture in boroughs adjusted by electoral districts’ per [65,66]

Municipal solid wastes Per capita generation of municipal solid wastes in boroughs [80]

Wastewater Treated wastewater adjusted by water consumption estimated for the units [67,68,81]

3. Results

Total emergy utilized (U) changed in correspondence with housing unit size, both with respect to
dwelling occupancy and building size, as anticipated, and purchased emergy (F) was the dominant
flow sustaining dwelling operation and dwellers day-by-day activities.

3.1. Aggregated Emergy Flows

Purchased emergy (F) averaged 99.99% of total emergy used, while renewable emergy (R), local
non-renewable emergy (N) and emergy from wastes (W) averaged about 0.0074%, 0.0026% and 15.11%
of U, respectively. Table 6 shows the main emergy flows computed for the five housing units. Due to the
statistical limitations of the present study, and to the level of data disaggregation, the presented figures
may not be significant, but they can lead to interesting traces, especially in urban contexts [82]: the
presented figures, especially those relating to natural flows, should be considered with absolute caution.

Table 6. Total emergy used (U) and emergy flows (as % of U) in the housing units.

Case U (x10'8 seJ/Year) Renewable (R)  Non-Renew (N) Purchased (F) Wastes (W)
Rosemont 9.308 0.0171% 0.0053% 99.98% 16.70%
Outremont 1.150 0.0034% 0.0023% 99.99% 11.01%
Plateau M-R 1.467 0.0070% 0.0026% 99.99% 18.33%
Saint-Laurent 4.443 0.0035% 0.0013% 99.99% 12.42%
Saint-Leonard 1.753 0.0061% 0.0016% 99.99% 17.10%

R corresponded to the kinetic energy from wind for the housing unit in Outremont borough, where
lot coverage ratio was the highest (80%), and to the chemical potential of rain (evapotranspiration in
green areas) for the rest of the cases, while N corresponded to topsoil loss for the setting-up of the
housing units.

3.2. Purchased Emergy and Emergy From Wastes

In the five housing units, both per dweller and per unit of floor area, emergy consumptions were
determined, in both cases, the higher the Ugy and the EDpy, the higher the intensity of resource use.
Figure 2 shows the itemized flows that were analyzed in the five residential units.

Emergy from food and water accounted for just over 50% of U in the housing units; the units in
Saint-Laurent and in Saint-Leonard presented the largest and smallest per resident uses (12,143 x 10'2
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and 9700 x 10'? se]/person-year, respectively) and the units in Saint-Laurent and in Outremont
presented the highest and the lowest emergy consumption values per unit area (515 x 10'? and
200 x 10'? seJ /m?-year, respectively).

30 12
F&W “E&F ®MBM MG&S "W F&W HE&F ®MBM BG&S "W (b)

10

8 I
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“-l-

25

. l l

U,,, (x10'® sej/person*year)
.
wv
ED,,,, (x10% se)/m?*year)

Rosemont  Outremont Plateau M-R Saint-Laurent Saint-Leonard Rosemont  Outremont Plateau M-R Saint-Laurent Saint-Leonard

Figure 2. Emergy requirements of the five residential units: (a) on a per capita basis, and (b) per square
meter of habitable space. F&W: food and water; E&F: electricity and fuels; BM: building materials in
the structure; G&S: basic goods and services acquired; W: wastes.

Emergy from basic consumer items and services accounted for nearly 34% of U in the housing units;
Outremont exhibited the highest per capita use (9819 x 10'2 seJ/person-year) and Plateau Mont-Royal
the lowest (4900 x 10'? se] /person-year) and Saint-Laurent and Rosemont showed the largest and the
smallest consumptions per unit area (300 x 10'? and 115 x 10'2 se]/m?-year, respectively).

In all five cases, emergy from energy for both dwelling operation and dwellers mobility,
averaged 10% of U in the housing units; Outremont presented the highest per occupant use
(2783 x 10'? seJ /person-year) and Plateau Mont-Royal the lowest (1753 x 10'2 se]/person-year),
while, once again, Saint-Laurent and Rosemont presented the largest and the smallest consumptions
per unit area (81 x 10'2 and 39 x 10'? se]/m?-year, respectively).

As mentioned above (Table 5), the highest percentage of emergy from generated wastes
corresponded to the unit in Plateau M-R; the highest per resident emergy from wastes corresponded
to the unit in Saint-Leonard (3190 x 10'? seJ/person-year) and the highest per floor area value
corresponded to that in Saint-Laurent (113 x 10'2 seJ/ mz-year), while the lowest per capita amount
corresponded to the unit in Saint-Laurent (2654 x 10'2 se]/person-year) and the lowest per square
meter of habitable area value corresponded to that in Outremont (47 x 10'2 se] /m?-year).

The contribution of the structural components of the buildings was not significant in terms of
emergy utilization when compared to the other analyzed flows; it only averaged 1.2% of U in the
housing units. The highest percentage corresponded to the unit in Saint-Leonard (2%), which structure
is made out of concrete, and the lowest to that in Plateau M-R (0.3%), which structure is made out
of wood. This trend did not vary when the basis of comparison was changed (per capita or per
square meter) and, when concrete and steel were combined with wood (Rosemont and Outremont,
respectively), emergy from the structure decreased markedly. Finally, Table 7 condenses the main
emergy-based indicators calculated the five residential units.

Table 7. Emergy indicators estimated for the housing units.

Housing Unit Ueqp EH EDgap EMR ELR SAcap WH
Rosemont 1.83 x 1016 429 x 101  3.76 x 104  1.07 x 10'2 5864 81.58 7.16 x 101
Outremont 240 x 1016 500 x 1016 431 x 101 6.48 x 101 29321 107.13 551 x 1015

Plateau M-R  1.65 x 101  4.07 x 1016 4.82 x 10* 1.03 x 102 14317 73.68 7.47 x 101

Saint-Laurent  2.14 x 10’6 535 x 106 9.06 x 101 8.75 x 101! 28913 95.49 6.65 x 1015

Saint-Leonard 1.87 x 1016  3.73 x 101  6.38 x 1014  9.03 x 101! 16431 83.39 6.38 x 101°
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4. Discussion

4.1. Net Density and Distance to City Center

Density of occupation is one of the most important features determining urban form, which is
why many studies consider this parameter among the variables to analyze [9]. In this regard, net
density of the residential units did not seem to influence per capita emergy use corresponding to energy
for dwelling operation (including that for dwellers mobility), while it appeared to slightly affect per
square meter use (Figure 3).
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Rosemont ~ Outremont Plateau M-R Saint-Laurent Saint-Léonard Rosemont  Outremont Plateau M-R Saint-Laurent Saint-Léonard

Figure 3. Emergy from dwellings operation and from dwellers transport: (a) on a per capita basis, and
(b) by square meter of habitable area.

With respect to the emergy needed for dwelling operation of the housing units, with the exception
of the unit in Outremont, outcomes on a per dweller basis show disparities with respect to findings
of other similar studies in which energy use for building operation in low-density zones is 1.5 times
higher, or more, than that in high-density areas [10,18], while per unit area results did not differ
significantly. This may be attributed to the particular characteristics of the selected housing units
(net density, dwelling typology and dwelling occupancy) and to differences in the mixing of electricity
(in Montreal, its origin is hydraulic) and fuels considered in the present study.

Emergy from energy for the mobility of dwellers is more affected by distance to the city center than
other variables like density (Figure 3), in a like manner to other works, which have found that distance
to the core of the inner city is more relevant than parameters like housing typology, density and spatial
arrangement of roads [11]. The units in Saint-Laurent and Saint-Leonard exhibited the highest values
both on a per capita basis and per square meter of built-up area; both are the most distant to the city
center (Table 3) and have the highest car use split, 66.5% and 65.7% respectively [73]. The relatively
high and low consumption of the units in Rosemont and Plateau M-R may also be explained by the
combination of distance to downtown and automobile mode split (48.1% and 33%, respectively).

4.2. Per household Income and Available Space Per Person

Total emergy use per dwelling (EH) can be considered as proxy for living quality in the built
environment [33], in this case the housing units, and, in the same way, per dweller emergy can also
be taken as proxy for standard of living. Because of this, it was examined whether an equivalent
economic indicator at the ‘micro” level, per household income, could be associated to per dweller
emergy utilization and to emergy use per dwelling, presuming that income levels vary in accordance to
Ucgp and EH. This general trend was found, although more markedly for the two units with higher
incomes, since the other three units have nearly equal incomes (Figure 4a).

It was also observed that increasing per dweller space availability, which occurs frequently as a
result of the decrease of both housing density and accommodation of occupants by dwelling, decreases
resource utilization intensity, measured as empower density of the living space, but up to some point:
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from around more than 50 m?/person, increasing per resident space availability did not result in
a decrease of EDyy,, (Figure 4b). Empower density is the total emergy used in a given area (in this
case, the habitable area) per unit time; as mentioned above, it is an indicator of resource use intensity
with high values for industrial activities and urban centers [83]; it may also may indicate scarcity of
available land or need of support land [23]. Uy, EH and EDpy,;, may also evidence ‘abuse’ of resource
consumption, depending on the origin of the emergy flows.

80000 100.00
(a) Mincome "EH " Ucap Available space ®ED (b)

80.00
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60.00

40000
40.00

20000
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0 0.00

Plateau M-R ~ Rosemont  Saint-Léonard Saint-Laurent Outremont Saint-Laurent Saint-Leonard PlateauM-R  Rosemont  Outremont

Figure 4. (a) Per household income (USD/year), emergy use per dweller (x 1012 seJ/ household-year)

012

and per dweller emergy (x 102 se] /person-year), and (b) Per capita available space (m?/person) and

empower density of the habitable space (x10'% seJ/m? year).

4.3. Emergy-Based Performance Indicators

As mentioned in Table 2, ELR is the ratio of non-renewable and purchased emergy to renewable
emergy, it evaluates the balance between non-renewable and renewable resources, so the higher its
value, the less sustainable the system under study [83]. On the other hand, EMR illustrates the capacity
of money to buy emergy [25], but it also can be taken as a proxy for economic-ecological efficiency:
higher values of the emergy to money ratio are associated to lower levels of resource utilization
efficiency [84]. In turn, carrying capacity can be calculated through the surface of land needed (SA)
to acquire sufficient inputs to satisfy the resource demands of a population (in this case, the housing
units’ residents) circumscribed to a local system (Montreal Island), based on the regional system’s level
of development, specifically through its ELR [83].

With respect to these indicators, given that for each one of them lower values correspond to
better performances, in addition to their individual values (displayed in Figure 5), the simultaneous
performance of the three indicators can be appreciated by taking into account the combined surface
of the three bars of each housing unit. Rosemont presented the lowest ELR, which may be explained
by the contribution of renewable resources coming from green areas and by the habitable area to lot
area ratio (the lowest). Outremont showed the lowest EMR, where the high-income level translates
into a high emergy utilization rate. The relatively low per capita and per household emergy use in
Plateau M-R is reflected in a smaller need of per dweller support area. The best-combined performance
corresponded to the housing unit in Rosemont.

As mentioned above, per household empower may inform on living quality in housing areas.
For its part, emergy from the wastes generated in the housing units (here, municipal solid wastes
and wastewater) divided by the total number of households in each unit is an indicator of their
environmental load. High values of EH correspond to higher availability of resources, whereas high
values of WH indicate greater impacts. In Figure 6, EH to WH ratios obtained for the residential units
are plotted; these ratios may assist for assigning a sustainability ranking: in the graphic, a higher
slope indicates a larger proportion of acquired commodities and services to generated pollutants [33].
In the studied units, the ranking, in descending order, was: Outremont, Saint-Laurent, Rosemont,
Saint-Leonard and Plateau Mont-Royal. Higher household incomes in Outremont and Saint-Laurent
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units, which give them a greater ability to acquire emergy, do not seem to translate into a markedly
greater amount of per household emergy from wastes.

WELR MEMR = SAcap

Rosemont Plateau M-R Saint-Leonard Saint-Laurent Outremont

Figure 5. Environmental loading ratio (x 102, dimensionless), emergy to money ratio (x 1010 se] /USD-year)
and per dweller support area (m?/ person) for the five residential units.
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Figure 6. Per household empower per household and per household emergy from wastes.

5. Conclusions

We emphasize the exploratory nature of the present work; limitations of this kind of case studies
are widely recognized. However, despite the strict lack of statistical representativeness, it is possible to
pull interesting findings out, which become the basis for future research avenues.

The general aim of the study was to evaluate the environmental work supporting day-by-day
activities in housing units by means of the emergy synthesis method. As expected, total emergy used,
and the associated total emergy-based ecological footprint, is a function of housing unit size both with
respect to number of occupants and to built-up area.

For all the itemized flows analyzed (with the exception of wastes and building materials in the
structure) the largest per dweller emergy utilizations were associated to the housing units with the
highest income levels. Also, the highest emergy use per unit floor area was always related to the
dwelling unit with the smallest per capita space availability, and the lowest emergy utilizations per
square meter of habitable area corresponded to the units with the lowest net housing densities.

With regard to emergy from wastes, on a per capita basis, greater amounts generated coincided
with lower per household incomes in the analyzed residential units. This trend was confirmed when
the ratio of per household emergy from wastes to per household empower was examined; the best
efficiencies were found for high-income housing units.
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Although the contribution of the structural components of the analyzed buildings was no
significant in terms of emergy utilization, it was found that concrete was the material with the highest
emergy by square meter of constructed area, despite having an intermediate transformity (when
compared to wood and steel). Notably, when concrete and steel were combined with wood, emergy from
the structure decreased, confirming the suitability of using environmentally sound building materials.

The housing unit that exhibited the best emergy-based performance has the second highest per
dweller habitable space, the second lowest lot coverage percentage, the lowest net housing density, a
moderate income level and it was the only one presenting a variety of housing types. Results suggest
that, from the variables considered, the most important ones affecting the intensity of emergy utilization
are per household income, per capita habitable space and, to a lesser extent, distance to downtown.
In the analyzed residential units, while access to a higher level of income increased per capita emergy
in all cases, increasing the availability of space per occupant did not result in a decrease of empower
density after 50 square meters per person. Thus, emergy-based indicators may be a useful help for the
set up of housing unit design guidelines aiming at the compliance of building regulations (dwelling
size and housing typology) and to serve as complementary criteria for zoning distribution in urban
master plans (housing units allocation).

Lastly, it is necessary to investigate more case studies to support or reject the apparent trends
found in this study, including housing units with lower and higher development densities than those
considered here. Future research avenues should take into consideration analyses at the scale of
blocks and urban planning unities (neighborhoods and urban zoning) and methodologies for the
quantification of consumption and travel patterns at the individual level and overall neighborhood
consumption patterns. Future work should also include, in greater detail, space availability, housing
typology, income level, distance to work and commercial centers, access to urban amenities and
infrastructure, different weather conditions, among other aspects.
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