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This paper describes an assessment of the effects of spatial heterogeneity on the future performance and resil-
ience of an urban area. For this, indicators of environmental performance and resilience of critical infrastructures
(energy and transportation systems) are explored. The approach combines established methododologies of
building performance simulation, energy systems analysis, and environmental impact assessment of buildings
and transportation systems. The study is centered on future urban design scenarios for an industrial neighbor-
hood in Switzerland. For this case study, multi-functionality is proportional to the performance and resilience
of critical infrastructures. Mono-functionality improves the resilience and performance of energy systems with
a negative effect on that of transportation systems. Building intensity, and resource intensive users were found
to play a higher role into the future performance and resilience of the area. The findings of this research could
complement planning approaches of sustainable and resilient urban areas.
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1. Introduction

In line with current sustainability targets, planners need new knowl-
edge about the impact of future patterns of development on the
environmental performance and resilience of critical infrastructures
(Atta-ur-Rahman, Parvin, Shaw, & Surjan, 2016). On one hand, energy
and transportation systems might generate the highest noise (European
Environment Agency, 2014b) and greenhouse gas emissions in the future
(Intergovernmental Panel on Climate Change, 2012). On the other, water
supply, communication, healthcare, housing and banking are examples of
services highly dependent on energy and transportation systems. This
strong dependency supports concentrated efforts on building robustness
and resilience of these critical infrastructures (Deshkar & Adane, 2016).

For planners, spatial heterogeneity is seen as a key strategy to increase
the offer of services in close vicinity, reducing the environmental impact
of transportation while enhancing the capacity of a city to respond to
change (resilience). Spatial heterogeneity sets its grounds in urban mor-
phology science, i.e., the study of urban form. For decades, urban form
has been themeans for planners to influence the processes that constitute
the built environment. Traditionally, urban form was defined as “…the
spatial pattern of the large, inert, permanent physical objects in a city, such
as buildings, streets, utilities and topographic features…” (Lynch, 1984,
gapore-ETH Centre, Singapore.
p.47). Urban form shares close relations with the environmental perfor-
mance of energy and transport infrastructures as it trends to shape pat-
terns of demand and resource availability. The role that urban form
holds on the environmental performance of critical infrastructures has
been pointed out in relation to the effect on the sound environment due
to road transportation (Salomons & Berghauser Pont, 2012; Silva,
Oliveira, & Silva, 2014; Tang & Wang, 2007), and on global carbon emis-
sions due to energy consumption (Futcher, Kershaw, & Mills, 2013; Ishii,
Tabushi, Aramaki, & Hanaki, 2010).

Today, urban form is the result of complex social, technical and eco-
logical processes where attributes such as diversity play a major role
into how cities evolve (Marcus & Colding, 2014). From a socio-ecologi-
cal point of view, diversity plays a vital role in the reorganization and re-
newal of processes of systems once disrupted (Holling & Sanderson,
1996;Walker, Holling, Carpenter, & Kinzig, 2004). In otherwords, diver-
sity is seen as a key property of cities to build resilience as it could help
to diffuse risks with redundancy and learning opportunities (Fainstein,
2005). From the socio-technical point of view, diversity is seen as a cost-
ly strategy and inefficient strategy to build resilience as it might affect
the performance of critical infrastructures. These infrastructures per-
formbetter through antipodean properties to diversity such as homoge-
neity and mono-functionality (Ibáñez et al., 2010) which facilitate their
operation and control. Given the context of these two apparently con-
tradicting views, what is the exact role of spatial heterogeneity in the
environmental performance and resilience of a future urban area?
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Recently, Fonseca, Willmann, Moser, Stauffacher, and Schlueter
(2015), assessed the performance of future urban design scenarios for
an industrial neighborhood in Switzerland. This paper expands the ap-
proach of Fonseca et al., to evaluate the effects of spatial heterogeneity
into the future environmental performance and resilience of the area.

Section 2 describes the general framework the assessment. Section 3
introduces the case study of Fonseca et al. Section 4 presents a compar-
ison between indicators of spatial heterogeneity, performance, and re-
silience against development targets. Section 5 concludes and Section
6 presents main limitations and future work.

2. Methodology

The method presented in Fig. 1 assembles data of buildings and crit-
ical infrastructures of each urban design scenario of Fonseca et al.,
(Section 2.1). This data serves to calculate indicators and target values
of spatial heterogeneity, environmental performance and resilience set
for the future development of the area (Section 2.2). The resulting
values aremapped to characterize the resilient and sustainable behavior
of every scenario (Section 2.3).

2.1. Data collection

The next data was collected:

• Gross floor area (GFA), floor area ratio (FAR) of buildings according to
land use and building typology.

• Residents density (ρR) and users density (ρU) (Fonseca et al., 2015).
• Geolocation and 3D geometry of buildings and streets (Fonseca et al.,
2015).

• Number of users per land use and target group (i.e., students, workers
in industry, services and institutional sectors, residents, visitors)
(Fonseca et al., 2015).

• Energy demandpatterns (i.e., total hourly heating, cooling and electri-
cal demand), which are the result of dynamic building performance
simulations carried out in (Fonseca & Schlueter, 2015).

• Optimal energy systems configurations (i.e., capacities of equipment
for generation storage and distribution of energy), which are the re-
sult of multi-objective optimization of energy systems carried out in
(Fonseca, Nguyen, Schlueter, & Marechal, 2016).

• Mobility demand patterns (e.g., private [electric vehicles, gasoline ve-
hicles], public [bicycle, train, bus]) and shares per target group,
(Fonseca & Schlueter, 2016; Jaquemet, Moser, & Stauffacher, 2013).

• Key performance indicators of optimal energy systems (i.e., green-
house gas emissions [CO2E] and non-renewable primary energy
[PENE] (Fonseca et al., 2016).

• Key performance indicators of transportation systems (i.e., green-
house gas emissions [CO2T] and non-renewable primary energy
[PENT] (Fonseca & Schlueter, 2016).

• Railway GIS data and number and type of trains crossing the area/h
(Swiss Federal Office for the Environment, 2009a; Swiss Federal
Railways, 2014).
Fig. 1. Methodologi
• Road traffic GIS data and number and type of vehicles/h at each road
(Swiss Federal Office for the Environment, 2009a; Swiss Federal
Office for the Environment, 2014).

2.2. Indicators assessment

2.2.1. Spatial heterogeneity
The Shannon's entropy formula in Eq. (1) (Duncan et al., 2010) was

used to calculate six indicators of spatial heterogeneity: Diversity of land
use (DLU), diversity of target groups (DTG), diversity of building users
(DU), diversity of building typologies (DBT), diversity of building intensi-
ty (DFAR) and diversity of mobility modes (DTM). Each indicator was de-
veloped from descriptive variables of urban form such as land use,
building typology, GFA, etc. The target value of spatial heterogeneity is
0.50. This value corresponds to a balanced distribution of all cases.

Dx ¼ −
XNi

ki¼1

Pki � ln Pki

� �
ln Nið Þ −½ � ð1Þ

In Eq. (1), ki is one of theNi categories of the descriptive variable i re-
lated to the indicator of spatial heterogeneity D. Pki represents the share
of each category per i, k, and i are described in Table 1.

2.2.2. Environmental performance
The environmental performance of energy systems in Switzerland is

evaluatedwith two indicators (Kellenberger et al., 2012). The first is the
greenhouse gas emissions per unit of area associatedwith the construc-
tion and operation of buildings and energy infrastructure (CO2E). The
second is the primary energy per unit of area used for the production
and delivery of energy to buildings (PENE). Both indicators were obtain-
ed in Section 2.1. Target values were extracted from local standards
(Schweizerischer ingenieur-und architektenverein (SIA), 2011).

The environmental performance of transportation systems in Swit-
zerland is evaluated with three indicators. The first is the greenhouse
gas emissions per unit of area associatedwith the overall transportation
in the area (CO2T). The second is the primary energy per unit of area
used for overall transportation in the area (PENT) (Kellenberger et al.,
2012). Both indicators were obtained in Section 2.1. Target values
were extracted from local standards (Schweizerischer ingenieur-und
architektenverein (SIA), 2011).

The third indicator corresponds to the evaluation of noise pollution.
The indicator is divided into seven sub-indicators for noise exposure
and noise annoyance. Each of them is chosen due to their ability to re-
flect and measure the effect of noise pollution in an urban layout
(Gidlöf-Gunnarsson, Öhrström, & Forssén, 2012; Miedema & Borst,
2007; Qside, 2013; World Health Organization [WHO], 2000, 2009).
These are the share of outdoor area exposed to noise during day
(ONELd) and during night (ONELn), the share of people exposed to high
noise levels from road and rail traffic at indoors (IELd), the share of
quiet public areas during the day (QALd), the share of outdoor users
cal framework.

Image of Fig. 1


Table 1
Values of Dx, k, and i. In this table, the number assigned to every category k of the BTMI reads: 02 - building constructed between 1920 and 1970, 05 - building constructed between 2005
and 2020, 11 - building retrofitted between 2005 and 2020.

Dx DLU DU DTG DBT DFAR DTM

k residential
commercial
institutional
industry

residential
commercial
institutional
industry

expats
students
families
visitors

residential02
residential05
residential11
commercial02
commercial05
commercial11
institutional05
institutional11
industrial02

0 b FAR ≤ 0.5
0.5 b FAR ≤ 1
1 b FAR ≤ 1.5
1.5 b FAR ≤ 2
2 b FAR ≤ 2.5
2.5 b FAR ≤ 3
3.5 b FAR ≤ 4
4 b FAR ≤ 4.5
FAR N 5

Auto
Moto
Bus
Train
Tram
Bicycle
By foot
Flights
Other

i GFA per land use (m2) Users (−) Users (−) GFA per building typology (m2) FAR (m2/m2) Distance per mode (km/yr)
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exposed to noise during the day (EOLd) and during the night (EOLn), and
the share of residents highly annoyed (RHALdn). The sub-indicatorsmea-
sure the effect of noise pollution in an urban layout in regard to the re-
quirements of the Environmental Noise Directive (EC, 2002). The
directive is the main EU legal instrument to assess land-based noise
emission.

The sub-indicatorswere calculatedwith sound-maps in the software
SoundPLAN v7.3 following the noise limit values of (The Swiss Federal
Council, 2015) and the land uses types of (Swiss Federal Office for the
Environment, 2009b). Each indicator in represented in energy terms
through the equivalent continuous sound pressure level value (Leq).
For this, we obtained the average sound pressure level over the day
(Ld) (6:00 to 22:00), over the night (Ln) (22:00 to 6:00), and during
day and night (Ldn). The day-night level (Ldn) in Eq. (2) (European
Environment Agency, 2010) is the sound pressure equivalent to a 24-
hour period with an additional 10 dB imposed on the equivalent
sound level for nighttime hours. Due to the penalization of sound pres-
sure level during the night, the day-night level is considered as an indi-
cator for overall annoyance.

Ldn ¼ 10 � log10
1
24

15 � 10Ld=10
� �

þ 9 � 10Lnþ10=10
� �h i

ð2Þ

Target values of the sub-indicators of noise pollutionwere extracted
from (European Environment Agency, 2010, 2014b; Qside, 2013; The
Swiss Federal Council, 2015).

2.2.3. Resilience
Vugrin, Warren, Ehlen, and Camphouse (2010), define resilience as

the sum of the capacities of a system to absorb, adapt and restore after
a disturbance. The absorptive capacity is the degree to which a system
can automatically absorb a disturbance andminimize the consequences
with little effort. Regarding energy systems, that ability has a strong re-
lation with backup or energy storage systems. This aspect presents the
first tensionwith energy performance as it indicates an investment bur-
den to cope with unknown and emerging behavior.

On the other hand, Vugrin et al., define the adaptive capacity as the
system's capability of self-organization. It presents a reflection of the ac-
tions followed after a disruption and that are based on ingenuity. Re-
garding energy systems, on-site generation plays a key role, as users
without access to energy are prone to look for alternatives locally.

Based on thework of (Vugrin et al., 2010), the resilience of the ener-
gy system is estimated with two indicators: The minimum reserve
margin (RME
0) (Ibáñez et al., 2010) and minimum potential resource

margin (PME). The last is first introduced in this paper.
RME

0 in Eq. (3), addresses the absorptive capacity of the energy sys-
tem and represents the available power capacity of the system (C0) (in-
cluding electricity storage, backup systems, and batteries in V2G) as
percentage of the demand of electricity at peak time (E0). The peak
time represents a period of time where the system is susceptible to dis-

ruption. A variation ofRME
0 isRME

10th which considers the 10th percen-
tile of the demand of energy (i.e., the energy demand recurred 90% of
the time). A target value of 80% is considered plausible.

RME
0 ¼ C0

E0
� 100 %½ � ð3Þ

PME in Eq. (4) addresses the adaptive capacity and represents a rela-
tion of the availability of local resources (Cpot) to the share of the yearly
electrical demand not attended after a long-term disruption (Ecur). This
margin acts as an indicator of the alternatives that users have to change
their energy supply and subsequently adapt to a distributed generation
scheme over time. If the possibility of using fossil fuels is neglected for
this end (with the exception of emergency systems), the un-exploited
solar potential is included as the only source that can feasibly be used
to produce electricity for the case study of Section 3. For cases with
existing photovoltaic (PV) and photovoltaic-thermal (PV/T) systems,
this unexploited potential refers to the fraction of local solar energy ex-
ports that could be otherwise stored in batteries for resilience purposes.

PME ¼ Cpot

Ecur
� 100 %½ � ð4Þ

A long-term electricity outage is simulated and resilience indicators
are calculated. For this, the hourly operation of the energy system of
each scenario (Table 6) was modeled in EnergyPro v4.1 (Fig. 2).

Based on the work of (Maibach et al., 2008), the resilience of trans-
portation systems is measured by the economic impact of noise pollu-
tion. In this sense, a reduction in the population exposed to noise
would translate into a reduction in social costs, leading to amore robust
and adaptable economic system. In Switzerland for instance, traffic
noise generates close to 1.5 billion CHF of external costs per year
(Swiss Federal Office for the Environment, 2015). The absorptive capac-
ity of the transportation system ismonetized in three indicators,first in-
troduced in this paper. The reserve margin of external costs due to
residents noise exposure (RMT ,C) depicted in the HEATCO project
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(Bickel, Friedrich, Burgess, & Fagiani, 2006) and the IMPACT study
(Maibach et al., 2008), the reserve margin of housing devaluation
(RMT ,P) referenced in (European Environment Agency, 2010), and the
reserve margin of land use restriction (RMT ,L) coined in (Swiss Federal
Office for the Environment, 2009b).

RMT ,C is calculated in Eq. (5) as the relative cost of residents exposed
(IEΔx) to noise differentials (Δx=5dBA) between 55 and 75 dBA (the
maximum noise level found for the case study of Section 3). For this,
the external costs per noise level ($extΔx) are obtained in €/resident
from (van Essen et al., 2011). The target values were calculated assum-
ing a cost factor of 128€/resident by 2035 (The Swiss Federal Council,
2015). The target is set according with the data of (European
Environment Agency, 2014b) suggesting that 75% of Europeans are ex-
posed to noise levels below the limit.

RMT ;C ¼
Xn¼75 dBA

x¼55 dBA
IE � Dextð ÞΔx

residents � 128

0
@

1
A � 100 %½ � ð5Þ

RMT ,P in Eq. (6) relates the estimated depreciation of housing to the
total building stock value. This indicator is calculated as the value lost
due to the total noise level surplus (NLdnN55 dBA), compared to the total
noise level needed to lost the value of the entire building stock
(NLdn (tot cost)). For this, we assumed a 0.5% value loss per dBA above
55 dBA (European Environment Agency, 2010). In cases where dwell-
ings have access to a quiet façade, NLdnN55 dBA is neglected since it has
been proven that quite facades represent places for noise restoration
and might reduce the loss of housing value (European Environment
Agency, 2014a; Gidlöf-Gunnarsson et al., 2012; Qside, 2013; WHO,
2009). Several countries in Europe have adopted this concept by subor-
dinating construction permits in residential areas to the existence of a
quiet façade (Salomons et al., 2013; Swiss Federal Office for the
Environment, 2009b). As a consequence, the target value of RMT ,P is
set to 100%.

RMT ;P ¼ 1−
NLdnN55 dBA

NLdn tot costð Þ

� �
� 100 %½ � ð6Þ

RMT ,L in Eq. (7) associates the social costs due to noise-induced land
use restrictions. Land use restrictions are applicable to zones whose
high noise levels inhibit their urban development. RMT ,L consists in
the percentage of the total GFA where such a restriction does not
apply. Target values were extracted from the current Swiss average
(Swiss Federal Office for the Environment, 2009b) where 10% of the de-
velopment zones in Switzerland are catalogued as areas exposed to Ld-
60dBA.

RMT ;L ¼
GFALdnb60 dBA

GFA

� �
� 100 %½ � ð7Þ

The adaptive capacity of the transportation system considers a 5 dBA
decrease of acceptable noise levels (Swiss Federal Office for the
Environment, 2009b). Under this condition, the availability margin of
land use (PMT ,L) in Eq. (8) states a relative change in area restriction
in comparison to that obtained in the indicator RMT ,L . The target
value of PMT ,L is set to 100%.

PMT;L ¼
GFALdnb55 dBA

GFA

� �
� 100 %½ � ð8Þ

2.3. Indicators mapping

A matrix serves to identify relations and trends among indicators
and to characterize the sustainable and resilient behavior of scenarios.
The matrix juxtaposes indicators and targets for every scenario into a
series of plots. The intersection of every column and row in the
matrix is called a cell. Each cell represents a comparison between
two indicators, where a marker represents every scenario, and a
dotted line represents a trend. Each cell is divided into four
quadrants delimited by each variable's target values. All data was
normalized to locate the target into the centroid of the cell. Each
quadrant represents a region relating qualities such as efficiency,
robustness, adaptability, diversity, mono-functionality, fragility,
etc. For the sake of legibility, the matrix represents variables were a
trend or a relevant interaction was found.
3. Case study

The method of Section 2 is tested in a real case study in the Swiss
city of Zug. It consists of an industrial site of 25 ha and 24 buildings
undergoing a process of urban transformation. A large manufacturer
in the industrial sector owns and predominately occupies the site
along with other companies in the service sector. The area has a
floating population or user density of 46.0 person/km2 and an
average FAR of 1.3. At the moment, there is no residential use on
site. The area is connected to a district heating and cooling network
powered by natural gas. Typical transportation modes in the area
are train and private vehicles.

Departing from today's condition or Status Quo scenario (SQ) of Fig.
3a, Fonseca et al. (2015), developed four retrofit scenarios for the area
by 2035. Each urban design scenario represents a plausible develop-
ment schemewith different levels of Gross floor area (GFA), building in-
tensity (FAR), residents density (ρR), and users density (ρU) (Table 2).
The scenarios were created through a participatory planning process
in cooperation with the local planning authority and representatives
of the community. More information about the process can be found
in (Fonseca et al., 2015).

The Business-As-Usual scenario (BAU) of Fig. 3b focuses on the in-
dustrial legacy of the site with 19% more of residential areas and a
total population or users density (ρU) (both floating and resident)
40% higher. The High-end Business scenario (HEB) of Fig. 3c drives the
light industry out of the area and populates it with high-rise buildings
in the commercial sector. This scenario responds to economic growth
observed in the city in the past decade and increases the commercial
sector to 75% of the total area. The total population density is 107%
higher than today.

The Campus scenario (CAMP) of Fig. 3d describes a university envi-
ronment with laboratories, housing, and catering services. In this area,
students, residents, and workers meet with big parcels of open space,
which evoke pedestrian mobility. In this scenario, the institutional sec-
tor occupies most of the GFA (34%) and the total population density in-
creases in 157%.

The Urban Condenser scenario (UC) of Fig. 3e presents a balanced
mix of institutional, industrial and commercial uses with a majority of
residential uses in place (34% of the total GFA). The UC scenario is a so-
cially-inclusive strategywhich aims to increase the livability of the area.
It offers housing close to job opportunities and open spaces for leisure
and recreational activities. The total population density is 27% higher
than today.
4. Results and discussion

The indicators and target values of spatial heterogeneity, environ-
mental performance and resilience for the case study are presented in
Tables 3–5.

The results are plotted in thematrixes of Figs. 4–6. The trend lines in
these graphs are included only for representation purposes as the cur-
rent data is marginal to conduct statistical studies. This limitation re-
mains part of future work.



Fig. 2. Energy system model in EnergyPro v4.1 for the BAU scenario.
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4.1. Scenario characterization

According to the matrices of Figs. 4 and 6, the Status-quo (SQ) sce-
nario is classified as a mono-functional and high-polluted area in the
case of greenhouse gases. The scenario performs high in terms of
noise pollution at several indicators, as a consequence of lowpopulation
exposed (Fig. 5). The absorptive capacity of the SQ scenario is the low-
est, still above the threshold of fragile behavior (target value). Regarding
the energy system, the adaptive capacity of the SQ scenario (PME) is the
highest, giving it potential for long-term resilience building. In terms of
the transportation system the adaptive capacity of the scenario (PMT ,L),
remains between the average but below the target value. If we assume
this target to be less strict (i.e., equal to 80% instead 100%), the adaptive
capacity of both transportation and energy systems would decrease
when their absorptive capacities increase.
Table 2
Characterization of urban form per scenario.

Scenario ρR × 103 [person/km2] ρU × 103 [person/km2] FAR [m2/m2]

SQ 0 46.0 1.3
BAU 6.8 64.2 1.7
CAMP 10.1 115.5 2.2
HEB 6.4 95.4 2.5
UC 14.1 58.4 1.9
Two conclusions can be drawn from this analysis for the SQ scenario.
First, there is a contrast between absorptive and adaptive capacity of un-
derlying infrastructures. Such a contrast is highly influenced on target
levels. Second, a low diversification of land use provides an overall
high adaptation capacity at the cost of low performance and absorptive
capacity.

Regarding energy systems variables, the Urban Condenser (UC) and
Campus (CAMP) are the most heterogeneous and green trajectories of
development. High heterogeneity in these scenarios is related to a
high robustness and performance at the cost of adaptive capacity. De-
spite this, the adaptive capacity of the underlying infrastructures of
both scenarios seems to be influenced by the building intensity (FAR)
rather than by the diversity of functions (DLU) (Figs. 4, 6).
Table 3
Diversity indicators and target values per scenario. Values closer to one (1) represent a
more diversified variable.

DLU [−] DU [−] DTG [−] DBT [−] DFAR [−] DTM[−]

SQ 0.38 0.34 0.40 0.91 0.72 0.49
BAU 0.65 0.50 0.52 0.90 0.57 0.56
CAMP 0.92 0.77 0.74 0.82 0.84 0.58
HEB 0.48 0.44 0.57 0.99 0.60 0.50
UC 0.90 0.80 0.82 0.85 0.74 0.55
Target 0.5a 0.5a 0.5a 0.5a 0.5a 0.5a

a Based on a balanced diversification of 50% as the target value.

Image of Fig. 2


Table 4
Environmental indicators and targets.

CO2E

[kg/m2]
PENE

[MJ/m2]
CO2T

[kg/m2]
PENT

[MJ/m2]
ONELd
(%)

ONELn
(%)

IELd
(%)

IELdn
(%)

QALd

(%)
EOLd

(%)
RHALdn

(%)

SQ 47.8 1756 41 645 30 29 8 0 45 27 0
BAU 24 1223 43 684 26 25 25 16 51 24 4
CAMP 19 853 16 260 29 28 29 13 49 27 4
HEB 18 921 45 710 24 22 32 14 56 21 4
UC 24 1056 12 196 28 26 31 15 50 25 3
Target 39.6 1210 16.2 290 25 25 25 25 50 25 5
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On the other hand, the High-end & Business (HEB) scenario counts
with lower performance and diversification than the UC and CAMP sce-
narios. The high availability of electro-mobility and related storage ca-
pacity in this scenario (Table 5) correlates to a high absorptive
capacity at peak hours (RME

0 ). This behavior is observed in Fig. 4,
where RME

0 is independent of DLU. If we consider the typical value of

the absorptive capacity of the energy system (RME
10th in Table 5) in-

stead of the peak, such a shift is not observed anymore, as diversity
seems to affect the average absorptive capacity of the system.

Building intensity (FAR) seems to affectmore the absorptive capacity
at peak times (RME

0) of HEB andUC scenarios than diversity. A probable
reason of this behavior is attributed to the lack of industrial uses and
back-up capacity on site (close to 1.3MW). However, when considering

RME
10th instead of RME

0, the diversity of land-uses together with a high
share of commercial uses and private electric car ownership seems to
enhance resilience. As a result, the absorptive capacity of the energy sys-
tem can be highly constrained to the type of activities on site, but still be
enhanced by factors such as spatial heterogeneity and densification.
These factors seem to enhance the environmental performance of the
area for all scenarios. For the transportation system, in general, the
HEB behaves within the limits of resilient and sustainable behavior. In
the transportation system, the absorptive capacity of land use (RMT ,L)
is constrained by the building intensity (FAR), where higher levels of
building intensity lead to less absorptive capacity of land use.

The Business as Usual (BAU) scenario is the most balanced option
when addressing spatial heterogeneity, resilience and environmental
performance targets regarding transport and systems. The medium-di-
versity value of this scenario goes in line with a medium (targeted) en-
vironmental performance, adaptive and absorptive capacity.

4.2. Trends and relations of performance and resilience of energy systems

From the scenario characterization of Section 4.1, mono-functionality
helps to deliver higher adaptation capacities. However, lowdiversification
may cause a fragile behavior for current performance such in the SQ sce-
nario. For all scenarios, adaptive capacities of underlying infrastructures
are in inverse proportion to their absorptive capacity. Besides the positive
effects of spatial heterogeneity on the absorptive capacity of critical infra-
structures, electro-mobility and industrial uses are key factors to guaran-
tee robustness of the energy system without an extra effort.

On the other hand, there is a long-term tradeoff when increasing the
robustness of an area by using all local potentials for performance pur-
poses. This is the case of scenarios CAMP, HEB, and UC, which are highly
Table 5
Resilience indicators and targets.

RME
10th

[%]
RME

0

[%]

PME

[%]
RMT ,C

[%]
RMT ,L

[%]
RMT ,P

[%]
PMT ,L

[%]

SQ 44 29 32.4 0 90 100 82
BAU 123 166 6.8 75 90 98.1 83
CAMP 178 174 26.8 77 89 98.7 82
HEB 68 283 3.4 72 88 97 82
UC 78 84 23.7 71 89 95.7 81
Target 50 80 20 75 90 100 100
robust after the urban transformation takes place. However, its capacity
to adapt to further changes is limited as their local resources are (in this
case, renewable energy sources).

Indicatorwise, the diversity of functions (DLU) and building intensity
(FAR) indicators are the most influential parameters on the resilience
and environmental performance of energy systems for the area of
study. A relation to other indicators is however not conclusive.

Resilience behavior seems to be correlated to key land uses (e.g., in-
dustry, offices) and to the mix of activities in the area (DLU). In the case
of the CAMPscenario for instance, a highmix of activities attracts electro
mobility at multiple times of the day. Industrial uses in the area foster
back-up capacities. Both aspects imply high-energy efficiency and pen-
etration of renewables. Both aspects help to achieve maximum robust-
ness. It is, in fact, the connection to all these factors, not only diversity,
or density which make possible such a resilient state.

Contrary to common knowledge, enhancing the environmental per-
formance of an area can also increase its absorptive capacity, what we
see as a kind of “short-term resilience”. Spatial heterogeneity makes
possible the co-existence of land-uses fostering a high-performing and
resilient landscape. This is the case of electro-mobility enhanced by pri-
vate ownership in scenarios with high commercial uses.
4.3. Trends and relations of transportation systems performance

There is no clear correlation between land-use diversity (DLU) and
people exposed to noise outdoors during the day period (E0Ld). Scenar-
ios with high (CAMP, UC) and low (SQ) levels of DLU have similar levels
of E0Ld (usually within performance targets). In contrast, DLU seems to
influence the percentage of indoor people exposed to noise coming
from road and railway traffic (EILd), as values of DLU higher than 0.48
translate into higher values of IELd (lower performance). In this context,
SQ has an efficient performance mainly due to its lack of users, CAMP
and HEB are diverse but low performing scenarios. In contrast CAMP
and UC are the best performing scenarios regarding greenhouse gas
emissions from transport systems (CO2T). Those values are still very
close to the other scenarios. We can infer that spatial heterogeneity
does not have a clear effect on the performance of the acoustic environ-
ment and emissions due to transport for the area of study. However,
small actions like locating housing buildings at the outskirts to guaran-
tee access to a quiet façade have a noticeable effect on outdoor noise.

Considering the urban variables, no relation is shown regarding den-
sity (ρU&ρR) and noise exposure (E0Ld& IELd). Moreover, no relation is
observed with noise annoyance (RHALdn ) or the presence of quiet
areas (QALd), greenhouse gas emissions (CO2T), or primary energy
PENT. This fact is extremely valuable since density has been historically
considered a driving indicator in the urbanization process.

In the analysis of the environmental performance of people highly
annoyed due to noise (RHALdn), all scenarios performbelow target limits
in concordance with high values of DFAR, being efficient and preventive
scenarios.

Quiet public areas (QALd) constitute 50% of the land inmost scenarios,
allowing inhabitants to use around half of the public places as restoration
places from noise, with no clear relation to the floor area ratio (FAR) or
density of users (ρU). In this context, UC is the best performing scenario.



Fig. 3. Share of land uses for urban design scenarios, a.) Status-quo (SQ), b.) Business-as-Usual (BAU), c.) High-end & Business (HEB), d.) Campus (CAMP), e.) Urban Condenser, f.) Legend.
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Regarding CO2T and PENT, there is no relation to density or diversity.
The CAMP scenario is adaptive and efficient, while HEB and BAU are
fragile in relation to high emissions.

4.4. Trends and relations of transportation systems resilience

The UC scenario has the highest diversity of land use (DLU) and the
most fragile behavior due to external costs of noise exposure (RMT ,C)
and housing depreciation (RMT ,P). Other scenarios with equally high di-
versity (e.g., CAMP) are more robust (lower loss [RMT ,P = 98.7%] in
comparison the UC scenario [RMT ,P = 95.7%]). DLU seems to not clearly
influence the absorptive capacity of the scenarios. In contrast, FAR and
ρR have a correlation with this value of resilience (especially with
RMT ,P) of the transport system.

HEB scenario has one of the most fragile behaviors. The
scenarios BAU and SQ are the most robust regarding costs of
land use restrictions (RMT , L). This behavior is due to the higher
Fig. 4. 5 × 4 matrix: Comparison of indicators for energy systems performance, resilience
noise level target considered in industrial areas. All scenarios
present low levels of adaptive capacity in case of strict noise
regulations (PMT , L). The UC and CAMP are the more adaptable
scenarios.

Regarding the diversity of transportation modes (DTM), all scenarios
have a similar value towards a diverse while robust behavior. Either
way, in this analysis the predominant transport mode (public, private,
etc.) is not reflected, were differences in percentage of people traveling
by private vehicle is different, with CAMP holding 60% of people travel-
ing by private vehicle, UC with 65% and SQ, HEB and BAU with 70%.

We furthermore analyzed the interaction between two reservemar-
gins. The housing price loss and the land use restrictions due to high
noise levels. A higher housing price loss (RMT ,P) would imply slightly
more social cost (RMT ,C). This trendwill bemaintained in time as a year-
ly depreciation rate accumulates.

An interesting analysis of all the scenarios is that it will not be possi-
ble to extract significantly more profit of the area due to densification
and spatial heterogeneity. Values increase from left to right and from bottom to top.

Image of Fig. 3
Image of Fig. 4


Fig. 5. 5 × 6 matrix: Comparison of indicators for transportation systems performance and spatial heterogeneity. Values increase from left to right and from bottom to top.
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constraints, meaning that there are no opportunities to compensate the
losses in price with the construction of new buildings. In general terms,
the best scenario out of the interactions analyzed is the CAMP scenario,
followed by the UC and the HEB in third place.

Recovering the absorptive capacity of transportation systemswould
require redistributing the traffic in the area and surroundings and re-
ducing the number of vehicles and speed limits, as a retrofitting strate-
gy. Another alternative could be to increase spatial heterogeneity and
protect residential and public areas with commercial buildings, while
offering them access to places of noise restoration.

There are different factors related to the urban layout that might in-
fluence the environmental performance of the area. This statement has
to be furthermore investigated, especially in regard to discrepancies in
the boundary conditions assumed for these factors. For instance, emis-
sions in terms of energy were calculated accounting for global effects
happening outside of the area of interest, whereas noise pollution was
treated locally.

5. Conclusion

This paper presented the assessment of spatial heterogeneity, envi-
ronmental performance and resilience of future patterns of develop-
ment for an urban area in Switzerland. The method has a low
complexity and allows for characterizing the sustainable and resilient
behavior of urban design scenarios.

For this case study, multi-functionality is proportional to the perfor-
mance and resilience of critical infrastructures. In contrast, mono-func-
tionality improves the resilience and performance of energy systems
with a negative effect on that of transportation systems. Despite this,
building intensity, and resource intensive users could play a major
role into the future performance and resilience of the area. Industry
and high-level management in commercial uses increase resilience
(i.e. case of backup capacity) but at a cost of lower environmental per-
formance (case of high emissions due to private transportation).

Today's urban development strategies aim at increasing the spatial
heterogeneity of urban areas in an attempt to intensify the offer of ser-
vices, reduce travel distances, andprovide amore livable urban environ-
ment. Regarding resilience building, this idea remains in partial synergy
with the beneficial effects of diversity on the environmental perfor-
mance of energy and transportation systems.

Does spatial heterogeneity improve performance? A single answer to
this question cannot be asserted. However, for the case study, increasing
the spatial heterogeneity does not go against a good performance or resil-
ience of critical infrastructures. Spatial heterogeneity tends to facilitate
the improvement of these infrastructures. It is a key to the coexistence
of different users and activities. These activities foster, from one way or
the other, the sustainability and livability of the area.

The method could be integrated at early stages of the planning pro-
cess. This might allow stakeholders to negotiate variables and target
values of performance and resilience more effectively. New policy im-
plications may detonate from this. An interdisciplinary approach re-
mains necessary to avoid fragmentation and single-voice processes of
urbanization.

Spatial heterogeneity is not a separate design issue but a productive
interplay between urban form and critical infrastructure. This aspect is
important for urban planners and designers, who need to be able to re-
late morphological patterns of urban development to environmental
and performance-related issues.

Image of Fig. 5


Fig. 6. 6 × 6 matrix: Comparison of indicators for transportation systems resilience and spatial heterogeneity. Values increase from left to right and from bottom to top.
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6. Limitations and future work

The present study considers a limited and time-independent num-
ber of indicators. The significance of one indicator over the other was
not considered. This aspect is essential for decision making processes
and remains part of future work.

The two disruptive events selected for the assessment of resilience
(change in monetization of pollution and electricity outage) lack a no-
tion of probability. A probabilistic approach might give a more detailed
understanding of plausible levels of the adaptive and absorptive capac-
ities of infrastructure systems.

The study relates a limited number of design scenarios (4) and as
such, it does not provide statistically significant conclusions about
trends and relations of indicators. The sustainable or resilient behavior
of each scenario remains valid within the spatial boundaries of the
case study.

Futurework could evaluate variations of the scenarioswhich diversify
the form (e.g., geometry and spatial location), but also spatial processes in
the area (e.g., land-ownership, regulatory framework). Both aspects are
important as a diverse set of landowners may, for instance, increase the
access to different urban resources, such as skills, political mandate, and
capital that in turn may lead to a wider spectrum of public spaces, build-
ing typologies, tenants, and functions. These functions and services can, in
turn, open upmore possibilities to transform urban resources into differ-
ent services that again can produce new resources, goods, skills and so on.
In contrast, single ownership could facilitate the integration of infrastruc-
tural upgrades that benefit the efficiency and performance of the area. As
a result, low diversity in some perspectives may also catalyze diversity in
other, and more importantly, constrain or benefit the selection of infra-
structure and the performance and resilience of it.

We found a strong need to include the study of form and spatial pro-
cesses into further research together with a multi-scale approach to spa-
tial heterogeneity. This aims at considering changes in scale and function
during the assessment of resilience and performance of entire cities or
territories. In terms of scale, for instance, a city can be very diverse even
though it is composed of mono-functional neighborhoods. On the other
hand, specific functions found at one scale (e.g. a campus at the
neighborhood scale) can lead to a reproduction of amenities influencing
the diversity of functions of bigger scales (e.g. peripheral dormitory
neighborhoods, public spaces, new transportation nodes, etc.).
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Appendix A
Table 6
Configuration of energy system per scenario.

SQ BAU CAMP HEB UC

Energy consumption (GWh/yr)
Heating 13.5 13.2 16.7 16.9 14.3
Cooling 4.6 5.5 3.9 6.1 5.1
Electricity (incl. heat pumps and
lake-water pumps)

17.9 22.1
(26.3)

15.2
(17.3)

24.4
(27.1)

16.4
(19.9)

Power capacity per energy service (MW)
Heating

NG-boiler 10.2 – 12.7 – 11.5
Heat pumps – 6.8 5.2 6.2 6.5
PVT – 14.6 11.1 14.2 8.4

Cooling
Lake water pumps 0.3 0.4 0.3 0.5 0.4

Electricity
PV panels – 0.4 – – –
PVT panels – 3.68 2.8 3.29 2.2
Local grid (transformer) 10 15 15 15 15

Maximum storage capacity (MWh)
Hot thermal storage 9.3 7211 5939 7470 5309
Cold thermal storage 5.8 5.8 5.8 5.8 5.8
Back-up Diesel 1.3 1.3 1.3 – –
electrical battery 0.5 0.5 0.5 – –
Electro-mobility batteries 0 18.7 10.7 30 9

PV generation (GWh)
Generated – 3.0 2.8 3.6 2.2
Potential available 5.8 1.6 3.9 0.8 4.2
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