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Executive Summary
Buildings and urban infrastructure constitute the underlying physical structures essential
to the maintenance of intense human and economic activities that are characteristic of
cities. Changes in climate are expected to impact these structures, producing a number of
negative effects.
The flooding of New Orleans in 2005, the record urban temperatures in Moscow during
the 2010 summer, or the 2013 severe floods observed in the Philippines strengthened the
belief that informed estimates of climate-related impacts represent valuable entry points
for discussion on how to make our urban systems more resilient. Attending to this need is
not an easy task. It is, nevertheless, an exercise this deliverable embraces by proposing
building and infrastructure typologies to unravel impact functions for cities.
The premise of this report is the following: While a physical and socio economic characterisation of buildings and infrastructure is an unavoidable prerequisite to the assessment
of climate change impacts, such characterisation is generally not feasible at the singleelement level, say a building or a block, due to the complexities involved. Instead, the
elaboration of typologies, that is, homogeneous classes of building and infrastructure characteristics, is pursued.
This deliverable outlines a description of the relevant criteria (of buildings and infrastructure) identified in the literature as influencing the impact severity of climate-related events.
For the purposes of this work, the investigated climate threats where: flooding, windstorm,
and extreme temperatures. The work focuses on these climate threats because of their
relevance in an European context, their cross-cutting sectoral implications and, lastly, due
to the high monetary consequences.
In the following paragraphs, we document the key results of the typology-work carried
out for buildings and infrastructure in the context of the three defined climate threats. We
conclude the summary with main lessons learned and possible implications for future work.
For the case of windstorm damages, three complementary strands of impact assessment were identified as a potential basis for the derivation of tangible building typologies.
Firstly, wind-severity scales (e.g. for the appraisal of hurricane and tornado intensity)
reflect the peculiarities of a region, both in terms of building stock or construction materials,
and also in differences in typical wind intensity. It remains however unclear how such scales
can be transferred across different regions.
Secondly, engineering-based damage assessment could potentially provide a highly detailed quantitative means for the derivation of building classes. However, due to the complexity of the models used in engineering assessments, and the inherent uncertainty in insured losses, a validation of the underlying damage relations (that is, between wind speed
and economic damage), is complicated if not impossible. This poses a major obstacle to
the analysis of regions outside the United States of America, for which engineering-based
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models are typically not publicly available.
A promising approach to mitigate the shortcomings is to establish building typologies
based on statistical damage functions – the third and last approach explored. Typically,
statistical relationships are found either for the bulk of a regional building stock or, less
frequently, for specific building types and are ultimately reliant on historical (insurance)
loss data. They may provide a mean to cast a potential building typology at an intermediate
level of complexity, suitable on the one hand for a spatially explicit consideration of urban
structure, and on the other hand allowing for calibration of vulnerability functions using data
obtainable from city authorities and insurance companies.
For building typologies related to damages from floods, it was noted that the literature is already rich in physical and occupancy characteristics that influence the severity
of damages. Nevertheless, a systematic approach defining these characteristics could
not be identified. As a result, authors tend to include many of the physical and the occupancy characteristics under the broad term of building type. Building type is used to
characterise homogeneous classes of buildings based on several criteria, e.g. “steel-frame
semi-detached residential house without basement”. The major problem with this type of
description is their considerable bias towards the regional context from which they emerge.
We therefore analysed the individual criteria used to describe building types as proposed
by a number of authors. The selection returned the following criteria: building elevation,
material, quality, orientation and usage, the number of floors, the existence of basement,
and the existence of precautionary measures. Whenever feasible, the contribution of these
factors in influencing the economic damage of a building are assessed by considering the
existing damage functions at the building scales. This was possible for the case of some
factors, like the existence or absence of basement. For this particular case, the damage
ratio for buildings (fraction of the flood damage in relation to the total building value) was
found to be increased by roughly 20% due to the existence of a basement. For other
aspects a more qualitative approach was favoured, for instance, the influence of building
material in shaping damages could only be resolved in a qualitative fashion, either robust or
not robust. The combination of all factors shaping economic damages yielded a (theoretic)
large number of typologies.
The last of the climate threats for which building typologies are investigated is extreme
heat events. Unlike the previous two climate stimuli, for which a focus on individual buildings was favoured, the typologies developed for heat damages had to consider the scale
dependencies of building characteristics and urban form. Furthermore, economic damages are not explicitly accounted; direct impacts from heat hazard usually concern human
health and health-services, which can be reduced by decreasing the Urban Heat Island
(UHI) effect, adaptive building style and adaptive behaviour. Changes in cooling or heating
demand are used as proxies for the increase or decrease in energy consumption and therefore monetary expenses and savings. Regarding building characteristics determining energy requirements, the main conclusions are that building form and building insulation play
an important role. Assuming the same insulation standard and spatial density of buildings,
high heating demand in apartments within courtyard buildings due to the shading effect
has been reported. The lowest heating demands were noted for multi-family apartments,
followed by high-rise blocks. The difference in heating demand between these building
forms where evaluated by 35%. This is pointed out as an indicative number, since com-
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parability between different assessments in different geographic regions is not, for now,
feasible. Cooling demand was highest for single family houses and lowest for row houses
and shows a larger variation between building types than heating demand. The role of
insulation standards is rather a simplistic one. Plainly, the better the insulation standard,
the lower the energy requirements for heat. The open question regarding insulation concerns determining the average magnitude of potential energy savings. On a broader spatial
scale looking at the urban form, it was noted that denser urban environments favour the
demand for heating compared with scattered ones. For example in Germany for a multifamily house, the heating demand rises by 17% when changing the urban form from a
stand-alone building to a dense form with a share of built-up area of 60%.
The investigation of infrastructure typologies for climate threats was conducted for
the cases of water (supply and waste), transport, and electricity systems. These systems
underpin the supply network of goods and energy (as well as extraction of unwanted products) vital for the metabolism of cities. The descriptions of the climate threats to these three
classes of infrastructure was carried out in a detailed manner; ranging from exploring the
effects of temperatures on pavements, railways, air traffic, subway systems, and ports to
the particularities of water and electricity supply systems. Two kinds of typologies could
be postulated: Typologies that concern the physical properties of the evaluated infrastructure, say for example the type of pavement used, the relative elevation of a rail track in the
landscape, and typologies that concern the network characteristics of the infrastructure,
for example if the infrastructure in question stands at the edge of the network. The last typology (relative to the network) has been observed to be particularly relevant in the case of
infrastructure for electricity supply. In addition, it was observed that, at times, infrastructure
typologies may have to be formulated outside the urban space. An iconic example is the
urban energy system that is often embedded in a broader national supply system. On the
one hand this could balance the system if under thread, but on the other hand it causes a
link to impacts of regions far away from the considered urban area.
For infrastructure typologies for urban water supply systems, it is observed that vulnerability and thir relevant adaptation measures depend on various characteristics ranging
from the type of fresh water extraction and its availability to the type of treatment of waste
water. It is also observed that the impacts of climate on the urban water systems and the
options for adaptation specific to this sector depend on various factors such as the location
and topography of the urban area, the current system of formal or informal water and waste
water systems, the type of infrastructure catering to the needs of the urban population, the
urban demographics, and the institutional capacity of the public institution responsible for
the service delivery. A systems approach was applied to enable an in-depth understanding
of the system impacts and vulnerabilities of the water supply system at various stages of
service delivery for both water supply and waste water systems. Various case studies on
the impacts of climate change at different stages of service delivery were also discussed
in this chapter. However, it has to be noted that though individual city case studies (for e.g.
PREPARED project funded by EU-FP7) and country level studies (Climate Change And Infrastructure, Urban Systems, And Vulnerabilities, prepared by US DoE, 2012) exist for the
impacts of climate change on urban infrastructure, there is no literature available focusing
specifically on developing cost categories for the impacts of climate change on urban wa-
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ter supply and waste water systems in a transferable and general manner. Therefore, the
systems approach elaborated in this chapter could be a starting point for identifying the
typologies and cost categories for urban water systems.
The infrastructure underpinning electricity systems are of particular interest in terms of
failure and disruptions due to impacts of climate change. These systems can be thought of
as networks. Most electricity networks consist of a large central production unit and a wide
inter-connected transmission infrastructure. This type of electricity system was found to
be relatively vulnerable to disruptions because the central production unit can be effected,
e.g. by cooling problems (due to droughts or heat waves) affecting thermal generation and
hydro power. Furthermore, the transmission network can be affected if it is composed
of above-ground electricity lines. Heavy wind events, hail, and snow, are identified as
climate-related events that pose a threat for these types of electricity systems. As electricity
production systems tend to shift more and more towards decentralised production (e.g.
wind turbines, solar power, small biogas facilities, small block heating power stations) the
failure in a single production unit does not have as large of an effect on the whole network.
The problem of the exposure of the transmission network can be reduced by using belowground electricity lines. In general, every type of electricity production system has to supply
electricity in an amount that corresponds to daily and seasonal demand curves, which is a
challenge in an extreme weather event (e.g. heat wave) and will even be harder to fulfil with
changing occurrence rates and magnitudes of extreme weather events with a changing
climate. Electricity systems that use production units that fit better to the demand curves,
even in case of an heat wave (e.g. solar energy), or are able to manipulate the demand
curve (intelligent network) are assumed to cope better with climate change impacts.
For the transportation system, the characteristics determining the severity of climate
change impacts are mainly described qualitatively due to a lack of studies that give quantitative information (on cost effects). Roads are mainly affected by high temperatures which
may lead to pavement rutting, blowing or cracking, and salt corrosion in the course of low
temperatures. The extent of these impacts depends on the one hand on meteorological
parameters, but also on aspects such as the type of the pavement, the age of the street,
and the frequency and intensity of load traffic. Moisture can damage concrete structures
while traffic can be hindered by flooding caused by heavy rain or trees falling on roads during storms. Extreme weather events also affect vehicles and driving behaviour. Railway
damage is problematic due to the huge number of urban dwellers that depend on this mode
of transportation. Delays caused by temperature-related railway track buckling or breakdown of signals can be very costly. In some regions, airports can be affected by sea level
rise or pluvial flooding, while flights are influenced by various weather phenomena. The
severity and duration of possible negative impacts is mainly dependent on the presence
and sufficiency of protection mechanisms or the availability of alternatives such as other
airplanes or runways. Passengers on a subway systems can suffer from high temperatures
if the capacity of the ventilation system is to small. Both subway stations, tracks or trains,
and ports can be flooded in times of heavy precipitation and in the longterm because of a
rise in sea level. Besides the amount of water, and the altitude, man-made characteristics
of the transport infrastructure like the efficiency of the drainage system determine the kind
of damage and the associated costs. The network structure of the urban transport system
might on the one hand be vulnerable to severe negative impacts, but on the other hand
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allow the easy change between transportation modes.
As a closing remark, we would like to point out that this work revises important physical,
socio economic, and network characteristics of buildings and infrastructure, conditioning
economic and structural impacts in the context of climate change.
For building typologies, we conclude with an attempt to bring the theoretical frameworks
to a tangible example for the city of Berlin. The criteria for a potential typology are shown
for two urban spaces that together comprise more that 50% of Berlin’s urban surface.
This example highlights data limitations that are expected to play a determinant role in
forthcoming work to make the proposed typologies operational.
For infrastructure typologies, the report focuses on describing of the climate threats for
three classes of infrastructure, both inside and outside the urban space. Cost categories
in the literature for climate-related impacts on urban water supply and waste water systems was found to be mostly available for specific case-study regions. As for the case of
transport infrastructure, network characteristics of transportation systems were identified
as relevant in shaping potential damages from climate events.
Although there is still work ahead in detailing some of the proposed typologies for specific case studies, an important step has been achieved in consolidating knowledge on
the interaction between the built environment of cities and unwanted outcomes of climate
change.
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1 Introduction
The central elements of cities are their buildings and their infrastructure systems. The
quantification of impacts on the city scale and the identification of suitable adaptation options therefore need to be designed in a way to be suitable for both. Since urban agglomeration represents complex systems they can hardly be assessed in a detailed and, at
the same time, transferable manner. Accordingly, to address this problem, reduced form
approaches are a useful strategy. In order to obtain results which can be transferred to
different cities, this report aims at studying general categories and typologies of buildings
and infrastructure in cities by exploring them in intermediate complexity.
The typologies are structured according to major climatic impacts for cities, e.g. flooding,
storms and temperature-related impacts. In this review, we discuss the relevance of certain
building and infrastructure components in terms of these impacts and elaborate on the
appropriate typologies and categories.
For urban planners, the term building typology refers to a systematic description of the
criteria for the definition of typical buildings, as well as a set of exemplary buildings representing the building types (TABULA Project, 2012). Here, a building category or type
represents a systematic description of buildings that are expected to behave similarly to
various impacts. In other words, building typologies are simplified units to assess impacts
(including monetary damages) and the main assumption is that buildings belonging to the
same category or type have similar losses when exposed to a given climatic stimulus.
Analogously, the typologies of infrastructure are studied.
This work is based on an extensive literature review where existing typologies are identified. In case of a lack of appropriate preexisting definitions, suggestions for typologies are
based on general information available on the characteristics of buildings and infrastructure
systems, which are relevant for understanding the vulnerability to climatic impacts. See the
previous RAMSES Deliverable 2.1 for further definitions on buildings and infrastructure.
The report is structured as follows (see Figure 1.1 for an overview): First, typologies for
buildings are defined in terms of the major climatic stimuli flood, storm, and temperature
(including heat). The building typologies section includes the buildings as such, urban design, i.e. the spatial distribution of buildings, and urban design elements, like pavements
or vegetation. Urban design is especially important regarding temperature related impacts
such as heat waves. Second, this is followed by infrastructure typologies in terms of multiple climatic stimuli. For infrastructure, we consider the key systems in the urban context:
transportation, energy, and water systems.
In Section 4, the information gathered is discussed and a harmonisation of typologies associated to the different climatic stimuli is proposed. Such typologies are useful facilitators
for generalised damage and adaptation functions, as aimed for in the RAMSES project.
It is thus expected to support several other RAMSES work packages since it is intended
to serve as a basis for a generalised approach of climate change related impact functions
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considering multiple stimuli.

Figure 1.1: Structure of this report. The vulnerable components of the city are organised in buildings (subdivided into buildings and urban design) and infrastructure (subdivided into
transport, energy, water) whereas the impacts are organised in flooding, storm, temperature (buildings) and multiple stimuli .(infrastructure).

10

2 Building and Urban Typologies for
Specific Climate Impacts
Between 1980 and 2011, 86% of world-wide documented loss events were weather and
climate-related. In Europe, this share is even higher and accounts for 92%, resulting in
98% of the total fatalities and 85% of the overall losses, approximately US$ 450 billion
(Munich Re, 2013). Despite large spatial and interannual variability of extreme weather
events and great uncertainty in projecting them, we can generally count on an increase
in damage losses in the years to come as addressed in various studies (Rahmstorf and
Coumou, 2011; Min et al., 2011; Meehl et al., 2000). These damages are of increasing
concern in the context of accelerated urbanization, with rapidly growing urban population.
By 2030, over 60% of the world population is forecasted to live in cities (United Nations,
2004). As the linkage between humans and the environment, built-up structures play an
important role in the damage-related process, as they can be both protective of and subject to extreme weather events. Due to the complex nature of cities, it is enormously
time-consuming and unrealistic to estimate induced damages through investigating each
individual building. Thus, trade-offs with respect to the spatial scale are needed by establishing building typologies. It is based on the assumption that the damage is a function
of various influencing factors and the damage induced by the same (catastrophic) event
should be of a similar magnitude for buildings belonging to the same typology. In the frame
of the RAMSES project, building typologies will be reviewed and consequently developed
with respect to three types of extreme weather events: 1) flood, 2) storm and 3) heat. The
flooding and storm related typology is based on building properties determining the scale
of damages, such as building material, building elevation, number of floors, etc. In terms
of heat-related typology, a clear emphasis is placed on the building properties which could
significantly influence the surrounding heat conditions, e.g. HVAC, isolation, anthropogenic
heat release, wall and roofing, etc. The following chapters will describe in more detail how
the typology is achieved.

2.1 Typologies of Buildings Regarding Storm Impacts
2.1.1 Introduction
Meteorological events such as hurricanes, winter storms, and tornadoes are accountable
for the majority of economic and insured losses world-wide. Including hurricane Sandy and
a costly tornado season in the US, world-wide economic losses in 2012 due to meteorological events totaled approximately e 78 billion (US$ 100 billion) or 59% of total natural
catastrophe losses (Munich Re, 2013). Table 2.1 shows the shares of total economic and
insured loss caused by meteorological events per continent. It can be seen that in terms
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of economic damage North America, followed by Europe and Australia, show a strong
exposure to catastrophic storm events.
For a meaningful analysis of storm damages and suitable building typologies, storm
events must be evaluated in their geographical context. While hurricane damages predominate in the North American and East Asian regions, winter storms comprise the main
storm hazard across Europe. Furthermore, large cyclones, hurricanes in particular, often
cause a significant proportion of their damages through coastal flooding. Therefore, depending on the geographical region in focus, strong inter-linkages between flood and storm
damage must be anticipated.
In Europe, economic losses due to winter storms frequently exceed the billion e threshold, with the four most severe events between 1999 and 2011, namely storms Lothar,
Martin, Klaus, and Xynthia totaling in excess of e 24 billion (US$ 26 billion) (Munich Re,
2011).
Table 2.1: Share of meteorological events per continent 1980-2012.(source: Munich Re, 2013)
Continent

Loss Events

Overall Loss

Insured Loss

61%

70%

84%

20%
42%
27%
31%
51%

5%
33%
16%
9%
29%

3%
62%
41%
41%
31%

North America
(incl. Central America and
Carribean)
South America
Europe
Asia
Africa
Australia

Recent studies, e.g. Schwierz et al. (2010), Donat et al. (2011a), and Held et al. (2013),
have indicated a potential increase of economic losses due to the effects of climate change
on the frequency and intensity of European winter storms. For example, Figure 2.1, taken
from Schwierz et al. (2010) shows a significant increase in losses due to rare events.
While the impact of climate change on the frequency and magnitude of hurricanes remains controversial (see e.g. Kunkel et al. (2013) for a detailed discussion) recent results
by Grinsted et al. (2013) and Emanuel (2013) appear to support the claim of potential
increases.
Given the economic relevance of losses due to meteorological events such as hurricanes and winter storms, it is crucial to understand the mechanisms behind the occurrence of specific building damages and to establish a suitable typology to classify buildings
according to their vulnerability and cost category. In the following sections we will examine
existing damage severity scales and storm damage functions in order to derive a feasible
building typology at an intermediate level of complexity.

2.1.2 Typologies Based on Severity Scales
To define typologies for building stock affected by severe winds, it is necessary first to
understand the potential damage. Storm hazards are diverse and dependent on the me-
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Figure 2.1: Mean climate change impact and uncertainty on a Swiss Re European market portfolio
based on three different coupled model outputs (2071-2100, SRES A2 scenario).
(source: Schwierz et al., 2010, their Fig. 9)
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Typical Construction
• Asphalt shingles, tile, slate or metal roof covering
• Flat, gable, hip, mansard or mono-sloped roof or combinations thereof
• Plywood/OSB or wood plank roof deck
• Prefabricated wood trusses or wood joist and rafter construction
• Brick
veneer, woodProject
panels, stucco,
EIFS,Agreement
vinyl or metal siding
RAMSES
(Grant
Nr. 308497)
• Wood or metal stud walls, concrete blocks or insulating-concrete panels
• Attached single or double garage

5
6
7
8
9
10

•
•

One and Two Family Residence (FR12)

Wood or metal stud walls, concrete blocks or insulating-concrete panels
Attached single or double garage

300
Lower Bound
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DOD*
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240
3
4

220
200
180

5
6

160
140

7
8

120
100

9
10

80
60

Damage description

Threshold of visible damage
Loss of roof covering material (<20%), gutters and/or
awning; loss of vinyl or metal siding
Broken glass in doors and windows
Uplift of roof deck and loss of significant roof covering
material (>20%); collapse of chimney; garage doors
collapse inward or outward; failure of porch or carport
Entire house shifts off foundation
Large sections of roof structure removed; most walls
remain standing
Exterior walls collapsed
Most walls collapsed in bottom floor, except small
interior rooms
All walls collapsed
Destruction of engineered and/or well constructed
residence: slab swept clean

40

Exp**
65

LB

UB
53

80

79
96

63
79

97
114
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121

81
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116
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165

220

* DOD is degree of damage **Wind Speed values are in mph
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Degree of Damage
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Figure 2.2: Enhanced Fucita Scale for One- and Two-Family300Residences (FR12).
280
(source: McDonald
and Mehta, 2006, their Tab. 4)
8
260

Lower Bound
Upper Bound
Expected

240
Wind Speed (mph)

3
4

Although the SSHS is criticised
for being
discrete and arbitrary (e.g. Kantha 2006, 2008),
Exp** LB
UB
65
53
80
idea of a potential typology
for buildings and infrastructure. In contrast
Loss of roof covering material (<20%), gutters and/or
awning;
loss of vinyl or metal
siding
79
63
97 (Edwards et al., 2013) have been developed
to hurricane
scales,
tornado severity
scales
Broken glass in doors and windows
96
79
114
in order
extreme
wind speeds from in-situ analysis of caused damages. As
Uplift
of roof deckto
and determine
loss of significant roof
covering
material (>20%); collapse of chimney; garage doors
a consequence
these
scales
were
inherently
collapse
inward or outward; failure
of porch or
carport
97
81
116 designed around a classification of damages
Entire house shifts off foundation
121
103
141
to
building
and
infrastructure
stock,
chosen
such that the recorded damages allow for the
Large sections of roof structure removed; most walls
remain standing
122
104
142
ex-post inference of the tornado
intensity.
The Fujita or F Scale (Fujita, 1981) is the most
Exterior walls collapsed
132
113
153
Table 4. One- and Two-Family Residences (FR12)
Most
walls collapsed
in bottom floor,
except small
common
tornado
scale
used
in
North
America,
Central Europe, and many other countries.
interior rooms
152
127
178
All
collapsed
170
142et al.,
198 2001) was tailored to European building stock
Inwalls
contrast,
the TORRO scale (Elsom
Typical Construction
Destruction of engineered and/or well constructed
• Asphaltof
shingles,
tile, slate or metal
covering
residence:
slabapplied
swept clean mainly in the UK.
200Most
165
220 in terms
and is
useful
a typology
for roof
buildings
and infras• Flat, gable, hip, mansard or mono-sloped roof or combinations thereof
* DOD is degree of damage **Wind Speed values are in mph
Plywood/OSB
or wood plank roof
deck
tructure is, however, the Enhanced Fujita or EF• Scale
(definitions
in McDonald
and Mehta
• Prefabricated wood trusses or wood joist and rafter construction
2006).
• Brick veneer, wood panels, stucco, EIFS, vinyl or metal siding
Damage description

Threshold
of visible damage
it provides
a first

Wind Speed (mph)

DOD*
1
2

D2.2

220

200
The EF scale is an extension of the original F Scale, including
more categories for build180
160
ing and infrastructure as well as a more detailed description
of
damage
levels. For every
140
building or infrastructure type, potential damage levels,120
called
Degrees
of
Damage (DoD),
100
80
and their respective wind speeds were derived from a systematic
analysis of expert opin60
40
ion. See Fig. 2.2 for an example relating to one- or two-family
residences.
The
different
1
2
3
4
5
6
7
8
9
10
Degree
of
Damage
building and infrastructure categories employed by the EF Scale are shown in Tab. 2.2.
Regarding the typology of the EF Scale, which is highly customized for US buildings and
8
infrastructure, it becomes obvious that any detailed typology must reflect
the regional peculiarities in building styles and construction materials. Thus a valid typology must be
tailored to the particular building and infrastructure stock of a case study’s region. Using
engineering expertise, it should be feasible to adapt a typology based on the EF scale for
other key regions such as the European Union, where analogous scales are not publicly
available.

2.1.3 Typologies Based on Engineering Assessment
Engineering based damage functions aim to model the physical effects of wind loads on
various building components and to combine these to specific damage states of the build-
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Table 2.2: List of Damage Indicators (DI) and their reference number used for the Enhanced Fujita
Scale (as in McDonald and Mehta 2006). Each indicator represents a class of structures
with specific wind damage characteristics.
DI no.

Damage Indicator (DI)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

Small Barns or Farm Outbuildings (SBO)
One- or Two-Family Residences (FR12)
Manufactured Home - Single Wide (MHSW)
Manufactured Home - Double Wide (MHDW)
Apartments, Condos, Townhouses [3 stories or less] (ACT)
Motel (M)
Masonry Apartment or Motel Building (MAM)
Small Retail Building [Fast Food Restaurants] (SRB)
Small Professional Building [Doctor’s Office, Branch Banks] (SPB)
Strip Mall (SM)
Large Shopping Mall (LSM)
Large, Isolated Retail Building [K-Mart, Wal-Mart] (LIRB)
Automobile Showroom (ASR)
Automobile Service Building (ASB)
Elementary School [Single Story; Interior or Exterior Hallways] (ES)
Junior or Senior High School (JHSH)
Low-Rise Building [1-4 Stories] (LRB)
Mid-Rise Building [5-20 Stories] (MRB)
High-Rise Building [More than 20 Stories] (HRB)
Institutional Building [Hospital, Government or University Building] (IB)
Metal Building System (MBS)
Service Station Canopy (SSC)
Warehouse Building [Tilt-up Walls or Heavy-Timber Construction] (WHB)
Electrical Transmission Lines (ETL)
Free-Standing Towers (FST)
Free-Standing Light Poles, Luminary Poles, Flag Poles (FSP)
Trees: Hardwood (TH)
Trees: Softwood (TS)

ing. By definition, these are highly complex models capable of assembling virtually any
building type from its individual components, and thus allowing for flexible building typologies to be assessed (Walker, 2011; Pita et al., 2013). Monte Carlo methods are applied
to estimate the probabilities of obtaining a specific damage state (e.g. Pinelli et al. 2004
for residential buildings). Here, a damage state comprises individual damage modes of
components such as sheathing, roof cover, walls, windows and doors, garage doors, interior, and utilities. Similarly, Li and Ellingwood (2006) develop a probabilistic hurricane
loss model for residential property by deriving distinct fragility curves for breaches of the
building envelope resulting in consequent damage to contents and structural components.
Li and van de Lindt (2012) further demonstrate their approach by showing distinct hurricane fragility curves for a single residential building model. In a further approach, Unanwa
et al. (2000) use fault-tree analysis to derive vulnerability bands for building structures that
incorporate damage variability.
In the case of hurricanes, there are also public models available, such as HAZUS-MH
(Schneider and Schauer, 2006) and FPHLM (Pinelli et al., 2008). HAZUS-Multi-Hazard
is a freely available FEMA adopted methodology for estimating potential disaster losses
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including earthquakes, floods, and hurricanes. The HAZUS methodology is based on a
detailed assessment of the probability for obtaining specific damage states. This approach
to damage modeling is shown schematically in Fig. 2.3.
The HAZUS hurricane module requires a detailed portfolio of building stock that may be
inferred from airborne imagery or contractor surveys. Employing this information, the probability of reaching specific damage states in each of a buildings structural components is
assessed. Of particular importance is the possibility of complete failure of structural components which may significantly increase the probability of damage to further components.
Using Monte Carlo modeling, overall building damage states can be developed. Figure 2.4
shows the condensed damage states of the HAZUS hurricane model for a portfolio of residential buildings.
Due to the complexity of the model and the inherent uncertainty in insured losses a
validation of the underlying damage relations is complicated. Vickery et al. (2006) perform
a validation of the HAUZUS-MH hurricane module based on residential insurance losses
on ZIP-code level. According to this study, residential buildings were categorised by their
story number, roof shape, roof cover, roof deck nails, garage, and roof wall connection.
While certainly important from an engineering perspective, it remains unclear whether the
resulting typology suitably discriminate buildings with different loss characteristics.
Finally, Figure 2.5 shows the results of a validation of the HAZUS-MH model taken from
the HAZUS-MH Hurricane Model Technical Manual (FEMA HAZUS, 2009).
Similarly to HAZUS-MH the Florida Public Hurricane Loss Model FPHLM determines
vulnerability matrices (discretised vulnerability curves) for buildings comprised of particular
components (Gurley et al., 2005; Pinelli et al., 2008). A validation of FPHLM for residential
structures was undertaken by Hamid et al. (2010). In their study they model hurricane loss
based on a typology of 7 different building types. These comprise 4 classes of manufactured homes (pre 1994 fully/not tied down, and post 1994 HUD zones II/III) and 3 classes
of masonry built homes (weak, medium, strong). The building age was taken as prime
indicator for the classification of a residential home. This further highlights the fact that a
meaningful building typology should include both construction and age characteristics of
the analysed building portfolio.
Additionally to the above, there are several proprietary engineering-based models available (see e.g. Watson and Johnson (2004) or Pita et al. (2013) for an overview). Unfortunately these models are black-box models and are not subject to public scrutiny.

2.1.4 Typologies Based on Statistical Damage Functions
One of the earliest approaches to modeling vulnerability to extreme wind speed was to
determine a statistical relationship between loss and gust wind speed via regression (see
Pita et al. 2013; Walker 2011 and Prahl et al. 2013 for a review relating to hurricane and
winter storm loss, respectively). Relationships of this kind are heavily reliant on past insurance claims data. Typically, statistical relationships are found either for the bulk of a
regional building stock or, less often, for types of specific buildings.
In the case of hurricanes, there are some bulk approaches describing vulnerability curves
for insurance claims on single-family homes (Huang et al. 2000, 2001; Sparks 2003) without any further breakdown. Figure 2.6 depicts the empirical wind dependency of frequency
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Sample:
(1)
(2)
(3)
(4)

Component resistances
Pressure coefficient error
Shielding load reduction factor
Building orientation (for generic orientation)

Compute Wind Speed and Direction
in Open Terrain at Time t
Wind Direction
0

Peak Gust Wind Speed (mph)

8.25

8.75

9.25

9.75

10.25

Recompute
internal pressure
as average of all
external pressures
at roof and
windows

• Compute component and
cladding loads on roof cover,
roof sheathing, windows,
doors, etc.
• Add internal pressures to get
total loads

360

10.75

180

0
8.25

8.75

9.25

9.75

10.25

• Compare computed loads for
resistances
• Check for debris impact
• Fail all components where
load exceeds resistance
• Check for structural failure
of roofs, walls, etc., as
required

10.75

Time (UTC)

Sample wind speed
dependent missile
impact(s)

Check
to see
if any
windows/doors
have
failed
Step Storm Forward through Time
Increment ∆t

Yes

No

Have enough
building
simulations
been
performed?

No

Yes
Compute Damage/Loss
Statistics for Given Storm

Figure 6.1. Approach Used to Simulate Damage to Buildings.

Figure 2.3: HAZUS Approach Used to Simulate Damage to Buildings. (source: FEMA HAZUS,
2009, their Fig. 6.1)

This section describes and quantifies the resistances of the various components used to
model buildings and, where possible, presents examples of predicted and observed
building damage states to demonstrate the suitability of the load and resistance model for
estimating wind induced damage.
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Table 6.9. Damage States for Residential Construction Classes
Damage
State

0

1

2

3

4

Qualitative Damage Description
No Damage or Very Minor Damage
Little or no visible damage from the outside.
No broken windows, or failed roof deck.
Minimal loss of roof over, with no or very
limited water penetration.
Minor Damage
Maximum of one broken window, door or
garage door. Moderate roof cover loss that can
be covered to prevent additional water
entering the building. Marks or dents on walls
requiring painting or patching for repair.
Moderate Damage
Major roof cover damage, moderate window
breakage. Minor roof sheathing failure. Some
resulting damage to interior of building from
water
Severe Damage
Major window damage or roof sheathing loss.
Major roof cover loss. Extensive damage to
interior from water.
Destruction
Complete roof failure and/or, failure of wall
frame. Loss of more than 50% of roof
sheathing.

Roof
Cover
Failure

Window
Door
Failures

Roof
Deck

Missile
Impacts on
Walls

Roof
Structure
Failure

Wall
Structure
Failure

≤2%

No

No

No

No

No

>2% and
≤15%

One
window,
door, or
garage door
failure

No

<5 impacts

No

No

>15% and
≤50%

> one and ≤
the larger of
20% & 3

1 to 3
panels

Typically
5 to 10
impacts

No

No

>50%

> the larger
of 20% & 3
and ≤50%

>3 and
≤25%

Typically
10 to 20
impacts

No

No

Typically
>50%

>50%

>25%

Typically
>20
impacts

Yes

Yes

The 2.4:
assumed
component
in the simulations
are given
Table states
6.10. In
Figure
Damage
States forresistances
Residentialused
Construction
Classes. Statistics
onin
damage
have
the case been
of thedeveloped
roof-wall through
connections
a
resistance
factor
of
0.8
was
applied.
A
resistance
the use of a 20,000-year simulation of hurricanes. (source:
factor ofFEMA
0.9 was
applied
to the
roof
sheathing
uplift capacity. The resistance parameters
HAZUS,
2009,
their
Table
6.9)
given in Table 6.10 are the unfactored values.

Loss Ratio (%)

Loss Ratio (%)

Statistics on damage states have been developed through the use of a 20,000-year
simulation of hurricanes (derived using the South Florida Hurricane climate) by
9-25
performing 30 damage simulations for each storm. Prior to the start of each of the 30
simulations, the resistances of the individual building components are re-sampled, and
the
building orientation is also re-sampled. The building damage indicators including roof
100
100.00
cover
loss (as a percentage), number of failed roof sheathing panels, number of failed
90
80
Insurer
Loss Data
windows,
doors,
sliding glass doors, and garage
doors, number of failed wall sections,
10.00
70
Modeled Loss
and
the
failure
of
the
entire
roof
are
recorded.
This individual component failure
60
50
1.00
information
is then used to define the final damage
state of the building as defined in
40
Insurer Loss Data
Table
6.9.
30
Modeled Losses
20
10
0

0.10

Modeled Loss Ratio (%)

Appendix A shows the probabilities of achieving each building damage state and each
0.01
individual
damage
as a function
of50wind 70speed.90The 110
component
damage
50
70component
90
110
130 state
150
170
130
150
170
states arePeak
the
thatTerrain
move
state
from
one
definition
to
Gustthresholds
Wind Speed in Open
(mph) the building damage
Peak Gust Wind Speed in Open Terrain (mph)
another in Table 6.9. For example, in the case of roof cover, damage state 1 corresponds
to roof
cover
lossComparison
of more
than 2%
but
less than
15%.
Only
three
damage
statesSpeed.
are given
9.30.
Modeled
and
Observed
Losses
vs. Wind
FigureFigure
2.5: Comparison
of Modelledof
and
Observed
Losses
vs. Wind
Speed.
for roof (source:
cover, since
only
three
roof
cover
damage
states
are
used
to
define
the total
FEMA HAZUS, 2009, their Fig. 9.30)
building damage state. The component damage states are presented to assist in
determining100.00
which component drives the overall building damage state and to check how
reasonably the damage model performs.
10.00

1.00

0.10

0.01
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FIGURE 6. Damage ratio versus effective mean surface wind speed. s, sec.

Figure 2.6:
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180their
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Figures
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engineering
are
the
most
the
Beaufort
Scale. This scale
suggestsbuilding
that structural
In
their
classification
wooden
engineering
attention
are
the
most
measurements,
decayingattention
that wind field
as the
hurridamage is likely
to beginby
when
the mean buildings
wind speed of cane
inland,
and determining
the effective
maximum
vulnerable,
the moves
same
kind.
These
singleand
vulnerable,
followed
masonry
These include
include
singleand
reaches 20 m/sec and by ⵑ30 m/sec will be very widemean
wind
speed
in
each
zip
code.
Claims
and
losses
could
multi-family
multi-family
residences, one- or two-story apartments, as well as
as some
some small
small commercial
commercial
spread. Figure 5 suggests that a few people will file insurthen be estimated using the claim ratio and damage ratio
buildings.
buildings.
ance claims in locations with wind speed ⬍20 m/sec, but by
functions and the number of insured properties in the zip
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P. Heneka, B. Ruck / Engineering Structures 30 (2008) 3603–3609

Fig. 6. Damage model 1 (left) and 2 (right) and observed storm damage.

Figure 2.8: Claim and Loss Ratio versus Gust Wind Speed for the German State of BadenWürtemberg.
(source: Heneka and Ruck, 2008, their Fig. 6)
Table 2
Suggested parameters for residential buildings in Germany
Parameter

Description

Model 1

hotel buildings, hospitals, and most public buildings. Based on detailed property tax in-Absolute values
formation, Chock
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curves
µcrit
Wind speed
where 50%vulnerability
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damaged for many building types
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distribution
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limited
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data from insurers, or in-7.8 m/s
α
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2
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This consideration of wind climate has the effect that wind damage

data points lay between these borders. T
therefore a measure for the uncertainty of
the better the model is capable of explainin
it becomes clear that the damage model is
average damage trend without taking int
differences or uncertainties.
The overall damage is calculated by
number and amount of damage for all po
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range from 0% to 40% for the number of
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relationships based on the targeted typology. However, as of today there is no suitable
publicly available reference source to provide the detailed vulnerability curves for a suitable
building typology.

2.1.5 Regional Dependence of Potential Typologies
The choice of vulnerability or damage functions to model losses in a specific region depends on the local wind climate. As was discussed above, there are different modeling
types (statistical and engineering based) being applied to winter storms (extra-tropical cyclones) and tropical cyclones such as hurricanes, typhoons, and the like. While small damages due to wind speeds of up to approximately 40m/s typically cause minor destruction
to the exterior of a building affecting primarily roofs, chimneys, and windows (Munich Re,
1993, 2001), stronger wind speeds, as reached during hurricanes or tornadoes, have the
potential to breach the envelope of the building. In the first case, simple statistical models
are usually sufficient to describe the relatively low insurance losses of loss ratios typically
below 1% (cf. Fig. 2.8), while in the latter case, engineering based models are typically
employed due to the highly non-linear effects on the interior and structural components of
the buildings (Pita et al., 2013) potentially leading to complete destruction of building and
interior (cf. Figures 2.5&2.6).
Potential building and infrastructure typologies must hence take the regional wind climate into account. As a result European cities may be represented by a simple typology
based on categories such as occupancy or roof type, whereas cities within regions that
are exposed to tropical cyclones or high tornado frequency require a more sophisticated
typology, discriminating construction characteristics as well as building age.

2.1.6 Conclusion for Storm Impact Typologies
The practical use of potential typologies is severely hampered by availability of loss data for
the calibration of damage functions. Loss data are commonly provided by insurance companies, which typically retain detailed loss data on a per-building level and make available
only coarsely categorised data. Virtually all recent studies on damage functions applicable
to typical European winter storms are reliant on insurance loss data, and only few (e.g.
Dorland et al. 1999, Prettenthaler et al. 2012) were conducted on more than a single building type (namely residential buildings) and include commercial buildings as a secondary
type. With only limited availability of insurance loss data, e.g. country-wide annual aggregates of storm loss, the vulnerability of individual building or infrastructure types cannot be
resolved and damage estimates do not reflect regional loss distributions beyond are very
limited accuracy. However, such functions calibrated on aggregated levels may be able
to predict country-scale bulk losses at an approximate level (e.g. Klawa and Ulbrich 2003;
Donat et al. 2011a).
As discussed in Sec. 2.1.5, the regional climate context has to be considered when deciding on a feasible urban building and infrastructure typology relating to extreme wind.
Simplified typologies, which may be sufficient to differentiate impact categories for regions
subject to purely extra-tropical cyclones, are largely inappropriate for urban centers subject to tropical cyclones or tornado activity. While in the case of hurricanes a statistical
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approach may still be feasible for uniform building classes such as small residential homes
(for instance as in Huang et al. 2001; Sparks 2003), urban centers with their highly engineered medium- to high-rise apartment, commercial, and industrial buildings require a
damage assessment on a highly detailed, if not individual, level. Due to the immanent complexity of engineering models and their reliance on expert judgment and wind-engineering
experiments, models capable of reflecting the inner structure of urban centers can only be
employed with significant customisations and cannot be readily validated. This is because
validation typically focuses on simple residential structures for which aggregated insurance loss figures can be obtained. Without the use of more detailed proprietary insurance
claims data, it is not possible to judge the validity of the results of potential engineeringbased models for urban centers.
In order to facilitate further analysis, potential urban building and infrastructure typologies should be cast at an intermediate level of complexity, suitable on the one hand for a
spatially explicit consideration of urban structure, and on the other hand allowing for calibration of vulnerability functions using data obtainable from city authorities and insurance
companies. Data on the building inventory may be obtained by means of aerial photography or contractor surveys in order to obtain the dominant building features within a city
quarters perimeter. Following from the above considerations, a condensed building typology according to Tab. 2.3 can be developed.
Table 2.3: Possible classification with regard to the given criteria.
Criterion

Number of
classes

Classification

Roof type
Roof cladding
Building material

3
3
4+

Precautionary
measures
Number of floors

2

Gabled, hipped, flat
Shingles, tiles, closed surface
Wood, masonry, concrete, steel
frame, etc.)
Presence, Absence

3

1-2, 3-5, >5

Shape

2

Compact (e.g. round, square),
stretched (e.g. L-shape)

2+

E.g. in Europe: pre-war, postwar reconstruction, 80’s, newly
built, etc.
Single residential, apartment,
small commercial, high-rise
apartment
or
commercial,
industrial, etc.

Building
ity/age

qual-

Building usage

5+

Practical difficulties on data collection
9
>
>
>
>
= Large difficulties expected in
data collection, contractor
>
>
>
>
; survey may be required
Potential information available at the
Building Performance Institute (Europe only) http://www.bpie.eu/
Extraction from aerial photography or Open Street Map possible
www.openstreetmap.org
Local statistics authorities
Land use as potential proxy
www.eea.europa.eu, Open Street
Map tags

By examining the case study region, the choices for these individual dimensions may be
greatly reduced. For instance, FEMA HAZUS (2009) demonstrates that for Miami Dade
county approximately 80% of building plans are rectangular so that other shapes can be
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Figure 8.1. Commercial Building Stock Aerial Photograph Locations.

neglected (see Fig. 2.9). We expect similar reesults also to hold true for other regions.
Table 8.3. Shapes of Institutional, Commercial and Industrial Buildings
Building Shape
C
L
T
Complex
Rectangular
Circular
Z
H
X
Triangular

% of Buildings Associated with Each Building Shape
Institutional
Commercial
Industrial
All
2.4
7.5
1.5
2.5
10.5
7.5
9.3
8.8
1.6
2.1
1.4
1.5
4.0
7.1
4.3
7.9
81.4
68.4
78.3
75.8
0.5
0.9
0.6
3.5
1.8
0.9
0.6
0.6
0.1
0.6
0.1

The building
shape data base
developedand
by Industrial
ARA during
the Florida
Residential
Figure 2.9: Shapes
of Institutional,
Commercial
Buildings
in Miami
Dade County as
Construction
Mitigation
Program
(RCMP)
is
comprised
of
1103
homes.
The
roof
shapes
Inferred from Aerial Photographs.
of these homes consists of 29% hip roof, 56% gable, 10% combination (e.g., hip/gable,
(source:
FEMA HAZUS, 2009, their Table 8.3)
hip/flat, etc.) and 5% other (e.g., flat, mansard). Single story homes comprised 85% of
the total population of buildings in the RCMP building characteristics database. These

A similarproportions
simplification
may hold
foraerial
roofphotography
shapes, where
are comparable
to the
results. a few roof shapes typically dominate for residential buildings (e.g. gable and hip in Vickery et al. (2006)) and commercial
and industrial buildings may be primarily flat-roofed. Hamid et al. (2010) demonstrated the
HAZUS-MH
MR4 Technical
Manual resistance
importance of the building age in classification into weak,
medium,
and strong
to wind damage. However, for city quarters it may be sufficient to replace a detailed age
breakdown with average building age.
By focusing on European cities and the local wind climate, the condensed building typology may be further simplified. Since typical extreme wind speeds reached during major
winter storms are usually not strong enough to breach the building envelope and to cause
significant damage to the building structure, a simplified typology can focus on roof characteristics and mostly disregard construction type.
However, due to constraints on the availability of specific vulnerability functions and detailed insurance data, we believe a feasible urban typology would have to be further reduced to a minimal typology merely differentiated by occupancy with a focus on residential
buildings for which data are more readily available.

2.2 Typologies of Buildings Regarding Flood Impacts
2.2.1 Introduction
Damages from flooding (coastal, fluvial, or pluvial) are among the most destructive natural
hazardous events. Among the several impacts from flooding (social, ecologic, infrastructural) monetary damages are particularly relevant. Worldwide, flood events have been
responsible for approximately 25% of all financial losses attributed to natural hazards between 1980 and 2012 (Munich Re, 2013). The iconic flooding that took place after hurricane Katrina in August 2005 (USA) is a good illustration of the absolute scale of monetary
damages of extreme flood events. For New Orleans, economic losses on residential property alone have been estimated at more than e 21 billion (US$ 16 billion), while damage
to public structures and utilities (roads, railroads, water defences, etc.) at roughly e 9.5
billion (US$ 7 billion) (IPET, 2007).
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Estimating the monetary damages of future flood events is important to improving the
capacity of societies in coping with losses from flooding. Flood damage assessments
have been gaining increasing importance within the context of decision-making in flood
risk management, despite the several acknowledged difficulties that take place during their
calculation (Merz et al., 2010). These difficulties include, for example, the assessment of
indirect as well as intangible damages. Indirect effects can contribute considerable costs
and require an additional model for their estimation. For intangible damages, such as
negative impacts on ecosystems, the physical assessment is difficult and causes further
problems when evaluated in monetary terms.
The estimation of flood damages can be performed on different spatial scales, typically
on the micro-, meso- or macro-scale. Micro-scale analysis is typically conducted at the
building and infrastructure level (e.g. Boettle et al., 2011). Building damages can be manifold, propagating from structure to content, and can range from simple water penetration,
to the deformation of supporting walls and slabs, to the structural collapse of the building
(Schwarz and Maiwald, 2008). The advantage of micro-scale assessments in comparison
to a meso- and macro-scale is the absence of aggregation, avoiding the need for upscaling
and downscaling procedures (Messner et al., 2007). Although a micro-scale assessment
increases the precision of a damage evaluation, it requires a considerable amount of resources and data (see Messner and Meyer, 2005).
A compromise is needed to assure a level of detail that allows for both a robust estimations and facilitates the generalisation of methods between detailed and coarse spatial
scales. In this section we pursue this compromise by establishing building typologies. I
urban planning, the term building typology refers to a systematic description of the criteria
for the definition of typical buildings as well as to a set of exemplary buildings representing
the building types (TABULA Project, 2012). For the purpose of this report building typology is interpreted as the systematic description of the criteria to define buildings that are
expected to behave similarly in respect to flood damages.
In this sense, building typologies are a simplified unit used to assess damages with the
assumption that buildings belonging to the same typology behave similarly in regard to
economic losses when exposed to a given flood. Although the typologies are defined for
individual buildings, detailed information on the building level is not necessarily required
for an analysis. For instance, it would be sufficient to estimate the fractions of buildings
belonging to each typology in the considered spatial unit. The damage in this area can
then be calculated as the weighted average of the typologies’ damage (Apel et al., 2009).

2.2.2 Building Characteristics
In the field of flood assessments, a comprehensive list of building characteristics influencing damages does not yet exist. Usually, influencing factors are gathered from particular
case-studies and are therefore highly dependent on spatial and socio-economic contexts.
A systematic evaluation is therefore not an easy task. Fortunately, the number of case
studies from which to draw insights is increasing and should allow for some generalisations. It is important to highlight that the goal of this deliverable is to determine building
typologies, which implies that differences on the hazard side, such as return period of flood
events, although relevant are for now ignored.
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As stated, the literature is rich with factors influencing flood damages. In their comprehensive review, Merz et al. (2010) collect the damage influencing factors considered in
different flood damage assessments. The list is extensive, encompassing factors related
to flood intensity such as velocity, duration or frequency; factors related to buildings, like
construction material and structure; and factors related to the occupancy of the building, for
example industrial or residential. Adding to the previous examples of influencing factors,
the HAZUS-MH model (FEMA HAZUS, 2006) considers building age, first floor elevation,
and building type as input requirements to estimate building damages. It is noteworthy
that the building type already constitutes an aggregation of other parameters such as construction material and height. Thieken et al. (2008b) largely repeat the factors previously
analysed, namely the building type and quality. Adding to our list of influencing factors, Vogel et al. (2012) underline many of the influencing factors already exposed, but also adds
new ones, for example floor space and number of flats. Finally, the Hawkesbury-Nepean
Floodplain Management Steering Committee (2006) highlights factors that limit damages
to houses. Related specifically to buildings, their report highlights factors such as housing
type, shape of building, foundation type, and construction materials.
Table 2.4 provides an overview of factors used in literature. However, we acknowledge
that more factors could have be included in Tab.2.4, although one should be wary of the
danger of double counting or redundancy of factors. Some factors are found to appear
consistently across authors, such as building type. Despite appearing to be a common
factor for determining damages, building type was found to have multiple for flood damage
assessments. The meaning appears to vary from author to author. While in Thieken et al.
(2008b); Penning-Rowsell et al. (2005) the building type appears to have no reference to
material, in FEMA HAZUS (2006) material is an explicit component in defining the building
type.
In a broader sense, building type is a step towards formulating typologies that are relevant in shaping the damages of floods. Unfortunately the proposed building types in
the literature are inadequate for our purpose because their construction is not systematic,
but likely motivated by particular socio-economic contexts and geographies. In particular,
they are closely related to regionally relevant building types (e.g. Thieken et al. (2008b) for
Germany, Penning-Rowsell et al. (2005) for the UK, Dutta et al. (2003) for Japan, FEMA
HAZUS (2006) for the US). We suggest that the way forward is to evaluate individually
the effect that the different parameters (e.g. such as building height, building usage and
material) have on building damages.
Physical Characteristics
The purpose of this section is to identify building characteristics that have been reported
to influence flood damage. As mentioned above, we focus on physical characteristics
avoiding building type specifications (such as detached house in Penning-Rowsell et al.
(2005) or one-family home in Thieken et al. (2008b)), which might not be applicable to
other regions.
a) Building Elevation
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Table 2.4: Factors related to buildings that influence damages in case of flood events collected from
different literature sources.
Reference

Factors

Merz et al. (2010)

Building type
Building material
Usage of building
Precaution

FEMA HAZUS (2006)

Building type
First floor elevation
Building age

Thieken et al. (2008b)

Building type
Building quality

Vogel et al. (2012)

Building type
Building quality
No. of flats
Floor space

Hawkesbury-Nepean Floodplain Management Steering Committee (2006)

Housing type
Shape of building
Foundation type
Construction material

The elevation of the first floor plays a significant role in determining the level of flood
damage. In fact, Davis and Skaggs (1992) state that water height and its relationship to
structure height is the most important premise (or assumption) when determining the expected value of the damages to buildings. Figure 2.10 illustrates the effect of first floor
elevation on the flood depth in three hypothetical buildings. We define the flood damage
depth as the difference between the water level and the building foundation (see Fig. 2.10).
Accordingly, as a general rule, the higher the flood damage depth the greater the building
(and content) are damaged (Merz et al., 2010). Buildings whose first floor has a lower
height are likely to suffer higher damages than buildings whose first floor stands higher
above the ground, if all other potential factors remain constant for both hypothetical buildings. This is because the flood damage depth is higher the lower the building foundation.

Figure 2.10: Flood damage depth for three hypothetical buildings with different first floor heights.
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To illustrate the importance of the first floor in shaping the damages from flooding we reproduce three relative damage functions at the building level found in specialised literature,
see Fig. 2.11. The functions collected are proposed in van Eck et al. (2003) (blue), Davis
and Skaggs (1992) (red) and Dutta et al. (2003) (green). As can be seen, little changes in
the flood damage depth – e.g. due to an elevated foundation – can have a significant effect
on the estimated damage in all of the shown curves.

Figure 2.11: Three relative damage functions at the building level displaying the relationship between fraction of damages and flood depth. Functions taken from van Eck et al. (2003)
(blue), Davis and Skaggs (1992) (red) and Dutta et al. (2003) (green).

Regardless of the function considered, it is possible to discern a fast rise in damage
for relatively low values in flood damage depth and a stabilisation in two of the functions
for flood damage depths greater than 3 metres. This suggests that the lowest layers in
buildings often contain important functions for living such as storage rooms, central installations, and central areas on the ground floor (van Eck et al., 2003). Small variations of
flood damage depth in the early stages of the flood translate into substantial changes in
the fraction of building damaged. Consequently, a small offset of flood damage depth, due
to a higher elevation of the first floor, can lead to significantly fewer damages.
Note that the objective is not to contrast damage functions since these can be quite
heterogeneous. However, effort was made to allow for some comparability, for instance,
all damage functions in Fig. 2.11 refer to residential houses with fewer than two storeys
without basement.
b) Building Material
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It has been shown that building materials are important in shaping damages from flood
events (Schwarz and Maiwald, 2008). In this respect, Thieken et al. (2008a) have distinguished between five types of materials and their relationship to flood damages. These
are: prefabricated, framework, clay, masonry, and reinforced concrete. The US model
HAZUS-MH uses a similar classification and provides a detailed description of the material categories (FEMA HAZUS, 2006). In particular, they identify collapse potentials for
different construction materials depending on their flow velocity. A further step has been
carried out by Schwarz and Maiwald (2008) by ranking building materials into five qualitative vulnerability classes. Table 2.5 shows the attribution of building materials to different
vulnerability categories as adopted from Schwarz and Maiwald (2008).
In summary, the literature suggests that the building material has a measurable effect on
the flood damage, thus justifying its inclusion on our search for building typologies.
Table 2.5: Classification of building materials according to vulnerability classes (A – very sensitive,
B – sensitive, C – normal, D – increased flood resistance, E – flood resistant design)
according to Schwarz and Maiwald (2008).
Building material

Vulnerability class

Clay
Prefabricated
Framework
Masonry
Reinforced concrete
Flood resistant designed buildings

A
A–C
A–C
A–D
C–D
D–E

c) Number of Floors
Flood damage data shows that the percent of damage (as a proportion of building
value) to the building structure is less for two-storey dwellings than it is for a single-storey
(Hawkesbury-Nepean Floodplain Management Steering Committee, 2006). One explanation for this observation is, that single floor buildings provide little flexibility for the occupiers
to rescue content from flooding by moving assets to higher floors. On the other hand, assuming that multi-storey buildings have a higher value than single-storey buildings, the
same absolute damage leads to higher relative damage for single-storey buildings. However, the latter effect would simply lead to a rescaling of the damage function.
This appears to be supported by damage functions referring to buildings with one floor
(blue) and buildings with one and a half to two floors (red) reproduced in Fig. 2.12 using
data from Oliveri and Santoro (2000). The curves show a similar behaviour for flood damage depths inferior to 0.5 metres. Above this level the curves diverge. Maximum damage
differences between both buildings types can reach up to 17% (for flood damage depths
1.82 and 2.13 m). For high flood damage depths, the fraction of damages to the buildings
re-converges. In absolute terms Hawkesbury-Nepean Floodplain Management Steering
Committee (2006) suggests that a two story design versus a traditional one floor design
can lead to savings in total damages of 37%, provided flood waters do not surpass a height
of 1.2 metres above the ground floor.
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Figure 2.12: Relative damage function for one floor (blue) and one and a half to two floor (red) buildings extracted from Oliveri and Santoro (2000). Data originally published in Appelbaum
(1985).

d) Basement
If present, the basement of a building is typically the first place where damage occurs. Already for rather low water levels considerable damage can be found (FEMA HAZUS, 2006).
In case no individual damage function for the basement is available, Emschergenossenschaft and Hydrotec (2004) suggest that basement damages account for about 20% of the
damage to the ground floor. Considering basement damages separately, Davis and Skaggs (1992) and Thieken et al. (2008a) suggest a relative damage between 10 and 20% of
the assets value. Lower, but still considerable average damage rates are identified by Merz
et al. (2013), who find relative damages mostly below 5% in their data when considering
only the cases where the basement alone is flooded. Figure 2.13 reproduces two relative
damage functions for the case of residential buildings with and without basements found
in USACE (2000) and USACE (2003).
Basement damages are significant not only to the structure, but also to the content.
FEMA HAZUS (2006) highlights that an offset of more than 20% of the total content value
between building with and without basement can be identified. Kreibich et al. (2005) find
that on average, the damage ratio for buildings (fraction of the flood damage in relation to
the total building value) was 24% lower if only the ground floor was affected in comparison
with additional basement damage.
e) Precautionary Measures
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Figure 2.13: Comparison of relative damages for contents of residential buildings with and without
basement reproduced from USACE (2000) and USACE (2003).

Precautionary measures (taking place prior to a flood event) have been reported to significantly limit economic damages (Kreibich et al., 2007). These measures take several
forms, like the adequate choice of building location on the flood plain or the installation
of flood protective measures (MURL, 2000). In the context of this work we will focus on
precautionary measures that are endogenous to the building. Examples of such measures
have been suggested in Kreibich et al. (2005) and enumerated below.
• Waterproof sealing
• Fortification
• Flood adapted use
• Flood adapted interior fitting
When the inflow of water into the building cannot be prevented, it is still possible to significantly reduce damage through flood adapted use. Flood adapted use can be achieved by,
for example, displacing valuable assets to higher floors as well as the installation of heating and electrical utilities in higher storeys. On a quantitative note, Kreibich et al. (2005)
determined flood adapted use and furnishing were the most effective measures during an
extreme flood on the Elbe river in August 2002 (see Fig.2.14). It was concluded that flood
adapted use and adapted interior fitting reduced the mean damage ratios of buildings by
46% and 53% respectively. Regarding typologies, it is important to underline that some
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types of precautionary measures (e.g. flood adapted use) can be constrained by other
building factors, namely the number of floors of a building, see Sec 2.2.2.

Figure 2.14: Building damage ratios for buildings with/without flood adapted use and with/without
flood adapted interior fitting. Modified from Kreibich et al. (2005).

f) Building Shape and Orientation
The shape of the building has been highlighted as a damage determining factor by the
Hawkesbury-Nepean Floodplain Management Steering Committee (2006). It is suggested
that compact buildings offer less contact surface to flowing water and are structurally more
robust. Accordingly, a square design plan will provide the maximum robustness to resist
lateral loading. Lateral pressures during hazard events may cause both non-structural
damage, such as breaking glass, and also may lead to structural failure (Kelman and
Spence, 2004). Furthermore, only by including building geometry, can the building-scale
variability of flood velocity be captured by flood models (Schubert and Sanders, 2012). In
2.15, the general effect of the building shape as well as some design recommendations
are exemplified for three hypothetical buildings.

Figure 2.15: Effect of building shape and orientation in damages from floods. Adapted from
Hawkesbury-Nepean Floodplain Management Steering Committee (2006) and FEMA
(1981).
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It is important to note that the effect of the shape of building must be assessed simultaneously with the orientation of the flood (Hawkesbury-Nepean Floodplain Management
Steering Committee, 2006). As a precaution, buildings should be oriented so that the foundation and walls minimise the obstruction to flood flows (FEMA, 1981), this prevent and
increase in lateral loadings, see Fig. 2.15.
g) Building Quality
The building quality has been identified as damage influencing factor by Thieken et al.
(2005) and it is currently included in the FLEMOps model (Thieken et al., 2008b) by the
establishment of two quality classes – low/medium and high. On the other hand, Scawthorn
et al. (2006) argue that the building quality does not play a major role in damage resistance
to flooding. Consequently, quality is not considered in the HAZUS-MH model. The role of
building quality in flood damages appears therefore to be unclear and no consensus can
be found in the literature.
Usage Characteristics
Beside physical characteristics, the type of usage has been reported to influence the flood
damage at the building level. As summarised in the review by Merz et al. (2010), most
damage assessments distinguish usage according to economic sector. These could be:
private households, companies, infrastructure, agriculture, with a further distinction into
sub-classes. This is based on the understanding that these sectors differ by their assets and susceptibility. Such classification is also found in the HAZUS-MH model (FEMA
HAZUS, 2003) or the Multi-Coloured Handbook (Penning-Rowsell et al., 2005). However,
since this work is focused on urban regions, some of these categories become dispensable, for instance agriculture. Other classes are more predominant in urban contexts such
as residential, commercial and, infrastructural buildings.
For each class in the previous paragraph, a number of sub-classes are formulated by
different authors. It is usual for damage models to subdivide residential buildings into
many subclasses. For instance, the German model FLEMOps (Thieken et al., 2008b) suggests one-family homes, (semi-)detached houses and multi-family houses. In contrast, the
Multi-Coloured Handbook (Penning-Rowsell et al., 2005) for the UK uses the subclasses
bungalow, detached, semi-detached, terraced, flat, and maisonette.
For the commercial sector, Kreibich et al. (2007) concluded that there are significant differences between subs-sectors, which justify classifying companies. Based on the results
of various studies (e.g. Kreibich et al., 2007, 2009; Penning-Rowsell et al., 2005), the German damage model for the commercial sector FLEMOcs (Kreibich et al., 2010) suggests
the following subcategories: public and private service, producing industry, corporate services, and trade. In addition to a sectoral subclassification, FLEMOcs distinguishes the
size of a company in terms of the number of its employees. Several post-flood surveys in
Germany (2002, 2005, and 2006) have revealed that large companies (> 100 employees)
have significantly lower loss ratios for buildings, equipment and goods, products and stock
(Kreibich et al., 2010).
Building on the several classification schemes presented for building use we conclude
that these are strongly dependent on the considered country, region or focus of assess-
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ment. This hinders the derivation of detailed usage classes that are applicable to arbitrary cities worldwide. Hence, we propose a classification, where only residential and
non-residential building usage is distinguished. Moreover, further sub-classifications are
created by considering the detailed physical properties described above. This ultimately
allows an implicit distinction of different building types or sub-sectors as mentioned above.

2.2.3 Building Typologies for Flood Hazards
Based on the characterisation of buildings provided in Sec. 2.2.2, we will derive building
typologies. Each of the previously discussed factors affects the resulting damage at a
given inundation level and therefore provides a criterion for a distinction of typologies. As
a first step, the qualitative effects of these criteria are summarised in Tab. 2.6.
Table 2.6: Damage determining factors and their qualitative effect on damages.
Factor

Effect

Building elevation
Building material

The higher a building is elevated, the less damage occurs
Materials such as clay or wood are much more vulnerable
to flood water than, for example, concrete
Damages at single-storey houses are higher than in multistorey buildings
The existence of a basement increases the total damage
and causes damages for low inundation levels
Implemented measures that significantly reduce
damage
Compact shapes and less obstructive orientations are
more robust
No consensus
No generally valid effects

Number of floors
Basement
Precautionary measures
Shape & orientation
Building quality
Building usage

Each building can be characterised by these factors. Buildings with similar properties
create a typology. For each factor given, two classes are shown in Table 2.7. This broad
aggregation is justified by data constrains and the difficulty in differentiating flood damages
from similar buildings. Furthermore, by only distinguishing two classes for each factor, we
restrict the complexity of our classification considerably. The table also implies the set of
suggested typologies, where each combination of factor classes represents a typology.
For example, a valid typology would be: residential masonry building without elevated
foundation or basement, two storeys, robust shape (e.g. squared), and no precautionary
measures.
Following this scheme, Tab. 2.7 provides 128 possible combinations, already a considerable number of typologies. Obviously, a compromise between the theoretic typologies
derived from the literature review and a certain level of practicality must be found. In practice, when considering a specific case study city, it is likely that a number of typologies
might not be present. In addition, data availability will undoubtedly restrain our capacity to
determine the proposed typologies in any given city.
To address these challenges, a small collection of freely available data sources poten-
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Table 2.7: Possible classification with regard to the given factors.
Criterion

Number of
classes

Classification

Practical difficulties
Terrain elevation usually available
globally http://srtm.csi.cgiar.org
Large difficulties expected in data
collection

Building elevation

2

No elevation; elevated structure

Building material

2

Number of floors

2

Non-robust (e.g. clay, wood,
prefabricated, framework); robust (e.g. masonry, reinforced
concrete, flood resistant designed buildings)
Single-storey; Multi-storey

Basement

2

Presence; Absence

Precautionary
measures
Shape & orientation
Building quality
Building usage

2

Presence; Absence

2

High robustness; low robustness
–
Residential; Non-Residential

1
2

Potential information available at the
Building Performance Institute (Europe only) http://www.bpie.eu/
Large difficulties expected in data
collection
Large difficulties expected in data
collection
Extraction from Open Street Map
possible www.openstreetmap.org
–
Land use as potential proxy
www.eea.europa.eu; Open Street
Map tags

tially useful for deriving some of the factors composing our typologies is investigated. The
far right column of Tab. 2.7 highlights potential data sources as well as expected data
difficulties regarding the practical assessment of building typologies in the case of flood
impacts. While topographic features, building usage and number of floors can potentially
be addressed using freely available data, other criterion such as presence/absence of
basement and building material may cause substantial difficulties. It is nevertheless early
to make definitive statements on data constraints at this point in the project. Since it is
envisaged to apply the typologies to a large amount of cities (potentially by means of batch
processing), it is essential to define a feasible classification scheme. This can be achieved,
for instance, by a low number of typologies (at a coarse level) or by introducing additional,
aggregated classes, i.e. typologies that are only applied if information is lacking. For example, a general typology, residential building, can be defined in addition to more detailed
classes in order to cover all residential houses without further information. Such a typology
would then represent an average residential building.

2.3 Building and Urban Typologies for Heat-related Damages
2.3.1 Introduction
In recent decades, extreme heat and heat waves have posed a serious threat to society. In
contrast to other hazards’ impacts, the impacts of heat hazards are primarily non-monetary
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health and health-service related (Wilbanks et al., 2007), and the youngest and the elderly
are especially affected. Urban dwellers are particularly at risk because of the elevated
temperatures in cities (e.g. Koppe et al. (2004), Michelozzi et al. (2009)), known as the
“urban heat island” (UHI) effect. It is regarded as the most well documented example of
anthropogenic climate modification (Arnfield, 2003). The main causes of UHI relate to the
altered physical structures and surface properties of a city compared with its surroundings.
As can be seen in Table 2.8, factors determining the UHI or heat-related damages can
be categorised into three major dimensions: socioeconomic, environmental, as well as
political dimensions. It is obvious that heat damages are related not only to the urban
development, but also to the existing regional climatology that interacts with the urban
development and produces a specific UHI with different conditions in each case.
The damage of extreme heat events in cities is usually assessed in terms of threat to human health. However, instead of monetising damage through concepts such as the "value
of a statistical life" (Viscusi and Aldy, 2003) (used e.g. by the World Health Organization
to assess economic values of health and lives (World Health Organization Regional Office
For Europe, 2011)), it is typically carried out by measuring certain proxy indicators; the
number of emergency room visits and hospitalisations, or in the worst case, the number
of fatalities. Le Tertre et al. (2013) for example, found an overall mortality of 3096 death
cases in nine French cities during the 2003 European heat wave and an excess mortality
of 253 deaths. These 253 death cases occurred earlier than they would have under normal
temperature conditions. Mortality may be directly caused by heat exposure or may be triggered by pre-existing diseases exacerbated by the heat (e.g. heat stroke, cardiovascular
diseases, etc.). Due to the complex nature of cities, it is challenging to establish a common
approach to assess the heat-related damages across various cities. However, the classification of cities based on the building/infrastructure typologies could stimulate inter-city
comparisons.
Table 2.8: Exemplary table of factors influencing the UHI and heat-related damages
Socioeconomic

Environmental

Political

Functions (e.g. residential, commercial, industrial)
Population density
Distribution of vulnerable population (homelessness, advance
ages, impairments, poverty)
Access to air conditioning

Climate (temperature, precipitation,
wind)
Elevation and orography
Proximity to green spaces

Alert system

Access to hospitals

Bio-geophysical properties (albedo,
imperviousness)
Morphology (Building height, street
width)
Construction materials

Emergency plan
Sheltering
Response capacity education
Subvention to promote
resilience (building renovation, green roofing)

To study heat-related damages, some trade-offs must be made by means of multi-scale
coarse graining or aggregation, due to constraints on resources (e.g. computational capacity). The socio-economic and political aspects will be analysed with data from a scientific
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literature review. While the average local climate influences the heat resilience of the
people, building parameters such as the typical building-height-to-street-width ratio characterises the UHI intensity (e.g. Oke (1981)). Thus, we will characterise cities according
to these parameters. When considering the impact chain of heat stimuli in general, cities
retain more heat than their rural surroundings causing an urban heat island (UHI), which
amplifies the climatic stimuli heat. Together with specific socioeconomic and physical factors (e.g. the distribution of vulnerable population, Table 2.8) this leads to heat impacts and
damages (see Figure 2.16). Two major impacts can be distinguished: human mortality
or morbidity due to heat waves and changes in the heating and cooling energy demand
of buildings. The factors related to buildings contributing to the UHI and the resulting two
main impacts will be presented in more detail in the following paragraphs.

Figure 2.16: Impact chain of heat effects in urban areas

This document does not treat damages from cold waves, frost and snow as hazards
profoundly. As a matter of fact, snow-induced building failures especially would broaden
the spectrum covered by the report. Geis et al. (2012) examined 1 029 snow-induced
building failure incidents in the US between 1989 and 2009 and 91 international incidents
between 1979 and 2009. According to their study, warehouses, factories and commercial
buildings with planar flat roofs or roofs with only little slopes were the buildings particularly
vulnerable to the weight of snow. This is supported by Munch-Andersen and Dietsch (2011)
who investigated two incidents in Europe, the Siemens arena in Ballerup, Denmark and the
Bad Reichenhall ice rink. 37% of all collapsed building structures in the US were built of
metal or steel, a similar number to collapsed timber constructions. 53% of all international
incidents were metal or steel constructions, whereas 17% were concrete constructions.
Damages entailed costs ranging between 700 Euros and 150 million Euros (Geis et al.,
2012). Besides monetary impacts, the incidents left 732 injured and 312 dead. A building
typology for snow-induced building failures remains challenging to deduce because of the
lack of statistics implying a high level of uncertainty. Moreover, building failures cannot
exclusively be attributed to snow weight, since it is unknown to what extent construction
flaws cause roof structures to collapse (see Munch-Andersen and Dietsch (2011) for more
information). For this reason, it was decided to exclude damages and costs from cold
waves, frost, and snow hazards from this report.
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2.3.2 Buildings and Urban Design Modifying the Urban Heat Island Effect
1. Spatial approach for urban climate evaluation
For urban planning, it is important to differentiate between different spatial scales at
which urban climate should be considered. These are the mesoscale and microscale.
Each spatial scale can lead to the development of different specific actions to alter the
urban climate. Combining actions from the different scales needs to be coherent to maximise climate benefits. It is important that microscale urban design follows urban climate
recommendations based on a mesoscale map of the urban climate (UC-Map). Individual
microscale actions should be in line with the general perspective of the whole urban climate
(mesoscale).

Figure 2.17: Multi-scale approach of urban climate. Steps to evaluate climate in an urban planning
context.

The UC-Map includes climate information from the regional to the urban scale. Regional
climate information is especially important to define the ventilation pattern in the urban
area. So the first step to develop an UC-Map is to analyse how the regional climate affects the urban area. When developed, the UC-Map provides recommendations on urban
planning at the urban scale.
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However, when downscaling to local scales, the UC-Map is problematic. To evaluate
climate at scales from the street to the city quarter, microscale analysis is desirable. Often,
detailed microscale climate mapping has to be approached in a different way than the UCMap. In this case, climate variables and thermal comfort spatial analysis (Figure 2.18a))
is generally solved with complex computational fluid dynamic (CFD) models that include
interactions between atmosphere, earth surface, and all the urban elements. Data that is
important for the microscale analysis includes characteristics of local materials, location of
urban elements, and boundary climate conditions derived from the UC-Map.
Microscale climate models allow us to evaluate different fine-scaled climate scenarios
(Figure 2.18b)) and can help decision-making in urban design. However, results have to
be considered an approximation of reality due to the uncertainties in the mathematical
resolution of the models. A solution is the validation and calibration of models with local
climate measurements.

Figure 2.18: a) Thermal comfort modelling in Indautxu Square (Bilbao) on day 2011/08/07 and b)
thermal comfort difference when the marked building is removed (urban design scenario).

At the microscale, the UC-Map provides the necessary mesoscale climate information.
It is especially important to know the boundary conditions and characteristics of the air flow
that reach the area of interest. This aspect will not only influence dynamic characteristics
and wind fields inside the area, but also the removal of accumulated heat. Some aspects
of urban design that condition microscale thermal comfort are building distribution and
orientation, location of vegetation, and characteristics of surface materials.
Thus, for complete and adequate urban climate considerations in urban planning, we
must analyse different spatial scales (mesoscale and microscale). These scales will be
discussed in the following sections.
2. City and meso-scale level
On a global scale, the magnitude of the UHI depends on a variety of factors, such as
latitude (Wienert and Kuttler, 2005), population (Oke, 1981; Tran et al., 2006), biomes
and climatic factors (Imhoff et al., 2010; Zhou et al., 2014), and of course the existing
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regional climatology that interacts with the urban area (Ren et al., 2012; Acero et al., 2013).
McCarthy et al. (2010) assess the influence of global warming on the UHI, suggesting that
regions of high population growth coincide with regions of high UHI potential, most notably
the Middle East, the Indian sub-continent, and East Africa.
On a meso-scale, which ranges from a few hundred meters to several kilometres (grid
resolution), the UHI is usually studied by applying physically-based numeric models, such
as the Weather Research and Forecast (WRF) model or the COSMO-CLM model, coupled with the “urban canopy model” (UCM). The UCM represents a city as a combination
of roofs, shaded and sunlit walls, and pervious (vegetation) and impervious (pavement)
canyon floors forming a canyon structure (see Figure 2.19). In practical terms, each
urban grid cell can be characterised by a set of urban canopy parameters such as the
size of street canyon (normalised canyon width and building height), aspect ratio (building
height/canyon width), fractions of built-up and vegetation, road direction, sky view factors
(SVF), etc. Figure 2.20 illustrates the urban canopy parameters employed by Schubert
and Grossman-Clarke (2013) to study the influence of green areas and roof albedo on air
temperatures during extreme heat events in Berlin. These parameters are derived from an
impervious surface data and City Geography Makeup Language (CityGML) at 1 km resolution. However other models also include other aspects, e.g. the anthropogenic heat in
cities as in Building Energy Parameterisation (BEP) model by Martilli et al. (2002).

Figure 2.19: Radiation of the single-layer urban canopy model. SD is the direct solar radiation
incident on a horizontal surface (source: Kusaka and Kimura (2004))

The influence of the aspect ratio and urban green spaces on the UHI has been qualitatively and quantitatively investigated in several case study cities (Sao Paulo (Marciotto
et al., 2010), Basel (Hamdi and Schayes, 2008), Berlin (Schubert and Grossman-Clarke,
2013), Singapore (Wong et al., 2011)). In general, the UHI increases with rising urban
fraction and aspect ratio at night-time, whereas at day-time, the UHI decreases with rising
aspect ratio. To a certain extent, increasing building height can alleviate the UHI by providing shading to the lower surfaces. On the other hand, widening the canyon width may
increase the sky view factor (SVF), which in turn increases the incident solar radiation and
leads to higher ambient temperatures. It is therefore becoming increasingly critical that urban planners find the optimal site-specific building-street-vegetation behaviours to mitigate
the UHI in a warming world.
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Figure 2.20: Urban canopy parameters derived from an impervious surface map and a 3-D building
data set for Berlin at a resolution of 1 km (source: Schubert and Grossman-Clarke
(2013))

Recent advances in the UHI constitute a comprehensive climate-based classification of
urban and rural sites for temperature studies, i.e. local climate zones (LCZs), which are
differentiated from each other by their location-related properties (Stewart and Oke, 2012).
The LCZs scheme aims to establish a common reference for inter-site comparisons and to
provide an objective protocol for measuring the magnitude of the UHI in any city. However,
due to the complex nature of cities, the spatiotemporal pattern of the UHI is not yet fully
understood. Furthermore, regional climatology influences the development of the UHI.
Here we provide an overview of the typologies for the meso-scale city level:
Table 2.9: Properties used for the LCZs’ classification (Steward and Oke, 2013)
Geometric

Surface cover

thermal

Sky view factor
(SVF)
Aspect ratio

Building surface
fraction
Impervious surface fraction
Previous surface
fraction

Surface
tance

Height of roughness elements
Terrain
roughness class

3. Micro-scale level
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Anthropogenic
heat release
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Figure 2.21: Classification of Local Climate Zones influencing the temperature within a city (source:
Stewart and Oke (2012))
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Within a city, the hottest temperatures are generally found in areas with the least vegetation and the highest building volume. In these developed areas, high roughness structure
reduce the convective heat removal. Generally, on a micro-scale level, buildings and other
urban elements can induce a warming or cooling effect on the urban air temperature.
a) Warming effect
Waste heat resulting from air conditioning (AC), traffic, and even the human metabolism
worsen the situation, and hinder the well-being of urban dwellers. Estimates of the magnitude of these heat sources range from tens to hundreds of W/m2 in US and European
cities (Sailor and Lu, 2004; Pigeon et al., 2007) and can reach as high as 1590 W/m2 for
the business district of Tokyo (Ichinose et al., 1999). de Munck et al. (2013) simulate the
various AC scenarios in Paris, suggesting an ambient air temperature rise of 0.5 to 2 ◦ C
due to AC use, respectively considering current heat releases and the future doubling of
AC usage.
b) Cooling effect
This section will focus on the effect of cooling components on the UHI, whereas the effect
on the indoor temperature of buildings (influencing their heating and cooling demand) will
be covered in chapter 2.3.2. The local cooling effect can stem from three major urban
elements (Wong et al., 2011):
• Green spaces (green infrastructure)
• Buildings (architecture)
• Pavements (hard infrastructure)
Green spaces The cooling effects of urban vegetation due to their shading and evapotranspiration have been well documented and integrated into UHI mitigation design (Bonan,
2000; Byrne et al., 2008; Peters and McFadden, 2010).(Bonan, 2000) finds that vegetated
landscape elements are several degrees cooler throughout the day than non-vegetated
surfaces. The temperature of irrigated residential lawns is further lower than native grass
landscapes, which is related to the enhanced evaporative cooling found in well-irrigated
turfgrasses. Peters and McFadden (2010) suggest an even stronger cooling effect can be
found under tree canopies on the soil and the surface compared to open turfgrass lawns,
which is likely due to the canopy blocking solar radiation and shading the surface. Trees
also have deeper roots and greater leaf area than turfgrasses, leading to greater evapotranspiration. A study in Singapore by Wong et al. (2011) suggests that the green plot ratio
(single-side leaf area per unit ground area) has a stronger impact on the air temperature
than the height and density of the surrounding buildings. While it is clear that parks and
green spaces can reduce the UHI, the exact characteristics of a park’s cooling effects is
difficult to quantify (Gago et al., 2013). For example, there is no linear relationship between
the size of the park and its cooling effect, but rather the type of vegetation plays a large
role. Therefore, Cao et al. (2010) have developed a “park vegetation and shape index”
(PVSI), which explains the cooling effect of 92 parks in Japan.
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Buildings (“green” or “cool” roofs) Taha (2008) shows that Sacramento (California,
USA) has a potential to mitigate the UHI by up to 3 ◦ C in response to increasing the albedo
of roofs, walls, roads, and urban vegetation cover. Furthermore, according to these simulations, the ozone concentration could be reduced in most areas of the city. Krayenhoff
and Voogt (2010) estimate that a decrease in the maximum daytime air temperature of ca.
1 ◦ C in downtown Chicago (Illinois, USA) during a clear summer day is possible with a
change of the roof albedo from 0.06 to 0.65. In Berlin (Germany), a roof albedo increase
from 0.06 to 0.65, air temperatures at the urban stations can decrease by up to 0.5 ◦ C
(Schubert and Grossman-Clarke, 2013). The use of high albedo roofs can reduce energy
consumption in urban areas. Salamanca et al. (2011) finds a considerable reduction in the
simulated summer UHI and energy consumption for Madrid (Spain) due to a reduction in
roof albedo and anthropogenic heating. Sakai et al. (2012) presented a new technology
for constructing cool roofs composed of fractal shapes (Sierpinski tetrahedron, fractal dimension =2). They find that when compared with ordinary flat roofs, these cool roofs can
greatly reduce surface temperature and consequently provide a cool environment without
strong heat radiation (Sakai et al., 2012).
Two main types of green roofs can be distinguished: extensive and intensive green roofs,
which differ in their substrate thickness and the vegetation cover. Extensive green roofs
require less maintenance; however they provide a lower cooling effect (Castleton et al.,
2010).
Furthermore, other building surface (i.e. facades) can also influence thermal heat storage in the urban area. Materials with high reflectivity factor to shortwave radiation, i.e. high
albedo, as well as high emissivity factor to long-wave radiation can significantly improve
thermal comfort conditions on urban areas during the summer period. These are called
“cold” materials due to their properties to absorb little solar radiation and easily release
previously gained energy.
There are three physical characteristics that affect the albedo: colour, surface texture,
and construction material. Dark colours and rough surfaces tend to absorb more solar
radiation and thus are warmer than the light coloured and smooth surface. “Warm" materials are made of construction materials such as concrete, pave stone, and asphalt (Doulos
et al., 2004).
“Cool” pavements Changing the colour of pavements to lighter colours can significantly
reduce surface temperature and thus the absorbed heart. The heat-preventing potential is
quite large, since in a common urban setting, pavements cover around 16% of the ground
area (Gago et al., 2013). A rise in albedo by 0.25 can cool down the temperature of the surface by 10 ◦ C (Akbari, 2005). The high costs of this infrastructure could be considerably
reduced by integrating the construction into the general maintenance schedule (Akbari,
2005). Characteristics of pavements which influence the surrounding temperature are the
area, the reflectivity to solar radiation (albedo), and the emissivity to the long wave radiation (thermal capacity) (Gago et al., 2013). Doulos et al. (2004) investigated the thermal
performance of commonly used pavement materials. They found that the observed temperature differences are mainly caused by different albedo rather than the emissivity. The
physical characteristics of the material that affect their albedo are the colour, the surface
texture, and the construction material.
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Typology of buildings and urban elements determining the UHI
On the meso-scale and city level, a typology can be derived from physically based urban
(canopy) models determining the UHI. Yet, the typologies inherent in various urban models
are highly dependent on the degree of complexity of the models. It would go beyond the
scope of this report to discuss the technical parameterisation and varying assumptions of
models. For a detailed description of this issue, we refer to the review paper by Grimmond et al. (2010) which compares 33 urban energy balance models. Further, the Local
Climate Zones (LCZ) have been introduced (see Figure 2.21), which can represent an alternative typology at a coarse spatial level. They influence the temperature within a city
and are based on the surface cover, structure, material, and human activity (Stewart and
Oke, 2012). They are then characterised by the parameters listed in Table 2.9. All these
parameters are measurable and nonspecific as to place or time. They further suggest that
each LCZ should have a minimum diameter of 400-1000 m so that the adjusted portion of
its internal boundary layer lies entirely within the zone.
For the micro-scale within a city, an overview over the benefits and constraints of these
three architectural and infrastructural components is given in Table 2.10. Regarding a typology of buildings and urban elements determining the UHI, the criteria listed in Table 2.11
could form a basis. However the determination of the number of classes is difficult as these
could be expressed by continuous values of the suggested criteria. Clustering algorithms
might be utilised to determine the optimal number of classes.
Table 2.10: UHI mitigation technologies (after Akbari et al. 2001 and Rosenzweig et al. 2006)
Criterion
Cool roof
Cool pavement

Benefits

Constraints

Building cooling-energy saving
Reduction in smog (ozone)
Longer durability of roofs
Lowering of ambient temperature

Glare and visual discomfort for sloped roofs
Higher reroof cost for tar roofs

Reduction in smog
Increased safety (reflectivity↑ - visibility↑)
Air temperature lowering
Urban green

Green roof

Saving energy for cooling
Flooding mitigation
CO2 sequestration
Cooling and Energy saving

Glare (can be solved by using a product
with an albedo similar to that of cement
concrete)
Gradual darkening because of dirt
Emission of volatile organic compounds
(VOCs) Exacerbation of smog
Damage of infrastructure due to plant roots
Technical difficulties (multi-layer structures,
leachate management)
Mosquito source
(NA in the original report, modified by author)

Storm water runoff mitigation
Roof-service lifetime extension
Building amenity value
Biodiversity value
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Table 2.11: Typology of buildings and urban elements determining the UHI
Criterion

Number
of
classes

Cool/White roofs

≥2

Intensive green roofs ≥ 2

Classification

Possible further criteria

For simplification the existence or nonexistence could be considered as classes.
Given more information, the total area and
albedo value can be considered.
For simplification the existence or nonexistence could be considered as classes.

Total area,
value

Given more information, the total area and
albedo value and the amount off evaporation (i.e. described by the vegetation)
See above

Cool/white
ments

Minimum two classes: “cold” and “hot”
pavements according to their albedo and
thermal capacity.
The share of green spaces (or the green
plot ratio) and the amount of evaporation
(i.e. type of vegetation) are determining factors. These can be described by the “park
vegetation and shape index” (PVSI).

Urban green

≥2
≥2

Total area, albedo
value, amount of
evaporation

Total area, albedo
value, amount of
evaporation

Extensive green roofs ≥ 2

pave-

albedo
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2.3.3 Building and Urban Design Characteristics Modifying the Heat Impact
Mortality or morbidity of the population and the energy demand and consumption of buildings for heating and cooling are the two major heat-related impacts that are especially
relevant for cities. These impacts are primarily due to higher temperatures in urban areas.
Impact: Human mortality to heat waves
Human mortality refers to the lethal consequences, whereas morbidity described incidences of ill health, in this case due to heat. The climatic stimuli heat can be either expressed in daily mean temperatures as it is by Curriero et al. (2002), Kim et al. (2006) and
McMichael et al. (2008), or daily mean apparent temperatures (including humidity) as it is
by Zanobetti and Schwartz (2008) and Chung et al. (2009). Furthermore, some authors
use the respective maximum temperatures (Hales et al., 2000; Hu et al., 2008) Often, the
temperature-mortality relationship shows a time lag (as the temporal differences between
time of exposure and time of death). It ranges mostly between 0 and 1 days as for example in Ha and Kim (2012). However, in a few cases longer lags have been considered in
studies: for example lags up to six (El-Zein et al., 2004) or 21 days (Guo et al., 2012).
a) Buildings and urban design characteristics determining heat mortality
Due to lack of shading, higher indoor temperatures are usually measured on top floors,
especially apartments located in older buildings with poor air-circulation, rendering the
people living there at risk. Moreover, the mass of a building is relevant for regulating the
indoor temperature: Concrete and stone, which are high thermal mass materials, can
absorb heat effectively during hot days, as can be noticed e.g. in cathedrals or stone
houses.
A study by CIBSE (2005) comparing two newly build detached houses, one being adapted
through higher mass, solar shading, as well as reduction of ventilation during the warm part
of the day and increase in ventilation at night, while the other house lacked these adaptive
measures, makes clear that building mass and adaptive measures are relevant for comfortable indoor temperatures and overheating. The unadapted building with a higher thermal
mass displayed fewer days in the past and predicted fewer days in the future exceeding the
critical living room temperature of 28 ◦ C than the unadapted lightweight building. Both, the
high mass and the light mass building performed significantly better when equipped with
adaptive measures; The number of days exceeding the critical living room temperatures
of 28 ◦ C was significantly lower. An analysis for bedrooms predicted overheating problems
on days exceeding 25 ◦ C, even in the adapted high mass building by the year 2020.
However, these unfavourable conditions can be alleviated by increasing the albedo of
roof surfaces and improving the isolation of the facades that are exposed directly to sun
radiation. Sharples and Lee (2009) propose that bedrooms should be built on the ground
floor in the future to decrease the heat burden for residents. This discourse makes clear
that building characteristics and urban design, which influence the mortality or morbidity of
people, is similar to those described above regarding the UHI. For a discussion of this see
chapter 2.3.2.
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Figure 2.22: The importance of mass and adaptation measures for comfort temperatures and overheating in buildings. A discomfort level in the living room was assumed at 28 ◦ C
(source: CIBSE (2005))

Besides the characteristics of urban design and building components, the existence of
cooling devices within buildings plays a large role. For example, a lack of cooling devices led to an increase in mortality during the European heat wave in 2003 (Vandentorren
and Empereur-Bissonnet, 2005). A survey among residents in four US cities showed that
although most people questioned possessed air conditioning devices, there was a strong
economic barrier to the electricity costs associated with using them (Sampson et al., 2013).
Further, cooling centres or cool publicly accessible buildings have been identified as an
important factor. In a survey, US citizens reported a multitude of options for cool public
buildings in their neighbourhood (Sampson et al., 2013), however, some were shut down
due to a lack of public financing. While many mentioned the possibility of cooling centres
in their surroundings, strong cultural (e.g. type of food offered), psychological (evacuation
experience), and economic (safe and affordable transportation) barriers remained. While
air conditioning systems are a means to reduce the indoor heat burden, they lead to higher
carbon emissions and a rise in the outdoor temperature. Due to this feedback mechanism
they are a controversial adaptation measure.
In summary, there is limited information on a typology of architecture and infrastructure
characteristics which can determine the impact of heat mortality. As discussed above, the
existence of air conditioning in private and public buildings is an important factor; however
this is coupled with the affordability of energy. Cooling shelters can temporarily alleviate
the heat burden. Further, the existence of heat warning systems can be an indication of
the intensity of the local impact due to the awareness raising effect.
b) Socioeconomic factors determining heat mortality
Besides the cities’ architectural characteristics, it has to be noted that socioeconomic
factors are central influence on mortality or morbidity. Therefore, a brief overview over
these factors will be provided. The additional heat load may over-exert the cardiovascular
system in particular for the elderly (Wainwright, 1999; Hodgkinson et al., 2003). Consequently, there is a clear correlation between a mortality increase in the population 65 or
older (population ≥ 65) and periods of extremely high temperatures (Huynen et al., 2001;
Kovats and Jendritzky, 2006). In Spain, elderly people even accounted for 70% of the
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total mortality during the examined episode of high ambient temperature (Iñiguez et al.,
2010). Younger people are more resilient, unless they cannot avoid prolonged exposure to
heat, e.g. due to a job that is exercised outside or regular outside sports practices (Luber
and McGeehin, 2008; Willett and Sherwood, 2012). Further, the health status prior to a
heat wave (e.g. coronary and cardiovascular diseases) for populations determines their
vulnerability (Kovats and Jendritzky, 2006). The influence of other factors however is not
yet certain: gender, for example, has been observed as being positively associated with
heat-related mortality; especially women are at risk (e.g. D’Ippoliti et al. (2010), Muthers
et al. (2010)). However, Ma et al. (2012) have not observed any significant modifying effect
of gender on the heat-effect on mortality for Shanghai. Influencing socioeconomic factors
include low education (McGeehin and Mirabelli, 2001; Gouveia et al., 2003; O’Neill, 2003;
Son et al., 2012), poverty/low income (Curriero et al., 2002; Huang et al., 2011; Son et al.,
2012), as well as the use of air conditioning as an indicator of wealth in US studies (Curriero et al., 2002; Harlan et al., 2006). Living alone or having few social contacts further
increase the sensitivity of individuals to heat (Semenza et al., 1996; Fouillet et al., 2006;
Kovats and Jendritzky, 2006; Åström et al., 2011; Huang et al., 2011).
Impact: Changes in the Heating and Cooling Energy of Buildings
In 2010, the building sector used over 20% of the world energy consumption (EIA, 2013).
In developing countries, buildings may account for up to 40% of the end-energy use, more
than the industrial or transportation sectors (Pérez-Lombard et al., 2008). Heating and
cooling energy in developing countries can reach 20% of the total energy consumption.
Nonetheless, the data sources on building energy are scarce, since statistics often do not
account for the building sector as an independent sector. However, depending on the heating and cooling demand of buildings, the residents either incur costs or savings. Costs and
savings are coupled with the energy consumption patterns of households which in return
can be determined by a combination of climatic, demographic, architectural, economic,
and lifestyle factors. In the following we will focus on the architectural dimension.
The effect of architecture and infrastructure components on the temperature within a
city can be divided into direct (shading and reflection) and indirect effects (trees reduce
the wind velocity, evapotranspiration of vegetation and the influence of the UHI). The UHI
effect and vegetation influences have been discussed in chapter 2.3.2. Reducing the UHI
can reduce energy consumption and waste heat releases in urban areas. According to
an estimate by Akbari et al. (2001), about 20% of the national cooling demand can be
avoided through a large-scale implementation of UHI mitigation measures in the US. These
measures, if implemented, imply an overall option to save costs due to cooling. However,
the direct effect of changes in building energy demands are more relevant (Konopacki and
Akbari, 2001). Therefore, architectural characteristics which directly influence the heating
and cooling demand will be discussed in more detail in the following sections.
a) Building characteristics determine the heating and cooling demand
The architectural characteristics that influence energy consumption as well as the costs
and saving options of heating and cooling are:
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• Building form
• Insulation (transmission values)
• Urban form
Building form For the indoor temperature of buildings, the effects of the building characteristics (ca. 3.3K variation of indoor temperature between different buildings) can be
much larger than the UHI effect (ca. 1.4K variation of indoor temperature due to UHI), as
it was shown for London (Oikonomou et al., 2012).
Assuming the same insulation standard for several German building types and the same
spatial density of these buildings, a study found the highest heating demand in apartments
within courtyard buildings due to the shading effect. The lowest heating demands were
found in multi-family apartments, followed by high-rise blocks (Figure 2.23) (Tereci et al.,
2013). The difference in heating demand between these building forms can reach up to
35%. Cooling demand, however, is highest for single family houses and lowest for row
houses and shows a larger variation between building types than the heating demand.

Figure 2.23: Heating and cooling energy demand for different building typologies with the same
insulation standard for typical German building types (source: Tereci et al. (2013))

In a study on typical urban morphologies in London, Berlin, Paris and Istanbul, the average building height was a very good indicator for the heating energy demand (with a
correlation coefficient of 0.88), followed by the surface-to-volume ratio of a building (0.8)
(Rode et al., 2011). For specific building types, the compact urban block performed best
compared to e.g. detached housing, high-rise apartments and slab housing. However, the
latter also have a high potential for a good heating energy performance.
Insulation standard The insulation standard is expressed by the so called heat transmission values (U-value) which indicates heat loss of a building (Laustsen, 2008). In several countries regulations regarding the maximum transmission values for specific building
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Table 2.12: Examples of the energy saving potential due to insulation of buildings
Authors

Country

Energy saving potential

Comments

Tereci et al.
(2013)

Germany,
Stuttgart

Savings when applying new
insulation standards to residential building types.

Olonscheck
et al. (2011)

Germany

Reduction in heating energy
demand over 75% when
converting a single family
house with a low insulation
standard to a passive house
without heat recovery system.
Reduction in energy demand
by 14% and 22% when increasing the renovation rate
from 1 to 3% (with new standards).

Niachou et al.
(2001)

Greece,
Athens

Konopacki
and
Akbari
(2001)

Canada,
Toronto

Largest effect in winter; insulation standard of building most important for saving
potential.

Akbari (2005)

USA

Xu
et
(2012)

India, Hyderabad

Up to 48% (with night ventilation) when implementing
“cool” or “green” roofs on
less insulated buildings
Reduction in the annual energy of residential buildings
by 20% when implanting
“cool” roofs
Light- coloured roofs could
decrease the electricity demand of air conditioning by
3%
Cooling energy could be
reduced by 14-26% when
changing the colour of black
roof to white

al.

The influence of insulation
was stronger than demographic factors or warming
due to climate change until
2060 (only residential buildings).

Residential and commercial
buildings

components (e.g. walls and roofs) have been set up for newly constructed buildings. In the
European Union a directive for the energy efficiency has been introduced (2010/31/EU),
which is then translated into national regulations. For example, the German heat insulation regulations (Wärmeschutzverordnung, WSch) and energy saving regulations (Energieeinsparverordnung, EnEV) lists specific U-values for renovation of residential buildings by component, from 1982 until 2020 (IWU, 2007), which can serve as a database.
Numerous studies have shown the large effect of insulation (including the construction
of green or cool roofs) on the energy demand of buildings. They are summarised in Table 2.12.
Building typologies determine the impact of heating and cooling demand and databases
Within the context of the energy demand of buildings, building typologies refer to the systematic description of the criteria for the definition of typical buildings as well as to a set of
exemplary buildings representing the building types (TABULA Project, 2012). They have
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been developed for several countries, for example: For Germany, a building type classification is available from the Institute for Building and Environment (IWU) for the period
1954-2006. This classification comprises 43 building types by year of construction (before
1918 to after 2002), number of dwellings in one building of each type and per building type,
the volume and the size, and insulation standard of the main building components. For
Sweden, a typology for single and multi-family houses has been developed based on a
sample of 1800 buildings classified by age with data on energy usage, technology status,
indoor air quality, damage, and maintenance (Mata et al., 2013). Other national databases
exist, for example, for Greece (Dascalaki et al., 2011), Cyprus (Caldera et al., 2008), UK
(Hamilton et al., 2013) or for specific cities such as Turin (Panayiotou et al., 2010).
Recently, an important effort has been made to create a European database of residential building typologies based on a standardised structure. This is available for 13 European
states (TABULA Project, 2012). These include Austria, Bulgaria, Belgium, Czech Republic, Germany, Denmark, Spain, France, Greece, Ireland, Spain, France, Greece, Ireland,
Italy, Poland, Serbia, Sweden and Slovenia. An overview over this is shown in Figure 2.24,
visualising the possibility for cross-country comparison based on the harmonised national
typologies and data.
In more detail, the database includes the description of the four harmonised building size
classes which are further differentiated by age group (Figure 2.25). The cells in this table
therefore contain the national building types. Each building type is then described in more
detail via a representative building (including a picture) and a database is provided. This
contains information on the insulation characteristics of building components, i.e. the roof
or top ceiling, the walls, the floor, the windows, and the door. Each of them is expressed
by their surface area, type (e.g. tilted roof), a picture of the construction, and the U-value.
This information is available for three stages of refurbishment (i.e. improving the insulation
standard). Additionally, for each building type, information on the space heating and water
heating system is given. Further national statistics on the housing stock are provided, e.g.
the number of buildings associated to each building type.
The TABULA typology is of high value to the RAMSES project as it not only contains a
harmonised typology across many European countries, but also provides a database with
detailed information. However, the typology has been developed based on the national
level. To our knowledge, no comprehensive database exists distinguishing the city scale.
Thus, the national databases also include rural houses which are less relevant in the urban
context.
This national typology is potentially transferable to other countries, given that detailed information on the national level is available. Nevertheless, a transfer to developing countries
where very different building types are prevalent, might be problematic. In such a case, a
simplified version could be applied focusing on the criteria summarised in Table 2.13 with
key criteria identified, for example, by Coffey et al. (2009) and Dall’O’ et al. (2012).
Building energy models Several models have been developed to simulate the building energy demand or consumption based on building typologies. These mostly apply a
bottom-up approach in which the energy balance of one building is calculated and then
scaled up to a larger area. For example, the Energy Plus simulation programme has been
applied to simulate indoor temperatures in London, UK (Oikonomou et al., 2012) or the
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Table 2.13: Simplified typology of building characteristics which influence the cooling and heating
energy. The criteria marked with a * are relevant only when calculating the energy
consumption and not the demand. This would lead to a total of at least 64 classes.
However, some combination could be ruled out, e.g. combinations of building age and
geometric form, which would reduce the classes to some extent.
Criterion

Number
classes

of

Classification

U-values

>2

User type
Geometric form

2
≥2

Building age

≥2

Renovation status

2

Renovated/unrenovated

The U-values (heat transmission values) of
the building and its components are the
main determinants of insulation. This is
also reflected in the renovation status, the
geometric form, building age etc.
Residential/ office
Strongly depends on the region, as a
minimum detached/free-standing buildings
and block buildings could be differentiated.
These could be reduced to a measure of
the surface-to-volume ratio and the building
height or floor area.
Strongly depends on the region. As a minimum older and newly erected buildings
could be distinguished.

Implemented
vices*

heating

de-

2

Yes/no

Implemented
vices*

cooling

de-

2

Yes/no
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Figure 2.24: Overview of the building typology matrix of the TABULA project containing four building size classes and age classes according to the national building situation (source:
TABULA Project (2012))

energy demand of building in Stuttgart, Germany (Tereci et al., 2013). It includes spatial interactions between objects, such as shading effects. The ECCABS model (Energy,
Carbon and Costs Assessment for Building Stocks) has been developed to simulate the
energy demand of buildings in Sweden (Mata et al., 2013). The DOE-2 building model
allows a quick implementation of building information to simulate the energy demand and
associated costs of buildings (Kim and Anderson, 2013). The input data are the building
layout, constructions, operating schedules, conditioning systems, utility rates, and weather
data. For a simulation of the energy demand of the German building stock, Olonscheck
et al. (2011) have applied the calculations according to the German DIN Standard V 41086 (DIN, 2003), based on the heating and cooling degree days. Based on CEN standards,
the TABULA web-tool provides a calculation sheet for the heating demand which can be
used with the TABULA database for each country.
b) Urban forms determine the heating and cooling demand
While many studies have investigated the effect of insulation on the heating and cooling
demand, the complex relationship with the urban form and therefore with the meso-scale
level remains under-researched. The influence of the urban form and the effect of the
UHI are often difficult to assess separately and involve complex interactions: Overall, a
dense urban form may reduce the overall energy demand of buildings and the costs. A
compact city scenario for Dublin for example would reduce the heating energy consumption
of households by 16%, compared to a more dispersed scenario of land use change (Liu
and Sweeney, 2012). However, this involves mixed effects of the UHI and shading. For
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Figure 2.25: Each TABULA building type is described via a representative building and a database
provided (based on TABULA Project (2012))
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buildings in Copenhagen, the influence of the geometry of the urban canyon alone may
reduce 19% (residential) or 30% (office buildings) of the energy consumption (Strø mann
Andersen and Sattrup, 2011). For typical German building types, Tereci et al. (2013) have
assessed the influence of the share of built-up area (i.e. building density) from 30-60%
on the heating and cooling demand (Figure 2.26). They find that the influence of building
density is less than that of the insulation standard. Still, for a multi-family house, the heating
demand rises by 17% when changing the urban form from a stand-alone (un-shaded)
building to a dense form with a 60% share of built-up area. This is due to a loss in solar
radiation on the building in winter. The higher the share of the exposed building envelope,
the stronger the effect of density is on the heating demand. This function of density and
energy demand is shown for a multi-family house in a setting of nine blocks with different
shading conditions in Figure 2.27. In contrast to this, the cooling demand decreased with
urban density (-44% for a multi-family house with 60% density compared to an un-shaded
house). Here, the effect of shading of the building is strong.

Figure 2.26: Left: Average heating and cooling demand of multi-family houses with increasing urban
site density under Stuttgart weather conditions. Similar tendencies are observed for
the single family or high-rise blocks. Right: Density of high-rise blocks of multi-family
buildings of 30 % and 60 % (source: Tereci et al. (2013))

Moreover, the urban form showed a large effect for a case study of a street canyon
with mixed residential and commercial buildings in London (Futcher et al., 2013). The
effect from denser building distributions is even larger than the UHI effect. The results
are similar as for the above displayed case study of Stuttgart: the effect of shadowing
reduced the cooling demand (which is especially important for residential buildings) but
increases the heating demand (important for residential buildings). Focusing on the urban
morphology and the heating energy demand of typical building types in London, Berlin,
Paris and Istanbul, building density (ration between the total floor area of the buildings and
the land area) was found to be a strong influencing factor with a correlation coefficient
of 0.77) (Rode et al., 2011). A ratio of at least one is suggested for a beneficial heating
demand. Above this ratio, significant reductions in energy consumption due to the density
factor are possible, below this value other building characteristics play a larger role. The
surface coverage (ratio of the land covered by buildings) showed a weaker relationship
than the density (correlation coefficient of 0.4). Yet, building characteristics such as the
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Figure 2.27: Left: Average heating and cooling demand of multi-family houses with increasing urban
site density under Stuttgart weather conditions. Similar tendencies are observed for
the single family or high-rise blocks. Right: Density of high-rise blocks of multi-family
buildings of 30 % and 60 % (source: Tereci et al. (2013))

surface to volume ratio and the building height had a stronger influence on the heating
demand.
Typologies of the urban form Based on the literature discussed above, a typology could
be based on the building density. For simplification, two classes with a floor-to-area ratio
below and above 1 can be distinguished. However, as discussed above the relationship
between density and energy demand is complex: higher densities can also reduce the
solar heat gains and therefore increase the energy demand, while they generally decrease
the cooling demand. Therefore no clear typology incorporating both of the impacts of
changes in heating and cooling energy can be inferred. Still, this section shows that there
is potential to regulate costs and savings from energy demand for cooling and heating
through the urban form.
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3 Typologies for Infrastructure Regarding
Multiple Climatic Impacts
There exists no universal definition of Infrastructure. Biehl (1986) stated “...[t]he difference
between infrastructure and other potentiality factors, such as the location of the region or
its natural resource endowment, is that the service bundles inherent in infrastructure have
been ’artificially’ created through investment, whereas location and natural resources are
’naturally’ given.” This means that Infrastructure can be broadly divided into two categories
i.e. built infrastructure and natural infrastructure (for e.g. wetlands). Built infrastructure can
be further classified into hard infrastructure (for e.g. energy systems and transportation
systems) and soft infrastructure (often referred to as social infrastructure which includes
schools, hospitals and other such institutions). Cities have an advantage over their rural counterparts in infrastructure provision and service delivery because of economies of
scale (Bettencourt et al., 2007). In the absence of a formal infrastructure system or service delivery, makeshift arrangements for service delivery emerge. This often is the case
with the cities in the developing countries where service delivery is compromised due to
increased migration and a lack of technical, financial and institutional arrangements at the
city level. Urban society depends heavily upon the proper functioning of infrastructure
systems such as electric power, potable water, and transportation networks. Normally invisible, this reliance becomes painfully evident when infrastructure systems fail in disaster
events (Chang, 2009). While disruptions of infrastructure systems are most felt among the
inhabitants of urban areas, and especially the cities of the developing world, they will ripple
through the social and economic fabric to affect systems of interconnected cities and the
larger regions and hinterlands with which cities interact.
The extent of the impact of particular climate stimuli on the infrastructure depends on
various factors such as the magnitude of the stimuli, the current state of the system, its
location and the degree of its dependency on other systems. Infrastructures and urban
systems can reduce climate change risks, increase resilience to possible impacts, and reduce the magnitude and intensity of impacts by a range of adaptation measures (Wilbanks
et al., 2012).
Infrastructure systems are highly interdependent, resulting in cascading effects under
extreme climate events. Figure 3.1 explains the interdependencies among various urban
infrastructure systems and service delivery. In 2011, for instance, Hurricane Irene, the
September San Diego Blackout, and the flooding in the Upper Midwest illustrated both the
cascading of disruptions through infrastructures and cascades reaching far from the original damage zone in ways that are difficult to predict because of the complex connections
of built infrastructures. This chapter attempts to identify broad typologies for urban water
systems (water supply and sewerage), urban transportation and urban energy systems as
a basis for cost estimates of climate damages in these systems.
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Figure 3.1: Interconnected infrastrastructure layers (source: Wilbanks et al. (2012)).

3.1 Typologies for Urban Water Supply and Waste Water
Systems
The Intergovernmental Panel on Climate Change report on the water sector summarises
the linkages between climate change and water through all of the physical elements of
the terrestrial hydrological cycle, ocean components, linkages to water supply and global
effects but does not focus specifically on urban water systems (Rosenzweig, 2011). Urban
water and wastewater systems can come under great stress as a result of climate change.
Both the quantity and quality of the water supply will be significantly affected by the projected increases in both floods and droughts (Wilbanks et al., 2012), as climate change
shortens the return frequencies of extreme weather events. The impacts of climate on
the urban water supply and waste water systems and the options for both mitigation and
adaptation specific to this sector, depend on various factors. These factors include the
location and topography of the urban area, the current system of formal or informal water
and waste water systems, the type of infrastructure catering to the needs of the urban population, the urban demographics and the institutional capacity of the public institution responsible for the service delivery. Though individual city case studies (for e.g. PREPARED
project funded by EU-FP7) and country level studies (Climate Change And Infrastructure,
Urban Systems, And Vulnerabilities, prepared by US DoE, 2012) exists on the impacts of
climate change on urban infrastructure, there is no available literature focusing specifically
on developing cost categories for impacts of climate change on urban water supply and
waste water systems at a global scale. This chapter attempts to identify different typologies for urban water supply and waste water systems as a basis for costs assessment of
climate damages. The impacts of climate change on the urban water supply and waste
water systems depend mainly on the current infrastructure available for the service delivery. While most of the cities in the developed regions have a well-planned systems, cities
in the developing and under developed regions face a number of challenges in planning
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for, operating and maintaining formal systems. Therefore in such cities, parallel informal
systems of service delivery exist. For instance in the city of Chennai, in India; apart from
formal urban water supply, with over 13,000 tankers, the tanker industry in Chennai mines
the surrounding farmland for water, using government-subsidised power intended for agriculture purposes (John Butterworth, Raphaèle Ducrot et al., 2007). Since the objective
of this deliverable is to identify transferable cost typologies for urban water systems globally, this section deals with both formal and informal urban water management systems.
The typologies are developed based on the systems approach for urban water supply and
waste water systems (separately). Figure 3.2 shows the systems approach to urban water
supply in a formal and informal systems.
The systems approach enables an in-depth understanding of system impacts and vulnerabilities of the water supply system at various stages of service delivery. In Informal
water supply systems, often in the case of cities in developing countries, water is directly
extracted from the ground and is consumed by the population or water can be extracted
from other sources and is transported by road to certain urban population. Certain cities
(for e.g. the city of New Delhi) have a combination of formal and informal water supply
systems.

3.1.1 Typologies for Urban Water Supply Systems
In this section the typologies for water supply system are broadly subdivided into two categories: Formal water supply and Informal water supply. Typologies based on systems
approach are then further subdivided based on the systems approach for both formal and
informal water supply systems.

Figure 3.2: Formal and Informal urban water supply systems

In cities and urban communities with lack of or limited water supply service delivery, informal water markets develop to meet the demands of drinking, cooking and cleaning water
with high attendant prices, frequently poor quality and inadequate supplies (Satterthwaite,
2008b). Since such informal/makeshift arrangements have lower capital resources when
compared to formal water supply systems, they are more vulnerable to climate change
(Rosenzweig, 2011). There is a lack of relevant literature that deals particularly with the
potential impacts of climate change on informal urban water supply systems apart from the
study by Suzanne Snell (2008).
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Table 3.1: Climate change impacts, system dependencies and typologies for formal water supply
system (Based on Staub et al., Catalogue of European adaptive initiatives of the water
sector to face climate change impacts, PREPARED, EU-FP7, 2012)

Extraction
from source

Categories

Direct (general) Impacts
of
Climate
Change

Studies and references on cost categories

Stored surface
water (Reservoir)

Current and future availability of water as result of higher variability
in precipitation rates

In South-East England, seven large-scale water storage facilities are being considered to increase storage capacity by 2020 for a total cost
of approx. £3,5 B (Staub and Moreau-Le Golvan,
2012a).
To support water supply in Queensland, Australia, a major dam (Traveston Crossing Dam) is
to be constructed on the Mary River for a total of
AUD$ 9.7 B.
In North Rhine-Westphalia, Germany, the forest conversion from conifers towards deciduous woodlands lowered the water demand of
the forests and shows positive effects on natural groundwater recharge (Staub and Moreau-Le
Golvan, 2012a)
In Tewkesbury, U.K., Severn Trent Water installed in 2007 a permanent flood barrier to protect a water treatment work, with total costs
amounting to £5.5 M

River/Lake, Water extraction
Ground water
extraction

Raw
water
Treatment

Location of the
treatment plant

Conveyance of
treated water

Age and type
of Water supply
network

Consumption
of water

Rate of water
consumption
by various economic sectors

Potential damage to the
treatment plant depending on its location due to
flooding, storm surges,
landslides, etc.
Potential damage to the
supply network due to
increased precipitation,
storm surges and land
slides
Increase
water

demand
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A AUD$403 M interconnection pipeline will be
built to connect the Northern and Southern Adelaide water networks. The main objective is to
secure the water supply of the region facing an
increased number of droughts, and to climateproof the water grid (source to be added)
New York City Department of Environmental Protection introduced automated meter reading to
enable enhanced monitoring of water use from
four readings per year to four per day (Staub and
Moreau-Le Golvan, 2012a). This completed metering programme and incentives for installation
of water efficient equipment by consumers resulted in the total water saving of nearly 17 percent for the city (Staub and Moreau-Le Golvan,
2012a)
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Table 3.2: Climate change impacts and typologies for informal water supply system based on (Snell,
1998)

Extraction
from source

Transportation
Consumption
of water

Categories (defined by service operators)

Direct Impacts of Climate Change

Case Studies

Providers in partnership with
water utilities whose water is distributed at Kiosks or standpipes
Pioneers who bring piped water from their own sources to
communities where water utilities have not yet expanded their
networks
Mobile water truckers, carters
and water carriers who provide
water
Quality and quantity of water
supplied through the trucks
Rate of increase in informal settlements

Current and future availability of water

Water kiosks in Nairobi, Dakar,
Mali, Dhaka
Community built water systems
in Buenos Aires, Guatemala and
water selling UV-purified water
in Manila
Dakar, Haiti, Lima

Climate impacts
transportation
Increase demand
water

on

Guatemala city

for

Lagos, Nigeria

3.1.2 Typologies for Urban Waste Water Systems
Similar to Urban water supply systems, urban waste water systems are crucial in ensuring
urban health and environment. The urban waste water systems are particularly vulnerable
to extreme events which may have severe impacts on the surface waters and public health.
“Toilets linked to sewers become unusable without a water supply. But most urban centres
in sub-Saharan Africa and in Asia have no sewers” or if they do, these serve only a very
small proportion of the population (Satterthwaite, 2008a). As the IPCC noted, the main
significance of sanitation here is that sanitation infrastructures (or the lack thereof) are the
main determinant of contamination of urban floodwater with faecal material, presenting a
substantial threat of enteric disease (Satterthwaite, 2008a). The waste treatment plants
in Prague and Dresden were closed for few days during the recent flooding in Central
and Eastern Europe (BBC, 2013). 3.45 billion gallons of untreated raw sewage and 7.45
billion gallons of partially treated sewage overflowed as a result of damage caused by
Hurricane Sandy in treatment plants and pumping stations (Kenward et al., 2013). The
cost of repairing Sandy’s damage to sewage treatment plants in New Jersey is nearly
2 billion US dollars. Similar to urban water supply systems, the waste water systems
can be broadly classified into formal and informal systems. While formal waste water
systems transport the generated waste water to the the treatment plant for treatment prior
to disposal, informal systems mean makeshift arrangements to dispose of the waste water
generated to a nearby low lying area and thereby polluting the ground water, surface water
and spreading diseases. Figure 3.8 details the waste water management systems (formal
and informal) at urban scale.
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Figure 3.3: Formal and informal urban waste water systems

Table 3.3: Climate change impacts, system dependencies and typologies for formal sewerage system (Based on Staub and Moreau-Le Golvan (2012b), Catalogue of European adaptive initiatives of the water sector to face climate change impacts, PREPARED, EU-FP7,
2012)

Waste
water generated at
source

Waste
water
conveyed

Treatment
of
waste
water

Categories

Direct Impacts
Change

Sewer connection

Blockage of sewer connections
due to flooding

Septic tank connection

Effects of increase in precipitation on the existing septic tanks
(flooding and health impacts at
household level)
Increased hydraulic load in
mixed sewers (together with
storm water drains)

Combined
sewer network
(storm
water
and sewage)

of

Climate

Dedicated
sewer network

Lack of enough water in gravity
water borne sewers

Location
of
treatment plant

Potential damage to the treatment plant because of flooding,
storm surges or landslides Increase in water loading during
high precipitation days
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Case Studies
The Massachusetts State’s StormSmart
Coasts programme is working with Boston to
identify particularly vulnerable low-lying areas that can be protected
Study on Rhode Island septic tanks

The State of Baden-Württemberg, Germany,
has developed a downscaled climate change
model (NiedSim-Klima) to predict precipitation patterns up to 2050 and subsequently
adapt the design of its sewage system to
the increased amounts of stormwater (Staub
and Moreau-Le Golvan, 2012a).
In Helsingborg, Sweden, a study has shown
that the separation from storm water and
wastewater was an efficient adaptation solution for climate change (Staub and MoreauLe Golvan, 2012a) .
In Tewkesbury, U.K., Severn Trent Water installed in 2007 a permanent flood barrier to
protect a water treatment work, with total
costs amounting to £5.5 Million
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Table 3.4: Climate change impacts, system dependencies and typologies for informal sewerage
systems (based on (Snell, 1998)

Waste
water generated at
source

Disposal of
waste water

Categories

Direct Impacts
Change

of

Climate

Lack of access

Lack of access due to flooding

Connection to
septic tank/pit
latrines
Percentage of
households
with lack of
connection

Flooding of the septic tank and
health impacts
Health impacts due to increased
flooding and contamination of
water bodies

Case studies
Climate proof water and sanitation services
in Lusaka

Kampala Integrated Environment Management Project KIEMP

3.2 Typologies for Urban Transport System
3.2.1 Roads
In most urban regions streets are an important mode of transportation. Road damages
can cause road closings, traffic jams, delays in transport of goods and people, as well as
accidents (FAZ.NET, 2003; Frank, 2010). Furthermore, road damages increase spending
for repair and maintenance measures (Mills, B. and Andrey, 2002). The transportation
sector is not only affected by climate change, but also one of its largest contributors.
1. Impact of high temperatures on pavements
Pavements differ in type, thickness and mixture of material components depending on
the traffic characteristics and environmental circumstances of the region (Santero et al.,
2011). Both asphalt and concrete roads can be affected by heat. As air temperatures
increase to around 32 ◦ C (U.S. Transportation Research Board, 2008), asphalt can start to
soften resulting in ruts (Mills, B. and Andrey, 2002), which was the case e.g. along 3 km of
the highway A72 near Plauen, Germany this summer (Czycholl, 2013). This phenomenon
happens especially at waiting areas before traffic lights or bus stops. In the depressions
water can gather which can cause e.g. dangerous aquaplaning (Herrmann, 2008). Moreover, the asphalt can come off the road surface or bubble (Mills, B. and Andrey, 2002).
These bubbles can have a diameter of up to 30cm, which happened at the highway A20
near Schönberg, Germany in 2006 (Hannoversche Allgemeine, 2013). Whether asphalt
melts not only depends on the daily air temperature, but also the temperatures during the
night that, if low enough, may allow cooling of the material.
Concrete pavements expand under the influence of high temperatures, hit neighbouring
plates and can either first arch up or break immediately. This phenomenon is also called
“blow up”. Three of the numerous examples from Germany are road bulges of up to 30
cm on highway A5 near Weiterstadt in 2006 (SPIEGEL ONLINE, 2006), on highway A29
in the north of Oldenburg in 2010 and on A14 near Halle in summer 2013 (Mitteldeutsche
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Zeitung, 2013). Moreover, this summer, a motorcyclist died near Abendsberg, Germany
following a blow up on the highway A93 (SPIEGEL ONLINE, 2013).
The prices per square-meter pavement and thus the cost necessary to repair heatrelated damages are hard to determine as they depend on a number of factors such as
the mixture of the material, the classification of the considered road, the type of usage,
the thickness of the pavement, the actual component prices, as well as the costs associated with the way of constructing the street (Baupreislexikon, 2013). Pomerantz et al.
(1997) estimate the costs for asphalt, asphalt concrete, cement, and cement concrete at
130$, 65$, 250$ and 72$ respectively per m3 of material. The authors wanted to find out
whether lighter pavements that reflect more sunlight and thus could lower the urban heat
island effect are economically feasible. Figure 3.4 gives an overview of costs per m2 for
new pavements and figure 3.5 for resurfacing of pavements.

Figure 3.4: Representative materials for new pavements. Entries refer to the topmost layer; the
grading and bases are assumed the same for all the pavements. Prices are merely
indicative and average; they will vary with job size, location and time (source: Pomerantz
et al. (1997)).

However, Pomerantz et al. (1997) emphasize that these values do not include the costs
for the preparation of the base, for labor, or the equipment necessary for building the road.
Higher temperatures in the course of climate change may allow for a longer construction
period in which roads can be constructed. However, this positive aspect could be offset
by prolonged setting times and reduced strength of concrete, as well as by unfavourable
working conditions for road workers (Mills, B. and Andrey, 2002). Furthermore, for heatrelated impacts, the percentage of area shaded as well as the degree of shadowing plays
a role. Mcpherson and Muchnick (2005) studied the impact of street tree shade on pavement performance and showed that they significantly reduce pavement cracking, rutting
and other road damages by lowering the air and surface temperature as well as the irradiance. They found that the number of slurry seals required within 30 years is reduced
from 6 in the case of unshaded street segments, to 5 and 2.5 when streets are shaded
by Crape myrtle respectively Hackberry. Over a 30-year-time period Crape myrtle shade
decreases the repairing costs by 2.04 $ per m2 street segment and Hackberry by 7.13 $
per square-meter. However, the authors emphasise that their results are very site-specific.
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Figure 3.5: Materials for resurfacing pavements. Costs are for the materials only for the given thicknesses. They are merely indicative as they vary with location, time and size of the job
(source: Pomerantz et al. (1997)).
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Nevertheless, in general, street trees not only positively affect pavement behaviour and
thus save costs, but also improve environmental and health conditions in urban areas due
to less pavement emissions (Mcpherson and Muchnick, 2005). However, as the majority
of the tree root volume is situated in the top 20cm of a soil (Ruark et al., 1982; Cutler
et al., 1990; Coutts and Nicoll, 1991; Dobson, 1995), sidewalks and roads may be affected
by cracking, vaulting, and faulting caused by growing roots (Randrup et al., 2003). This
however depends on the distance between the tree and the road as well as on the tree
species. Kopinga (1994) and Day (1991) found poplars and respectively eucalyptus to be
especially problematic. Furthermore, the soil quality normally determines the size of the
roots, with better soils often leading to smaller tree roots and thus less damage (Randrup
et al., 2003). Both the soil quality and the tree growth can be affected by climate change.
Studying sidewalks, Wong et al. (1988) concluded that asphalt was more susceptible to
root damage than concrete. Table 3.5 gives an overview of the possible impacts of climate
change related high temperatures, as well as criteria that influence the impact and a classification of these criteria. Unfortunately, the literature does not provide clear thresholds
for such a classification. This also holds true for all the other climatic stimuli as well as the
different components of the transport infrastructure (see below).
Table 3.5: Impacts of high temperatures on roads and criteria that determine the impact
Direct impacts of
high temperatures

Criterion

Number
of
classes

Classification

Further criteria determining the impact

Pavement
rutting,
blowing or cracking

Type of pavement

2

Asphalt; concrete

Day and night temperatures; difference between day and night temperatures; frequency and
intensity of load traffic

Age of the street

2

Old; new

Duration
since
the last maintenance

2

Long; short

Extent of last repair

2

Standard;
sive

Percentage
of
street
surface
shaded

2

High; low

inten-

2. Impact of low temperatures on pavements
Frost as well as high frequencies of freeze-thaw cycles are an important cause of pavement cracking in winter resulting in high maintenance costs which could be reduced with
increasing temperatures (Kinsella and Mcguire, 2005). Of course, besides the night temperatures and the difference between day and night temperatures, the type of the pavement, the age of the street, as well as the duration since and the extent of the last repair
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determine the severity of the impact. The frequency and intensity of load traffic plays an
additional role in possible damages. Less frequent black ice in the winter maycause fewer
accidents and reduced salt corrosion-related damages to vehicles and pavements due to
a decreased use of salt (Sacchetti, 1968). This reduced use of salt and de-icing chemicals would also be beneficial for the environment. Table 3.6 shows a possible impact of
low temperatures on roads, criteria that influence the impact and a classification of these
criteria.
Table 3.6: Impacts of low temperatures on roads and criteria that determine the impact
Direct impacts of
low temperatures

Criterion

Number
of
classes

Classification

Further criteria determining the impact

Salt corrosion

Type of pavement

2

Asphalt; concrete

Night temperatures; frequency and intensity of
load traffic

Age of the street

2

Old; new

Duration
since
the last maintenance

2

Long; short

Extent of last repair

2

Standard;
sive

Type and amount
of salt used

2

High
percentage of calcium
chloride;
low
percentage
of
calcium chloride

inten-

3. Other climate-related impacts on roads and their influencing factors
The main impact of storms is trees falling on the road, but they can also induce the folding
of road signs (Kinsella and Mcguire, 2005). Whether this happens not only depends on
the intensity of the storm but also on the stability of the tree or the sign which is itself up
to the type and condition of the underground and in the case of trees the species, the age
etc. If the street is blocked, the impact on the traffic may differ with the frequency and
intensity of the traffic volume, the distance to the next clearing service which is responsible
for removing the obstacle as well as the availability of bypasses. While the traffic volume is
often quite high in urban areas, there are generally more emergency services than in rural
areas that should be - if not hindered by traffic jams - at the scene quite fast. Furthermore,
due to the dense road network, there are normally many alternatives to blocked roads.
Rising moisture and precipitation can negatively impact concrete constructions such as
bridges or parking garages (Mills, B. and Andrey, 2002). Besides the duration and intensity of increased moisture or precipitation, other factors influencing the impacts are the
composition of the concrete and thus its water absorbing capacity.
Pluvial flooding following heavy precipitation may cause damage to roads and delays
(Suarez et al., 2005) or might require the use of bypasses around flooded areas which
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could increase vehicle miles travelled and thus emissions (Rossetti, 2002). Suarez et al.
(2005) studied the impact of different flooding scenarios on the urban transport system of
the Boston Metro Area and found a reduction of vehicle trips of 0.6% and 1% for a 100year and 500-year river flooding respectively. The vehicle miles respectively hours travelled
increased by about 2.4% and 5% respectively in the case of a 100-year river flooding and
4% and 9% respectively during a 500-year river flood. Up to 2025, climate change would
decrease the number of trips in the case of a flood, but hardly change vehicle miles and
hours travelled due to the addition of links in the network. In general, whether a street
is affected by flooding depends not only on the amount and duration of rain and thus the
thickness of the water layer, but also on the elevation of the road and available discharge
possibilities like soils next to the road or gullies. The impact is e.g. up to the duration of
flooding, the availability of other routes and their lengths, as well as the traffic volume which
- if high - could necessitate further bypassing. Tables 3.7, 3.8, and 3.9 provide an overview
of possible impacts of climate change stimuli on roads as well as criteria that influence the
impact and a classification of these criteria.
Table 3.7: Impacts of storms on roads and criteria that determine the impact
Direct impacts of
storms

Criterion

Number
of
classes

Classification

Further criteria determining the impact

Trees or traffic signs
falling on roads

Stability of the
tree
or
sign
(which for trees
depends on the
species,
the
size,
the age
etc. and for both
on the type and
condition of the
underground)

2

High; low

Intensity of storm; frequency and intensity of
past storms and precipitation events

Table 3.8: Impacts of moisture on roads and criteria that determine the impact
Direct impacts of
moisture

Criterion

Number
of
classes

Classification

Further criteria determining the impact

Damages to concrete
structures

Composition
the concrete

of

2

Moisture susceptible;
moistureresistant

Intensity and duration of
precipitation or increased
moisture

Manufacturing of
the concrete

2

Exemplary;
sloppy

Coating

2

Presence;
sence
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Table 3.9: Impacts of pluvial flooding on roads and criteria that determine the impact
Direct impacts of
pluvial flooding

Criterion

Number
of
classes

Classification

Further criteria determining the impact

Blocking of roads

Elevation of the
road relative to
sea level

2

Above; below

Amount and duration of
precipitation

Availability of discharge possibilities

2

Presence;
sence

ab-

4. Climate-related impacts on vehicle driving behaviour and its influencing factors
Besides these impacts mainly on the physical road infrastructure, there are impacts of
climate on the behaviour of vehicle drivers. Accidents are e.g. not only caused by road
damages, but also by heat stress of the road users due to high temperatures (Bundesministerium für Umwelt Naturschutz und Reaktorsicherheit, 2008; Eichhorst, 2009; Stern and
Zehavi, 1990; Maycock, 1995; McDonald, 1984; Welch et al., 1970) or bad visibility (and
slippy roads) during fog and wind (Edwards, 1996; Hermans et al., 2006), snow (Eisenberg
and Warner, 2005), and especially heavy precipitation (Satterthwaite, 1976; Shankar et al.,
2004; Jones et al., 1991; Levine et al., 1995; Eisenberg, 2004; Andrey et al., 2003). The
latter two weather phenomena lead to more but less severe accidents due to the reduced
speeds during snow or precipitation (Eisenberg and Warner, 2005). During rain, aquaplaning can be a cause of accidents. Whether this happens depends on the tire type and load
and the air pressure within the tire (Ciubotaru and Neculaiasa, 2012), whereas the impacts
are mainly up to the actual speed and the driving experiences of the driver. Ciubotaru and
Neculaiasa (2012) showed that under wet conditions the tire adherence decreases with
rising thickness of the water layer and thus increased precipitation and with higher vehicle
speed. Maze et al. (2006) studied the Minneapolis metropolitan area and showed that rain,
snow, and bad visibility reduce the traffic speed by 6%, 13%, and 12% respectively which
could lead to more traffic jams and thus time losses for road users (Koetse and Rietveld,
2009). High wind speeds can be especially problematic for cyclists and tall vehicles on the
road (Kinsella and Mcguire, 2005; Rossetti, 2002). The impending storms Katrina and Rita
caused automobile drivers to resort which resulted in congestion as cars ran out of fuel or
experienced mechanical problems (Litman, 2006).
5. Climate-related impacts on vehicles
Low temperatures can affect the engine of a vehicle (Rossetti, 2002). If the engine or
the oil is too cold, the viscosity of the oil increases. During high speed, the oil film that
lubricates the engine might break down and there is a risk of engine damage. The rubber
of summer tires becomes too hard during very low temperatures which worsen the handling characteristics of a car. The use of diesel in times of low temperatures might cause
paraffins to flocculate with the result of a hindered flow of the fuel from the tank to the
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engine due to a blockage of the fuel filter. Furthermore, fuel consumption and thus urban
emissions of cars may increase due to a more extensive use of air conditioning systems
during high air temperatures (Mills, B. and Andrey, 2002). However, the effects probably
differ between fuel types and could become less important with the increasing integration of
electric vehicles into the urban transport network. This development in turn might increase
the susceptibility of the transport system towards negative impacts of climate change on
the electricity sector. Electric vehicles, like cars and buses, need to be recharged in relatively short time intervals due to their still quite low reach, and interruptions in electricity
supply due to climate related extreme weather events like storms could hinder these modes
of transport. The strong interconnection between the urban transport and electricity sector
also becomes obvious when considering that fuel for petrol stations is often transported
via ships which can be restricted in some regions by increasing frequencies and intensities
of low water in the course of climate change (Rossetti, 2002).

3.2.2 Railways
Railways are a central mode of transportation in many urban regions. Due to the dependency of trains on the railway tracks, bypassing climate-related impacts is more complicated than in the road sector (e.g. use of other streets when one is blocked). Nevertheless,
the independency from an own vehicle creates the possibility of much easier switching to
other means of transportation or - for short distances - to decide to just walk.
1. Climate-related impacts on tracks, signals and railway-related works
If air temperatures reach or exceed 39 ◦ C (Dobney et al., 2009) or 43 ◦ C (U.S. Transportation Research Board, 2008) railway tracks can contract and thus deform. For example, in Great Britain 137 cases of deformed railway tracks in the heat summer 2003
were observed (Greater London Authority, 2005) which is about 3-4 times higher than the
average annual number (Dobney et al., 2009). According to Hunt (1994) air temperature
can be converted to rail temperature by multiplying it with 2/3. However, whether tracks
buckle not only depends on the temperature, but also their condition. A track in a bad condition is at risk already from 25 ◦ C air temperature onwards (Dobney et al., 2009). From
27 ◦ C onwards more buckling occurs with increasing temperatures, with the exception of
decreased buckling in certain temperature ranges. This “buckle harvesting” phenomenon
implies that a number of buckles take place if a temperature threshold is reached for the
first time. Afterwards, the rail gets "used to this temperature" and additional buckles only
occur when temperatures exceeded the previous maximum (Chapman et al., 2006). Figure 3.6 shows a clearly decreased number of delay minutes in the temperature ranges
28-29 ◦ C, 31-33 ◦ C and above 35 ◦ C. Delay minutes are the number of minutes delay that
passengers or freight transport suffer from rail attributed constraint. The average costs are
estimated by Dobney et al.(2009) to be $ 50 per delay minute.
Higher temperatures in the course of climate change will lead to more damage to the
railways and thus delays. The projected future costs for delay minutes in the south-east
United Kingdom are given in figure 3.7. They are projected to increase and the peak of the
costs for delay minutes will shift from a maximum temperature of 25 ◦ C to 28 ◦ C.
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Figure 3.6: Average delay minutes per day for maximum daily temperatures in the range 1-37 ◦ C
(source: (Dobney et al., 2009))

Not only can high day temperatures cause rail deformation, but also frost and border areas between shaded and unshaded areas can lead to tension cracking and thus damaged
rails (Dobney et al., 2009). Furthermore, frost can cause rail switches and overhead cables
to freeze (Hoffmann et al., 2011). More snow and ice in winter could lead to brittleness of
tracks and resulting speed reductions or derailments (Rossetti, 2002).
Strong changes between day and night temperatures may be also problematic and deformations often occur in border areas between sunny and shady sections (Rossetti, 2002)
as well as in curves. However, as railway tracks can withstand certain temperature ranges
and normally do not buckle spontaneously but due to the disturbance caused by a train,
the speed of an approaching train determines the stress to the rail and thus the risk of derailments (Dobney et al., 2009). Track deformation may not only results in accidents (Mills,
B. and Andrey, 2002) as well as increased costs for the material and labour necessary to
repair the damages (Dobney et al., 2009), but may also lead to delays or cancellation of
train trips which in turn could negatively impact the reputation of this transportation mode
(Firth and Colley, 2006). The severity of these impacts depends on the total number of
passengers that need to travel on that track, the availability of alternative railway tracks
and other trains or modes of transportation, and the duration of repair. The average costs
are estimated by Dobney et al. (2009) to be £50 per delay minute. Rail bridges can suffer
from high temperatures in the form of material defects by thermal expansion (Soo Hoo and
Sumitani, 2005). The amount depends on the temperature change and the characteristics
and the condition of the material.
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Figure 3.7: The cost (GBPm) of delay minutes caused on days when the maximum daily temperature is predicted to reach each 1 ◦ C interval in a medium high emission scenario for a
baseline time period BL as well as 2011-2040 (called the 2020s, 2020 MH), 2041-2070
(called the 2050s, 2050 MH), 2071-2100 (called the 2080s, 2080 MH)(source: (Dobney
et al., 2009)).
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Climate change can lead to an extended vegetative growing season which might affect
visibility along railway tracks (Lindgren et al., 2009) as well as increase the braking distance due to increased falling of leaves (Eddowes et al., 2004). However, vegetation may
cause less problems in urban regions than in rural areas. Lindgren et al. (2009) and U.S.
Transportation Research Board (2008) point to the fact that high temperatures and heat
waves may enhance the danger of vegetation fires along railway tracks and roads. Sparks
from trains are also blamed for causing fires (Johnson et al., 1990). In some regions railways, railway embankments, as well as roads might be affected by landslides, rock slides,
or avalanches following increasing precipitation in the course of climate change (Hoffmann
and Rotter, 2009; Rossetti, 2002) which could cause rising maintenance costs, and in extreme cases, victims (Mills, B. and Andrey, 2002). Long-term (heavy) precipitation or sea
level rise can also lead to water undermining or erosion of railway tracks (Hoffmann et al.,
2011; U.S. Transportation Research Board, 2008; Rossetti, 2002). As already described
for roads, the extent depends e.g. on the amount of precipitation, the location of the railway
track, and the availability of sufficient drainage systems.
An increased soil moisture can affect underground wires as well as the stability of bridges
or tunnels (Kinsella and Mcguire, 2005; U.S. Transportation Research Board, 2008).High
temperatures can also cause breakdowns of the mechanics and electronics both of trains
and signals (Lindgren et al., 2009). Storms can lead to damages on signals or overhead cables (Hoffmann and Rotter, 2009). Moreover, increasing climate-related weather extremes
might negatively affect construction and maintenance work (Hoffmann et al., 2011).
2. Climate-related impacts on trains
As became obvious in Germany in the summer of 2010, failures of air conditioning in
trains can cause people to suffer from heat, e.g. in the form of heat strokes (SPIEGEL
ONLINE, 2010). Whether an air conditioning system breaks down depends not only on the
outdoor air temperature, but also the type of air conditioning. The impacts for people will
be different depending on whether the whole train is affected, the duration of the failure,
the number of people in the train, and the availability of an alternative train within a short
time. High wind speeds might negatively impact the stability of railway carriages (Rossetti,
2002). Locomotive engineers can be affected by bad visibility during snow, fog, or rain.
Tables 3.10 to 3.13 provide an overview of possible impacts of climate change stimuli on
railway components as well as criteria that influence the impact and a classification of each
criteria.

3.2.3 Air traffic
Nearly every large urban area has an airport. In the coming decades, the importance of air
traffic is projected to strongly increase and airplanes will be a crucial mode of transportation
for the rising number of urban dwellers. Tables 3.14 to 3.17 show possible impacts of
climate change stimuli on air traffic as well as criteria that influence the impact and a
classification of these criteria.
1. Climate-related impacts on airports
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Table 3.10: Impacts of high temperatures on the railway components and criteria that determine the
impact
Direct impacts of
high temperatures

Criterion

Number
of
classes

Classification

Further criteria determining the impact

Railway track buckling

Amount of shadowing

2

High; low

Day temperatures; difference between day and
night temperatures

Condition of the
railtrack

2

Good; bad

Amount of shadowing

2

High; low

Condition of the
construction material

2

Good; bad

Failure of air conditioning in trains

Temperaturesusceptible types
of air conditioning

2

Yes; no

Fires

Type of vegetation along the
track

2

Easily
flammable;
fire-resistant

Distance between
track and vegetation

2

Small, huge

Temperaturesusceptible types
of
mechanics
and electronics in
trains

2

Yes; no

Damage to bridges
following thermal expansion

Mechanical/
electronic breakdown of
trains and signals

Day temperature

in-

Day temperature; probability of occurrence of
sparks

Day temperature

Table 3.11: Impacts of low temperatures on the railway components and criteria that determine the
impact
Direct impacts of
low temperatures

Criterion

Number
of
classes

Classification

Further criteria determining the impact

Railway track cracking

Condition of the
railway track

2

Good; bad

Night
temperatures
(frost); difference between day and night
temperatures

Freezing
of
rail
switches and overhead cables

Temperaturesusceptible types
of switches and
cables

2

Yes; no

Availability of deicing facilities

2

Presence,
sence
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Table 3.12: Impacts of warmer and wetter weather on the railway tracks and criteria that determine
the impact
Direct impacts of
low temperatures

Criterion

Number
of
classes

Classification

Further criteria determining the impact

Extension of the
growing season and
resulting impacts on
railway tracks

Existence of vegetation along the
tracks

2

Presence;
sence

Day and night temperature; amount of precipitation

Fast-growing
types of plants

2

Yes; no

Existence of parasites which negatively affect the
plants

2

Yes; no

Distance of vegetation to the
tracks

2

Small, huge

ab-

Airports of cities in colder climates may see an instability of paved airport runways due
to increased permafrost degradation (Mills, B. and Andrey, 2002). Sea level rise may affect
city airports that are located on artificial islands or near the cost such as in the New York
metropolitan area (Gornitz et al. 2002), in Male, Hong Kong or Kansai. The amount of
flooding is not only dependent on the amount of precipitation, but also the elevation of the
airport, the availability and capacity of drainage systems, and the existence of protection
constructions.
2. Climate-related impacts on airplanes
Kulesa (2002) reported that weather is an important contributing factor in about every
fifth aviation accident. Airplanes can be affected by lightning, hail, heavy precipitation,
icing, and storms, all of which could change in intensity in the course of climate change.
In general, higher air temperatures lead to slightly increased fuel consumption of airplanes due to the lower engine efficiency and the fact, that hotter air is less dense which
means that the wings produce less lift (Andrey et al., 2003). However, the fuel mixture
may be slightly changed by oil companies in summer which could reduce this problem.
Increasing extreme wind speeds in the course of climate change could mean that take-offs
need to be postponed or cancelled (Eads et al., 2000), landings rescheduled to another
airport, and that there is an increased probability of accidents (Koetse and Rietveld, 2009).
Whether strong winds have an impact on air traffic also depends e.g. on the availability
of alternative runways. Extreme wind speeds could affect the ground services for aircraft
(Kulesa, 2002). Warmer winters might reduce efforts and thus money spent for the removal
of ice and de-icing of airplanes (Mills, B. and Andrey, 2002).
According to researchers from the Universities of Reading and East Anglia, climate
change might lead to more turbulences on transatlantic flights (Harris, 2013). Their strength
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Table 3.13: Impacts of increased precipitation on railway components and criteria that determine
the impact
Direct impacts of
increased precipitation

Criterion

Number
of
classes

Classification

Further criteria determining the impact

Landslides,
rock
slides or avalanches
affecting railways or
railways
embankments

Mountainous or
rocky
environment

2

Presence;
sence

Amount of precipitation

Slope

2

Flat; steep

Distance to the
tracks

2

Small; huge

Protective
devices such as
fences

2

Presence;
sence

Location of the
railway track

2

Safe; at risk

Sufficient
drainage
tems

2

Presence;
sence

cathe

2

High; low

Moisturesusceptible types
of underground
wires

2

Yes; no

Installation depth
of the wires

2

Shallow; deep

Water undermining
or erosion of railway
tracks

Underground wires
affected by increased
soil moisture

Absorption
pacity
of
soil

sys-

ab-

ab-

ab-

Table 3.14: Impacts of high temperatures on air traffic and criteria that determine the impact
Direct impacts of
high temperatures

Criterion

Number
of
classes

Classification

Further criteria determining the impact

Increased fuel consumption of airplanes
due to higher air temperatures

Temperature susceptibility of the
fuel type (mixture)

2

High; low

Air temperature

Temperature susceptibility of the
engine

2

High; low
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Table 3.15: Impacts of frost on air traffic and criteria that determine the impact
Direct impacts of
frost

Criterion

Number
of
classes

Classification

Further criteria determining the impact

Instability of paved
airport runways

Type of the runway pavement

2

Stable, instable

Day and night temperature; frequency of
freeze/thaw cycles

Table 3.16: Impacts of heavy precipitation and sea level rise on air traffic and criteria that determine
the impact
Direct impacts of
heavy precipitation
or sea level rise

Criterion

Number
of
classes

Classification

Further criteria determining the impact

Flooding of
laying airports

Elevation of the
road relative to
sea level

2

Above; below

Intensity and frequency
of heavy precipitation or
amount of sea level rise

Sufficient
drainage
tems

2

Presence;
sence

ab-

2

Presence;
sence

ab-

low-

Protection
structions

syscon-

Table 3.17: Impacts of wind on air traffic and criteria that determine the impact
Direct impacts of
wind

Criterion

Number
of
classes

Classification

Further criteria determining the impact

Cancellation
or
postponement
of
take-offs due to more
extreme wind speeds

Alternative
ways

run-

2

Presence;
sence

Frequency and strength
of extreme wind speeds

More turbulences on
transatlantic flights

Climate change
affected air space

2

Yes; no

Susceptibility of
the airplane (e.g.
depending
on
type and size)

2

High; low
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could increase by 10-40 percent while the amount of airspace where such turbulences are
likely to occur is projected to increase by 40-170 percent until the middle of the century.
Furthermore, journey times may lengthen due to increased turbulences and fuel consumption would rise meaning more emissions.

3.2.4 Subway systems
Subways are the life veins of urban metropolitan areas. Such systems along with other
above ground forms of transport in coastal urban regions such as New York or Rio de
Janeiro are mainly affected by flooding in the course of sea level rise (Gornitz et al., 2002),
storm surges, or heavy precipitation (Jacob et al., 2007). Between 1992 and 2003, there
have been e.g. 1200 flooding events and 200 closures of stations on the London underground system. Between 1999 and 2004, this cost more than a twelve million dollar due to
passenger delays (Arkell and Darch, 2006). In August 2002, the Prague subway was heavily flooded because flood levels had been much higher than expected and dams not able
to retain the floods. Besides the subway tracks, also stations, trains, and escalators have
been affected (Jilek et al., 2007). The exposure to floods is especially dependent on the
amount of rain, the elevation of the transport modes, the entrances to underground railway
systems above sea level, as well as on the existence and capacity of drainage systems.
Passengers in underground stations might be increasingly affected by high temperatures
which can reach up to 40 ◦ C (Arkell and Darch, 2006). The impacts are dependent on the
number of people present as well as the capacity of the ventilation system. Tables 3.18 and
3.19 provide an overview of possible impacts of climate change stimuli on subway systems
as well as criteria that influence the impact and a classification of these criteria.
Table 3.18: Impacts of high temperatures on subway systems and criteria that determine the impact
Direct impacts of high
temperatures

Criterion

Indisposition of passengers

Number
present
sengers

Number
of
classes

Classification

Further criteria determining the impact

of
pas-

2

High; low

Day temperature

Sufficient capacity of the ventilation system

2

Yes; no

3.2.5 Ports
Most of the large urban regions that are located along coasts have a harbour that often has
an important economic function, such as in Rotterdam, Shanghai, Singapore and Antwerp.
These ports can be affected by sea level rise and storm surges (Nicholls et al., 2008).
Increasing air temperatures may reduce costs for heating of port facilities, but also increase
the energy demand for refrigeration containers or the cooling of storage depots. Thus, the
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Table 3.19: Impacts of heavy precipitation and sea level rise on subway systems and criteria that
determine the impact
Direct impacts of
heavy precipitation
and sea level rise

Criterion

Number
of
classes

Classification

Further criteria determining the impact

Flooding of subway
tracks,
stations,
trains and escalators

Elevation
of
the
transport
modes resp. the
entrances to underground railway
stations relative
to sea level

2

Above; below

Amount of precipitation
or sea level rise

Sufficient
drainage
tems

2

Presence;
sence

sys-

ab-

transport and storage of perishable goods could become technically more demanding and
costly. Less frost would reduce frost damages, improve the traffic situation in harbours,
and lower the effort and costs of de-icing. Increased heavy rain, wind, and hail events may
affect the operation and may cause damages to port buildings, transshipment equipment,
and goods (Wenzel, 2012). In table 3.20, only possible impacts of heavy precipitation and
sea level rise are listed due to a lack of information regarding a classification for the other
criteria.
Table 3.20: Impacts of heavy precipitation and sea level rise on ports and criteria that determine
the impact
Direct impacts of
heavy precipitation
and sea level rise

Criterion

Number
of
classes

Classification

Further criteria determining the impact

Flooding

Elevation of the
port relative to
sea level

2

Above; below

Amount of precipitation
or sea level rise

Sufficient
drainage
tems

2

Presence;
sence

ab-

2

Presence;
sence

ab-

sys-

Effective protection constructions

3.2.6 Short summary
In general, the impacts of climate related extreme weather events on the transport system
differ in severity depending on the interconnectedness of different transport modes. Urban
regions are often characterised by a high density of the transport system and thus network
effects - which could also result from interruptions of the transport system outside the city -
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may negatively affect usually unaffected parts of the transport system in the form of delays,
detours, or cancellation of trips and the associated costs (Koetse and Rietveld, 2009). On
the other hand, impacts of climate change might be lowered in cities where it is easy to
change the transport mode or to use a not to time consuming alternative route. Political
and economic decisions influence the future importance of different transport modes and
thus the impacts of climatic changes on the transport sector.

3.3 Typologies for Urban Energy systems
Most processes of urban life depend on energy, i.e. industrial production, transport system,
or residential energy use like cooking, regulation of air temperature, all types of applications
and many more. Of particular importance, all the critical infrastructures, e.g. the water
supply, the communication system, mainly depend on the critical energy infrastructure.
This implicates that each limitation in the urban energy system could result in a limitation
on another critical infrastructure.
The energy system itself incorporates the energy resources (i.e. coal, natural gas, biomass),
the power generation (i.e. nuclear power plant, biogas plant) and the transmission and distribution of energy (i.e. electricity grid, transport routes by ships, trucks, etc) all combined
in the energy supply. Further the demand for energy determines the composition and
processes of the energy supply.
The urban energy system is most often embedded in a broader national supply system.
On one hand, this could balance the system if under threat, but on the other hand, it
causes a link to impacts of regions far away from the considered urban area. This was
the case in November 2006 in Europe. An incorrect switching off of an overhead power
cable caused an electricity blackout affecting around 10 million people in many European
countries (UCTE, 2007). Further, the national energy systems are most often regulated by
the corresponding supra-regional agencies (Hughes, 1983). This can produce difficulties
in the adaptation to climate impacts by local authorities, as the span of control and ability
to adapt the system is a critical feature (Rosenzweig, 2011).
In this chapter we analyze the way the urban energy system and its sectors are influenced by climate change, in particular Extreme Weather Events (EWE) caused by the
changing climate. So far there is no information regarding cost typologies available. Although in most cases major sections of the energy system are located outside the urban
area, we focus in this work on the urban part. We will finally develop a typology of impact
categories of the energy system. This section focuses on the potential thread of different
climate stimuli on electricity as part of the urban energy system.

3.3.1 Energy Transmission
The urban energy systems can deliver energy in a centralised way, with large hydropower
or steam turbines on the basis of fossil fuels or nuclear power, or in a distributed or decentralised way, with small production units. The electricity system as part of the energy
system is most often centralised and the corresponding power plants are located outside
the urban areas due to health reasons and real estate values (Rosenzweig, 2011). Also
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other parts of the energy system, i.e. fossil resources for transport or building based heating systems do have their origin, in most cases, outside the urban areas where the energy
source is used. At this point it becomes obvious that the energy system is heavily connected to the surrounding regions. The sectors and components of the urban energy do
not end at the administrative boundaries of the corresponding cities. Although these outlying parts of the system could still determine its sensitivity to climate change, we further
focus on the urban part of the system. As a boundary, we use the substation that changes
the voltage of the transmission network (extra high and high voltage) to the distribution network of the city (medium to low voltage). These substations, as they are the link between
the surrounding and the urban network, are a crucial component of the system. They can
be affected by flooding, e.g. happened in Sandy (Sandalow, 2012) or freezing rain.
In some regions the supply of heating and cooling energy is executed in a centralised
way to the city or the district. The thermal energy is produced in large plants with various
resources and distributed via pipelines (Gochenour, 2001). For a minimum population
density these systems are found to be cost effective (Rosenzweig, 2011). Some pilot
projects exists were they use this central thermal energy system to store energy (Reiter
and Emmermacher, 2013). In cases of combined heat and electricity systems it can be
problematic if under extreme heat electricity is demanded but heat cannot be discharged.
Distributed systems do have the advantage of smaller transmission losses due to lower
wiring needs (for overviews over more advantage see Lovins et al. (2002). This can be
a problem for the centralised electricity systems with the corresponding large network of
electricity lines to transport electricity from the production facilities to the user in the urban area. During high temperatures these cables tend to have higher transmission losses.
Above-ground lines are more exposed than below-ground lines and the cooling capacity
of the air is weaker with rising temperatures (Hewer, 2006). Moreover, a changing climate
can push power demand (see section below) beyond equipment rating levels of transmission lines, as happened in California in 2006 (Miller et al., 2008; Vine, 2011). Further
distributed, decentralised networks have other advantages, i.e. more control by the local
authority, enhanced grid reliability and improved stability and security of the electricity supply (Schoechle, 2012) .
For the above-ground cable, also the risk of damage due to heavy storm events, storm
surges, rising sea levels, freezing rain or snow storms is also much higher. Hines et al.
(2009) states that most blackouts in US can be attributed to wind. Vulnerability to freezing
rain and snow storms may decrease due to anticipated temperature increase in winter
(Rosenzweig, 2011). Nevertheless, the change in the occurrence of extreme cold events
is still under discussion (Petoukhov and Semenov, 2010). For the below-ground cable,
a change in precipitation patterns could lead to changing soil moisture and therefore a
change in transmission losses (Hewer, 2006). They are less vulnerable in comparison to
above-ground wires and more expected by residents but also more expensive.
In most regions of the world, building based thermal technologies are common. They
are decentralised, but depend on a citywide fuel network (i.e. oil, gas or coal). If an impact
on the transportation network of the urban area occurs (see Chapter 3.2) this could have
an influence on the supply of these resources. Fuel storing capacities could lower the
vulnerability here. If they exist, they can be affected by storm surges and have to be
anchored (Rosenzweig, 2011).
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Figure 3.8: Basic Structure of the Electric System. (Source: “Final Report on the August 14,
2003 Blackout in the United States and Canada”. Dated April 2004. p.13. Link:
http://www.ferc.gov/industries/electric/indus-act/reliability/blackout/ch1-3.pdf. Accessed
on 2010-12-25)

3.3.2 Energy Resources
The extraction of the resources for the power plants or the transportation system (i.e. oil,
gas, coal) is mostly located far away from the urban area, but the impacts on the exploitation, the processing and the transportation (see chapter transmission) could have
consequences on the urban energy system, i.e. hindered supply of resources. In a global
market where a supplier can easily be replaced by another, an impact on the supply of
the resource may not lead to shortcomings but it might lead to an increase in price. Under extreme conditions particular cities at threat include those where the resource storage
capacity is low and the connection to the market is weak. The possible climatic impacts
on the extraction and processing of the resource are manifold. Oil and gas platforms and
refineries can be affected by flooding and high winds (Bull et al., 2007; Moore and Kellogg,
2007); (See Katrina). Heavy snows in China blocked rail and street network used to deliver
coal to power plants in 2008 (17 out of 31 provinces were forced to ration power) (Kirshen
et al., 2008). The same impact on the transportation system (see Chapter 3.2) is possible
for dry periods leading to low levels of river runoff, periods with high river runoffs or frozen
rivers, all causing limitations in the usage of the water ways to transport energy resources
for power plants. Problems with melting permafrost due to rising temperatures can occur
for oil and gas infrastructure in the higher latitudes (Larsen et al., 2008). Areas that depend
heavily on biomass, e.g. which is the case in many regions, could be affected by climate
change due to changes in availability of materials or disturbed transport routes. If temperature surpasses biological heat tolerance of plants that are used as sources for biomass,
or storms and droughts reduce growth levels of these plants the availability is also lowered
(Williamson et al., 2009).

3.3.3 Energy Generation
Due to cooling water needs and deliveries of coal supply many power stations are located
near rivers, which now face the risk of sea level rise and storm surges. Many facilities had
to shut down during the storms Katrina, Rita and Ike (McKinley, 2008). Further more, the
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power stations with cooling water dependencies have problems satisfying cooling needs at
higher ambient temperature and decreased steam flows. This was the case with several
European power plants in the summer of 2003 (Jowit and Espinoza, 2006; Lönker, 2003).
Here it is not the physical barriers that lead to limitations but governmental regulations.
Furthermore, higher temperatures are a burden for the electricity system because they
lead to lower air densities which, in turn lower the output of combined-cycle gas turbines
(Hewer, 2006; Bull et al., 2007). These problems occur in both centralised and decentralised systems. Further, changes in evapotranspiration due to a temperature rise and
the melting glaciers will influence the total availability and the temporal availability of hydropower (Lehner et al., 2005; Vine, 2011; Markoff and Cullen, 2007; CCME, 2003). As
some urban regions have a notably high share of electricity from hydro power (e.g. Seattle:
50%, (Seattle City Light, 2005)) this can become a major issue. As Pan et al. (2004) state,
solar energy could also suffer from changing climate due to increased cloud cover. They
find a decrease of 20% in the USA for the year 2040. Changes in production are also expected for the renewable energy source wind (Harrison et al., 2008). Possible methods for
an energy system to lower its vulnerability are the already mentioned decentralisation and
the diversification of generation capacities and the integration of storage capacities. Furthermore, the implementation of demand side management is useful (u.a. Strbac (2008);
Moura and De Almeida (2010)).

3.3.4 Energy Demand
The behaviour of the urban population strongly influences the amount of energy that is
needed. Furthermore, the weather conditions strongly determine the behaviour of the people, e.g. heating and cooling needs. So with increasing temperature due to climate change,
a decrease in heating demand and increase in cooling demand is expected (Olonscheck
et al., 2011). So areas with peak demand in winter could reduce overall demand and areas
with peak demand in summer could demand more energy in future (CCSP, 2007). These
shifts in consumption patterns lead to a shift in diurnal and yearly consumption patterns
(The World Bank Group, 2011). There is a big difference between changes in cumulative
power requirements or in short term peak demands. So higher occurrence rates during
heat wave events may lead to more use of existing structures or could overshoot peak
demand capacities which than leads to blackouts and brownouts (Miller et al., 2008).
During heat wave events the increased demand for cooling via air conditioners, refrigeration and the usage of fans takes place at the same time as the energy system is vulnerable
due to climate change impacts on the production and the transmission of energy (CCSP,
2008) . Furthermore the increase in temperature in Cities due to UHI effects even amplifies
the energy needs for cooling (Akbari, 2005; Rosenzweig, 2011; Taha, 2008)
Another issue is the problem of informal energy consumption. In some regions of the
world this is a major issue, so IEA (2002) stated that in India half of the electricity supply
is estimated to be unmetered. This could lead to damages of the electricity grid and lower
the resilience towards climate impacts.
A very stable and resilient type of energy system appears to be the smart grid. The
adjustment of demand and supply can optimise the energy system and enhance the stability during disturbances. The smart grid also addresses the challenge of incorporating a
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fluctuating production (i.e. renewable energies) into the grid.

3.3.5 Typology of Urban Energy Systems Regarding Climate Change
Impacts
Based on the discussed infrastructure characteristics in relation to climate impacts, a typology is derived (Table 3.21). Also here we distinguish between the generation, transmission,
resource and demand characteristics. They are differentiated according to climatic stimuli,
which lead to a specific climate impact.
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Table 3.21: Typologies of urban energy infrastructure under climate change
Generation characteristics

Climatic stimulus

Climate change impact

Source

Extractraction of river water
for cooling purpose

Increasing temperature;
more heat waves; changing precipitation patterns
Increasing temperatures;
heat wave
Change in precipitation
pattern / more dry periods / higher evaporation
Sea level rise / storm
surges
Sea level rise / storm
surges
Every possible event

Water availability / cooling problems

Hewer (2006)

Decrease in air density /
lowering efficiency
Change in availability of
water

Hewer (2006)

Flooding of components

Adger
(2005)

Combined cycle gas turbines
Hydroelectric power plants
Altitude of supply systems
Availability flood protection
Large amount of storage capacity available
Transmission characteristics
Transmission with above ground electricity lines

Transmission with belowground electricity lines
Distributed production with
only minimal wiring
Centralised heating (and
cooling)
Building based heating and
cooling systems
Resource characteristics
Dependency on biomass
Dependency
on
fossil
sources
Dependence on transportation on river (e.g. coal,
biomass)
Demand characteristics
General demand

Consumption patterns /
availability of air conditioner
Availability of peak load energy? e.g. Solar energy

Climatic stimulus
Heat wave

Less Flooding of components
Prevent constrained supply due to fail of single
component
Climate change impact
Higher
transmission
losses
Damage of wires

Storm
More forest fires
Change in soil moisture
and ambient temperature
Heat wave; Storm
Heat wave
Storm surges
Climatic stimulus
Changing precipitation /
increase in temperature
Storm / Flooding
Dry periods, Floods,
Freezing rain, Snow
Climatic stimulus
Milder winter and hotter
summer
Rising temperatures /
Heat wave
Increase in Temperature
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Damage of wires
Higher
transmission
losses
Almost no need for transmission; no impacts related to wires
Constrains in discharge
of energy
Damage of fuel storage
tanks
Climate change impact
Reduce plant growth/
reach heat tolerance
Damage of platform and
refineries
Constrains in usage

Climate change impact
Decrease
in
winter
demand and increase
in summer demand;
change seasonality
Increase in electricity demand
Rising demand

et

al.

Hadjipaschalis
et al. (2009)
Source
Rosenzweig
(2011)
Rosenzweig
(2011)
Vine (2011)
Hewer (2006)
Rosenzweig
(2011)

Rosenzweig
(2011)
Source
Williamson et al.
(2009)
Bull et al. (2007)

Source
Hewer (2006)

Franco
and
Sanstad (2007)

4 General Conclusions
This report for the first time assesses existing building and infrastructure typologies in
terms of climate change impacts as a basis for generalised impacts functions to support
an adaptation cost assessment. For various impacts, typologies could be identified from literature, however often with limited potential in terms of application or transferability. Thus,
we have proposed new and simplified typologies for buildings and infrastructure based on
different climatic stimuli.
The literature review on buildings and infrastructure reveals very different levels of sophistication of typologies. For the impacts of changes in heating and cooling demand, a
harmonised typology for 13 European countries has been established (TABULA database)
including a publicly available database for the numerous categories. However, this only
refers to individual buildings and neglects influences of urban design (e.g. density of buildings). For flood impacts, various studies have identified impact functions for different regions, yet they often reduce buildings to simplified categories (e.g. residential and office
buildings). This is also the case for storm damage, where often buildings are only differentiated in terms of their material (wood or masonry). While sophisticated models exist
to simulate storm damage, they depend on the region and type of storm (e.g. hurricane,
tornado, or European winter storm) and thus hamper the transferability to other regions.
For infrastructure, however, an even greater lack of data and information was apparent
and typologies are lacking overall. Thus, we have made a first attempt of an identification
of infrastructure features, characterising how vulnerable it is to climate stimuli – based on
these we have developed simplified typologies.
The identified classification schemes suggest a European (worldwide) applicability of
generalised damage, impact, and adaptation functions. The insights from this report can
be fed into Work Packages 1 and 5. A taxonomy of typologies for resilient architecture
and infrastructure across the scales, including qualitative as well as quantitative criteria
has been created, that can be deployed in strategic adaptation and mitigation measures
in cities to transition to healthy, attractive, and functional urban environments. Accordingly,
this report is also of use in the Work Packages 6,7,8,10.
Finally, in the following the harmonisation of the identified typologies is attempted and
discussed, first for buildings and then for infrastructure.

4.1 Conclusion of Building Typologies
Chapters 2.2, 2.3, and 2.1 provided a literature review on factors influencing damages
to buildings (although not restricted to physical) regarding three climatic stimuli – floods,

86

RAMSES Project (Grant Agreement Nr. 308497)

D2.2

storms, and heat. In this chapter we summarise the findings across these sections while
additionally providing an example on how the theoretically-derived typologies can be operated (not without some limitations), exemplary for the case city of Berlin (for which a good
database on buildings exists).
Specialised literature on the criteria that affects building damages was found to provide a
rich background of information to assist on the task of deriving building typologies. For the
case of flooding, the list was found to be extensive, encompassing factors related with flood
intensity like velocity, duration, or frequency; criteria related with buildings, like construction
material and structure; and criteria related to the occupancy of the building, for example
industrial or residential. Some criteria were found to appear consistently across authors,
such was the case of building type. Despite appearing to be a central aspect determining
damages, building type was found to be a term of multiple meanings in the context of
flood assessments and a kind of typology in itself that required further deconstructing. For
example, some authors include building material as a factor defining building type while
others do not.
The challenge of finding adequate spatial detail of the forthcoming building typologies required consideration of the regional patterns of climate stimuli. Such has been highlighted
when investigating factors that influence building damage in a storms. It was found that
potential typologies need to take the regional wind climate into account. The decisive factor was the occurrence of tropical cyclones or tornadoes causing excessive wind speeds
capable of breaching the building’s envelope and hence requiring a highly sophisticated
(in the sense of detail required) typology. In contrast, regions subject to moderate wind
climate (as in the case of European cities) may potentially be represented by a simple
typology based on categories, such as occupancy or roof type.
In the case of heat, impacts were interpreted as impacts on human health and the energy
requirements for cooling and heating. In this case, the direct building damages were not
assessed, but the influence of building and urban form characteristics on these impacts
were. Building and urban design settings which influence mortality are closely related
to the issue of building energy demand, as both are determined by the air temperature.
Furthermore, we will concentrate on the latter for which a typology could be developed.
A number of studies where gathered summarising the contribution of particular building
characteristics in reducing energy requirements for cooling, ranging from changes in renovation rates to the appliance of new insulation standards, to the implementation of cool
roofs. The challenge of appropriate spatial scales was also noted for heat. It is suggested
that a typology solely based on building density could be envisioned. However, the relationship between density and energy demand is a complex one and an over simplification
could lead to overlooking aspects. Also in the case of heat, the influence of surrounding
climate was found to play an important role. Here the case is specially intricate because
the distribution of buildings in the urban space has an influence on the urban climate.
Data constraints consistently emerge as a serious drawback in the attempt to generalise building features to intermediate-complex typologies. In the case of floods, while
topographic features, building usage and number of floors can potentially be addressed by
freely available data, other criteria, such as presence/absence of basement are expected
to raise substantial difficulties. For wind storms, the practical use of potential typologies
is severely hampered by availability of loss data for the calibration of damage functions.
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Regarding the building energy demand, a harmonised typology and database for countries
in Europe has been established, however, such data is scarce for individual cities.
Table 4.1: Summary of the criteria identified as relevant for determining building typologies in the
case of damages from floods, storms and heat (related to the building energy demand).
Dimension

Criteria

General

Occupancy
(residential, office, etc.)

Flooding

Storms

Heat

x

x

x

x

x

Building age / quality
Renovation status
Structure and material

x

Building elevation
(e.g. on stacks)

x

Basement
(presence, absence)

x

Number of floors

x

x

Floor area

Specific elements or
precautionary measures

x

Shape of building plan
(shape and orientation)

x

x

x*

Main construction material
(wood, masonry, etc.)

x

x

x*

Roof material
(shingles, tiles, etc.)

x

x*

Roof shape
(gable, hip, flat, etc.)

x

x*

U-values (heat transmission
values) of roof, walls, floor,
windows, and door

x

Implemented heating and
cooling devices

x

Precautionary measures
(e.g. waterproof sealing)
*

x

x

this criterion can be covered by the U-values of building components (heat transmission values)

With the theoretical background gathered from the previous work, we now engage in
summarising the criteria used to define building typologies across the investigated climate
stimuli. Table 4.1 revisits the criteria required to determine building typologies in the case of
damages by floods, storms, and heat (related to the building energy demand). While some
criteria are common to all investigated stimuli, others are highly stimuli-specific. Examples
of the latter include the presence/absence of basement for the case of floods or renovation
status for the case of heat. Criteria common to the different stimuli investigated could
be narrowed down to occupancy, number of floors, shape of building, and construction
material criteria.
In an attempt to bring the theoretical frameworks to a tangible example, data on building
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1860-1871
major modernisation

Building age / quality
Renovation status

Specific elements or
precautionary measures

Structure and material

residential (often commercial use on
ground floor)

Occupancy
(residential, office, etc.)

General

89

roof (1.78) outer wall (1.1) ground (1.7)
window (2.5)
Individual stove heating with coal and gas

N/A

Implemented heating and
cooling devices
Precautionary measures
(e.g. waterproof sealing)

masonry

Main construction material
(wood, masonry, etc.)

U-values (heat transmission
values) of roof, walls, floor,
windows and door

mostly rectangular

Shape of building plan
(shape and orientation)

gable

N/A

Floor area

Roof shape
(gable, hip, flat, etc.)

5

Number of floors

N/A

N/A

Basement
(presence, absence)

Roof material
(shingles, tiles, etc.)

(infer from GIS)

Building elevation
(e.g. on stacks)

Inner-city blocks (imperial and
inter-war-era buildings with mixed use)

N/A

Individual oil-fired furnace heating;
Hot-water supply via hot-water tanks or
continuous-flow water heaters

roof (1.2) outer wall (1.5) ground (0.9)
window (2.8)

mostly gable; flat

N/A

masonry

mostly square

N/A

2

N/A

(infer from GIS)

modernisation; frequent need for renewal
of boilers

1950-1979

residential

Single-family-homes

Dominating Building Types in the City of Berlin (>50%)

Criteria

Dimension

Table 4.2: Illustrative example of Table 4.1 for the case of the city of Berlin (data from: Berlin Environmental Atlas (2008)

RAMSES Project (Grant Agreement Nr. 308497)
D2.2

RAMSES Project (Grant Agreement Nr. 308497)

D2.2

criteria in Table 4.2 was gathered for an exemplary city. Here, Berlin was chosen since a
database on city scale exists (Berlin Environmental Atlas, 2008). The table displays the
criteria acquired for two urban spaces that together comprise more that 50% of Berlin’s
urban surface. Without surprise, substantial data limitations arise when specific elements
of buildings are required. Although further work is expected in filling the data gaps in
Table 4.2, it is possible to provide a preliminary example of the data requirements for
building typologies. However, the applied data for Berlin was developed to estimate the
solar potential and relates to the energy performance of buildings. Crucial criteria for other
impact typologies are missing: for example the information on basements or precautionary
measures for flood impacts, or the information on the roof material for storm impacts. This
highlights the need to simplify typologies when applying them to a specific case.

4.2 Conclusion of Infrastructure Typologies
We presented some of the first direct impacts of climate change on the three infrastructures of interest. The components of the urban water, waste water, transport, and energy
system are effected in a manifold manner. In the course of the project, the question will
arise of how the impacts of single system components will affect the overall infrastructure.
When a storm breaks an above-ground wire, uproots trees, or damages water pipes, this
direct impact does not reflect the full range of possible damage and related costs. The
repairing of the wire, the street, and the pipe are negligible in comparison to the damage
and costs that occur if the failing component leads to a breakdown of a part or even the
whole infrastructure system. Furthermore, the infrastructures of an urban area are highly
interdependent and failure in one could influence the functionality of another. This is particularly the case for the energy sector as most of the other infrastructures depend on the
supply of energy.
Derived from the typologies of the three infrastructures above, we suggest an overall
typology of the urban infrastructures. Therefore, we distinguish if components of the critical
infrastructures (CIs) effected by climate change lead to first, second, or third order impacts
on the CIs. A first order impact means only an effect on the component itself and no further
major limitations for the CI. If a second order impact occurs, the failure of the component
leads to major disruptions in the corresponding infrastructure. The third order impact in
addition has an impact on other infrastructures.
For example, if an electric wire is damaged by storm or ice this could have a major
impact on the whole surrounding electricity network if the edge was of great importance
and without redundancy. The cascading effect on the supply of energy in the corresponding
urban region would have consequences for other critical infrastructures. As the transport
system partly depends on electricity (e.g. rail, traffic lights, gasoil stations) it will be affected
by a failure in the electricity network and further lead to problems in the maintenance of the
energy system as key-workers are not able to reach their target location (Chapman et al.,
2013). Also, the supply of water can be hindered if the pumping system is not equipped
with an emergency power supply. Cascading failures and infrastructure are also discussed
in Deliverable 2.1.
As damage costs are potentially high, cities must adapt their systems to be more resilient
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Table 4.3: Summarised typologies of urban infrastructure under climate change
Infrastructure
components

Redundancies

Impact
first order

Edge of the network:
e.g. water pipe, street

Yes

Edge of the network:
e.g. electric wire

Yes

Node of the network:
e.g. energy plant,
residential area or
water reservoir

Yes

Node of the network:
e.g. relay-station or
train station

No

No

No

No

second order

Single edge could
fail
Single edge could
fail
Single edge could
fail
Single edge could
fail
Single production
node could fail
Single production
node could fail
Single distribution
node could fail

third order

Influence
on
whole CI possible
Influence
on
whole CI possible

Influence on other
CI possible

Influence
on
whole CI possible
Influence
on
whole CI possible

Influence on other
CI possible
Influence on other
CI possible

against climate impacts. Two possibilities to change the system can be distinguished:
Firstly, one could decrease the occurrence of direct impacts on components of the infrastructure, e.g. change pavement to less heat vulnerable material, take below-ground instead
of above-ground wire, or use more stable water pipes for conveyance. Secondly, from a
network perspective, one could keep the importance of each single component very low.
Redundancies have always existed, e.g. more than one possible wire to supply electricity,
more than one possible transport mode to bridge a distance, and an alternative emergency
water supply with trucks.
Although the above considerations hold for all three infrastructures, in most regions they
are designed on a different level of centralisation, and therefore have a different dependency on each single component. So in most European cities the energy system is highly
centralised, as is the water and the sewerage systems. Only the transport network can be
seen as partly decentralised and numerous modes of transport exist.
The energy systems of the city have, besides being mostly centralised, must further
deal with the dependency of a surrounding nation or continental energy system, which
they cannot easily modify. Urban areas can strive for energy efficiency to some extent,
for example by using stationary or mobile energy storage and convert the urban energy
system as smart as possible. At the same time, they need to be prepared for blackouts
(e.g. provide emergency electricity generators) to minimise damage. The same is valid for
the transport system. Avoidance of transport is the primary goal, followed by an increase
in its efficiency. Combined planning of energy, transport, and water networks provides an
opportunity for cities to adapt for the future.
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