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ANNOTATION

The statistics of natural disasters, growing population and increasing urbanization rate is
indicate a potential increase of disaster risk in urban areas. Research aiming to provide support
to disaster risk reduction policies currently is of high importance.

The question how to measure urban resilience to natural hazard is an actual problem in
research and urban policy planning. A consistent support for assessing urban resilience and
evaluating alternative policy strategies for strengthening resilience in required. The current
methods applied for assessment of urban resilience are failing to capture the set of important
aspects in one measurement. Multidimensionality, short-term and long-term perspective and
different likelihoods of disaster occurrence are not captured yet in one single tool.

Thus, the Doctoral Thesis aims at creating a novel tool for urban resilience to natural hazard
assessment. Three methods — composite indicator, probabilistic simulation, and system
dynamics — are applied in a local case study for resilience assessment. Case studies allow
understanding the limitations and strengths of the methods. As a result, these methods are
integrated into a single tool to overcome limitations of each method.

The Doctoral Thesis has been written in English. It consists of an Introduction; 3 Main
Chapters; Discussion, Conclusion and Recommendations; 53 figures; 8 tables and 7
publications in appendices; the total number of pages is 180. The Bibliography contains 160
titles.

The introduction presents the aim of the Doctoral Thesis, the scientific and practical
importance of the developed tool together with the scientific articles published on the topic of
the Thesis. The approbated results are presented as a list of publications and presentation made
at international scientific conferences. In addition, other publications of the author that are not
in line with the Thesis are mentioned.

The Doctoral Thesis is based on thematically unified seven scientific articles dedicated to
case studies and development of the tool. With help of publications the developed knowledge
within this Thesis is transferred to broader scientific community. The publications are published
in international scientific journals and are indexed in international scientific databases. The
Thesis itself consists of three main chapters.

Chapter 1 of the Doctoral Thesis is a literature review on the current topicality of the
research field, the terminological variety and epistemological disjunctions of the studied term
“resilience” and methods used to measure resilience. Chapter 2 describes each step of
methodology of the Doctoral Thesis, presenting the main steps performed in each of the
separate studies made within thematic publications. Chapter 3 presents the achieved result. The
focus of the chapter is the construct and application of the developed assessment tool of
dynamic urban resilience to natural hazards. Finally, conclusions are given at the end of the
Thesis resulting from the development and testing of the tool.



ANOTACIJA

Dabas katastrofu statistika un iedzivotaju skaita pieaugums pasaulé kopa ar urbanizacijas
Iimena pieaugumu liecina par katastrofu riska palielinasanos pilsétas. Turklat tiek prognozets,
ka klimata parmainu ietekme palielinas dabisko apdraud&jumu aktivitates pieaugumu. P&tijumi,
kuru mérkis ir sniegt atbalstu katastrofu riska mazinaSanas politikai Sobrid ir loti svarigi.

Jautajumi, kas saistiti ar to, ka izmerit pils€tu izturétps€ju pret dabisko apdraud&jumu,
praksé ir aktuala probléma. Katastrofu riska mazinaSanas politikas planoSanai ir nepiecieSams
konsekvents atbalsts alternativu politikas stratégiju izvertéSanai, kuru merkis ir uzlabot
izturétsp&ju. Pasreiz&jas pils€tas izturéts€jas novertéSanai izmantotas metodes nespgj aptvert
svarigu aspektu kopumu viena mérjjuma. Daudzdimensionalitate, dinamika, istermina un
ilgtermina perspektiva un dazadas katastrofu iesp&jamibas vél nav ietvertas kopa viena rika.

Tadgjadi promocijas darba mérkis ir radit jaunu instrumentu pils€tu izturétsp€jas pret
dabisko apdraudéjumu novertéSanai. Promocijas darba tiek izmantotas tris metodes
izturtsp€jas noverteésanai vietgja gadijumu izpéte: saliktais indikators, varbiitibas simulacija un
sisttmdinamika. Gadijumu izpéte lauj izprast katras metodes vajas un stipras puses. Rezultata
§1s metodes tiek integrétas viena rika, lai parvarétu katras metodes ierobezojumus.

Promocijas darbs ir izstradats anglu valoda, taja ir ievads, tris nodalas, diskusija, secinajumi
un recomendacijas, literatiiras saraksts, pieliktas 7 publikacijas, 53 attéli, astonas tabulas, kopa
180 lappuses. Literatiiras saraksta ir 160 nosaukumi.

Ievada ir izklastits promocijas darba mérkis, izstradata rika zinatniska un praktiska nozime
kopa ar zinatniskajiem rakstiem, kas publicéti par darba t€mu. Apstiprinatie rezultati tiek
pasniegti ka publikaciju saraksts un prezentacijas, kas veiktas starptautiskas zinatniskas
konferences. Tiek pieminétas arT citas autora publikacijas.

Promocijas darba pamata ir tematiski vienotas septinas zinatniskas publikacijas, kas veltitas
gadijumu izp&tei un rika attistibai. Ar publikaciju palidzibu $aja darba izstradatas zinaSanas tiek
nodotas plasakam zinatnieku aprindam. Publikacijas tiek public€tas starptautiskos zinatniskos
zurnalos un citétas starptautiskas zinatniskas datu bazeés. Tas ir pievienotas Promocijas darba
beigas. Promocijas darbs sastdv no trim galvenajam nodalam, kuras aprakstita literatiira,
metodologija un rezultati no zinatniskajam publikacijam.

Promocijas darba 1. nodala ir literatiiras apskats par petjjuma jomas pasreiz&jo aktualitati,
pétama termina izturtsp&ja terminologisko dazadibu un epistemologiskas disjunkcijam un
merisanas metodém. 2. nodala aprakstits katrs promocijas darba metodologijas posms,
iepazistinot ar galvenajiem soliem, kas veikti katra atseviska gadijumu pétijuma. 3. nodala ir
sniegts rezultatu izklasts. Rezultatu nodala tiek prezentéts izstradatais pils€tu izturétsp€jas pret
dabisko apdraudéjumu novertéSanas r1iks. Visbeidzot, darba beigas tiek sniegti secinajumi, kas
izriet no rika izveidoSanas un testeéSanas.
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NOMENCLATURE

Greek symbols
w — weight of indicator, capital, etc.

Latin symbols

CDRI — Community disaster resilience index

CLD — Causal loop diagrams

DH — District heating

DRM - Disaster risk management

DRR - Disaster risk reduction

dt — Time interval used as step of model simulation
E — Maximum permissible error in calculating Z
EEA — European Environmental Agency

EM-DAT — Emergency Events Database

EU — European Union

GDP — Gross domestic product

GIS — Geographical information system

IPCC — Intergovernmental Panel on Climate Change
1 — Number of a specific item

M — Matrix

MCA — Multi criteria analysis

N — All possible model output values for the urban resilience index in one scenario
n — Number of items

R? — Coefficient of determination

S — Matrix element
SD — System dynamics

SER — Socio-ecological resilience

SWOT — Strengths, Weaknesses, Opportunities, and Threats
t — Time

URI — Urban resilience index

x — Indicator

y — Value of observation

Z — Number of samples



INTRODUCTION

Extreme events like floods, windstorms, tornados, wildfire, and earthquakes are naturally
occurring physical phenomenons around the world. These events appear as natural hazards to
communities and can turn into a disaster event. Communities experience the impacts of such
events in terms of physical damage to material assets, financial loss, and life loss [1]. Over last
60 years the number of natural disasters has increased tremendously and thus have the amount
of loss and damage [2]. This has made the disaster risk reduction policies an inalienable part of
social welfare, economic growth, and environmental protection.

Disaster risk reduction is achieved through a set of prevention, preparedness, response, and
recovery measures and is essential for sustainable development. The set of measures that must
be considered with social, economic, and environmental aspects makes disaster risk reduction
a complex problem, which requires scientifically sound support. In this direction the term
“resilience” has gained an increasing attention in scientific community [3] and is embedded in
international policy agreements such as Sendai Framework and Paris Agreement on Climate
Change. The term is used to describe the complex behaviour of a system that is able withstand
natural disasters.

The hotspots of loss and damage from natural hazards are urban areas because of
concentrated exposure of communities and physical assets to natural hazards [4]. This has made
the research in field of disaster risk reduction to focus on urban resilience. Studies aiming at
measuring urban resilience have emerged over last decades and mostly view urban system
functionality level as an indicator for resilience measurement (Fig. 1.).
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Fig.1. Urban system functionality level as urban resilience measurement indicator.

Measurement of urban resilience in terms of urban system functionality in scientific
literature can be found in different forms and has a variety of measurement approaches. Static
urban system functionality level is easy to measure, but it does allow capturing the changes in
system over time. On the contrary, dynamic change in urban functionality level over time is
hard to measure, but it gives a much more detailed information on urban resilience. Because of



certain limitations of each approach, urban resilience measurement has been unable to provide
a consistent and provident support for disaster risk reduction policy planning in urban areas.

The research within the Thesis is carried out in the direction to provide solutions to the
existing resilience measurement problem. The goal is to provide a better approach for
measurement of urban resilience and facilitate the pathways for overcoming knowledge gaps
reported in literature that could be used in policy planning. For this purpose, several applied
studies are made on application of different models for static resilience measurement, discrete
event resilience measurement, and continuous event resilience measurement in order to
encourage the transition from static to continuous event resilience measurement.

Static Discrete event Continuous event
resilience resilience resilience
measurement measurement measurement

Fig. 2. Transition from static to continuous event resilience measurement.

Within the Thesis static resilience measurement case study on indicator based composite
index is made. For discrete event resilience measurement probabilistic sampling method is
used. For continuous event resilience measurement system dynamics approach is applied.

Research hypothesis and topicality

The main research hypothesis is based on the need to have a tool that supports a dynamic
assessment of urban resilience to natural hazards enabling better decision making for coping
with natural hazards. The hypothesis is that integrated approach combining three methods
(system dynamics, probabilistic simulation, and composite indicator) based on system dynamic
model allows overcoming the limitations of methods when they are used alone for urban
resilience measurement.

The topicality of this research is underlined by the current state of climate-change linked
disasters threatening sustainable development worldwide. In fact, it is expected that climate
change will significantly increase the frequency, intensity, spatial extent, and duration of natural
hazards. Moreover, the environmental degradation, population growth and rapid urbanization,
poorly planned urban development and insecure livelihoods in combination with the increasing
threats of natural hazards pose a high risk for disaster events.

Literature on natural hazards and disaster events shows that the resilience concept represents
a guideline toward a valuable hazard risk management and mitigation. Resilience assessment
of urban areas is an approach on which scientists and policy makers are strengthening the
cooperation. However, the multi-dimensional nature of the problem makes it hard to create a
consistent urban resilience assessment methodology and identify best policy strategies for
building urban resilience. Despite an increase of studies on the topic of urban resilience the
quantitative approach for urban resilience assessment is still an open issue.



Many frameworks and models exist to assess and evaluate the resilience of communities

and infrastructural systems; nevertheless, the application is limited to specific case studies, thus

showing the lack of a link with the policy planning of urban areas. The reviews of existing

urban resilience assessment methods in scientific literature report the following:

it is very difficult to quantify or measure urban resilience due to multi-dimensionality
of urban areas that include social aspects of communities and infrastructure systems;
dynamics of urban areas are often neglected in existing urban resilience assessment
frameworks, limiting the interpretation of the actual status of urban resilience;

the link between socio-economic and environmental aspects considered in the many
definitions of the resilience term is currently lacking the urban resilience assessment;
indicator-based methods do not provide enough information to create strategies over the
long term;

there are many uncertainties related to complexity of the term ‘“urban resilience”
because the terminological variety and different resilience perspectives have made
urban policy making difficult because of lack of recognition and reflection of the term.

All of these aspects result in an inability to provide knowledge and support to urban policy

planning. Thus, a consistent approach for urban resilience assessment that deals with the

existing knowledge gaps in scientific literature is necessary.

Aim and Objectives

The aim the Thesis is to develop a tool for assessment of urban resilience to natural

hazards that can support policy planning for building urban resilience at local level. The

main objectives for achieving the goal are:

to examine quantitative methods currently used for measuring resilience of
community and infrastructure systems in separate case studies;

to select urban resilience definition appropriate for developing novel approach for
urban resilience assessment;

to develop a novel approach for urban resilience assessment that deals with the
existing shortcomings of methods reported in literature and examined in case studies;
to verify and test the developed approach in a local case study;

to compare different urban resilience strategies for a selected case study and present
policy planning suggestions for increasing urban resilience based on the results of
the performed case study;

to provide suggestions for further research on the topic of urban resilience and
implementations of the developed tool.

Scientific significance

The scientific significance of the work is in the developed tool integrating three

quantitative resilience assessment approaches as described in Fig. 3. The developed tool

fills the existing knowledge gaps identified in scientific literature on the topic of resilience
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measurement by providing a novel approach for urban resilience assessment. None of the
previous existing tools has captured such scale and scope of urban resilience measurement.

Quantitative resilience assessment approaches

1. Composite 2. Probabilistic 3. System
indicator simulation dynamics
I |
L 1
A 4
e D

4. Dynamic urban resilience to natural hazards assessment tool

Multidimensionality of urban areas

Definition of dynamic urban resilience behaviour

Feedbacks among variables of different urban dimensions

Urban resilience in both short-term and long-term perspectives

Probabilistic natural hazard impacts

Holistic measurement approach

Fig. 3. Steps of methodology and characteristics of the developed tool.

Table 1
Scientific Articles Used in the Doctoral Thesis to Present the Steps of the Developed
Methodology
Methodology step No. Publication title
1. Composite indicator | Measuring Community Disaster Resilience in the Latvian
approach Context: an Apply Case using a Composite Indicator Approach.
2. Probabilistic ) Resilience of Critical Infrastructures: Probabilistic Case Study of
simulation approach a District Heating Pipeline Network in Municipality of Latvia.
3 System Dynamics Model for Natural Gas Infrastructure with
. Storage Facility in Latvia
3. System dynamics - — -
approach Incr.easmg Resilience of the Na.tural Gas System w1th.
4 Implementation of Renewable Methane in the Context of Latvia: A
System Dynamics Model
5 Assessing Resilience Against Floods with a System Dynamics
. Approach: A Comparative Study of Two Models
4. .D'ynamlc urban Assessment of Urban Resilience to Natural Disasters with a
resilience to natural 6 System Dynamics Tool: Case Study of Latvian Municipality
hazard assessment tool
7 Dynamic assessment of urban resilience to natural hazards
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The first step of the methodology is dedicated to research on composite indicator
approach, presented in Article 1. The articles present the application of Community Disaster
Resilience Index for the case of Latvia.

The second step of methodology is focused on a probabilistic simulation approach,
presented in Article 2. The article presents the application results of probabilistic simulation
for a district heating pipeline network disruption during extreme cold temperatures period
and evaluation of DH network resilience in a Latvian municipality based on the thresholds
for recovery time, damage ratio, and damage costs.

The third step of the methodology is dedicated to the implementation of system
dynamics approach within the definition of urban resilience, presented in Articles 3 and 4.
In Article 3 the development of system dynamics model for natural gas transmission system
with storage is reported, while the application of the model for defining dynamic change in
resilience of natural gas supplies with application of renewable resource support policy is
shown in Article 4.

The knowledge gathered through the separate application of the defined quantitative
approaches is used for development of a dynamic urban resilience assessment tool
specifically addressed to natural hazards. The hypothesis for such tool together with its
causal loop diagram are presented in Article 5. Then the application of the developed tool
in a local case study is presented in Article 6 and results of different urban resilience
scenario comparison in Article 7.

Integration of different approaches into a single tool allows to include the strong aspects
of each approach dealing with weak aspects when used alone.

The system dynamics approach allows to define dynamic urban resilience behaviour in
multiple dimensions of urban areas, include the feedbacks among different dimensions, and
capture short-term and long-term perspectives of urban resilience.

The probabilistic approach enables the simulation of different natural hazards within the
system dynamics model, in this way presenting explicitly the uncertainty of disaster risk
management field.

The definition of composite based indicator approach allows capturing the multi-
dimensionality and measure it in a holistic way with a single score output, which is used for
comparison of different scenarios of strengthening the urban resilience.

Practical significance

The result of this study is a tool for dynamic urban resilience assessment to natural
hazards. The tool can be used by local governments for developing their own resilience
strategies by assessing future development prospects and help to offset the existing
knowledge gaps in urban resilience policy planning.

The structure of the tool includes social, economic, environmental, infrastructural, and
environmental aspects of urban areas. Thus, the application of the developed tool also
supports the link of disaster risk reduction field with policy planning of other sectors.
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Within its multi-dimensional context, the tool allows to compare the effects of different
policy strategies for building urban resilience to natural hazards, e.g., strategies for disaster
risk reduction, increase of environmental performance or decrease of social vulnerability.
Urban resilience assessment tool that will stimulate progress in this field is not created yet
in the Baltic regions including Latvia.

Approbation of the results of the research

1. Feofilovs, M., Romagnoli, F. Dynamic Assessment of Urban Resilience to Natural
Hazards. (2020) International Journal Of Disaster Risk Reduction (In review).

2. Feofilovs, M., Romagnoli, F. Assessment of Urban Resilience to Natural Disasters with a
System Dynamics Tool: Case Study of Latvian Municipality. (2020) Environmental and
Climate Technologies, vol. 24, no. 3, pp 249-264.

3. Feofilovs, M., Romagnoli, F., Gotangco, C. K., Josol J. C., Jardeleza J. M., Campos J.,
Litam J., Abenojar K. Assessing Resilience Against Floods With A System Dynamics
Approach: A Comparative Study Of Two Models. (2020) International Journal of Disaster
Resilience in the Built Environment, vol. 11, no. 5, pp. 615-629.
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Thesis outline

The Doctoral Thesis is based on 7 thematically unified scientific articles that are presented
in international scientific conferences and published in international scientific journals, indexed
in Scopus and Web of Science. The articles describe separate case studies on different
methodologies that are integrated in a dynamic urban resilience to natural hazards assessment
tool.

This Thesis consists of an introduction and three chapters:

e [Literature review,

e Research methodology,

e Results and conclusions.
The introduction presents the aim of the Doctoral Thesis, the scientific and practical

importance of the developed tool together with the scientific articles published on the topic of
the Thesis. In addition, approbated results as the list of publications presented at international
scientific conferences and other publications of the author that are not in line with the Thesis
are presented.

Chapter 1 is a literature review on the current topicality of the research field, the
terminological variety of term “resilience” and epistemological disjunctions. Chapter 2
describes each step of methodology of the Doctoral Thesis. Chapter 3 presents the results of the
achieved, mainly focusing on the construct and application of the developed dynamic urban
resilience to natural hazards assessment tool. Finally, conclusions are given at the end of the
Thesis together with recommendations for application of the tool for policy planning in practice.
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1. LITERATURE REVIEW

1.1. Natural disasters: Overview

Global Trends

Natural disasters occur when natural extreme events (natural hazards) like floods,
windstorms, tornados, wildfire, and earthquakes hit communities and their physical capital [5].
The available statistics show the impacts of disasters and the amplitude of the problem that
communities are facing at the current time. According to the Emergency Events Database (EM-
DAT) there is an increase in the reported number of disaster events in the world from 1990 to
2020. Most of the reported disaster events are hydrological and meteorological disasters.

The reported number of disasters started to grow rapidly around the 1960s (Fig. 1.1A). As
mentioned in [6], better reporting leads to the accounting of a higher number of events and
losses. Growing communication among countries can be the reason for such trend in reported
number of disasters.
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Fig. 1.1. A —number of disaster events by disaster type 1950-2020; B — human life loss in
disaster events 1950-2020 [2].

The available data in EM-DAT shows a decrease in the number of deaths in natural disasters
from 1950 to 2020 (Fig. 1.1B), which at first seems controversial in relation to the increasing
number of disasters. This tendency in human losses decrease can be explained by a learning
effect. This means that communities over time have learned from past events to better prepare
for disasters also due to the development of infrastructure, for example, more precise weather
forecasts and better emergency response to disasters by disseminating information immediately
after alarms, on radio and television [7].

Though there is notable decrease in human life loss, still an increasing number of people
injured and affected by disaster events is reported (Figs. 1.2A) during the last 60 years. This
can be explained by the tendency of both the population growth and the economic and
infrastructure development [8], which results as increasing potential loss and disruption
associated with the hazard even if the probability and intensity of hazard activity remains
constant [9].
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Fig. 1.2. A — number of people affected in disaster events; B — disaster damage costs in
millions of USD [2].

Another challenge for disaster response and recovery are cascading effects following
natural hazard occurrence. Cascading effects are complex due to factors such as climate change,
population migration, economic interconnectivity, and globalization, and can include the spread
of food-related and water borne, vector-borne, vaccine-preventable, infectious diseases and
zoonosis or even to HIV, STI, and viral hepatitis [10]. For spread of such diseases, the
environmental factors in combination with natural disasters are reported to be the main drivers,
for example, bad wastewater management in times of floods leading to the contamination of
rivers, lakes, springs, and water supplies [11].

Besides the environmental factors, also the financial aspects of losses from disasters are
troubling the economics of countries. The reported disaster damage costs have increased
tremendously (Fig. 4 B), especially in developed countries [12]. Most of the physical damage
occurs mainly to the built infrastructure (e.g., buildings, energy, and water supply structures).
EM-DAT database [2] includes a total of 15 thousand natural disasters from 1900 to 2020 with
a total reported damage of EUR 3.03 billion. According to Munich Re, one of the world’s
leading reinsurance companies, 820 natural disaster events in 2019 accounted for EUR 127
billion in losses, and 850 events accounted for EUR 158 billion in losses in 2018 [15].

Disasters are cause for significant damage to economies, to the economic growth in the
medium-term, and causes financial losses to the markets within and outside of the affected
country and trough repeated natural hazard shocks to physical capital and social cost in terms
of food insecurity and having broader effects and consequences in long term [13]. Economic
growth at first can seem to be a solution to these challenges, but actually has been reported to
pose challenges to provide material resources for disaster response and recovery for many
communities around the world [14].

The impacts of disasters measured as GDP ratio are costlier for small and developing
countries. For the period of 1950-2014 small countries have experienced disaster damages
equivalent up to 30 % of GDP, while in big countries the damage cost is only equivalent to 1
% of GDP on average [16]. This occurs mainly because in developing countries a higher share
of the population is located in vulnerable urban zones with weak infrastructure, low provision
of services, and incomplete government capacity for disaster risk management, leaving the poor
urban areas even more vulnerable after disaster impacts [8].
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Europe and Local Trends

Statistics of natural disasters in Europe (Fig. 1.3 A) show that most often disaster events are
floods and storms, followed by extreme temperatures. Swiss Re report [17] has reported that
return rates of same flood events have increased significantly in the South and Eastern Europe
and the following factors are considered to have influenced growing floods risk: change in
forestry and agricultural land use, population growth, and urbanization. Moreover, a study of
[18] showed that the distance over which multiple rivers flood synchronously has grown by
about 50 % over the period 1960-2010 in Europe and is a cause for large scale flood impacts.
Similar results about increase in the frequency of extreme events such as floods, heatwaves,
droughts, windstorms, and wildfires across Europe are found in the study of [19], which
suggests that land-use changes, urbanization, and climate change were reported as contributors
to increasing flood risk.
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Fig. 1.3. A — disaster events in Europe, 1980-2020; B — disaster damage costs in Europe per
type of disaster, 1980-2020 [2].

The shares of disaster damage costs in Europe per type of disaster for the period 1980-2020
are reported in Fig. 1.3 B. Floods are accounted for most of the damages, accordingly, as they
are the most often recorded disaster events. Earthquakes were accounted much less than floods,
but are responsible for the second-highest share of damage, followed by extreme temperatures
and droughts.

According to [20] European cities will face more challenges in the near future due to urban
growth and climate change that will influence social and economic aspects. A similar tendency
was reported by EEA, which accounted for flooding and storms as the most costly hazards in
Europe for the period from 1998 to 2009, with losses recorded up to about EUR 52 billion for
floods and EUR 44 billion for storms, followed by earthquakes with losses of about EUR 29
billion [6].

The IPCC report found that economic losses in Europe from disasters have increased in the
long term, as exposure of people and economic assets has increased. [12] Compared to other
regions of the world, Europe had the highest share of population affected (80 %) by flood risk
in 19002012 [1].

Munich Re for the year 2018 reported that droughts affected large areas of Europe. The
estimated damage of droughts is around EUR 3.3 billion to agriculture and forestry. Two major
winter storms in Europe left overall losses of EUR 3.1 billion and tropical storms of EUR 310
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million in property damage. Strong gusts of wind in coastal regions account for damage of EUR
3 billion [15].

The large numbers in damage cost are explained by a high population and economic assets
in hazard-prone areas [6]. At the same time, concerns of climate change increase in the future
and thus frequency and intensity of extreme weather events are projected to grow.

Several studies on future of disaster risk in Europe present disturbing results and underline
the need to adapt infrastructure, economy and communities in order to decrease socioeconomic
and environmental damage in the future [21]. According to [22], due to climate change sea-
level will rise by 0.8 meters in the next century, causing floods to coastal areas and along rivers,
leading to chemical and mineralogical changes in coastal soils and threatening human life.
Study of [23] applied computer models for climate change and socio-economic development
up to the year 2050 referring to floods of 2013, which had a high impact. Study concluded that
floods such as in 2013 with a return rate of 16 years may increase to once every 10 years by
2050, with annual average economic losses of EUR 23.5 billion by 2050, while in period 2000
to 2012 losses accounted for EUR 4.6 billion.

The importance of including socio-economic aspects when planning disaster risk reduction
(DRR) in long term is underlined by the results of study [24], which suggested that by 2080,
floods could have annual losses up to EUR 98 billion.

The study of [25] assessed 186 countries for potential losses to natural hazards and found
that developed nations lack the capacity to deal with highly destructive, but less frequent events,
while at the same time they are able to cover the costs of relief for less destructive frequent
events. Latvia and Lithuania are mentioned in the list of the countries having a resource gap for
high-frequency natural hazard events with a period below 25 years, while Estonia showed a
resource gap only for events once in 550 years.

The Country Risk Profiles for Floods and Earthquakes of World Bank [26] provides
estimates for more intense, but less frequent events such as 100-year floods or 250-year
earthquakes. The country risk profiles show that floods pose very high risk for the Baltic States
with total annual average affected GDP of EUR 6.44 billion and average affected population of
800 000.

In certain parts of Latvia, riverine floods are occurring every year due to rapid snowmelt in
spring that can escalate to disasters. The return rate of such events depending on their severity
is estimated to occur from once in 10 to once in 200 years. Altogether, these events lead to loss
of land and natural resources, destruction of buildings, disruptions to electricity supply and
water management system. This situation is evidence for those communities in Latvia that are
not “resilient” enough to natural disasters and therefore studies must be performed to provide a
more extensive understanding of the problem related to riverine floods [27].

According to the Latvian Adaptation Plan to Climate Change for Time Period to 2030 [28],
in all coastal towns of Latvia the annual increase in damage caused by storm surge to buildings
during the period 2040-2070 could be around EUR 1.5 million per year. In the period 2070—
2100, damage could reach even EUR 3 million per year. At the same time consequences from
increasing rainfall and snowmelt due to climate change could cause annual economic losses of
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EUR 40 000-50 000 in the period 2020-2040 and EUR 160 000-210 000 in the period 2070—
2100.

The current situation and predicted future impacts indicate that building urban resilience is
essential to decrease the impacts of natural hazards in Latvia and must be considered in depth
when applied in local policy planning. In this direction, a tool that helps to evaluate effects of
different urban resilience strategies and offsets the knowledge gaps on long-term and short-
term tradeoff in urban resilience planning can bring great advantage to local governments (i.e.
Municipality).

Legislative background

Natural disasters are a global problem faced by communities worldwide. The statistics of
disaster events annually show significant numbers of people affected, injured, killed, turned
into poverty, and left homeless and are responsible for an enormous amount of damage to
physical capital. For this reason, disaster risk management is addressed at all administrative
levels, 1.e., local, country, regional, and worldwide, by legislative frameworks, action plans,
regulations, and other legislative acts.

The summary of legislative acts addressing disaster risk management worldwide, their
relationship and link to local context is shown in Fig. 1.4.

Recognizing role and needs of urban
areas in adaptation to climate change

©
E Paris climate Link between climate action m Recognizing role and needs |
2 agreement and sustainable development DIl ~  of urban areas in SDG
= .
o R ) - eds ©
E f-‘c;gn ition ' Linking [DRR to ¢ gole ¥ DZ
] e clj dairhhili on O red
8 = et op Image sustainpbility aion pan &
2 nag lap, cog! ot
£ Uraj hazarg, < R pRR Y
S Sendai Framework
E &
W
g T
=4 . . .
= Support to other EU practices and policies
a regions though .
8 initiatives:
_§ o +  PRO-ACT European Structural
= 3 + GCCA+ and Investment Funds
a3 ACP-EU
g m +  EUROCLIMA+
e * PPRD . - .
=1 . i . Action Plan for Resilience in
=) IPA Prevention EU Civil Protection - ten
+  Clima East Mechanism Crisis Prone Countries
N Clmmso ) 2013 209
W b 7 —
® Bilateral agreements between .. . | P
E neighbouin countries for Sl e | Urban Resilience to ?
= £ ol Disaster Management Law | Natural Disasters
— cooperation |

Fig. 1.4. Legislative background for disaster risk reduction from worldwide to local scale.
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The most relevant and recognized administrative act is the Sendai Framework for Disaster
Risk Reduction 2015-2030 adopted by the United Nations Office for Disaster Risk Reduction.
The framework sets seven targets. The aim of these targets is to reduce global disaster mortality,
the number of people affected, economic loss, and damage to critical infrastructure and to
increase the number of countries with national and local disaster risk reduction strategies,
cooperation and support for developing countries, and the availability of multi-hazard early
warning systems and disaster risk information and assessments [29].

The Sendai Framework acknowledges that after the adoption of the Hyogo Framework for
Action (UN Framework responsible for DRR before Sendai Framework), disasters continue to
undermine efforts to achieve sustainable development. Therefore, Sendai interprets that actions
made to achieve the set targets considering the adaptation to climate change, critical
infrastructure protection, biodiversity protection, research and innovation, health, and food
security.

The link between climate change and natural disasters addresses the need for consistency
in the implementation of both the Sendai Framework and Paris Climate Agreement [30]. Sendai
Framework relates to the aims of the World Humanitarian Summit and the New Urban Agenda,
which also serve to plan and contribute to a more sustainable future [31]. The binding of
international frameworks enables the synergies for the implementation of sustainable
development goals and stimulates the development of a dynamic, local, preventive, and
adaptive urban governance system at the global, national, and local levels. The existing
synergies are also to be considered when implementing the monitoring of progress connected
to the international agreements [32].

According to the information prepared by the UN, approximately 40 percent of countries
reporting to Sendai Framework have partly aligned strategies and only six countries have fully
aligned strategies to Sendai Framework [33]. The Global Assessment Report on Disaster Risk
Reduction shows that only 42 countries reported on local strategies for DRR, and 7 countries
reported that they have no local strategies [34].

European Commission supports and monitors the implementation of the Sendai Framework
within its member states. In one of the European-level discussions meeting of the Council of
European Union [35], the conclusion was made that among key actions for the civil defense the
important one is promoting disaster risk assessment and scenario-based analyses and promoting
the use of innovative technologies and instruments. Following the discussion, the European
Commission published an Action Plan on the Sendai Framework that aims at guiding disaster
risk-informed approach for all EU policies [36].

Within European Commission’s Action Plan for Resilience in Crisis Prone Countries 2013—
2020 [37] the priority number 2 “Innovation, learning, and advocacy” foresees to build evidence
on the effectiveness of new resilience approaches that aim at developing urban resilience
methodologies. The results of this initiative account for pilot city resilience strategies and
operational plans including urban risk assessments, long-term resilience, multi-sector-
approaches and enhance resilience knowledge base by conducting research for improved
resilience and evaluations of resilience programs and resilience components during the period
of 2013-2020. Hence, European urban planning can be understood as a great opportunity for
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developing quantitative simulations based on urban systems theory for application of
ecological, social, and technical resilience in policy planning [38].

Large share of funds from European Structural and Investment Funds for resilience is
dedicated to support the Action Plan on the Sendai Framework aiming for support of resilience
increase in other regions of the world. This is achieved through such programs as PRO-ACT
[39], GCCA+ [40] for least developed countries and small island developing states, ACP-EU
in African, Caribbean, and Pacific countries, EUROCLIMA+ in Latin America, PPRD in
neighbouring East and South, IPA Prevention in Western Balkans and Turkey, Clima East [41]
and Clima South [42] in neighbouring countries.

Plans beyond 2020 have not been published and the main legislative document in the field
of disaster risk management for EU member states remains the Civil Protection Mechanism
[43], which aims to strengthen the cooperation between EU member states and facilitate the
coordination in the field of civil protection. The main tools for DRR within the Civil Protection
Mechanism are mentioned to be risk assessment plans.

Civil Protection Mechanism sets a requirement for the member states to develop and refine
risk assessments at a national or appropriate subnational level every three years. In addition to
risk assessments, EU member states are obliged to perform the tasks according to international
guidelines. According to [44], such mechanism is proven to be effective, still for the most part
of DRR national legal orders have the main role.

On the national level for Latvia, the main legislative framework is the Civil Protection and
Disaster Management Law [45]. The main measures within the legislative framework are
focused on the risk assessment specifically addressed to risk identification, risk analysis, and
risk evaluation. According to the legislation, the tasks of local governments are mainly related
to preparedness, prevention, response, and recovery measures, not having any reference to the
implementation of actions towards strengthening of community or urban resilience. Therefore,
the policies and practices towards strengthening the resilience on the local level remain a
voluntary action, which is still to be acquired by local governments.

The national legislation foresees DRM in terms of Civil Protection and Disaster
Management Law and bilateral agreements for cooperation between neighbouring countries,
which is constantly updated according to latest requirements and standards. Still, the overall
situation in DRR shows that many countries have not aligned with the Sendai Framework.

Civil Protection Mechanism is related to strengthening urban resilience [46] and Action
Plan for Resilience in Crisis Prone Countries 2013—-2020 foresees creation of knowledge and
innovations in terms of tools that can help to strengthen urban resilience in EU. Research
projects aiming at strengthening urban resilience are also supported by European Structure and
Investment Funds, however, at the moment there is no evidence for already existing national or
local scale projects in Latvia that focus on contributing to creation of urban resilience
assessment tools.
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1.2. Concept of Resilience

The outgrowth of research on resilience in last 20 years shows that resilience has become
popular over the past decade, but many definitions seem to make this concept and its
quantification hard to apply to practice [47]. Most of the recent studies on resilience are linked
to climate change and sustainability [48].

Considering that risk is a static measure that represents the severity of impact on a given
system, social or technological [49], resilience is defined as the ability to bounce back from a
certain impact after disruptive event to previous functionality level or equilibrium state in which
system is stable. In this context natural hazards can be considered as shocks to human-
environment systems like urban areas [50], and disaster resilience aims at better preparedness
and mitigation measures in the long term and response and recovery in the short term. This
makes the resilience a dynamic metric of system performance as functionality level over the
disaster management phases including response and recovery, preparedness, and mitigation in
one function (see Fig. 1.5).
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The terms resilience and vulnerability are interrelated, but studies on vulnerability tend to
represent the term “vulnerability” as a negative concept [51], and therefore resilience is more
preferred when moving from outcome-oriented policies towards process-oriented governance
[52].

The “resilience” term has a long-distinguished history according to [53] (see Fig. 1.6). The
first use of this term is found in proverbs used even before the creation of the Julian calendar
(AD), mostly having a negative meaning of “rebound with an unhappy result”. Much later the
term passed to Middle French and came to mean “to retract”, and only after that migrated to the
English language in the 16th century, mainly used to describe the “return to a former position”.
It was used for the first time in relation to disasters in 1854 to describe the ability to withstand
the effects of earthquakes during the recovery of the city of Shimoda, Japan.
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Fig. 1.6. Spread of term “resilience” through history [53].

Holling, C. S. adopted the concept used in civil protection specifically related to a systems
theory approach in ecology [54], and at the end of the 1990s, the term made its transition to
socio-ecology, where it is recognized as socio-ecological resilience, and later also evolutionary
resilience was distinguished.

Ecological resilience is an equilibrium-based approach to defining resilience that focuses
on eco-systems [55]. This type of resilience foresees that there can be several equilibrium states.
It is defined by the speed of recovery to a state of equilibrium and the intensity of the
disturbance that it can absorb while remaining within a “critical threshold” while moving from
one equilibrium state to another [56].

Socio-ecological resilience (SER) is a concept also presented by C.S. Hollings to describe
ecological system embedded in urban systems, where human-driven processes take place and
is the ability to recover from disasters from both social and ecological perspectives [55]. The
emerging use of economic resilience for overcoming disaster-related impacts is linked to the
classic definitions in socio-ecology for maintaining function and recovering rapidly [47].

From SER also the definition of evolutionary resilience emerged. Evolutionary resilience
implies the capability to withstand changes of systems even without any external stressors. The
main shortcoming of evolutionary resilience is the lack of the dynamic role of technology,
which is engaged by other forms of resilience known as built-in resilience and climate change
resilience that also emerged based on SER [57].

Other concepts of term “resilience” include stable and unstable resilience, anticipatory and
reactive resilience, or just general resilience, however, all these terms are not well explored
[57]. Though the term has become popular, its development is still in early stages, as current
methods are yet subjective and have not been tested for their validity, reliability, or their ability
to predict future wellbeing [58].
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1.3. Urban Resilience

The increasing intensity of hazard activity caused by climate change at the same time with
population, urbanization and economy are growing leads higher risk in urban areas [59]. Thus,
there is an importance for “resilience” term practical use in the urban context even with such
variety of existing perspectives for this term as discussed in literature [60]. Resilience and
complex systems thinking can add to policy planning new ways of dealing with poverty,
vulnerability, and governance by highlighting the diversity of components influencing these
social problems.

The progress towards urban resilience is slow also due to a general lack of consistency in
local government DRR strategies despite the aforementioned international initiatives [61].
Urban Resilience has remained mainly a buzzword in international agreements and is not
applied fully on the local level in Latvia, nor many other countries. The recent spread of the
coronavirus that causes COVID-19 underlined the fragility of urban systems and how important
it is to build urban resilience to natural disasters [62]. This indicates that there still exists the
need for new consistent methods and tools that can be a support to local policymakers and other
stakeholders working on strengthening urban resilience and development of DRR policies.

Currently urban resilience policy is under high uncertainties due to political pressures,
emergent nature of threats, speed of change, and the level of complexity of networks that form
cities [52]. Regardless of the wide application in policies, the term “urban resilience” still
receives a lot of critique due to a lack of clarity on how to apply this concept in practice [63].
Debates for a definition of “urban resilience” are ongoing and there is still no consensus. The
terminological varieties and epistemological disjunctions make it difficult to apply the term
“urban resilience” in policy planning due to lack of recognition and reflection [64].

The complexity of “urban resilience” definition is also connected to the definition of urban
areas. Urban areas are acknowledged as complex socio-ecological-technical systems [65]. The
urban areas are developing and change rapidly, are formed by ecological, social, and technical
components, which form socio-technical, socio-ecological, and eco-technological networks,
and they interact with each other [66]. Thus, also the term “urban resilience” is somehow
merged from resilience in engineering, ecology, and social science. The study of [67] concluded
that resilience and sustainability are complementary properties necessary to enhance urban
development. Both terms are of high complexity with different definitions and areas of
applicability [68].

To simplify “urban resilience”, [50] grouped various meanings of this term by application
as follows: (1) urban ecological resilience; (2) urban hazards and disaster risk reduction; (3)
resilience of urban and regional economies; and (4) promotion of resilience through urban
governance and institutions. “Urban resilience” term within this Thesis is used within the
meaning of urban hazards and disaster risk reduction. The definitions found in literature for
term “urban resilience” are presented in Table 1.1.
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Table 1.1
Definitions of Urban Resilience

Source, year Definition

Wamsler et al., | Disaster resilient city can be understood as a city that has managed to (a) reduce or avoid
2013 [69] current and future hazards; (b) reduce current and future susceptibility to hazards; (c) establish
functioning mechanisms and structures for disaster response; and (d) establish functioning
mechanisms and structures for disaster recovery

Asian Urban resilience refers to climate change adaptation, mitigation actions, and disaster risk
Development | reduction while recognizing the complexity of rapidly growing urban areas and the
Bank, 2015 [8] | uncertainty associated with climate change

Meerow et al., | Urban resilience refers to the ability of an urban system-and all its constituent socio-ecological
2016 [70] and socio-technical networks across temporal and spatial scales to maintain or rapidly return
to desired functions in the face of a disturbance, to adapt to change, and to quickly transform
systems that limit current or future adaptive capacity

The interpretation of urban resilience concept is linked to concept of panarchy [71] that
presents the ways in which complex systems of people and nature are dynamically organized
and structured, considering the change of behaviour across scales in space and time.

Urban resilience is in line with the socio-ecological perspective, where urban resilience is
addressed as complex social processes that allow local communities to self-organize and ensure
positive collective action for community survival and wellbeing, instead of seeing urban
resilience just as a set of community capacities, assets, or capitals [72]. This is recognized in
the definition of urban resilience provided by [70], which is applied selected as the definition
of urban resilience used in this thesis. Other definitions referring to urban resilience found in
literature reported in Table 1.1 also recognize the multi dimensionality and complexity of the
“urban resilience” term and the aspect of hazardous events and actions aiming on DRR.

1.4. Resilience Assessment Methods

Some existing methods for resilience assessment describe resilience as having such
characteristics as redundancy, diversity, efficiency, autonomy, robustness, adaptability, and
collaboration, and even sometimes vulnerability is assigned to be related to resilience as an
opposite term [47]. However, all the characteristics named here have received critique due to
subjectivity and lack of precision in defining the relationship between them.

The long-term planning horizon and holistic context make resilience policies different from
traditional hazard mitigation policies [73]. Resilience according to definitions is mostly
connected to a system that is subjected to certain stress, shock, or, in the case of this study,
disaster. Therefore, disaster risk assessment is also connected to resilience [49], [74]. In relation
to resilience, risk is a static metric that does not change over time and represents the severity of
impact on a given system, social or technological in a specific reference time.

Resilience assessment is often recognized in the engineering science field and is known as
engineering resilience, but also is used in ecosystem resilience measures as a single equilibrium
state [75] representing a dynamic metric of system performance over the disaster event [76],
[77]. Other science fields have similar approaches to defining the concept but the scope can be
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completely different, yet most of the disaster resilience models involve engineered systems
[78].

Many resilience studies focus on infrastructural system resilience as they provide essential
services that support economic prosperity and quality of life [79]. Another type of resilience
interpretation is linked to ecosystem resilience, where multiple equilibrium states also known
as alternative regimes, exist [80]. This approach underlines the non-linear spatial-temporal
interaction of components in a complex adaptive system and is consistent with Holling’s
definition of thresholds that ecosystem can withstand [81].

The current studies towards applying multiple equilibrium regimes in models with socio-
economic aspects are still limited. Based on the review of social resilience studies [82]
concluded that different tools of different purposes towards resilience measuring are found in
literature, but these tools are not yet capturing the dynamic interactions between social and
other dimensions. The concept of resilience depending from its multi- and cross-scale dynamics
of system is defined in [78].

The complexity of a given measure is the basis for distinguishing the adaptive resilience
and inherent resilience when trying to make a resilience assessment (Fig. 1.7) [83]. Adaptive
resilience, or, according to [84], predicted resilience, relates to the post-event processes
(response and recovery) and thus can be measured only after a disruptive event, while the
inherent resilience is often used as a holistic measure of the community’s capacity to deal with
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Fig. 1.7. Inherent and adaptive resilience [83].

Measurement of resilience is critical to track progress in resilience at the local level [85],
and in this case, inherent resilience can serve as a baseline for improving urban resilience.
Information provided by existing tools gives insight into urban resilience, however, they can be
biased for comparison of different scenarios [86]. Study of [87] defined the necessary steps in
research on resilience measures, which includes the integration of risk assessment procedures
in a holistic resilience assessment.

Over the years, studies report that there is a lack of tools for resilience [88], [89] and there
is a need for a decision support system that can assist city authorities in planning adaptation
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measures [69]. The existing tools for resilience assessment are grouped by [82] in two major
categories: standard framework, known as generic frameworks on national or other levels, and
context-specific resilience frameworks in which hazard-specific, hierarchical level specific, and
geographical scope specific frameworks can be distinguished. General frameworks help to
uniformly inform the communities, however, can miss important aspects for specific local
cases. The context-specific frameworks provide very precise information, but are demanding
in terms of resources.

Study [90] suggested a different classification of resilience methodologies, which foresees
that there exist three major categories of resilience assessment methodology: qualitative, semi-
quantitative, and quantitative. Slightly different classification of methodologies is presented in
[86], which distinguishes quantitative, qualitative, and mixed or also called integrated
approaches. The classification is presented in Table 1.2 with respective methods and their
strengths and limitations.

Table 1.2
Classification of Resilience Methodologies According to [86]
Approach Method Strengths Limitations
Comparable nghly genera.hzefl
. Subjective weighting
Indicator Easy to use .
Multi-dimensional Static
Input data dependent
. Outdated with change of
o Time reference )
Quantitative technologies
C " Comparable Mainl licable ¢ . .
‘omputer Precise in short term ainly applicable to engineering
simulation Short-term and long-term analysi systems
model ort-te ong-te ysts Highly dependent on data
Scenario analysis 1
No subiecti L availability
0 subjective opinion Separate model for every system
Reflects community’s opinion and Time consuming
needs Hardly comparable
Survey Detailed Highly depends on communities’
Qualitati skills and knowledge
ualitative Results are meaningful in short term
Expert nghly.detaﬂed. Time consuming
opinion Scenario planning Hardly comparable
Short-term and long-term analysis Subjective
Mixed Integration Can 1nclqde all strengths of Complicated in development
(integrated) of several methods integrated — Can be highly dependent on data
methods Can avoid weakness of one method

Qualitative methods assessing resilience are based on opinions of experts or local
communities and perception of the real situation [91]. Example of studies applying such
methods is found in [92]. The focus of the Doctoral Thesis is on quantitative measurement of
urban resilience to natural hazards; therefore, the qualitative methods are not discussed further
in the work. Different examples of quantitative methods used by policy planners such as
reported in [93] and [94] are more discussed further.
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Indicator Method for Resilience Assessment

In practice, the social aspects are as important as economic, but are difficult to measure.
Sometimes cost-benefit analysis can be used as an indicator. Policy planners have reported that
the cost-benefit analysis method misses the critical aspects of resilience multi-dimensional
nature [95], which can be captured only by multiple indicators.

To capture the multi-dimensionality, indicators presenting different aspects of urban areas
are synthesized into a single number called “index” [96], known as a composite indicator-based
method. The composite indicator-based method is known as multi-criteria analysis (MCA) and
uses a set of indicators to present different criteria within selected resilience dimensions [49].
Composite indicators methods are often used for assessing the performance of human
development, sustainability, corruption, innovation, and competitiveness [97].

According to [98], indicator construction includes developing a theoretical framework to
provide a basis for indicator selection, identification of latent dimensions, the weighting and
aggregation of indicators, and the visualization and validation. Composite indicators based on
MCA can be either quantitative or qualitative.

Qualitative indicator-based methods are found in [99]. However, qualitative indicator
makes such approaches resource and time intensive [82].

Quantitative indicators are used more often because they are easy to use and compare with
each other. A study of [100] underlined that index approach is comprehensive in comparison
when applied within GIS.

One of the early works in this direction [77] suggested four interrelated dimensions of the
resilience concept: technical, organizational, social, and economic resilience (TOSE).
Dimensions are integrated into the dimensional matrix with respect to resilience performance
criteria based on the developed concepts of 4Rs (Robustness, Redundancy, Resourcefulness,
and Rapidity). According to 4R’s concept [98], robustness means the ability to withstand
natural disasters, redundancy means the ability to replace assets with new functioning
components in time of disruption, resourcefulness pertains to the capacity to mobilize
resources, and rapidity refers to the capability to respond quickly to natural disasters.

The resilience assessment model based on MCA is also known as disaster resilience of place
(DROP) and the term was developed by Cutter et al. [78]. The model developed a conceptual
framework for the analysis of hazards focusing on the social resilience of places at the
community level. It defined six dimensions: ecological, social, economic, institutional,
infrastructure, and community competence. The work of [101] presented the baseline resilience
indicators for communities (BRIC) with six resilience criteria: social, economic, institutional,
infrastructure, community and environmental, to describe community disaster resilience; BRIC
was found to be adopted for application in studies of [91] and [102].

Several years after initial work on the DROP model, [101] reported that many conceptual
models of disaster resilience for different thematic areas exist in literature, such as climate
change, sustainability, urban areas, and rural areas, but indicator-based methods provide only a
static snapshot of inherent resilience. This shows that quantitative methods for resilience
metrics are in early stage of development and lack the ability to estimate the capacity to increase
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disaster resilience. This also suggests that earlier work of [77] was already aiming towards such
a quantitative assessment of adaptive resilience.

The study of [103] was another attempt to overcome inherent resilience measure towards
adaptive resilience measure by linking community capitals (social, economic, physical, human,
environmental) with disaster management phases (mitigation, preparedness, response, and
recovery) and forming community disaster resilience framework (CDRF). This methodology is
also adopted in study [104].

The study of [105] found that the use of many dimensions will make indicators to overlap
and therefore narrowed the composite index approach to three dimensions: biophysical, built
environment, and socioeconomic dimension, also selecting a different range of variables.
Another study [73] found that such methodology based on a set of sub-categories actually does
not provide metrics for resilience measure and serves only as a tool to understand the key factors
of resilience and the existing tradeoffs between different scenarios by considering the limits of
different urban resources.

The involvement of local communities enables the selection of indicators based on
community opinion through surveys, while the involvement of experts as assistants that can
guide the community trough definitions of relevant indicators increasing the trustworthiness of
the selected indicators for policy planning [86]. Study [49] used stakeholders’ qualitative
statements about the critical functions of infrastructure and climate scenarios and compared
them to a baseline scenario and assessed resilience according to four domains: physical,
information, cognitive, social.

The studies of [106] and [107] use two dimensional MCA with data based on experts’
judgments. Study of [106] quantifies neighbourhood-level urban resilience capacity with the
resilience to emergencies and disasters index (REDI) while [107] used a mixed (integrated)
method with 5 capitals (human, social, physical, natural, and financial). Study [108] also used
a mixed approach in terms of SWOT in the form of a questionnaire the results of which were
transformed into MCA through analytical hierarchy process and presented in GIS.
Summarizing, the studies indicate that there is no common framework or model to measure and
monitor disaster resilience [109]. Moreover, weights of indicators are usually assigned based
on subjective opinion.

Despite the suggestions of [105] that the number of sub-categories is too large, the number
of sub-categories used in MCA has increased due to the application of two-dimensional
matrices and integrating quantitative and qualitative approaches. As a consequence a lack of
data for application of such methods has been reported [110].

The study of [83] suggested that it is difficult to apply relevant variables or indicators that
are practicable and implementable for every urban system, therefore a way to integrate a
systemic approach into urban resilience mapping should be developed. According to [111], one
of the most recognized Sendai Framework indicator problems is that they are used to determine
global trends in the reduction of risk and losses at the current state of use. They serve for
calculating the impact of short-term risks, but do not provide enough information to create a
risk reduction and disaster prevention strategies over the long term.
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Moreover, indicator-based composite index frameworks are lacking a clear identification of
interdependencies between indicators and potential feedbacks making them independent from
a time reference [98]. Similar weakness of the existing methods was found earlier in
methodologies assessing risks to natural hazards [112].

A review of social resilience frameworks focusing on indicators [82] found that process-
oriented indicators based on dynamic properties are not considered in the assessment and the
existing social resilience frameworks are limited for interpreting the actual resilience status of
a community. Thus, such an approach lacks the definition of a link between socio-economic
and environmental aspects in the assessment [113].

Computer Simulation Tools for Resilience Assessment

Computer simulation tools for resilience assessment are based on models created with
quantitative methods that describe the interrelationship of system variables. Most common
methods for model building are Bayesian networks [114], [115]; input-output economic model
[116]; agent based model [117], [118] and system dynamics (SD) [119], [120].

The mentioned methods are mainly applicable to engineering systems. An example using
the input-output model reported by [121] quantifies the ability of interdependent infrastructures
to move from one equilibrium state to another after a disruption. Another analysis tool is
reported in [122] where it was created for assessing the resilience of complex network systems.

The concept of resilience curve of the community is often used in the computer simulation
tools and can include different phases of DRR. In computer simulation tools, the idea of a
disaster triangle also known as the resilience triangle method is used for resilience assessment
(Fig. 1.8).

Disruptive
A event

Functionality level

to T+t, Time

Fig. 1.8. Resilience triangle method [3].

The resilience triangle represents the area under the normal functioning level of the system
formed by curve, representing the change in functionality level in time period (to ... T+to), from
the disruptive event to full recovery to initial functionality level. A smaller area of the resilience
triangle reflects higher resilience of a given system, and bigger area of resilience triangle
reflects lower resilience of a given system.
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The analysis of different scenarios is an important feature provided by computer simulation
tools and can be performed by comparing the total area of disaster triangles. Study of [123]
used scenario analysis allows to understand how the studied system reacts to different level of
disruption. An example of scenario analysis can be found in [76] that developed a tool with GIS
layers of physical networks and socio-economic components of the urban system to support
decision-making.

Effective and precise models in short term usually are those that are made for single
systems, e.g., for hospitals [124], [125], water supply systems [126], [127], and energy supply
[128], [129]. However, these models seem unable to quantify the resilience of the whole urban
system, leaving resilience as separate measure for sub-parts of the whole urban system.

More models found in the literature [126], [130]-[132] show that computer simulation tools
for resilience assessment are mainly applied to infrastructural systems, leaving socio-economic
aspects outside the scope of resilience studies. The social resilience assessments capturing
dynamic interactions within and between different social dimensions are not found in literature
[82]. For a tool capable of urban resilience assessment including the socio-economical approach
is a very important aspect, but linking social and technical resilience faces enormous challenges
[133].

Study of [84] applied the disaster triangle method, considering that disaster resilience as a
concept receives significant interest not just from the conventional protection and recovery of
physical infrastructure, but also protection and recovery in a social and economic context. The
study combined different dimensions of resilience in a single graph. The challenge for the
application of such methodology is collecting information about changes in indicators at the
time of the disaster, and at the same time, such approach is very complex and needs to consider
decision maker’s perception for correctness [93].

A review of several examples of resilience assessment for urban infrastructure based on the
resilience triangle in [134] concluded that existing quantitative approaches are meaningless
outside the discipline where they have been developed. Studies [135] and [136] concluded that
computer simulation tools are focused on a single disaster and an individual subsystem,
neglecting the combined effects of multiple disasters and subsystems. Different scenarios of
risks should be considered when assessing urban resilience [137].

Multi-dimensional modeling and a time-dependent resilience metric for planning how
different resilience capabilities can be used to engineer interdependencies between subsystems
was presented in [138]. Also, agent based models would be a promising tool for resilience
assessment in general, however, it requires a large amount of data in the behaviour of actors
(agents) in temporal and spatial scale when modeling socio-economic groups [47].

Another example of a computer-based simulation model for urban resilience is found in
study [99]. The model considers factors of resilience in terms of adaptability, resistance and
recovery, and the effects of a disaster. The model can describe different scenarios of shocks in
urban areas and recovery after, and even consider the learning effect.

According to [86], separate approaches towards disaster resilience in the long term and short
term are an important issue because solutions for an immediate response can have dramatic
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effects on long-term recovery. The lack of research addressing long-term effects of natural
hazards was also mentioned in study [139].

System Dynamic Models for Urban Resilience

System dynamics (SD) is used to describe the nonlinear behaviour of complex systems that
include social and technical aspects. The SD approach is based on linear dynamics and feedback
control theory and explains the behaviour of the system through a structure that drives the
behaviour of the system itself and therefore the feedback loops are the basis of an explanation
of the system behaviour [140]. This allows learning about interactions of system components
and their effects on system behaviour and status, understand the reason for specific system
behaviour, and to hypothesize, test, and refine resilience strategies [141].

In literature, many studies are found that implement a SD approach to understand and
analyze different challenges and problems in urban areas. The scale and scope of these studies
differ and cover a wide range of investigated aspects: some are focused on urban areas in
general; others are focused on specific aspects of urban areas.

Study of [87] suggested the implementation of SD modeling for complex systems to replace
linear models. SD approach offers a useful modeling approach to simulate scenarios in a wide
array of disciplines [ 142]. SD approach has been widely used when modelling complex systems
to aid policy planning and decision making. For example, the SD approach is used for creating
a model with an integrated economic-social-environmental resource dimension, having single
value output in the form of index to evaluate the urban sustainability performance of each
dimension [113].

Study [143] presents a conceptual framework for modeling financially self-sustaining water
and wastewater networks that involved a system dynamics model and explained it with causal
feedback loops. The conclusion suggested that feedback loops might demonstrate a complex
dynamic system for which traditional management tools used in the area are deemed inadequate
and that system dynamics model can be used for developing both short-term and long-term
management plans. Study [144] also applied causal loop diagrams to explain the effect of the
selection of a specific set of policy recommendations.

Study [145] showed the SD approach to the topic of water supply under growing population
background conditions. The water balance in the model was defined as a stock governed by
supply and demand flows that are affected by variables included in the model. Also SD
modeling for sustainable water resources planning is reported in study [146].

The study presented in [147] applied an index for measuring the level of discharged
pollutants entering the coastal waters as a reference to overall performance, introducing the use
of'an index for estimation of the condition of the system, to be used for an assessment of specific
policy measures.

Similarly, [148] used an index to show how urban electricity demand forecasting can be
made based on system dynamics and for economic normal that is composed from energy
indicators like GDP, agricultural mechanization level of production, temperature difference,
number of residents, awareness of energy conservation, etc. Also, study [149] evaluated
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sustainable policy in urban transportation by using urban sustainable transportation indicators,
with 3 indicators for each key group of environmental, economic, and social sustainability.

SD approach is often found in the literature to be widely used for building energy sector
models, which allow studying energy system behaviour at different scales [150], [148]. Other
models reported in literature have focused on the quantification of air pollution and CO>
emissions incorporating sub-models of the economy — building, industrial, commercial, and
transportation, as in [151], [152].

A larger model focusing on several aspects of urban areas is presented in work on eco-cities
[153] included several sub-models: population, housing, business, energy consumption,
environmental pollution (water, emissions, and solid waste).

To assess community resilience in disasters as a dynamic process, a system dynamics model
was developed by [154]. The model describes community functioning before, during, and after
a disaster for all US counties. The latest work of [155] suggested that while ordinary linear
modelling is not able to describe the behaviour of the system through the inner mechanism of
the system and thus is not suitable to find efficient solutions to existing problems within the
system. The study also presented the urban resilience SD model considering the challenges that
are caused to urban areas by internal and external shocks. This includes financial challenges,
social quality, floods, disasters, global warming. The model included four subsystems:
governance, socio-economics, infrastructure, material, and energy flows. The model also shows
that urban resilience cannot grow all the time as it in contradiction with sustainable growth. The
study also concluded that the long-term resilience trend is difficult to explain and validate.

Considering that the integration of several methods allows overcoming the weaknesses of a
single method [108], it would be preferable to perform a research on mixed assessment
methodologies including SD modeling and integrating many aspects of urban areas to define
the overall urban resilience.
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2. METODOLOGY

The aim of this Thesis is to propose a novel tool for the assessment of urban resilience to
natural hazards towards the implementation and improvement of already existing approaches.
To reach the aim, the results from different applications of single urban resilience assessment
methods are investigated and further reported in author’s scientific articles. The final stage is
aiming to merge and combine specific characteristics of each urban resilience assessment
method taken separated and merge them in a novel approach. The overview of the Thesis is
presented in Fig. 2.1 within four steps and corresponding predefined objectives of the Thesis.

Dynamic
urban resilience
assessment
System
dynamics | E
Probabilistic M ) 4 |
simulation ; |
Composite approach | 3 i Define urban resilience |
. v ' i measurement i
indicator : : 5
approach Integrate existing !
2 approaches into |
i 1 dynamic model
§ 1 ! Validate the model
E Examine quantitative resilience Compare policy
E assessment approaches 1 strategies :
| AricleNo.1 | AticleNo.2 | Articles No.3&4 | Aticles No.5,6&7 |

Fig. 2.1. Overview of the Thesis structure.

In Steps 1 to 3 of the proposed methodological research, the approach takes into account
separated case studies addressed to examining advantages and limitations of different
approaches used for quantification of community and infrastructure resilience. Namely, these
quantitative approaches are: composite indicator, probabilistic simulation, and system
dynamics. The performed case studies are reported in four scientific articles published in
international scientific journals.

The development of a dynamic urban resilience to natural hazards assessment tool is
performed in Step 4 after examining each method separately. The tool aims at overcoming the
limitations of previously examined stand-alone approaches for urban resilience measurement
by combining them into a single system dynamics model. The use of system dynamics allows
the transition from a static resilience measurement and single infrastructure resilience
measurement towards dynamic resilience measurement within a holistic and complex system-
based approach.
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Four objectives for the development of such novel dynamic urban resilience assessment are
addressed, namely:
e define urban resilience measurement for dynamic assessment;
e integrate existing approaches into a novel urban resilience assessment tool; and
e validate and test the developed model in local case study;
e compare effects of urban resilience strategies to a local case.

A clarification on the definition of urban resilience is necessary for the context of this Thesis
to give a precise and focused meaning to what the developed model is aiming to measure. The
integration of existing approaches is made to overcome the limitations of application of single
approaches and to create an improved resilience assessment tool for the ones that are currently
used. The validation of the model is performed to verify the model’s consistency and to identify
the limitations and assumptions that can have possible impact on the model outputs, mostly
when it is supposed to compare different urban resilience strategies.

2.1. Composite Indicator Approach in Local Case Study

The composite indicator approach implements the concept of multi-criteria analysis (MCA)
in the form of composite indicator based index, in this study defined as community disaster
resilience ilndex (CDRI). With help of CDRI the study aims to provide a holistic measure for
community resilience to natural hazards in macro regions of Latvia.

The methodology of CDRI allows to show the link between community capitals (social,
economic, physical, human, and environmental) and different phases of disaster risk
management that are disaster mitigations, disaster preparedness, response to and recovery from
disaster. The link between community capitals and disaster risk management phases is
implemented through an indicator’s matrix.

Specifically, in Article 1 social capital is used to describe social bonds and aspects within a
tailored urban system. Instead, the economic capital describes strength of the market. While
physical capital describes the main infrastructural assets of the built environment. Human
capital refers to number of people working in different fields and social groups, and finally,
environmental capital describes the connection with thresholds from the use of renewable and
non-renewable resources. Within the indicators addressed to the definition of the community
capitals the link is proposed to four disaster management phases in connection with the disaster
cycle phases (i.e. mitigation, preparedness, response recovery).

Indicators of community capitals for resilience evaluation are selected according to their
relevance for each disaster risk management (DRM) phase. Indicators are brought to a common
scale of measure with the help of z-score method, also known as standard score method. The
final CDRI score for selected region is calculated as a sum of the weighted capital scores:

Y (w - capital score);

CDRI = : 2.1.1)

n

where
capital score — sum of z-scores for given capital i;
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w — weight;
n — number of capitals.

The validation of the obtained CDRIs is assessed with a correlation and regression analysis
in respect to external criteria. For this purpose, social vulnerability index [156], the flood
damage costs and risks from natural and man-made disaster (according to the results obtained
from evaluations of the Latvian Civil Defense Department) are used.

The proposed CDRI approach is appropriate for any study that is meant to measure disaster
resilience at different scales, i.e., urban, country or regional. It allows to compare levels of
inherent resilience for different DRM phases among communities. This quantitative approach
for resilience assessment is not depending on a specific type of hazards within the investigated
area and at the same time captures the complete urban system through the defined dimensions,
for this reason it is considered a holistic method.

2.2. Probabilistic Simulation Approach in Local Case Study

The probabilistic simulation is used within this Thesis for the assessment of infrastructural
systems resilience to natural hazards. The main results are reported in Article 2. Compared to
the holistic method the proposed approach allows to assess the resilience of an infrastructural
system with reference to a natural hazard potentially triggering a specific disaster or disrupting
events. This quantitative approach is focused on the identification of a specific functionality of
the system under investigation characterizing the resilience of a certain system exposed to given
hazard and further assessment of the loss of functionality level due to the damage and recovery
to a normal functioning state.

The proposed probabilistic simulation tool for generating statistical data of infrastructure
network failures is used for resilience assessment and applied in the case study of a district
heating (DH) pipeline network of a municipality in Latvia. The tool implies resilience
assessment by measuring three infrastructure system resilience aspects: damage ratio, recovery
time, and recovery costs.

To accomplish this simulation, a stochastic simulation function is used to generate failures
that account as random failure scenarios. The total number of different scenarios is 2" in a
network with n assets. This makes it hard to evaluate real networks with a large number of
assets. Still, it is possible to simulate a large number of scenarios for statistical reliability. For
this purpose, a matrix is formed to evaluate a number of scenarios with a certain given number

of DH network pipelines.
S11 S12 S
M=<521 Sao 52n>, (2.2.1)
Sk1 Skz2 Skn
where
M — matrix;

Sk — scenario;
Sn— pipeline.
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Random failures for assets (S,) are generated with a certain failure probability, which is

predefined according to failure mode probability distribution function (see Fig. 2.2) for specific

disaster.

Normmalized number of failed
assets 1n failure mode

Low-Probability
High-Consequence events

High-Probability
Low-Consequence events

Occurrence probability of failure mode 1

Fig. 2.2. Failure mode distribution.

The asset matrix M assigns failure probability to the system’s assets according to a biased

sampling method of Wallenius’ probability distribution to overcome the univariate problem in

a sampling process.

The developed tool can be used with different types of recovery time functions: linear,

exponential, and trigonometric. This way, a more straightforward definition of system

resilience is proposed and reflected in a more focused calculation for which more precise

information is needed about resources and locations.

The proposed method for evaluation of resilience considers the definition of thresholds of

available recovery costs, maximum recovery time, and critical damage ratio (see Fig. 2.3)
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Fig. 2.3. Resilience described by three dimensions.
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The simulated scenarios (red dots in Fig. 2.3) that exceed thresholds (dashed blue line in
Fig. 2.3) are considered to be outside system resilience limits, therefore the resilience of DH
network system is calculated as a ratio of scenarios that are in range of available recovery costs
and recovery time (blue dots in Fig. 2.3) to overall number of scenarios simulated.

2.3. System Dynamics Approach in Local Case Study

A more advanced approach that can recognize the feedbacks between multiple elements of
complex system to show non-linear and dynamic behaviours of the systems known as system
dynamics (DS) is proposed within the latest stage of the proposed methodology. SD approach
allows to integrate social factor into the simulation model together with technological aspects
differently form the other examined probabilistic simulation tools.

More in specific for proposed methodological research approach a SD model is created for
natural gas infrastructure with storage facility in order to evaluate and test the application of
SD for the evaluation of an infrastructural system resilience, as described in the Articles 5 and
6. SD model is used to analyze infrastructure systems behaviour considering specific
endogenous variables that influence the behaviour of the system. The main endogenous
components within the model are: imports of gas, exports of gas, domestic supply and flows
into and out of storage.

The main types of variables used in SD model can be defined as different components
shown in Table 2.1.

Table 2.1
Components of SD Model [157]
Component type Description of purpose Visual representation
Stock Container that accumulates and depletes value over
time depending on connected flows
Stock
Flow Rate of change in stock; arrowhead on the flow pipe
indicates the direction of the flow, in or out of stock, in :: E [
this way increasing or decreasing value of stock O
Flow
Converter Defines external inputs to the model, calculates O
algebraic relationships and serves as the repository for
graphical functions Converter
Link Connects model components to each other (stocks with
converters, converters with flows, flows with /\
converters)

SD model has three components used for definition of variables of urban area. These
components are known as stocks, flows, and converters. The model is used for simulation of
the changes in the components over a simulation period.

Stocks are the components that accumulate and release value over time. This process is
driven by inflows and outflows. Flow direction is indicated by arrowhead. Inflow effect is
increasing the stock value. The outflow effect is decreasing the stock value. The overall stock
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value in a given simulation time is the sum of the initial stock value of the given simulation
time and all inflows connected to the stock, minus the outflows connected to the stock, as
described by Equation (2.3.1), adapted from [141]:

Stock Xy = Stock X(t_qr) + Inflows_ap) - Outflows_ay) (2.3.1)

where
Stock X; — the level of Stock X at simulation time t;
Stock X-ar) — the level of Stock X at time t — dt;
dt — time interval used as a step of model simulation over which this equation spans;
Inflows.ar) — the sum of inflows into Stock X at the simulation time t — dt;
Outflows-dar) — the sum of outflows out of Stock X at the simulation time t — dt.

Links can connect stocks to flows and stocks to converters to create the feedback effect. SD
models usually have many stocks, flows, and other components, which interact and result in
many different complex and dynamic behaviours of stocks.

Converters are used to include in the model such functions as cycle time functions, delay
functions, logical functions, mathematical functions, simulation functions, statistical functions,
and test input functions. The SD model for natural gas infrastructure with storage facility
includes fuzzy-logic based on logical function, which is set to compare different variables in
model and switch the regimes of gas flows, in this way imitating the balancing process
performed by transmission system operator. The process of regime switch of gas flows in
transmission system is representing the feedback loops in SD model and causing the dynamic
effect.

Regression analysis equations are used for some converters in order to present the pattern
in the set of data, which is not modelled in depth within dynamics structure, or equation explains
the process better than if it is modelled with SD components. For example, the thermo-dynamic
effects of changes in gas flow directions occurring in the pipelines due to different gas velocity,
as physics-based software tools for thermo-dynamics process modelling are more suitable for
this purpose than SD modelling.

For the purpose of natural gas infrastructure with storage facility the SD model historical
data on gas injection is subjected to different regression analysis (linear regression, multi-
variable regression, and polynomial regression) in statistics software to determine which type
of equation is the best to describe the injection into and withdraw out of the storage facility.
Gas injection and withdrawal are selected as dependent variables, and independent variables
are supply, imports, and exports.

The dynamic effect in the components of SD model is achieved by feedback loops
causing oscillation and non-linear behaviour in changes of component values during the
simulation of the model. Feedback loops occur due to several links between the components
that create a loop leading back to initial component. A precondition for creating a feedback
loop is that at least one stock must be used in the feedback loop [158].

The relationship of different aspects of natural gas transmission system and storage facility
in Latvia is shown with casual loop diagrams (CLD). Usually a system has multiple feedback
loops that interact with each other and is the main cause for the complex dynamic behaviour,
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which is commonly presented with CLD that explains this dynamic behaviour through the
model structure. The components used in CLD are described in Table 2.2.

Table 2.2
Components of CLD [157]

Component type Description of purpose Visual representation
Variables Indicates variables of the system dynamics model As text
Link Indicates the link between variables /—\
Reinforcing loop Indicates that the loop has a reinforcing effect on the initial

variable value @
Balancing loop Indicates that the loop has a balancing effect on the initial

variable value (?J

The components of CLD have a specific purpose. The reinforcing loop, denoted as “R”
in CLDs is describing the reinforcing and disrupting drivers considered within the system
model can be described in the following way: the change in the originating component is
the cause for change in other components that after a certain time due to the feedback loop
has a strengthening effect also on the output value of initial component. The balancing loop,
denoted as “B”, is an opposite case, when the response of other components in the loop
decreases the original effect of the initial variable, causing counteraction to the change in
initial component output value.

The developed SD model is suitable for energy policy planning process with consideration
of different renewable energy resource strategies and natural and technological risks of gas
supply disruptions.

2.4. Dynamic Urban Resilience Model

The integration of the three previously discussed approaches, i.e., composite indicator,
probabilistic simulation and system dynamics (SD), is included into a single model. This stage,
implemented in the step 4 of the methodological approach, is finally used to create a tool
suitable to describe the dynamics of urban resilience to natural hazards and deal with the
existing knowledge gaps in the topic of urban resilience measurement. The process of
integrating three of the previously mentioned methods into the proposed tool and performing
assessment can be summarized in analytical graph (see Fig. 2.4).
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Fig. 2.4. Analytical graph for the development of dynamic urban resilience assessment tool.

The model concept used for the creation of an assessment tool is discussed more in depth
in Articles 5 and 6, and results of Monte Carlo simulation for comparison of urban resilience
strategies is presented in Article 7.

Structure of Dynamic Urban Resilience Model

Urban systems behaviour is best described by non-linear dynamics, which are the result of
many feedbacks between multiple elements of urban systems. Therefore, the developed urban
resilience assessment model to natural hazards is made with SD approach, which enables
dynamic modelling of urban areas with help of internal feedback loops between different,
and well identified, components of urban areas. The study distinguishes different
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dimensions of urban areas to set the scope at which urban area performances are captured
in the model.

The probabilistic simulation is integrated in the developed urban resilience SD model with
built-in function in software RANDOM. This function is generating a random impact from a
given probability-impact curve and assigns the defined impact to a model variable (i.e., housing,
electricity, heating, water services, etc.).

The composite indicator-based index for the urban resilience assessment allows having
dynamic output in the form of a single number or score. This enables to catch and represent
the dynamic changes within the representative urban dimensions directly selected from the
urban resilience SD model. This part is described more in-depth in Article 6.

To make indicator values comparable over the simulation time, a normalization of
indicators is made based on reference scale. Thus, indicators are selected from available
data sets of statistics to provide definition for reference scale. The selected indicators based
on data sets of statistics must also be consistent with the structure of urban resilience SD
model.

The available data for reference scale of URI indicators is selected from EUROSTAT.
Indicators that did not have data in EUROSTAT for reference scale are excluded from this study
because no quantitative reference to low or high value of indicators existed for normalization
and URI evaluation. Normalization methods known as z-score, minmax and ranking are tested
in order to select the most appropriate method for URI application in urban SD model.

Validation of Dynamic Urban Resilience Model

Validation of the urban resilience SD model and urban resilience index (URI) consistency
is performed and presented in Article 7. Model structure is verified for each dimension
separately by setting the model to a balanced equilibrium and then testing extreme values as
inputs for further simulation. The expected output for balanced equilibrium simulation is a
linear behaviour without any changes over time. After finding balanced equilibrium, extreme
values are checked that drive the model to critical point in which simulation output does not
provide a meaningful result. Such approach allows to verify consistency of the model structure
with the defined causal loops and their strengths.

The validation of model content is performed within a local case study by comparing the
model output for each dimension with historical trend from statistics. For this purpose,
coefficient of determination R? is used according to Equation 2.4.1 [159]:

i 0i=90)?
R?=1-— 2=t 24.1
Z?:l(yi_y)z ( )

where
R? — coefficient of determination;
n— number of measurements in the selected data set;
yi— value of the i observation in the validation dataset;
¥ —the average value of the validation dataset;
i — predicted value of the i observation.
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In Equation 2.4.1, the fraction is the ratio of the residual sum of squares to the total data
sum of squares. Value R? allows to understand how close the data is to historical trend. When
value R? is close to 1, it shows that the model is making a good perdition. A model is considered
valid for cases when R? value is over 0.9, which is considered a very precise model output. The
formal hypothesis F-test is not necessary for the purpose of SD model because the structure of
the model is a white box based on deterministic equations and knowledge instead of statistics
as in the case of regression models.

The validation of URI output consistency with dynamic change in SD model structure
is performed by checking indicator outputs for a baseline simulation in a local case study.
The validity of URI is verified when all normalized indicators in the index have the same
scale of measure and together are representing the dynamic changes occurring in the short
term and long term.

Assessment of Urban Resilience in Local Case Study

In Article 7, urban resilience assessment is performed for a medium-sized city of Jelgava,
which is exposed to flood risk related to spring floods due to snow melting and rain, ice
congestion, and partly also to wind floods. For natural hazard definition, information on spring
floods in Jelgava city prepared by “Latvian Environment, Geology and Meteorology Centre”
for preliminary flood risk assessment for 2019-2024 is used in this study. The probability-
impact curve is defined according to predefined information based on historical data of hazard
events.

The urban resilience SD model input data for hazard event in the case study includes
exposed area of 34.02 km? and population up to 15600 exposed to spring flood with likelihood
of occurrence once in 10 years; exposed area of 64.56 km? and population up to 39250 for spring
floods with likelihood of occurrence once in 100 years; exposed area of 69.94 km? and
population up to 42900 for floods with likelihood of occurrence once in 200 years [27].

Dynamic assessment of urban resilience to natural hazard with help of URI is performed
for different scenarios developed based on consideration of different possible policy strategies
for increasing resilience of selected urban areas. The comparison of scenarios is made by
comparing URI score probabilities and their distribution in output of Monte Carlo simulations.

The urban resilience model runs a stochastic simulation with probabilistic input from
command RANDOM. This makes the output for every simulation run different, and thus urban
resilience SD model simulation is probabilistic instead of deterministic. In such cases, Monte
Carlo method is used in the evaluation of complex problems involving random phenomena
occurring in probabilistic simulations.

To deal with different URI score in every simulation run and make a consistent assessment
of urban resilience, a Monte Carlo method is used to replicate large number of simulation runs.
The results of Monte Carlo simulations show likelihood of different outcomes of events, in this
case different outcomes in dynamic change of urban area functionality over time under
uncertainty of natural hazard event occurrence. This allows having an understanding of
statistical nature of the systems performance and making decisions according to the statistical
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output. The number of trials for Monte Carlo simulation is distinguished by Equation 2.4.2
[160]:
N

Z = m R (24.2)

where
Z — number of samples;

N — all possible model output values for the urban resilience index in one scenario;
E — maximum permissible error in calculating Z.

The maximum permissible error in this study is considered as £5 % or 0.05. All possible
model output values for the urban resilience index in one scenario depend on the value scale of
urban resilience index. The parameters of the urban resilience index are shown in chapter
“Integration of urban resilience index in system dynamics model” and are taken into account
when determining N and the number of attempts for Monte Carlo simulations.
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3. RESULTS

3.1. Quantitative Resilience Measurement

Composite Indicator-based Index in Case Study

Different indicators of community resilience are aggregated into a holistic community
resilience measurement with an output presented in the form of a single score. The approach
considers different phases of disaster risk management, in this way moving from an inherent
resilience measurement towards an adaptive resilience measurement. However, the
composite index approach is still a static measure that does not allow considering dynamics
behind community resilience.

The created composite indicator-based index, i.e., “Community disaster resilience
index”, (CDRI) is assessed for macro regions of Latvia. The study showed that according
to the definition of the CDRI, urbanized areas can gather higher values for community
capitals, and thus can show higher level of disaster resilience. The results show that Riga
region has a higher CDRI score than other regions due to its high population, economic
activity, and more developed infrastructure. Average CDRI score is depicted for the region
around Riga while low CDRI score for other regions.

The results of CDRI correlation with social vulnerability index showed a weak
correlation. Also, the multi variable regression analysis with social vulnerability index and
CDRI as independent variables and damage costs as a dependent variable showed a P-value
greater than 0.05. This underlies the evidence of a non-statistically significant relationship
between the CDRI and damage cost.

To deal with the shortcomings of CDRI, various opportunities for further research are
identified:

1) many indicators used data that have not been updated, and lack of specific indicators
that can be used for describing the inherent resilience is observed, thus a better evaluation
of the assumptions and higher quality data should be used;

2) implementation of system dynamics approach would be useful in order to replace
linear models with dynamic non-linear model in order to analyze complex systems and take
into account resilience variations over time.

The findings and problems in creation of composite indicator-based index are further
considered within the development of a dynamic urban resilience assessment model. The
results of the study are described in detail in Article 1.

Probabilistic Simulation in Case Study

Probabilistic method is applied for simulation of failures in a DH infrastructure of a
Latvian municipality. The study clarifies how district heating system resilience to a specific
hazard can be assessed within context of adaptive resilience. For this purpose, the effect of
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specific investment scenarios aimed to enhance resilience are used to identify the resilience
of assets in the DH network system.

Probabilistic simulation is made for 1000 scenarios with possible asset failures
according to predefined failure probability. Specifically, such simulation helps to
understand the robustness, recovery time, and possible costs of damage for different hazard
magnitude.

The output of simulations shows the percentage of assets failed and percentage of assets
out of order in all scenarios. In scenarios, the same number of assets failed can have
different effect on network performance and a certain pattern can be distinguished: the
higher assets out of order percentage, the lower the network performance. Such pattern
corresponds to probability-consequence function, where there is high probability for low
number of assets to fail with low consequences and low probability for high number of
assets to fail and have high consequences.

The adopted probabilistic method provides insight into system abilities to react and cope
with certain hazard. It provides a more complete overview than the composite index based
method for performance of specific part of infrastructure.

As the result of the study, introduction of multiple effects given by the combination of
different types of infrastructure systems and interconnections between systems is suggested.
Also, the implementation of system dynamics is more preferable over linear model to
analyse multiple effects in a complex system. Full results of probabilistic case study are
reported in Article 2.

System Dynamics Approach in Case Studies

The relationship of different aspects of natural gas transmission system and storage
facility in Latvia is determined based on the results of correlations and regressions. In
specific the definition of a gas injection from transmission system into a gas storage facility
and gas injection from storage facility into transmission system are set. For the purpose of
evaluation of optimal regression equation P-value and coefficient of determination R? is
used for different types of linear regression, multi-variable regression, and polynomial
regression.

The results of correlation and regression analysis are applied for creating the SD model
for natural gas transmission system and storage. The model is able to present the dynamic
changes in this system. Causal loops are used to describe the feedbacks included in the
model.

The created SD model for natural gas transmission system and storage has casual loop
positive reinforcing loops for consumption of gas and balancing loops in order to avoid an
infinite growth in the model values.

The model is used to study possible effects of renewable methane implementation in
natural gas system in Latvia with the help of support policy for renewable energy sources,
which must be implemented to achieve the EU low carbon economy goals. Support policy
that increases the subsidies for biomethane, which increases biomethane production and
consequently the renewable methane injection into transmission system is considered. The
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reduction of share of natural gas in transmission system in this way is achieved. Such
diversification of gas sources will increase the resilience of natural gas system in Latvia
according to the definition of energy resilience.

The studies implementing system dynamics approach show that SD models can be used
as a tool to assess quantitative parameters of different policy implementation. Full case
studies of system dynamics approach are reported in Articles 3 and 4.

The findings of SD modelling approach case studies combined with findings of
probabilistic simulation and composite indicator-based index case studies provide a new
perspective for framing a novel type of urban resilience assessment model.

3.2. Dynamic Urban Resilience Model

Selected Definition for Urban Resilience Model

The main output of this study is a model that can provide a measurement for urban resilience
to natural disasters considering the dynamic changes in urban areas. Thus, dynamic problem
definition addresses the urban resilience measurement is introduced in Article 5. The defined
dynamic problem (see Fig. 3.1) is set by assuming a decrease of a certain urban system
functionality level over time. Both time frames are considered, long-term and short-term, to
describe system functionality under external stress (e.g., natural hazard) and the way in which
a system reacts to an external stressor, namely: a) urban system without recovery of the
functionality; b) urban system with recovery of the functionality; c¢) urban system without
decrease in functionality.
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Fig. 3.1. Dynamic problem that study intends to solve.

The problematic behaviour is the decrease of functionality in urban systems after which the
system can either get back to the normal functionality level, thus showing a certain resilience
(urban system with recovery), or maintain a lower functionality level in fact presenting a lower
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resilience (urban system without recovery). It is important to note that a system showing
resilience (urban system with recovery) can have different decrease in functionality level and
recovery trends. Some systems can be resilient and fully recover in short term, others as shown
in the example of urban system with recovery in Fig. 1 can fully recover only in long term. The
desired state of system is aiming to have the lower decrease in functionality in respect to the
initial condition.

The functionality levels of a system after recovery can differ in long term and short term
because some effects of recovery measures can occur only with time delays. Both time frames
are considered when creating the model. Short-term recovery addresses the system behaviour
just after the natural hazard occurrence during time t; to tz, including the response (decrease of
functionality level) to natural hazards and recovery phase. Long-term recovery addresses the
system functionality level over a period before and after short-term recovery. The long-term
recovery as shown by a yellow dotted line in Fig. 3.1 can occur due to delay in indirect effects
of natural hazard on socio-economic conditions. The inclusion of both time references allows
understanding what are the key feedbacks between dimensions of urban areas and how changes
in different variables may affect urban resilience in different time scales.

Thus, the dynamic hypothesis is that preferable state of system is having minimum decrease
in system functionality under stress of natural hazard. That can be achieved by increasing or
decreasing the strengths of feedback loops between urban dimensions embedded in the urban
SD model.

Defined Urban Resilience Model Structure

The structure of dynamic urban resilience model represents urban areas through urban
dimensions that are included in SD model as separate sectors. The defined dimensions of
urban area for urban SD model are as follows:

» social dimension;

 infrastructure dimension;

* environmental dimension;

* economic dimension.

Urban resilience model considers endogenous structure of urban system, which is
created with help of feedbacks between dimensions that represent the dynamic change
occurring in urban areas.

The concept of urban resilience SD model structure with integrated probabilistic
approach and composite indicator index is presented in Fig. 3.2.
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Fig. 3.2. Concept of urban resilience SD model structure.

The model structure includes the natural hazard impact on urban area in the form of
stochastic simulation. The natural hazard impact is considered as a shocking event of
different scales that occur with a certain predefined probability. The influence of such
shocking event is considered in every dimension of the modelled urban system.

The integration of the composite indicator-based index in SD model allows presenting
the multi-dimensional and complex dynamic problem measurement of urban resilience to
natural hazards as a single value based on the output of SD model simulation. For this
purpose, the urban resilience index (URI) is proposed as a proper set of indicators referring
to characteristics of urban resilience within the 4 identified urban dimensions.

The indicators composing the value of URI for a specific urban area are normalized to
a reference scale in order to make comparable either indicators form different dimensions
or URI for different urban systems. In this study the specific distribution from international
statistics databases is used for normalization.

Causal Loop Diagrams

Specific causal loops are defined in the model for each dimension. After defining causal
loops for each urban dimension, the feedbacks between dimensions are defined. Full set of
causal loops considered in creation of the model for each dimension and feedbacks between
them with causal loop diagrams (CLD) is introduced in Article 7. Figure 3.3. shows the
summary of the main CLD of the urban resilience SD model with four main feedback loops R1,
B1, R2, and B2.
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Fig. 3.3. Summary of CLD of urban resilience SD model.

The core loop of the model is births and population reinforcing loop (i.e., R1). These
system variables are the main components in the social dimension of the SD model. This
loop presents a reinforcing effect of the population growth depending on the number of
people living in urban area. The more births, the bigger is the population, and the bigger the
population, the more births there are.

Urban attractiveness has effect on urban population, which according to the defined
causal feedback depends on the components of environmental dimension, such as emissions
and waste. The emissions and waste are considered in the model as the consequence of
provision of infrastructure services representing the infrastructure dimension, namely,
district heating and electricity supply. The amount of supplied services depends on the
occupied dwellings, which depend on population. This feedback between population and
urban attractiveness is included in the model as feedback loop B1. This loop is considered
as balancing, because bigger population creates a higher demand for services and,
consequently, a higher amount of emissions and waste. This is counterbalancing the value
of urban attractiveness component having an increased migration from the considered urban
area with a consequential decrease of the population.

For the economic dimension, reinforcing loop R2 in economic sector of SD model is
included in the feedback on the link between consumption and employment rate. Loop R2
foresees that an increase in the consumption component value will increase the desired
production and consequently the employment rate. Employment rate is also dependent on
the working age of population in urban area. For this purpose, the model distinguishes
different age groups of urban population: young population until age 16, working age
population from age 16 to 65 and elderly population over age 65.

The feedback between social dimension and economic dimension is created with the
link between population and employment. The increase in population increases the number
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of working age people that can be employed. This link can increase the production in urban
area and thus the value of GDP component.

Balancing feedback loop B2 in economic sector of SD model includes the feedback link
between the employment rate and GDP. The balancing effect for loop B2 is created by the
productivity growth component. The value of productivity growth component increases
with the increase of GDP component value. Consequently, the need for additional
employees is decreasing and thus the employment rate is decreasing.

Definition of Baseline Scenario for Urban Resilience Assessment

A case study for testing the urban resilience SD model in terms of application of different
urban resilience scenarios is performed. Before implementing a probabilistic hazard event
simulation, a baseline scenario without a hazard is defined based on the data gathered from the
Central Statistical Bureau for Jelgava city, as decribed in Article 6. The gathered data has
granularity of 1 year, and therefore the simulation time step is selected as 1 year. However, the
delta time of the simulation (also known as the amount of time between calculations) is defined
as 1/12 of 1 year, i.e., 1 month.

The gathered data from the Central Statistical Bureau are used as an initial input for
variables of the model at the start of the simulation. During the simulation, the values of model
components change due to the endogenous structure of SD model and defined feedback loops.
The selected simulation time period is 50 years, which is considered enough to capture different
natural hazard probabilities when probabilistic simulation of natural hazard is applied.
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Fig. 3.4. A — simulation output for population; B — GDP in baseline scenario without hazard.

The baseline scenario without hazard simulation output for social dimension and
economic dimension components and population and GDP are shown in Fig. 3.4 A, B. The
trend of population decrease and GDP increase as already shown in the model validation part
is continued in the baseline scenario without hazard.
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Fig. 3.5. Simulation output for occupied dwellings in baseline scenario without hazard.

Baseline scenario without hazard simulation output for infrastructure dimension

component of occupied dwellings in Fig. 3.5 shows how the number of occupied dwellings
decreases depending on the total population. Consequently, electricity supply, heating, water
supply and wastewater treatment components of infrastructure dimension in Fig. 3.6A, B, C,

and D show the decrease of provided services.
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Fig. 3.6. Simulation output in baseline scenario without hazard: A — for electricity supply; B

— for heating; C — for water supply; D — for wastewater treatment.

Baseline scenario without hazard simulation output for environmental dimension
component CO; stock in Fig. 3.7 A. shows how the CO, stock decreases because of the

decreasing trend in electricity consumption and heating.
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Fig. 3.7. Simulation output in baseline scenario without hazard: A — for CO, emissions; B —
for waste produced vs waste treated.

The output for environmental dimension component of waste produced vs waste treated
in Fig. 3.7 B shows the change in ratio of waste production and waste treatment. Such output
of the model is explained by the consideration used in the model that all the waste produced
is treated when no natural hazard impact occurs.

Urban Resilience Model Validation Results

The created urban SD model is validated based on historical data for a selected urban
area of the case study. The results of validation are presented in Article 7. There is a
significant lack of available historical data for urban areas for specific model components
and therefore only the components that are most common are validated for data sets in the
Central Statistical Bureau. Specifically, these components are population and GDP.

A set of data of the Central Statistical Bureau for Jelgava population is used for the
period 2011-2018. The results of validation in Fig. 3.8 show the comparison of the
historical data set for the population of Jelgava. The model output for population component
fits the historical data of population with coefficient of determination R? equal to 0.92669.
This is considered as a very high relationship between real data and model data, and the
model is valid to provide a consistent output for population component in urban resilience
assessment.
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Fig. 3.8. Results of population component validation.
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For the purpose of GDP validation, the change in population component is considered
for the respective years of historical GDP data set. The validation of model output for GDP
of Jelgava is performed for years 2013—2017. No data on GDP for longer period is available
for Jelgava city in the Central Statistical Bureau. The results of GDP component validation
are presented in Fig. 3.9.
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Fig. 3.9. Results of GDP component validation.

The model output for GDP component fits the historical data of GDP with coefficient of
determination R? equal to 0.95564. This is considered as a very high relationship between real
data and model data, and the model is valid to provide a consistent output for GDP component
in further urban resilience assessment. The rest of model components do not have a historical
data set presenting a trend over several years; however, inputs for the rest of components during
the validation in the start of the simulation are used based on average statistics for Latvia or
found in literature sources for Jelgava city.

Probabilistic Simulation Integration into Urban Resilience Model

Natural hazard in SD model is defined as an event with certain impact on population
and provision of services. The impact for specific component is described by Equation
(3.2.1):

Hazard impact; = Hazard; * Exposure; * Vulnerability; , (3.2.1)
where
Hazard impact; — the effect of hazard on component i of the considered system;
Hazard; — the hazard magnitude for a hazard of occurrence probability j;
Exposure; — the exposure of component i to hazard;
Vulnerability; is the vulnerability of component i.
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For natural hazard, the definition for the selected case study is based on information
prepared by “Latvian Environment, Geology and Meteorology Centre” for national flood
risk assessment is used in this study. The hazard probability and magnitude, in terms of
flooded area for spring floods in Jelgava city, in Fig. 3.10 is based on historical data of
hazard events occurring once in 200 years (0.5 % probability), once in 100 years (1 %
probability), and every 10 years (10 % probability).
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Fig. 3.10. Probability and magnitude of spring floods.

The occurrence probability of hazard event occurring once in 200 years is normalized to
0.5 % occurrence probability in 100 years. The occurrence probability of hazard event
occurring once in 100 years is normalized to 1 % occurrence probability in 100 years. The
occurrence probability of hazard event occurring once in 10 years is normalized to 10 %
occurrence probability in 100 years.

The natural hazard probability in the model is generated by a built-in function. The
selected built-in function RANDOM allows to generate the number according to uniform
distribution in every step of the simulation. This number is used as an entry value for
components that incorporate the hazard probability. The hazard intensity is estimated
according to logical function in Equation (3.2.2).

Hazard intensity= If (Random) > 99,5 Then (200)
Else (If (Random) >99 Then (100)
Else (If (Random) > 90 Then (10) ELSE (0))), (3.2.2)
where Random is a number from 0 to 100.

The Random number is generated by built-in function RANDOM and is representing a
normalized probability of natural hazard occurrence in 100 years. Values of 200, 100, and
10 are the specific hazard return times according to predefined probability. In this way,
Random is a generated random number in every step of the simulation.

The logical function defines the hazard intensity according to following steps: if during
the simulation step Random >99.5, then the hazard equivalent to magnitude of once in 200
years is used as a shock. If the generated random number is not >99.5 then the logical
function will check for random number >99, etc. The output Hazard event component is
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used as an input for Hazard; component in urban resilience SD model according to the data
presented in Fig. 3.10 to determine the hazard event magnitude.

For the assessment of Exposure; and Vulnerability; components in connection to a
specific Hazard intensity in the proposed SD model, proxy data are used due to lack of
historical records.

The exposure is determined as exposed population in Fig. 3.11 according to the flooded
area in Jelgava city during the spring floods.
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Fig. 3.11. Exposed population to spring floods in Jelgava city

The proxy data for Exposure; component is based on the exposed population. The
Exposure; of specific components is determined as component’s value per capita. The higher
the number of exposed population, the higher is the Exposure;.

The Vulnerability; of component is defined by vulnerability coefficient from 1 to 0,
where 1 equals the full amount of impact assigned by Exposure; per capita and 0 means no
assigned impact by Exposure; per capita. This allows determining the decrease of specific
service depending on the magnitude of natural hazard.

The defined specific components i of urban resilience SD model for Hazard impact are
reported in Table 3.1.

Table 3.1

Defined Components of Urban Resilience SD Model for Hazard Impact
Component ‘ Hazard impact, units
Social dimension
Population ‘ Deaths (number of people)
Economic dimension
Labour hours ‘ Decrease in labour hours (hours)
Infrastructure dimension
Dwellings Damage to dwellings (number of dwellings)
Electricity supply Decrease in electricity supply (kWh)
Heating Decrease in heating (kWh)
Water supply Decrease in water supply (cubic meters)
Environmental dimension
Wastewater treatment Decrease in wastewater treatment (cubic meters)
Waste treatment Decrease in waste treatment (kg)
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The urban resilience SD structure allows to incorporate different recovery functions
(linear, S-shaped, exponential) for each component after Hazard impact as shown in the
example for available number of dwellings in Fig. 3.12. with proxy data. Currently there is
no available historical data on the selected case study area that describes the recovery
process from the hazard event, thus only the S-shaped recovery function is used for the case
study of Jelgava city, as it represents most of possible dynamic changes in the recovery
process.

30

20

Number of dwellings

10

Time
Eksponential recovery funcation

— - S-shaped recovery function
— Linear recovery function

— No hazard
Fig. 3.12. Different recovery functions for available number of dwellings.

The integration of probabilistic simulation within urban resilience SD model for
baseline scenario allows generating stochastic hazard events according to Equation 3.2.2.
This means that every simulation of baseline scenario with natural hazard will have the
number of hazards and their magnitude. The effects of such probabilistic-stochastic
simulation is hard to quantify and for this reason Monte Carlo simulation is used, as
presented in Thesis section “Monte Carlo simulations for urban resilience scenarios”.

An example of model output presented further uses predefined hazard events to show
how the model components react to hazard definition. The predefined hazard events are
used to show how the baseline scenario with hazard event simulation differs from the
baseline scenario without hazard event simulation applied for the case study of Jelgava city.
The predefined hazard event simulation in year 10, 20, and 30 with growing magnitude
respectively is used for presenting a baseline scenario with hazard.

Figure 3.13 A shows the impact of hazard event on population in the baseline scenario
with hazard and Fig. 3.13 B shows the same impact on GDP. There is no recovery for
population component, because the hazard impact on population in the model is considered
as the number of deaths. For GDP component the model shows recovery due to additional
employment after hazard event to satisfy the demand. The model shows lower values for
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both components in the baseline scenario with hazard compared to the baseline scenario
without hazard.
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Fig. 3.13. Comparison of impact in baseline scenarios with and without hazard: A — on
population; B — on GDP.

In infrastructure dimension for occupied dwellings component, a recovery is considered
with the predefined S-type recovery function. In Fig. 3.14 a lower value for occupied
dwellings component in baseline scenario with hazard is compared to baseline scenario
without hazard because of the feedback from decrease of population after hazard event.
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Fig. 3.14. Comparison of baseline scenarios with and without hazard for dwellings
Heating, electricity supply, water supply and sewage water treatment have a similar
tendency to occupied dwellings component, because the model considers that the demand

for these infrastructural services is dependent on the number of occupied dwellings, shown
in Figs. 3.15 A, B, C, and D.
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Fig. 3.15. Comparison of baseline scenarios with and without hazard: A — for electricity
supply; B —heating; C— water supply; and D — wastewater treatment.

The environmental dimension component for CO> stock in the urban resilience SD

model is dependent on the heating and electricity supply, thus the reduction of CO:

emissions is shown by the model when hazard has an impact on heating and electricity

supply, shown in Fig. 3.16 A. The decrease in waste treatment is also considered in

environmental dimension, shown in Fig. 3.16 B, for the component waste produced vs waste

treated.
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Fig. 3.16. Comparison of impact in baseline scenarios with and without hazard on A — CO»
emissions component, and B — waste produced vs waste treated component.
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To describe the above mentioned complex dynamics of urban resilience SD model and
capturing the impact of natural hazard, a set of indicators is selected for creating a composite
based indicator index.

Selected Set of Indicators

The selected indicators that fit the model structure and have reference data in EUROSTAT
database are reported in Table 3.2. The effect of selected indicators on urban resilience is
identified. Positive effect ‘“+’ means that increase in indicator value shows increase in urban
resilience. Negative effect ‘—’ means that increase in indicator value shows decrease in urban
resilience.

Table 3.2
Characteristics of Final Set of Indicators Regarding URI and SD Model.

Selected indicator per urban dimension Effect on urban resilience
(positive or negative)

Social dimension

Unemployed population share -

Youth dependency -

Elderly dependency -

Migrant population share -

Economic dimension
GDP per capita +
Infrastructure dimension

Share of population experiencing housing deprivation -

Share of population with electricity supply +
Share of households with inability to keep house warm -
Share of population with access to water supply +
Environmental dimension

Share of population with wastewater treatment +
Waste production vs waste treatment +

For social dimension the indicators are representing the share of different social groups of
community. The unemployed population, youth dependency, elderly dependency, and migrant
population are social groups considered to be more vulnerable to impacts of natural hazard, and
thus increase in social vulnerable group indicator values has a negative effect on urban
resilience.

The economic dimension indicators GDP per capita represents the size of economy and
growth rate of urban economy. The growth rate of economy is considered to have a positive
effect on urban resilience.

Most of the impact from natural hazard in urban area is damage to economic assets. Thus,
the infrastructure dimension is represented by a largest number of indicators, that are dependent
on the disruption in infrastructural systems in urban area.
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The infrastructural dimension indicators used to present the electricity supply, water supply
and wastewater treatment are expressed as share of population with access to specific
infrastructure service, thus have positive effect on urban resilience. The damage to
infrastructure from natural hazard is considered to show decrease in supply of services and the
share of population with access to these services will decrease, thus the value of indicator is
decreasing.

The infrastructure dimension indicators for housing and heating are expressed as share of
population with no access to specific housing and heating, thus have negative effect on urban
resilience. The damage to infrastructure from natural hazard is considered to show decrease in
these services and the share of population with no access to services will decrease, thus the
value of indicator is increasing.

The environmental dimension indicator in the form of ratio of waste production vs waste
treatment was found to be the only indicator in EUROSTAT database that fits the construct of
the model for environmental dimension. The indicator has a positive influence on urban
resilience. In the context of the model the increase in waste treatment increases the
environmental performance of the urban area, and thus the value of indicator of waste
production vs waste treatment is increasing.

Indicator Normalization

The selected indicators are standardized and normalized. The standardization and
normalization of indicators is also described in Article 6. The standardization of indicators was
performed in terms of standardizing data per capita or presenting indicator in terms of share of
population. This enables the comparison of indicator values with reference data of other
European countries gathered from EUROSTAT database.

The different scales of indicators are normalized to a common scale with Min-Max method.
This method transforms values of indicators to a normalized scale of 0 to 1. The indicators with
positive influence on urban resilience are normalized according to min-max normalization:

+ _ __ Xi— Min(x;)
Lnorm - Max(x;)-Min(x;)’

where X i norm is the normalized indicator with positive influence on urban resilience value, xi is

X (3.2.3)

the indicator value before normalization, min (X;) is the minimum value of indicator in
EUROSTAT data set, and max (Xi) is the maximum value of indicator in EUROSTAT data set.

The indicators that have a negative influence on urban resilience are normalized according
to max-min normalization:
- _ Max(x))—x;
LMOTm ™ max(x;)—Min(x;)’

where X’ norm 1S the normalized indicator with negative influence on URI value, xjis the

x (3.2.4)

indicator value before normalization, min (x;) is the minimum value of indicator in
EUROSTAT data set, and max (x;) is the maximum value of indicator in EUROSTAT data set.
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The output for normalized indicators of social dimension from urban resilience SD model
simulation of baseline scenario with hazard is shown in Fig. 3.17. According to the negative
and positive effects of the indicators on urban resilience considered normalization, indicator
value of 0 means high elderly dependency, youth dependency, share of immigrants and
unemployment rate. The value of 1 means low elderly dependency, youth dependency, share of
immigrants and unemployment rate.
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------- Immigrants indicator
— -Unemployment indicator

Fig. 3.17. Normalized indicator output of social dimension for baseline scenario with hazard.

The output of simulation shows that the normalized elderly dependency indicator compared
to Min and Max values of European countries is low at the start of the simulation and decreases
very fast to the Max value of elderly dependency in the reference data set, which after
normalization is presented as value of 0. This shows that elderly dependency in Jelgava city is
very high.

Normalized youth dependency indicator values are fluctuating over simulation time due to
dynamic change in population age groups, at first decreasing and then increasing. The
simulation output shows that youth dependency in Jelgava city is going to increase until
simulation year 10 and then decrease. During all the simulation youth dependency indicator is
closer to Min value of youth dependency in the reference data set, which after normalization is
presented by value of 1.

Normalized values for share of immigrants and unemployment indicators are equal to value
of 1 during all the simulation. This shows that Jelgava city has a low share of immigrants and
unemployment equal to the Min value in the reference data set. None of the indicators show the
effect of hazards on the population and therefore refer only to long-term resilience of urban
area.

Normalized indicator of economic dimension GDP per capita output for the baseline
scenario with hazard is reported in Fig. 3.18. The figure shows an increase in GDP per capita
value over simulation time, signifying a growing economy, and also captures the effect of
natural hazard in terms of decrease in indicator values in simulation year 10, 20, and 30.
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Fig. 3.18. Normalized indicator output of GDP per capita indicator for baseline scenario with
hazard.

The output for normalized indicators of infrastructure and environmental dimension is
presented in Figs. 3.19 and 3.20. All of the infrastructure and environmental dimension
indicators provide an output without long-term trend and capture only the natural hazard
impacts on urban area in short term, in this way they are describing the resilience. The
normalized values of indicator from infrastructure dimension in long term are equal to 1,
signifying the high infrastructure service availability in Jelgava city for all the population.

1.1

A

0.9

0.8

0.7

0.6

0 10 20 30 40
Years
—— Housing deprevation indicator

50

1.1

o

0.8

0.7

1.05

0.9

0.85

0.999

0.997

0.995

WVV B

10 20 30 40 50
Years

— Electricity indicator

VWD

0 10 20 30 40
Years

—— Heating indicator

50

10 20 30 40 50
Years
— Water supply indicator

Fig. 3.19. Normalized indicator of infrastructure dimension output for baseline scenario with
hazard: A — housing indicator; B — electricity supply indicator; C — heating indicator; D —

water supply indicator.
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Fig. 3.20. Normalized indicator for environmental dimension output for baseline scenario
with hazard: A —sewage treatment indicator; B — waste treatment indicator.

Normalized waste treatment indicator of environmental dimension shows lower value
in long term than the indicators for infrastructure dimension. Such indicator value is
explained as lower waste treatment service provision in Jelgava city than the Max value for
waste treatment provision in reference data set for European countries.

The indicators presented here are used for creation of composite indicator-based index,
which is able to present the dynamic change of urban resilience in short term and long term.

URI Definition

From the selected set of indicators, a dimensionless index for urban resilience
measurement is defined — urban resilience index (URI). The definition is of URI is presented
in Article 6. The index allows capturing the dynamics of urban resilience to natural hazard
as estimation based on normalized indicators from different urban dimensions of the created
SD model and presenting this dynamic change as a single value measurement.

The definition of URI score used in the model is presented in Equation 3.2.5 and is estimated
as mean average of weighted indicators:

URI score = M, (3.2.5)

n
where X; norm 18 normalized indicator, ®; is weight, 1 is number of indicator, and n is total number
of indicators.

The given URI score allows to set different weights based on the need to underline the
significance of the specific indicators or significance of the dimension in a study. There is
no uniformly agreed methodology for individual indicator weighting. This study considers
requirement for the weighing of indicator that sum of indicator weights must be equal to
number of indicators to keep URI score within scale 0 to 1.
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Integration of URI into Urban Resilience Model

Equation 3.5 allows to present urban resilience measurement into the proposed SD model
with a dynamic metric changing over time due to changes in long-term resilience and short-
term resilience.

The long-term change in URI score shown in Fig. 3.21 occurs according to the changes in
the value of infrastructure dimension and environmental dimension indicators. The disruptive
impact of hazard event on urban area is presented as a short-term decrease in URI values in
simulation years 10, 20, and 30. This short- term change in URI values occurs due to change in
the value of infrastructure dimension and environmental dimension indicators.
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Fig. 3.21. Changes in URI score over simulation period for baseline scenario with hazard.

The long-term change in URI score shown in Fig. 3.21 occurs according to changes in the
value of social dimension and economic dimension indicators. The disruptive impact of hazard
event on urban area is presented as a short-term decrease in URI values in simulation years 10,
20, and 30. This short- term change in URI values occurs due to the change in the value of
infrastructure dimension and environmental dimension indicators.

For the comparison of different urban resilience scenarios URI in the form of converter is
not suitable because different URI scores for every time step of the simulation are presented. A
more comprehensive way for comparison is to have a URI score for simulation in a single value
at the end of simulation. This is achieved by making URI as a stock component in SD model.

URI score during the simulation of urban resilience SD model is used as an inflow into URI
score stock. At the end of simulation, the value of stock for URI score is a cumulative value of
URI scores over simulation time. This can be presented as an area below URI value over
simulation period as shown in Fig. 3.22 with the coloured background.
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Fig. 3.22. Cumulative value of URI over simulation time presented as area.

The cumulative value of URI over simulation time can be used for comparison of different
urban resilience scenarios, however, it is not in line with previously defined URI scale of
measure from 0 to 1. For this purpose, the cumulative value of URI is divided by simulation
time. This allows keeping the value of cumulative URI score from 0 to 1.

The Stella Architect software used to create the model derives the value of the cumulative
urban resilience index from 0 to 1 after Monte Carlo simulations with an accuracy of up to three
decimal places. Thus, the maximum number of different values of the city's resilience index is
1000. This number is taken into account when calculating the number of samples in Monte
Carlo simulations.

Analysis of Selected Urban resilience Scenarios

Within the case study of Jelgava, two scenarios were selected for comparison with the
baseline scenario. The selected scenarios are presented in Article 7. Both comparative scenarios
foresee the potential effects of policy strategies aiming at increase of urban resilience by
increasing the urban attractiveness and decreasing infrastructure service vulnerability to natural
hazards. The changes in input parameters used for urban resilience SD model to present the
effects of policy planning strategies are reported in Table 3.3.

Table 3.3
Parameters for Selected Urban Resilience Scenarios
Scenario Parameters
CO, emissions Waste recycling Hazard effect
component

Baseline scenario | 18 g CO»/kWh for heat and 0 for waste recycling factor Coefficient 1 for
with hazard 400 g CO»/kWh for electricity Vulnerability;
Urban resilience | S-type function decrease from 18 | S-type function increase from | Coefficient 1 for
scenario 1 g/kwh to 9.6 g/kWh for heat and | 0 to 1 for waste recycling | Vulnerability;

400 g CO2/kWh to 215 g/kwh over | factor from simulation year 15

simulation time 1 to 30 years to 30 years
Urban resilience | S-type function decrease from 18 | S-type function increase from | Coefficient of 0.5
scenario 2 g/kWh to 9.6 g/lkWh for heat and | 0 to 1 for waste recycling | for Vulnerability;

400 g/kWh to 215 g/kWh over | factor from simulation year 15

simulation time 0 to 30 years to 30 years
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The input parameter values for environmental dimension component CO> emissions in
Urban resilience scenario 1 and Urban resilience scenario 2 are selected based on the estimates
of 80 % decrease in of CO2 emissions by 2050 compared to 1990. The selected S-type function
describes a gradual decrease in CO; emissions over simulation years 0 to 30, which is equivalent
to the time period of 2020 to 2050. The outputs of CO> emissions component for simulation of
Baseline scenario with hazard and Urban resilience scenarios 1 and 2 are shown in Fig. 3.23 A.
The output for Urban resilience scenario 1 and 2 shows how the selected S-type-function
changes the CO2 emissions over simulation time.
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Fig. 3.23 A and B. Simulation outputs from CO; emission component for urban resilience
scenarios.

The Urban resilience scenario 2 in addition to reduction of CO> emissions and increase of
recycled waste foresees the reduction of hazard effect. This is considered by changing hazard
effect coefficient Vulnerability; from 1 to 0.5. This results in a decrease in disruption amount in
all the infrastructural services in infrastructure dimension and labour hours in economic
dimension.

The simulation output from CO> emission component for effect of implementing Urban
resilience scenario is shown in Fig. 3.23 B. There is a negligible increase in CO> emissions for
Urban resilience scenario 2 compared to Urban resilience scenario 1 because energy provision
services have a smaller disruption amount.

The simulation output for environmental dimension component waste production vs waste
treatment is presented in Fig. 3.24 A and B for different urban resilience scenarios input as
considered in Table 3.3. The output for waste production vs waste treatment component in
Urban resilience scenario 1 and Urban resilience scenario 2 shows how the S-type function
increases the ratio of recycled waste amount amount from 0 to 1 meaning that no waste is
recycled at value 0 and all the waste produced is being recycled at value 1. In addition, the
change of the hazard effect coefficient for Vulnerability; from 1 to 0.5 is shown in the output
for Urban resilience scenario 2.
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Fig. 3.24 A and B. Simulation outputs from waste production vs waste treatment component
for urban resilience scenarios.

According to CLD presented in Fig. 3.3 in section “Causal loop diagrams” there is a
feedback on urban attractiveness component from implementing policy strategy aiming at CO>
emissions reduction and waste recycling increase. Due to the S-shaped function for CO>
emission decrease and waste recycling increase, the urban attractiveness component also
has a S-shaped type increase. For the purpose of this case study this S-shaped type increase
is calibrated from a value of —1 to 1. In this sense, value —1 represents the historical record
of population migration, which is equal to 400 people leaving the urban area per year. The
urban attractiveness component value 1 is calibrated to the opposite tendency in migration,
which is equal to the number 400 people arriving to the urban area per year.

The output of model simulation for population component is presented in Fig. 3.25 for urban
resilience scenarios 1 compared to baseline scenario with hazard. The model output for
population component shows an increase of population due to increase in urban attractiveness
component. For urban resilience scenario 2 the output for population component is the same as

for urban resilience scenarios 1.
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Fig. 3.25. Simulation outputs from the population component for urban resilience scenario 1.

The growth of population allows to increase the employment rate, and thus the production
in economic dimension, which increases the GDP of urban area. The increase in GDP
component for predefined scenarios is shown in Fig. 3.26 A and B. A notable increase of GDP
for urban resilience scenario 1 is observed compared to baseline scenario, and small increase
for urban resilience scenario 2 due to decrease of vulnerability in urban resilience scenario 2.
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Fig. 3.26 A and B. Simulation outputs from GDP component for urban resilience
scenarios.

The growth of population also increases the demand for infrastructural services,
considered in infrastructure dimension of urban resilience SD model. Thus, the provision
of services in terms of housing and, consequently, in electricity, water and heat supply,
wastewater treatment service increases (Fig. 3.27 A and B)—(Fig. 3.31 A and B). All of the
figures B mentioned here also show the decrease of hazard effect in Urban resilience

scenario 2.
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Fig. 3.27 A and B. Simulation outputs from dwellings component for urban resilience

scenarios.
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Fig. 3.28 A and B. Simulation outputs from heat supply component for urban resilience
scenarios.
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Fig.3.29 A and B. Simulation outputs from electricity supply component for urban resilience
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Fig. 3.30 A and B. Simulation outputs from water supply component for urban resilience

scenarios.
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Fig. 3.31 A and B. Simulation outputs from sewage water treatment component for urban
resilience scenarios.

The electricity and heat supply components of infrastructure dimension also have a

feedback on the CO; emissions component, which is already considered when presented
earlier in Fig. 3.23 A and B.

All of the components of infrastructure dimension services presented in this sub-chapter

have a similar tendency within the same scenario. This shows that the created urban
resilience SD model is consistent in terms of feedbacks also when changes are introduced

the predefined parameters, as reported in Table 3.3, and thus the model is considered

appropriate for further urban resilience assessment with URI for different urban resilience

scenarios.
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Monte Carlo Simulations for Urban Resilience Scenarios

The comparison of urban resilience scenarios is performed by analysis of Monte Carlo
simulation statistics for three defined scenarios: Baseline scenario with hazard, Urban
resilience scenario 1 and Urban resilience scenario 2.

The results of comparison are presented in histogram type graphs as frequency of
occurrence of specific cumulative URI score for predefined scenario and consequently
evaluated probability of getting a certain cumulative URI score result. High probability of
getting high URI score in the predefined scenario means that the scenario is more preferable.

The evaluated necessary number of trials that must be performed by Monte Carlo
simulation for every scenario to achieve a 95 % confidence level of Monte Carlo simulation
is equal to 286 samples according to Equation 2.4.2. The output of Monte Carlo simulation
in the form of frequency of occurrence of certain cumulative URI score in Baseline scenario
with hazard are shown in Fig. 3.32. The results show that the most frequent cumulative URI
score in baseline scenario is from 0.761 to 0.786. Scores in period from 0.736 to 0.761 and
period from 0.786 to 0.811 also occur frequently. Higher cumulative URI scores than 0.811
do not occur for Baseline scenario with hazard.
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Fig. 3.32. Frequency of cumulative URI scores in Baseline scenario with hazard.

The probability of getting a certain URI score in Baseline scenario with hazard is
computed from the frequency of cumulative URI score occurrence and shown in Fig.3.33.
The results of statistics analysis of Monte Carlo simulations show that mean average of
cumulative URI score for baseline scenario with hazard occurrence is 0.769 and the median
is 0.767.
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Fig. 3.33. Probability of cumulative URI scores in Baseline scenario with hazard.

The results of Monte Carlo simulation in Urban resilience scenario 1 in Fig. 3.34 show
that most frequent cumulative URI score is in period from 0.761 to 0.786. Comparing Urban
resilience scenario 1 to Baseline scenario with hazard, lower cumulative URI scores occur
frequently for Baseline scenario with hazard than for Urban resilience scenario 1.
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Fig. 3.34. Frequency of cumulative URI scores in Urban resilience scenario 1.

From the results presented in Fig. 3.34 the probability of getting a certain cumulative
URI score in Urban resilience scenario 1 is computed and shown in Fig. 3.35. The results
show that mean average of cumulative URI score in Monte Carlo simulations for Urban
resilience scenario 1 is 0.802 and the median is 0.809. Thus, according to Monte Carlo
simulation statistics there is a notable increase in cumulative URI score for Urban resilience
scenario 1 compared to the Baseline scenario with hazard.
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Fig. 3.35. Probability of cumulative URI scores in Urban resilience scenario 1.

The results of Monte Carlo simulation for frequency of occurrence of certain cumulative
URI score in Urban resilience scenario 2 in Fig. 3.36. show that most frequent cumulative
URI score in Urban resilience scenario 2 is from 0.754 to 0.772, which is lower than the

most frequent score for Urban resilience scenario 1.
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Fig. 3.36. Frequency of cumulative URI scores in Urban resilience scenario 2.

However, the statistics of probability of getting a certain URI score in Urban resilience
scenario 2 is computed in Fig. 3.37 show. Mean average of cumulative URI score in Monte
Carlo simulations for Urban resilience scenario 2 is 0.804 and the median is 0.811. Thus,
there is a small increase in cumulative URI score for Urban resilience scenario 2 compared
to Urban resilience scenario 1.
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Fig. 3.37. Probability of cumulative URI scores in Urban resilience scenario 2.

The comparison of min, max, and mean average values of cumulative URI scores in
Monte Carlo simulations with confidence level of 95 % for different scenarios is shown in
Fig. 3.38, also presented in Article 7. The min, max, and mean average values are computed
in the Stela Architect software with Monte Carlo simulation output. The summary of results
shows that there is an increase in min, max, and mean average values of cumulative URI
scores for Urban resilience scenario 1 and Urban resilience scenario 2 compared with

Baseline scenario with hazard.
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Fig. 3.38. Comparison of Monte Carlo simulation results for different scenarios.

There is a notable increase in cumulative URI score min value for Urban resilience
scenario 2 compared to Urban resilience scenario 1, but only a small increase in mean
average value and no increase in max value. In this case, the benefit of implementing Urban
resilience scenario 2 lies in decreasing the low cumulative URI score occurrence, which is
present in the probabilistic simulations with most of natural hazard events.
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Summary of the Urban Resilience Scenario Comparison

The comparison of urban resilience scenarios with help of the developed tool is
performed for a selected case study of Jelgava city. Three scenarios are compered: Baseline
scenario with hazard, Urban resilience scenario 1, and Urban resilience scenario 2.

The Baseline scenario with hazard shows that due to the existing trend of emigration
there is a decrease in the population over simulation time from 57 600 to 30 000. The used
input for decreasing trend is validated according to historical data of 8 years and shows R?
equal to 0.926694. The population emigration results in increasing social vulnerability,
namely, youth and elderly dependency.

As a result of population decrease in the Baseline scenario with hazard there is also a
decrease in infrastructure services (electricity supply, heating, water supply). However, the
demand for services per capita remains the same and thus does not have a negative impact
on Urban resilience and URI score. The GDP is increasing according to the predefined
increase in productivity, also validated according to historical data of 5 years and shows R?
equal to 0.955643. The URI score in baseline scenario shows a small decrease in the start
of simulation due to increase of social vulnerability and increase in the long term mainly
because of high increase in GDP. The mean average of URI score in Monte Carlo
simulations for baseline scenario with hazard is 0.769.

Parameters for Urban resilience scenario 1 consider increase of renewable energy share
and recycled waste ratio. According to the predefined CLD in Fig. 3.3 in section “Causal
loop diagrams”, this increases urban attractiveness, and thus emigration is decreased and
immigration increases.

The results of Urban resilience scenario 1 show a smaller decrease in population over
simulation time, from 57 600 to 51 300 compared to Baseline scenario. This results in a
bigger increase of GDP due to more working age people that can be employed. In addition,
the youth dependency in Urban resilience scenario 1 is decreasing over simulation time.
This results in an increase in cumulative URI score. The mean average of cumulative URI
score in Monte Carlo simulations for Urban resilience scenario 1 is 0.802.

The comparison of the simulated scenarios shows that there is an increase in urban
resilience according to cumulative URI score due to decrease of social vulnerability,
namely, youth and elderly dependency, and increase in GDP in the long term, which is the
result of stopping the emigration by improving urban attractiveness. This suggests that
policies aiming at increasing urban attractiveness through increase of renewable energy
share, increase of waste recycling, and thus improving the environment have positive impact
on urban resilience in the long term by decreasing the social vulnerability.

Parameters for Urban resilience scenario 2 besides already defined parameters in Urban
resilience scenario 1 consider decrease of exposed infrastructure vulnerability. This results
in additional increase in mean average of cumulative URI score up to 0.804 in Monte Carlo
simulations for Urban resilience scenario 2. In addition, a notable increase in min value of
cumulative URI score up to 0.735, which corresponds to the decrease in natural impact in
simulated scenarios.
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The comparison of Urban resilience scenarios 1 and 2 shows a rather small increase in
urban resilience because the decrease of vulnerability affects the URI score in short term
only when hazard event impact occurs. The result of this study suggests that strengthening
urban resilience by decreasing vulnerability of infrastructure services shows a significant
increase in urban resilience in terms of decreasing the worst-case scenario probabilities.
The results are the output of proxy data used for impact and recovery process. The real
benefits of decreasing infrastructure vulnerability can be even higher. For application of the
tool for policy scenario planning in practice more precise data on response and recovery to
disaster is necessary than currently available.
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DISCUSSION

Composite indicator measures the inherent resilience by assessing different criteria and
provides a holistic measurement in a single score. The main limitation is that inherent
resilience does not allow to provide complete understanding of urban resilience according
to its definition because it lacks the ability to evaluate the dynamic change in urban system
over time. Also, as reported in literature, the data available for many of the criterions used
in composite indicator is not up to date or is completely lacking in statistics databases.

Probabilistic method provides insight of system abilities to react and cope with certain
hazard. It will provide a more complete overview about specific system or parts of system
functionality over time than a generalized measurement of composite indicator. However,
when used alone, probabilistic method is limited to provide a continuous event simulation.
The method allows to capture systems performance as discrete events in time. Also, the
probabilistic methods do not consider the feedback effects over time, and thus are not used
for evaluating resilience of complex systems involving several infrastructure systems and
socio-economic aspects.

System dynamics is a continuous event simulation method, which is suitable for
modelling a dynamic change over time in a complex system such as urban area. The classic
system dynamics model simulation provides a deterministic simulation output, which does
not allow to capture all the probable scenarios of natural hazard events. The output of system
dynamics models for a large system such as urban areas is hard to interpret because of the
complexity of modelled system and large number of involved components.

The advantage of the developed tool is that based on system dynamics model it allows
to replace existing linear models currently used for resilience assessment. The tool is
appropriate to analyse dynamic change in urban area considering its multi dimensionality
and looking at feedbacks between components of the multiple dimensions.

The structure of the urban system dynamics model includes social, economic,
infrastructure, and environmental dimensions with two main feedback loops. The social,
infrastructure and environmental dimensions feedback loop that includes the dynamic
change in urban area is based on social factors and urban attractiveness factor. The social
and economic feedback loop includes the feedback of social factors on economy.

The disruptive effect on urban systems is integrated in system dynamics model with
probabilistic simulation. The disruptive effect considers loss of life in social dimension,
disruption of infrastructure services in infrastructure dimension, and decrease in labor hours
in economic dimension. The recovery from natural hazard impact can be considered with
different recovery functions over time based on available data. This is important for
precisely evaluating the disaster risk reduction policies. In the selected case study, only
proxy data on disruptive effects and recovery is used because of unavailable information
about such processes. This underlines that also the information gathering in disaster risk
reduction field must be improved.

To perform a comparison of model output with multiple dimensions, a composite index
approach is used. Indicators are selected in each of the dimensions to represent the dynamic
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change in urban functionality level occurring in the long term and short term. The long-
term changes are mainly occurring in social and economic dimensions and thus are
represented by social and economic dimension indicators. The short-term changes that are
mainly occurring in infrastructure and environmental dimension are presented by dimension
indicators.

The normalization of selected indicators is performed to bring them to a common scale.
The output of composite indicator is urban resilience index (URI), which shows the urban
resilience of urban area in a holistic way and in this way also allows to compare different
urban resilience scenarios with help of a single score. However, due to probabilistic
simulation the same scenario has different output in every simulation run. Thus, the Monte
Carlo simulations are used to overcome the problem of different output in every simulation
run. The Monte Carlo simulation provides probability statistics of getting a certain URI
score for selected model input.

The analysis of the study of Monte Carlo simulations for different urban resilience
scenarios used for Jelgava case shows that according to the defined causal loops in the
model and the definition of URI, there is a notable increase in urban resilience in the long
term, when the selected urban resilience strategy is to increase urban attractiveness by
decreasing the emissions and increasing recycling. In the specific case, the increase of urban
resilience occurs due to the positive effect on the decrease of social vulnerability, caused by
increase of working age population, which according to the defined causal loop of the model
migrates to the urban area due to higher urban attractiveness. Thus, the young population
and elderly population dependency decreases, labour power increases, also enabling
increase in employment rate and higher productivity and the rate of GDP growth.

The analysis of Monte Carlo simulations for urban resilience scenarios used for Jelgava
case study shows that urban resilience strategy for decreasing the vulnerability increases
the minimum URI score in simulations, but there is no increase in maximum URI scores
compared to the strategy aiming at increase of urban attractiveness. According to the
defined causal loops in the model and the definition of URI, such model behaviour shows
that over the benefits of urban resilience increase in short term does not surpass the benefit
of urban resilience increase in the long term, but are rather an added value to the long-term
benefits.

Such output is reasonable considering that proxy data on disruptive effects and recovery
are used for the case study and show that the model suits the intended purpose of evaluation
of different urban resilience strategies, but for precise data on response and recovery
processes of all types of infrastructure should be used with consideration of reference to
time scale for urban resilience assessments in practice.
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CONCLUSIONS

In the Thesis a novel tool for urban resilience to natural hazards assessment is developed.

The tool integrates three quantitative methods that are used for resilience assessment: composite

indicator, probabilistic simulation, and system dynamics. In order to integrate the methods in a

single tool, methods are examined through a separate case studies in the context of Latvia. The

findings of these case studies allow to understand the shortcomings of methods of resilience

assessment. The content and structure of the tool is validated and different urban resilience

scenarios are tested in a local case study of Jelgava city and defined for the natural hazard of

spring floods.

The main conclusions of the Thesis are as follows.

The integration of three methods — composite indicator, probabilistic simulation, and
system dynamics, within the developed tool allows to overcome the limitations of every
method, which are reported in literature. Specifically, the implementation of probabilistic
simulation in system dynamics model with output in the form of index allows to capture
all the possible outcomes of different urban resilience scenarios with consideration of the
dynamic change in the urban system and perform comparison of these different urban
resilience scenarios in a holistic way.

The results of model validation and simulation in a case study show that the tool is suitable
for different urban resilience scenario evaluation. The multi-dimensionality of the tool and
feedbacks between the defined dimensions allow to capture the tradeoffs occuring in
different dimensions of urban areas, as intended by the defined causal loops.

The developed urban resilience tool is sensitive enough to capture the effects of
different urban resilience strategies both in short term and long term, as shown by the
summary of Monte Carlo simulation results for different urban resilience scenarios in
the case study for Jelgava city. Thus, the tool can be used for comparison of different
urban resilience strenthening strategies in order to understand the possible tradeoffs of
the selected strategies.

The analysis of different urban resilience scenarios shows that there is a notable
increase in urban resilience in the long term when the selected urban resilience strategy is
aiming at increase of urban attractiveness. Cosequently, such strategy has a possitive effect
on the decrease of social vulnerability, and thus increases urban resilience.

The analysis of different urban resilience scenarios shows that over long term the
benefits of decreasing vulnerability of infrastructure in short term do not surpas the
benefit of decreasing social vulnerability increase in the long term, but are rather an
addedd value to the long-term benefits of social vulnerability decrease, and thus also
the increase of urban resilience.
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RECOMMENDATIONS

The developed tool has proved to serve the indented purpose. Future research in the

direction of dynamic urban resilience to natural hazard assessment should consider the
results of this study and following recommendations.

The developed tool can be used for wider application in policy planning, taking into
account that the tradeoffs between short-term and long-term urban resilience strategies
are limited to the causal loops defined in the dynamic structure of the model.

When performing the comparison of urban resilience scenarios to evaluate urban
resilience strategies, additional system dynamics sub-models can be implemented to
consider relevant tradeoffs for different urban resilience strategies. As an example, such
sub-models can include additional infrastructure, like roads and telecomunications, or
factors influencing social vulnerability, like education, hospitals, and different social
groups.

The effects of urban attractiveness considered in the developed tool should be studied
in different areas. Additional factors that have effect on urban attactiveness should be
studied.

The simulation of natural hazard is made by probabilistic simulation, which has a
certain sampling bias. The natural hazard events are predefined defined as random
events with certain probability of occurance, which does not change in urban resilienc
escenario. The dynamic change of natural hazard event probabilities can be introduced
in a more advanced version of the developed tool.

The developed tool strongly depends on the available data about urban areas. The
availability of data for assessment of urban resilience in short term is an issue for
performing precise comparison of different urban resilience scenarios. The data
avilability on disaster response and recovery for different dimensions of urban areas
should be improved, and thus the availability of indicators for normalization of URI
scores to enable wider application the tool in policy planning.
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Abstract

Despite a growing and considerable interest and implementation of disaster resilience framework methods in research, policy
programs and engineering design, metrics and standards for a quantitative measuring of resilience are still an open issue.

Recent literatures on hazard and disaster show that the resilience concept represents a guideline toward a valuable hazard risk
management and mitigation. For the Latvian context this also represents a beneficial approach for the implementation of policy
strategies based on (semi)quantitative framework aiming to enhance resilience within communities in order to properly and most
efficient spend a limited availability of funds. In fact man-made and natural disasters are usually preceded by periods where
communities develop toward increasing risk states until a loss occurred due to a specific disaster event. In regard to this aspect this
study, principally based on the definition of the Community Disaster Resilience Framework (CDRF) developed by Mayunga, is
aiming to evaluate the level of community resilience to disaster at the Latvian national level for a specific set of social, economic,
human, physical, and environmental indicators. The method implements the concept of a composite-based, multi-criteria analysis
aiming to measure baseline quantitative characteristics of the communities under investigation to potentially further enhance
resilience within specific actions plans and/or policy mechanisms. The results are applied to the Latvian context and provide a tool
to assess the variation in resilience in places giving a ranking from the most resilient region to the least.
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1. Introduction

The increase of disasters at EU and international levels due to both man-made (i.e. technological) and natural
reasons (i.e. hazards due to extreme weather conditions induced by climate change or by other geological,
oceanographic, hydrological biological conditions [1]) create important debates and questions within research and
policy arenas [2].

The Swiss Re’s report of year 2013 [3] encountered at world scale 308 disaster events in the year 2013 (of which
150 were natural catastrophes and 158 technological) with almost 26 000 lost lives. Europe has experienced a total
amount of $ 33 billion of economic losses with about 50 % of insurance payments.

Figures from the UNISDR [4] show that the exposure of technological assets to earthquake with a 250 years return
time is about US$ 71 trillion. In Europe economic loss per capita is higher than in the rest of the world due to the
higher population density. According to UNISDR this trend “will probably continue to rise as natural disasters are
expected to become more frequent and severe for Europe in the future”. To increase society’s resilience to disaster in
Europe, ANDROID — an academic network was formed that aims to promote co-operation among European Higher
Education institutions [5]. Nevertheless, further research is crucial to increase number of innovations on topic of
disaster resilience.

According to the figures provided by the Centre of Research on the Epidemiology of Disasters (CRED) country
profile of Latvia within the period from 1999 to 2016 storms caused 6 deaths and damages from around 450 thous. €
in the year 1999 and around 300 mill. € in the year 2005 [6].

This situation indicates that communities, including Latvia, are not “resilient” enough to natural disasters. In other
words, there is a lack of capacity to withstand disasters that require an in-sight effort from different key actors in fact
including research, policy, and disaster risk reduction (DRR) fields of interests. This is the main target following the
Sendai Framework for Disaster Risk Reduction to move to “building the resilience of nations and communities to
disasters” within hazard planning and disaster risk reduction agenda [7].

The general definition of resilience can be identified as a system’s ability to: i) withstand external and unexpected
conditions within the minimum sustainable level performance, ii) further actively respond to these conditions  and
ii1) recover after them [8] (see Fig. 1).
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Fig. 1. The dotted dark green line represents the performance of a system (or society) without measures aimed to build resilience —i.e. system 1; the dotted
light green line represents the performance of a system (or society) with measures aimed to build resilience — i.e. improved system 1; the dotted red line
represents the performance of a system (or society) with low and a new operational level after the disaster —i.e. system 2.
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Based on this concept different methods for resilience assessment have been developed and applied, both
qualitative and quantitative like in Bruneau studies [9, 10] with the introduction of the “4Rs” (i.e. Robustness,
Redundancy; Resourcefulness; and Rapidity) and Henry and Ramirez-Marquez [11] that expressed resilience more in
terms of loss of delivered products or services within a system dependent by its recovery function.

Nevertheless, using the concept of recovery (or bounce-back) to an initial level it can be not always applicable as
the recovery process might reach a lower but always stable state (see system 2 in Fig. 1). The resilience assessment is
an important preventive measure oriented toward: 1) the minimization of the total effect of a disaster (both on society
and environment), ii) mitigation of the economic losses, iii) minimization of recovery time after a disaster thus
speeding up the rate at which a community or system can regain its functionality. However, the field of resilience
assessment is still in a development stage [9] and is lacking applied quantitative practical studies and holistic-
comparative approaches. The practical task is now devoted to map regions with specific levels of resilience or scores
[12] in order to more efficiently prioritize DRR strategies and management at the policy level.

It is this remarkable how the use of an indicator-based approach is going toward this direction. The proper and
consistent selection of a set of indicators framed into a specific indicator-based evaluation approach that would offer
the possibility of quantification among different places and over time [1] is not a trivial task. In fact, the selection of
a specific set of indicators needs to deal with two critical factors: the large diversity and multi- (and inter-) dimensions
of the community system (i.e. societal, human, economic, technical, and environmental) affected by an occurred
disaster. In this approach the dynamic and non-linear perspective is still a lacking issue [13].

In the study of Ostadtaghizadeh et al. (2015) [14] the outcome was that, from around 675 papers reviewed focused
on the key word “community resilience,” only 17 papers provided a way to measure the community resilience. This
aspect was interpreted as a lack within a systematic assessment process.

In order to offset the gap toward the real application of quantitative methods for community resilience assessment
to be used by stakeholders (e.g. in regional planning or disaster management) this study is proposing the application
of Mayunga method [15] specifically adapted to the Latvian condition. Specifically, an overall evaluation through the
final definition of a composite index score able to aggregate different dimensions within the application of Mayunga
method is performed. The Mayunga method (described in section 2) is oriented to providing a holistic composite index
score for the measure of a community’s disaster resilience taking into account both the different phases of a disaster
(i.e. mitigation, preparedness, response, and recovery) and the potential dimensions of resources (so called “capitals™)
that can be mobilized (i.e. social, human, economic, physical, environmental) or affected by an occurred hazard.

2. Methodology

For this study the approach of Mayunga [15] has been selected to assess community disaster resilience. This is
taking into account a capital based approach including five major forms of capital: Social, Economic, Physical,
Human, and Environmental, in fact selecting specific indicators also relevant for development of a sustainable
community economy. Fig. 2 shows the proposed conceptual framework via the definition of on overall Community
Disaster Resilience Index (CDRI). The final CDRI index is thus the final result of a conceptual model based on the
theory of the composite indicators [16] and involving the following main steps: i) Definition of the main capital
domains with specific sub-indicators selected in a function of the disaster phase and capital domains; ii)
Standardization of the sub-indicators; iii) Weighting (both at sub-indicator levels and capital domain level); iv)
Definition of Community disaster resilience index (CDRI); v) Reliability and validity assessment of the set of indicator
selected and the obtained scores.

Econcmic Environmental
— Social capital + ) + Physical capital + Human capital + .
@ - : capital Lt ' i capital

Fig. 2. CDRI relation to community capital [16].
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2.1. Capital domains and sub-indicators identification

The 5 main domains of Mayunga’s method are described below:

Social capital: It indicates the level of social cooperation. This can be represented by links and networks
established within a community as beneficial resource in terms to go beyond collective worries through
community cooperation. A total number of 9 indicators were identified like — among others — trust, norm types
and networks able to facilitate the cooperation and coordination;

Economic capital: it indicates the direct financial resources of a community necessary to reach its level of
livelihoods. The effect on mobilizing economic capital to building a community’s resilience is directly connected
to the increased ability and capacity of individuals to easily cope against disaster towards the 4 main disaster
phases and fastening the recovery process. A total number of 6 indicators were identified among others — incomes,
savings and investment, in fact ability to increase wellbeing and the capacity of insured both goods and lives;
Physical capital: it is devoted to the built environment (e.g. buildings and all the main life and critical
infrastructures) and represents a key resource for enhancing resilience. This is mainly identified as those
infrastructures essential on favouring evacuation following a disaster and increase the level of safety always
guaranteeing a minimal level of functioning. A total number of 35 indicators were identified (e.g. number of
hospitals, shelters, housing units, etc.);

Human capital: it mostly addressed support to economic production. This is defined as the capabilities in the
working population to fruitfully work together sharing with other forms of capital. Within the Mayunga
method, the main identified sub-indicators aimed at reinforcing the knowledge capacity on risk assessment
and risk reduction strategies. A total number of 25 indicators were identified;

Environmental (natural) capital: it refers to natural resources, such as water, minerals and oil, land which
provides space on which to live and work, and the ecosystems that maintain clean water, air and a stable
climate. Indicators such as resource stocks and environmental ecosystems, among others were identified.

Within the Mayunga method a total number of 75 sub-indicators were selected. This selection initially did not
include the environmental capital for which has been considered within the case study the selection of indicator from
the DROP model proposed by Cutter [17]. The detailed description of the specific indicators selected for the Latvian
case study is reported within the master thesis study of Feofilovs [18].

2.2. Standardization of the sub-indicators

The standardization of indicators, necessary to use and compare indicators in different unit measure, was performed
according to the z-score method [20], also known as standard score method (see Eq. (1)).

S C /)] (1)
O
where
Zi z-score for a given indicator;
Xi actual value of a given indicator;
u mean value of a given indicator values for a specific value distribution;
c standard deviation for a specific value distribution.

2.3. Weighting (both at sub-indicator levels and capital domain level)

Each capital has a different number of indicators, thus if indicators are simply added together the final score will
tend to be highly influenced by the sub-indices with the highest numbers of indicators. The following equation shows
a proposed mathematical formula for combining sub-indicators to generate individual indices for each capitals of the
community identified in reference based on relative weights among indicators [19].
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where

Vi score for each capital domain;

Xj standardized sub-indicators;

;i weight;

n number of indicators or weight considered,;

i indicator number.

Within this case study the implemented weights were considered equal in fact moving toward the use of an average
method.

2.4. Definition of Community Disaster Resilience Index (CDRI)

Mayunga’s method is based on a conceptual model defining a matrix involving the four disaster phases
(i.e. mitigation, preparedness, response and recovery) as columns and the five types of capital domains as rows. Each
identified indicator is considered where relevant for a specific disaster phase creating the final CDRI and avoiding
that indicators would be accounted for more than once. Based on that the overall score was calculated as a mean value
of the obtained score for each capital domain [19].

5
CDRI=Yy,/5 3)
i=1
where
Vi score for each capital domain.

2.5. Reliability and validity assessment of the set of indicator selected and the obtained

The reliability assessment was employed to assess the internal consistency of the indicators as well as to facilitate
the selection of indicators. Indicators were selected based on their performances in terms of the overall internal
consistency (Cronbach’s alpha level) and inter-item correlations. The Cronbach’s alpha coefficients can vary from
zero to one; where one denotes perfect reliability and zero a very unreliable measure. A Cronbach’s alpha coefficient
close to 0.70 is considered acceptable [21]. The final step of the evaluation methods was devoted to assess the validity
of the selected set of indicators for the CDRI determination as a measure of disaster resilience.

Specific content and construct validity assessment are considered within the proposed method. Content validity is
connected to the measure to capture the theoretical concept of the items measured [15] in other words showing that
the proposed set of indicators is indeed a picture of the actual community resilience. The construct validity is the
degree to which a measure relates to other variables as expected within a system of theoretical [22, 23]. The Construct
validity is made by a correlational analysis (i.e. Pearson’s product-moment correlation) to examine the degree to which
the CDRI is correlated with external criteria calculated within other evaluation approaches. In the case study this has
been evaluated as the correlation among the CDRI and the Social Vulnerability index (SVI) [24] as well as the overall
damage from floods.

3. Case study

Through the application of Mayunga’s methods the proposed case study aims to comparatively evaluate
community resilience to natural hazards among six macro regions of Latvia (Fig. 3), namely Riga region, Around
Riga region and Kurzeme, Vidzeme, Latgale and Zemgale. The aim is thus to map the patterns of the CDRI scores
within the territory investigated. The whole Latvian territory represents a good case study since it provides a scheme
for planners and emergency managers toward enhancing local community coping capacities and promotes disaster
resilience evaluation methods.
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Thus this study emphasis more the changes of what is defined as CDRI type 1 (CDRI1 score) and is focused more
on the assessment of the validity and utility of the CDRI scores community capitals rather than on the insight analysis
associated with the disaster phases.

In this study the “regional” scale is considered as a unit of the analysis mainly because local decisions on
community mitigation measures and risk reduction programs can be directly organized and proposed at this level. The
main data source was the Central Statistical Bureau (CSB) of Latvia. Most of the indicators were collected for the
year 2012 except some of the Human capital indicators which were collected from the year 2011 [17].

4. Results and Conclusions

The results were addressed to show and analyse the spatial distribution of the CDRI1 scores and their components
by mapping community resilience across the investigated Latvian regions.

A reliability assessment — prior normalization of the data used — was implemented to assess the internal consistency
of the set of selected indicators based on a Cronbach’s alpha control and thus screen the proper set of indicators to be
selected within the CDRI score. Finally, 55 indicators were employed for each analysed region.

A final validation of the obtained CDRI score was assessed consisting of the construct and content validation as
described in section 2. The construct validation has been implemented with correlation and regression analyses in
respect to external criteria, in specific the SVI [24], the flood damage costs and the risks from natural and man-made
disaster (according to figures from the Latvian Civil Protection Department [25].

As mentioned the results reported in this paper are only referenced to the CDRI1 scores, where basically all the
five capital dimensions (i.e. social, economic, physical, human and natural) were selected among the four disaster
phase (i.e. mitigation, preparedness, response, recovery).

The final maps for the CDRI final are displayed in Fig. 3 and classified into 3 classes (low, medium, low) obtained
from the overall distribution of the CRDI1 scores within each region.

(a) CDRII score in the considered Latvian (b) Economic capital CDRI1 sub-index score (¢) Social capital CDRII sub-index score
macro-regions

(d) Physical capital CDRI1 sub-index score (e) Human capital CDRI1 sub-index score  (f) Environmental capital CDRI1 sub-index score

Fig. 3. CDRII sub-index score for each capital dimensions respect to low, medium and high grades (namely red, yellow and green colours).

According to the patterns observed there is a relevant correlation among specific capitals in CDRI1, namely
between economic and physical capitals and social and human capitals, this is “a priori” predictable and expected if
we can assume that areas with more developed infrastructure (referred to physical capital) and high population with
bigger human capital tend to have higher CDRII scores. This justifies that for Riga region the CDRII score is higher
than other regions for its higher density population and economic activity that follow and relied on more developed
infrastructures and more important social capitals that can be mobilized.

The CDRI1 of the Around Riga is the second one due to a direct connection and dependency to the Riga region
within the social and economic dimensions. For other regions the resilience level remains relatively low compared to
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the two main regions (see Fig. 1). This situation in Latvia is relied on the different levels of urbanization among the
Riga Region (in fact presenting a higher and relevant contribution within the economic development of the country)
and the other regions in the country.

The community capitals sub-index scores are displayed in the map (Fig. 3(a)). By comparing social capital and
economic capital in Fig. 3(b) and Fig. 3(c), it is obvious that Riga region shows high scores in both capitals in agreement
with the real situation of the economic development in Latvia. In Fig. 3b social capital sub-index show low scores except
for Riga region. According to this study the higher social capital sub-index is also located in Riga region.

Fig. 3(d) shows CDRII for physical sub-capital index scores. Physical capital sub-index score is providing an
important part on overall the overall CDRII final score of both Riga and Around Riga regions. Average sub-index
scores for Kurzeme and Vidzeme and low score for Zemgale and Latgale are also observed.

As mentioned in section 3 the human capital is difficult to be estimated due to a complicated research required for
the selection of a consistent and reliable set of indicators. Nevertheless, based on the assumed indicator results show
(according to Fig. 3(e)) low human capital sub-index scores observed for Zemgale and Latgale regions. Exept the
region around Riga, this fits with the score depicted for physical capital sub-index (Fig. 3(d)), in fact providing a
confirmation about the strong connection among physical and human capital (as shown and commented in Fig. 2).

The environmental capital sub-index score illustrated in Fig. 3(f) presents different trends in respect to the previous
sub-index score patterns observed for other capitals. In fact, this is mainly due to the lower amount of natural resources
that can be mobilized in urbanized regions (i.e. Riga and Around Riga regions). A low score is also for Zemgale
region, an average for Kurzeme region while high sub-index scores are observed in regions of Vidzmeme and Latgale.
This is mainly due to the large forest area (including national parks and natural reserves), farm land, lake surface,
protected mammal species and biological farming characterisristic of Vidzmeme and Latgale regions and included in
the set of the sub-indicators for the environmental capital score.

For the construct validation of the CDRI1 the SVI [24] was used together with damage cost due to floods according
to the figures obtained by the Latvian Civil Defence department [25] with reference to the year 2013.

Within the regression analysis made by the Statgraphics software, CDRI1 and SVI were considered the independent
variables while damage cost is the dependent one. The results from the equation of the best -fitting model are reported
in formula below:

Damage cost =—-38774.3+583052e SV1—-410245¢ CDRI1 4)

Model Eq. (4) shows a relation of variables, where for any increase in CDRI1 there is an important decrease in
total damage costs, as well as there is confirmation that for a higher SVI (thus higher vulnerability) there is an increase
of the damage costs. The adjusted R? statistic is 62.312 %. Since the P-value is greater than 0.05 there is evidence of
a not statistically significant relationship between the variables at the 95.0 % or higher confidence level.

The outcomes of this study represent a promising valuable tool to provide information to planners, emergency
managers, and infrastructure managers on how and where to potentially implement measures for enhancing resilience.
Nevertheless, further research must be conducted to better evaluate potential feedback effects among the considered
set of indicators as well as conducting a further in-depth validation of the measures provided.
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Abstract

The effects of disasters on communities is a critical issue to be considered in terms of growing exposure of infrastructures to natural
hazards. The significant role of the infrastructure systems — and thus their interconnections — is a key for the current urbanization
development expected to increase within the next years. Thus, the role of infrastructures should guarantee the support of urban life
standards to guarantee public welfare. This aim can only be designed with an enhanced level of infrastructural resilience within the
field of crisis management.

The concept of infrastructure resilience is normally linked with the ability to cope with severe disruptions, guaranteeing a minimal
level of a specific function of infrastructure itself. This framework provides a useful tool to enable stakeholders to effectively assess
resilience strategies that are a key factor for building a resilient infrastructures. Considering this, the aim of this research is to
present a resilience evaluation tool addressed to evaluate potential scenarios for enhancing the resilience of a specific infrastructure
network and to further identify the most sensitivite assets of that critical infrastructure network.

The case of a real system was examined by the application of probabilistic methods applied to infrastructure network to generate
statistical data for the calculation of the district heating (DH) pipeline network resilience of a municipality in Latvia. The study
clarifies how resilient the district heating system is to a specific hazard and what could be the effect of specific investment scenarios
aimed to enhance resilience. It will also identifies the most resilient assets of the DH network system and thus determine the main
features of a DH systems that are important to ensure overall infrastructure resilience.
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1. Introduction

Safe environment is a necessity for community development and critical infrastructure is vital for sustaining the
21st century community as they support most human needs. Critical infrastructure is usually considered as energy,
water/sewage, telecommunication, transportation infrastructures [1-3]. Failure of any type of critical infrastructure
can result in a cascade of failures in other infrastructures [4]. Unfortunately, with a growing population, urbanization,
resource consumption, waste production and pollution, we keep on creating potential risks to natural and manmade
disasters [5].

On this matter, the Sendai framework for disaster risk reduction 2015-2030 [6] was developed by United Nations
Office for Disaster Risk Reduction and adopted in Third UN World Conference to fight disaster risks world-wide. It
defines global targets like the reduction of disaster risk as an expected outcome; the goals are focused on preventing
new risks, reducing existing risks, strengthening resilience, in an all-of-society and all-of-State institutions
engagement. The Sendai framework introduces the goals, but solutions still must be developed step by step as the 21st
century unfolds, an increasing majority of the world's population will live in cities. By 2050, the UN expects 80 % of
the world's population to live in urban areas. Half of these are in small- and medium-sized cities [7].

There is an underlying assumption that resilient cities are far less vulnerable to hazards and disasters than less resilient
places. But for this assumption to be validated and useful, knowledge of how resilience is determined, measured,
enhanced, maintained, and reduced is vital. Specifically, it is not obvious what leads to resilience within coupled human-
environment systems or what variables should be utilised to measure it. Several studies have attempted to highlight the
fundamental aspects of resilience [8, 9], but because of the multi-dimensional and cross-disciplinary nature of resilience,
a broad model of resilience has yet to be empirically tested at the community or city level [10, 11].

Human wellbeing in cities relies on a complex web of interconnected institutions, infrastructure and information.
People are drawn to cities as centres of economic activity, opportunity and innovation. But cities are also places where
disruptive events such as a disaster may result in social breakdown, physical collapse or economic deprivation. In the
next decades, the major driver of the increasing damages and losses from disasters will be the growth of people and
assets in harm's way, especially in urban areas [12].

Information about a city’s susceptibility to disruption from hazards that is based on the status of a city’s institutions,
economy, and physical and social structures is already a topical issue [13]. Comparable information on cities is
particularly useful, as it gives characteristics of urban development and provides confidence for policy directions that
lead to better resilience [14]. This information is useful to many stakeholders, from residents and planners to national
governments and international agencies.

Nevertheless, the term resilience is still indistinct as there is little regarding what it means to society, what factors are
describing it and how cities might achieve greater resilience to increasing threats from natural and human induced hazards.

Findings suggest that different resilience systems have been developed of which some have been applied in real
life, none of those are applicable on a regional or global scale as they are developed considering only a specific case
[15-17]. A major challenge is the creation of a joint model for cities that implies identification of the metrics that can
support policy action on a global scale and to develop action-relevant metrics that can be applied to hazards in cities
with radically different geographical, infrastructural, economic, social, political and cultural characteristics.

The concept of infrastructure resilience is usually linked to an ability to maintain the functionality of the network
through shocks and disruptions [18]. Some studies have introduced metrics for evaluation of the networked
infrastructure resilience [19, 20]. In research of Leon F. G. Alanis et al. [21] a probabilistic method is carried out
to evaluate the resilience of a water distribution network that is considered a critical part of infrastructure. According
to Leon F. G. Alanis this method can be used for other types of networked infrastructure, like energy infrastructure.
However, that study does not take into account customer based solutions for building resilience in disaster
mitigation and preparedness phase [22], as for example of energy infrastructure, those would be energy efficiency
measures [23, 24].

This study applies the Gay Alanis methodology to investigate a district heating (DH) system in a municipality in
Latvia (i.e. Ludza). With the application of this method, the performance of the DH system can be determined under
a specific damage and recovery time with respect to a well-functioning state. This information is a valuable tool for
investors to find the solutions that will improve resilience of an infrastructure.
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2. Methodology

According to findings in literature, probabilistic method is applied for a district heating network. For this study,
extreme cold temperatures are considered as a hazard.
The probabilistic method used within this study involves several steps of implication:

Definition of network asset that are used further for calculation of possible failures in time of hazard;

Ranking the assets according to parameters that are notable to understand the asset performance in time of hazard,
Assigning failure probabilities to assets per rank;

Generating network failure matrix;

Evaluating resilience of district heating network;

Varying the variables used in resilience evaluation to find a more resilient state of system.

For this study, only the DH system distribution network of pipelines is considered as assets. To determine asset
failure probability, a simplified analytical ranking system is proposed and described hereafter: pipelines are ranked in
five categories that are considered most notable to describe character of a pipeline (Table 1) in the network. Higher
rank means a less probability for this pipeline to fail. The description of pipeline systems is observed from DH network
map and data gained from the municipality.

Table 1. Ranking of assets.

Category Ranking

Type of pipeline Major pipeline rank is 5, Minor pipeline rank is /

Asset locations are divided in five ranks according to specific distance. Assets group close to boiler house

Distance from boiler house rank 5, further 4, 3, 2 and so on to farthest asset rank /

Lengths of pipelines are divided in five ranks. Shortest assets rank 5, longer 4, then 3, 2 and so on to longest

Length of pipeline asset rank ]

Number of nodes for pipelines are divided in five specific ranks. Assets with most count of nodes are ranked

Nodes .
as /, less nodes 2, then 3, 4 and so on to asset rank 5 with smallest count of nodes

Inner diameters of pipelines have five specific ranks. Assets with largest diameter rank 5, smaller 4, then 3,

Diameter of pipeli . .
tameter of pipeline 2 and so on to asset rank / with smallest diameter

Rank distribution is explained in the way that major pipelines are considered more protected and supervised,
pipelines close to the boiler house will be considered less likely to fail as they are better supervised; short pipelines
have less space to be affected; more nodes are considered as more vulnerable because higher numbers of them have
more probability to fail than small numbers; pipelines with a larger diameter will be more robust to low outside air
temperatures.

These ranks (N) are summed up to evaluate a total score (S):

S=>N, (1)
i=1
where
S score;
Ni rank of asset for category;
i category.

Probabilities of failures are considered in five groups (Table 2) from high score with 20 % failure probability to
low score with 1 % of failure probability. These kinds of ranking and probabilities are assessed from literature and
considered for this specific case with the help of experts and civil engineer specialists.
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Table 2. Asset probabilities of failure.

Score (S) Probability of failure ~ Asset group
§<5 20 % 1
5<8<10 15% 2
10<8S<15 10 % 3
15<85<20 5% 4
20<S 1% 5

Probability of failure are assigned to asset in specific group (Table 2) with biased sampling method of Wallenius’
probability distribution as suggested in literature [19]. This simplifies univariate problem in a sampling process. From
the gathered data, a matrix is generated to simulate possible scenarios for asset damage with assigned failure probability:

Sll SlZ Sln (2)
M=S, S, S,
Skl Sk2 Skn
where
M matrix;
Sk scenario;
S asset.

Within the matrix, a number of scenarios are generated (Sx) with asset (S,) failures. This matrix is made using
software and it assigns failures to assets randomly, with no intervention from the designer of the matrix. This way
random scenarios are generated with total count of 1000 for this study. The output of the scenario matrix consists of
failed assets, assets out of order and working assets. Assets out of order are considered as the assets that do not function
in the network because of connection to the failed assets and the failed assets

The scenario of asset failures is considered resilient for this study when the number of failed assets does not exceed
the limits of critical functioning level and the system recovers to a normal functioning state in reasonable time so that
consumers are not exposed to extreme cold temperatures. The critical level of DH network functioning is considered
as the state when the recovery to normal functioning state is not possible in a reasonably short time to avoid heat losses
and negative side-effects on consumers, that can be being exposed to extreme cold temperatures. According to the
proposed method, this occurs when the ratio of assets out of order is so high that critical level of functioning is
exceeded, the network is brought out of resilience limits.

The concept of methodology gives a representation of probabilistic resilience level of a given networked
infrastructure. Results of this method are given with implication of three dimensions that describe a resilient system:
the ratio of assets out of order, recovery time and recovery costs, for this reason the output of this simulation is
illustrated in a graph within these dimensions. Information on values of critical limits of these variables is gained from
experts in the field and approximate estimations.

The ratio of assets out of order is also considered as resistance of networked infrastructure to a given natural hazard.

Different types of recovery time function can be applied in this method: linear, exponential, and trigonometric.
This way a more complete calculation of resilience can be assessed, but in this case also more precise information is
needed on resources and locations. For this case study, the recovery time function is linear as there was no information
on previous recovery rates of failures in this DH network.

Probabilistic resilience is calculated as a ratio of scenarios that are in the range of available recovery costs and
recovery time to overall number of scenarios simulated and the outcome is given as a percentage:

S
R=2a (3)
Sﬂ
where
R calculated resilience, %;
Se number of scenarios in the resilience limits;

Sp total number of scenarios.
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This method provides insight of system abilities to react and cope with a certain hazard, in this case it is extreme
cold temperatures. Further this method is important to bring out the possibilities of improving systems resilience. This
is done by varying the investment thus affecting recovery cost and recovery time. To improve low level of resilience
higher investment should be considered for measures like attracting more specialists and technologies that will help
to locate failure and deal with it. It is considered that this way recovery time will be cut. For this research it is
considered that raising investment two times will also reduce the recovery time two times. This is an approximate
calculation that will help to observe the possible benefits of investment in recovery of network.

3. Case study

For this study, the methodology proposed is applied to a case study on a district heating network of Ludza
municipality that has went through several technical improvements in the past [25]. It is a city with a population of
8,700 thousand, located in the eastern part of Latvia, the region of Latgale. Ludza is in the continental part of Latvia
and thus extreme temperatures are more likely to occur here. For this reason, DH system is crucial for resilience of
community and infrastructure.

According to mapping of DH distribution, some buildings have minor pipelines connected directly to major
pipeline, and others are linked to minor pipelines through secondary nodes. The total number of the assets for this
study is 121. Recovery costs and recovery time are bound to the number of failed assets. Table 3 shows the recovery
cost and recovery time used in this study for different cases of damaged pipes with consultancy of engineering experts
in the field. Suggested recovery time for one asset in normal conditions would take 1-2 days. Three parts of the
recovery process are considered: 1) identifying and 2) locating the damage 3) repair of the ripped pipe within damage
range. Within the repair part three phases were reported by experts: i) digging up the area in approximately 3-meter
range around the major pipeline, ii) repair works, iii) backfilling the area. Hence in this case study recovery time for
a failure of major pipeline in extreme situation is considered to be no longer 1 day as there is threat of reaching critical
functioning level of the system. For 10-meter damage of major pipeline 2 days of recovery time are assumed as there
must be more work done on excavation and repairing per the size of damage.

For a minor pipeline the part of recovery process of locating the damage (part 2) is very specific for each damage
case and sometimes would take more time than for a major pipeline. And on the opposite, repair work phases can take
more time for major pipeline than for minor pipeline. Damage of 10-meters would be located faster than damage of
I-meter, but the recovery of 10-meter damage takes longer time. For minor pipeline recovery, the length of damage
of the pipeline does not affect the recovery time to extent as for major pipeline. Thus, the recovery time of minor
pipeline is taken into account as 2 days for all lengths of damage (Table 3).

Table 3. Pipeline recovery costs and recovery time.

Length of damage for Major pipeline recovery Major pipeline recovery ~ Minor pipeline recovery ~ Minor pipeline recovery
pipelines, meters cost, EUR time, days cost, EUR time, days

1 2000 1 1500 2

5 10000 1.5 7500 2

10 20000 2 15000 2

The recovery cost calculations are assumed in the way that if the failed asset number grows, the specific recovery
time of disruption scenario will gradually decline, as the repair work will go on bigger scale with and attract more
recovery work specialists. For this research the recovery time function was considered in a way that for number 10
asset disruption the recovery time would decline by a certain level. For 10 asset disruption the recovery decline was
considered two times bigger and for 20 asset disruption — three times.

For this study, the critical recovery limit is considered 6 days from occurrence of failure in the district heating, as
in this period it is possible to partly sustain processes in community in severe winter conditions without centralized
district heating in case when the residents have followed best energy efficiency measures (thermal isolation,
ventilation) up to best standards to avoid heat loss from the building. This means a scenario that takes to recover in
more than 6 days is below critical functioning level and is considered non-resilient.

Recovery cost limit is the amount of available financial resources that can be used to recover to normal functioning
level of heating network in 6 days’ period. It is considered that investment in terms of increase of available financial
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resources for recovery will lead to faster recovery thus scenarios with more assets failed will be in resilience
boundaries. This way overall resilience of network should also increase.

If the extreme cold temperature occurs long enough and heat supply is not restored, there is a risk that water will
freeze within these pipelines. Thus, pipes that are from metal can be torn apart by expansion of density when water
crystalizes. For this reason, the effect of investment in faster recovery is introduced in this study and calculation of
case with double financial investment in recovery measures is made.

4. Results and Conclusions

Based on the number of the disruptive scenarios, the statistical scenario distribution per failures assigned to scenario
matrix M can be defined. From the random scenario generated with the excel tool it is shown that most have 5 failed
assets. This case occurs in 170 scenarios of the total 1000 scenarios. Similarly, scenarios with 4 and 6 assets failed are
observed in 166 and 169 scenarios. The scenario with the largest number of assets to fail is 13, which is observed only
in four scenarios.

In the output of the matrix, it is possible to observe that scenarios with the same number of failed assets have
different effect on network performance. This means that scenarios with failed assets have different number of assets
out of order. The higher the ratio of assets out of order, then the network is closer to critical functioning level. This
also corresponds to findings in literature and confirms validity of output given by the excel tool.

Cases when network is completely out of order only 4 to 8§ assets are failed. This is since major pipeline failure in
the start of DH network at the boiler house is the ‘trigger point’ to bring down the functioning of entire network. This
is also a place where the failure is easy to locate. Thus this asset is an important part of the network and attention must
be paid on supervising it.

Considering outputted information gained from scenarios the probabilistic resilience for a three-dimensional graph
is made with “Ratio of assets out of order”, “Recovery time” and “Recovery costs” to understand the differences
between scenarios and determine the resilience. The output consists of 1000 scenarios that are simulated regarding
worst case when all damaged assets recovery is related to 10 m asset.

Regarding the matrix output data distribution in three-dimensional graph, most of the scenarios (90 %) that
represent specific disruptive scenarios are not over the ratio 0.69 of assets out of order and total number of assets and
more scenarios are distributed in the zone with lower ratio. This zone is defined in literature as high probability low
consequence zone, thus, results gained by excel tool are considered reliable and are taken to evaluate probabilistic
resilience of DH network of Ludza municipality.

The results show that most of the scenarios are not in the limit of the critical recovery time of 6 days. Total
scenarios are obtained in recovery time resilience limits. 73 of these scenarios are also not over 30 000 Euro recovery
costs. According to the results the probabilistic resilience of the Ludza DH network is considered 7.3 %.

Further results of double investment in recovery showed that scenarios that enter the limit of 6 days and with costs
under 30 000 euros are minority, as most of scenarios are located over this limit. Within limit of 60 000 euro recovery
costs there are more output scenarios. When investment is doubled, total of 313 scenarios are within the limit of 6
days, so for this case probabilistic resilience can be considered 31.3 %.

To sum it all up, in this case study investigation of Latvian municipality district heating network was performed.
Case study contains significant information for stakeholders, pointing out importance of investment in recovery of
infrastructure. It showed that investment in recovery of DH network improves the resilience. However, consideration
according to results conclude that network with several heating sources (boiler houses) resulting as more major
pipelines routes theoretically would continue to provide the heat supply when one major pipeline is out of order if
network is equipped with the right technology to switch off certain parts of the network. In other means the
diversification of heat supply should be considered for building more resilient infrastructure network.
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Abstract

Considering the recent happenings in the energy market of Latvia, future strategies for natural gas market and infrastructure
remain unclear. For policy planners and gas market stakeholders it is crucial to deal with this uncertainty and aim for exploitation
of existing natural gas infrastructure. In this case a model that allows to explore opportunities for renewable energy applications
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regimes, processes performed by transmission system operator for transmission system balancing based on natural gas flows.
Model has potential to be used as a tool in energy policy planning processes for evaluation of different RES strategies and natural
and technogenic risks of gas supply disruption. For this purpose, model must be upgraded with aspects that show gas market
dynamics.
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1. Introduction

Energy sector is changing under the strives for efficient and clean energy production to achieve carbon emission
reduction. Studies refer to power-to-gas and gas-to-power technologies to have a major role in transition to more
flexible and resilient energy systems [1, 2] and contribute to environmental impact reduction in terms of CO,
decreasing [3, 4]. This also means that new perspectives for natural gas infrastructure use arise with the need of an
in-depth analysis. As power-to-gas technologies give opportunity to use gas infrastructure in combination with
renewable energy sources (RES) [5], Blanco et al. [6] suggests that models must be created for case studies to
evaluate the performance of entire gas supply system together with different renewable energy technologies.

Zoss et al. [7] in their study reported that in existing power-to-gas technologies can be used to produce and store
22.6 TWh of gas in existing natural gas storage in Latvia creating a model for the evaluation of power grid
balancing options with power-to-gas system [8]. According to model of Blumberga et al. [9], the potential of natural
gas use for electricity production in Latvia will diminish form 35 % in 2020 to 11 % in 2050 and wind energy can
potentially become dominant in the Baltic region. This addresses the changes that natural gas infrastructure must
undergo after 2020 to be used together with different renewable energy technologies.

The scientific literature analyzed on system dynamics models for Latvia left specific aspects of the natural gas
infrastructure like transmission system capacities and working regimes outside the proposed models. In fact, these
are important aspects for defining the future role of existing natural gas infrastructure in combination with
renewable energy technologies. Moreover, another important the aspect of security of energy supply was also not
fully explored in SD models for Latvia.

To undertake the development of future energy infrastructure and avoid not profitable investments, the approach
of resilient energy infrastructure development must be analyzed in areas that are subject to investment decisions.
This underlines the need for a modelling tool that allows to plan the application of natural gas infrastructure for
supply of renewable gas and at the same time gives support for policy planning as for energy systems as for one
whole system towards resilient energy sector in Latvia.

System dynamics (SD) modelling can be considered a valuable approach for an in-depth assessment of a complex
system [10,11]. For this reason, the first step is oriented towards the creation of a SD model, which further can be
used in energy policy planning in order to evaluate the resilience and flexibility of the Latvian natural gas system
and how the implementation of a higher use of RES can bring beneficial effects. Specifically, in this study the
structure of a SD model, which includes technical aspects of natural gas infrastructure and that can be used for the
assessment of security of energy supply is proposed for the natural gas infrastructure with existing underground
storage facility in Latvia [12]. The hypothesis of this study considers that it is possible to create SD model based on
information in novel literature about existing models, historical data on natural gas flows and infrastructure available
in number of sources and the statistical analysis.

2. Literature review on simulation models for natural gas infrastructure

Different methods from a literature review analysis can be used to create models of natural gas infrastructure
depending on the targets of research, which are either gas demand/consumption forecasting or simulation of gas
supply. Recent trends have also shown that advanced models that can provide information on several aspects of gas
market and infrastructure are becoming more actual.

2.1. Models for gas demand forecasting and simulation of gas supply

Findings in literature suggest that models for daily gas demand forecasts involving the distribution system and
yearly gas demand for the transmission systems (TS) are using regression analysis of historical data [13—16]. A case
study evaluating the consistence of static or adaptive models for short-term residential natural gas forecasting in
Croatia [17] concluded that non-linear regression provides a most suitable approach when dealing with adaptive
models such as the case of natural gas infrastructure.

Grey System theory [18] models are often mentioned in novel literature and can be used instead of a regressive
analysis based on stochastic simulation of gas demand forecasting [19, 20]. The combinations of Grey models with
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other modelling methods like Bernoulli differential equations [21], Bayesian probabilities [22] and Neural networks
[23, 24] give promising results for forecasts of natural gas demand. Fagiani et al. [25] studied different Neural
network techniques and concluded that they have different performance with a different time resolution.

Recently, even more advanced self-adapting intelligent models to forecast natural gas demand were reported
[26, 27]. Karadede et al. [28] presented a natural gas demand forecasting model based on breeder hybrid algorithm
(BHA) that includes breeder genetic algorithm, which is inspired by natural selection, and simulated annealing
algorithm. According to BHA the model continuously provides updated best solution for gas demand forecasting
model based on gross national product, population and the growth rate.

Models for simulation of a gas supply are mainly based on thermo-fluid dynamics principles to describe natural
gas quality distribution for pipeline systems [29, 30]. Such models are physics-based considering technological and
physical properties as main data input for the modelling phase (i.e. pressure, density and mass of gas components,
pipeline surface roughness, frictions factor). There is a belief that physics-based models cannot be used for a big
scale, for example, country-wide models, as not all the physical processes in TS have been studied on long distances
[31]. However, models to forecast gas velocity, pressure and temperature on long distances in TS have been reported
[32, 33].

2.2. Advanced models for gas market and infrastructure

Models for demand forecast and simulation of supply mentioned above can be used to forecast future work
regimes for the system operator, but they do not provide enough information for policy planning of energy sector.
The problem in this case often is that existing models are used separately as they capture only one aspect concerning
the energy sector. Several specified models have been reported to determine the effects of price fluctuations on
demand [34-39], assess the potential of disruption of supply [40] and the economic consequences [41], but only few
studies mention about a possible expansion or combination of models to provide a holistic and consistent
information about energy policy planning. For example, model utilizing mixed integer linear programming
approach, like mentioned by Wang et al. [42] and Mikolaikova et al. [43], can be easily reformulated to provide the
needed information on primary energy use, carbon emissions and environmental impact. As a good example of
a model that provides aggregate information, model NANGAM can be mentioned for the context of North America
[44]. Model includes capacity expansion criteria for suppliers, storage and TS, and allows to change scenarios for
imports and local production and considers the costs for these scenarios.

Combining several energy planning programs [45] or merging modelling techniques is mentioned in
literature [46]. Erdener et al. [47] in his study provided a list of approaches — Agent-based, Economic theory,
Topological network-based, Functional network-based and Empirical modelling — and categorized by their scope:
Economic, Technical and Security perspective. As a result, he presented a fine integrated simulation model that
possibly served as a base for development of SAInt [48], which is an advanced model created to analyze the
interdependence and cascading failures between the natural gas and electric power system with integrated renewable
energy sources. The available data for Latvia in this tool is limited to major gas-fired CHP plants, leaving out many
small-scale power plants distributed across the country outside of scope the model. SAlnt is an important tool that
can help energy policy planning on EU level, however, national energy policy planning in long term requires more
detailed information.

SD models already exist for several aspects of the Latvian energy sector including energy efficiency
planning [49, 50], RES support policies [11, 51], development of 4" generation district heating [52] and overall
development of energy sector [53]. Nevertheless, at the moment energy transmission aspects were not deeply
investigated within the structure of the proposed SD models.

Based on this background information, the aim of this study is to create a SD structure for a model considering
the natural gas infrastructure technical characteristics, the dynamics changes of natural gas flows and storage
regimes. Such SD model potentially can be merged together with existing SD models for Latvia to assess the
development of energy sector with help of renewable gas supply through existing natural gas infrastructure. To
provide a more information for policy planners, the structure of the proposed SD model can incorporate the risks of
disruption of gas supply through natural gas infrastructure.
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3. Methodology
The methodology adopted for this study consists of several parts described below, which can be summarized as:

e Historical data collection on gas flows, storage, TS capacities, gas supplies in Latvia for creation of SD model;
e Statistical analysis of historical data to identify internal variables for equations in SD model,;
e Explanation of SD model with casual loop diagram.

3.1. Historical data collection

The data for natural gas flows into and out of the country are gathered from the International Energy Agency gas
trade flow database for Europe [54] from January 2010 to December 2017. Data for natural gas consumption per
month for the Latvian condition was obtained from Central Statistics Bureau [55] for the same period. Other
information, including the data about the flows per month into and out of gas storage facility (SF) for year 2010,
transmission pipeline volume and maximal technical pressure is collected from TS operator reports.

3.2. Statistical analysis of historical data

Statistical analysis of gas flows in and out of the SF is performed to define the relationship of variables describing
gas injection from TS into SF and gas injection from SF into TS in relation to gas main flows in Latvia. The analysis
consists of:

e Assessing the correlations of gas flows and injection processes to find the relationships of between gas flows;
e Regression analysis to explain missing data on the relationships between variables for SD model.

Pearson product-moment correlation [56] are assessed between all the gas flows distinguished in data collection
part, namely:

Gas injection from TS into SF;
Gas injection from SF into TS;
Gas flow into the country;
Domestic gas supply;

Gas flow out of the country.

To include the gas injection from TS into SF and from SF into TS as variables in the SD model, an equation is
obtained with regression analysis for description of gas injection processes. Data sets for regression analysis are
chosen based on the results of correlations to avoid unnecessary analysis of all the possible equations that can be
formed from the given set of data. Specifically, historical data on gas injection is subjected different regression
analysis (linear regression, multi-variable regression, polynomial regression) in statistics software as dependent
variables to determine which type of equation is the best to describe the injection processes into and out of the SF.
This is determined by comparing which equation from different regression analysis output has the P-value of
variables lower than 0.5 and the highest R squared.

3.3. Model construction

In general, natural gas infrastructure is a complex system, which works in specific regimes that are determined by
technical aspects of gas infrastructure regarding the gas flows, transmission system capacities, amount of gas in the
storage, and social aspects, like demand and consumption, that are directly influenced by energy policies. It is difficult
to capture a set of variety of these aspects in one tool or method. To deal with this SD modelling is introduced.

SD modelling aims to analyze systems behavior and its structure together, by distinguishing flows that can
accumulate in stocks, in this way creating the dynamic effect [57]. Flows in SD model can be distinguished as
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material values, in this case gas, and non-material values, for example, effects of support policy. This study,
however, does not present social effects in SD at this development stage of the model. Also, the thermo-dynamic
effects of changes in gas flow directions occurring in the pipelines due to different gas velocity and composition
were not studied, as physics-based software tools for thermo-dynamics process modelling are more suitable for this
purpose then SD modelling. However, equation that defines the amount of gas injected from SF into TS describes
the isochoric process, which occurs in SF.

Model includes fuzzy-logic, which is set to compare different variables in model and switch the regimes of gas
flows, in this way imitating the balancing process performed by TS operator. In fact, the process of regime switch of
gas flows in TS is representing the feedback loops in SD model that are causing the dynamic effect.

4. Results
4.1. Results of statistical analysis of historical data
The Pearson’s correlation coefficients of gas injection from TS into SF and from SF into TS with data on gas

flows in Table 1 show the level of relation between the selected set of data. P-values of all correlations are below
0.05 and indicate statistically significant non-zero correlations.

Table 1. Correlation coefficients of gas injection from TS into SF and from SF into TS with data on gas flows.

Simulation period Gas flow into  Domestic gas Gas flow out of Gas injection
the country supply the country from TS into SF

Domestic gas supply —0.84419

Gas flow out of the country —0.74842 0.92578

Gas injection from TS into S 0.96410 —0.76108 —0.65546

Gas injection from SF into TS~ —0.84269 0.97030 0.97488 —0.73289

According to the interpretation of Pearson correlation coefficient standards, there is very high positive correlation
for gas injection from TS into SF with gas flow into the country; for domestic gas supply with gas flow out of the
country; for gas injection from SF into TS with domestic gas supply and gas flow out of the country. This can be
interpreted as following:

e Gas injection from TS into SF is performed according to the gas flow into the country;
e QGas injection from SF into TS is performed according to domestic gas supply and gas flow out of the country.

Other correlations coefficients underline these relations, for example, the high negative correlation coefficient of
gas flow into the country and gas injection from SF into TS can be explained by fact that when there is large amount
of gas flowing into the country, there is no need to supply the gas from the SF. Moreover, gas injection from TS into
SF and gas injection from SF into TS cannot be performed at the same time by the existing technology in this TS.

From the correlations presented in Table 1 a set of variables with very high correlation is chosen to define the gas
injection from TS into SF and gas injection from SF into TS as independent variables for regressions analysis.
The highest P-value of variables (not including the intercept) and for highest order term and coefficient of
determination R squared for performed linear regression, multi-variable regression, polynomial regression with
different variables are shown in Table 2.
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Table 2. Summary of different regression assessed for gas injection from TS into SF and gas injection from SF into TS.

Dependent Form of regression P-value onthe R squared Independent variables considered
variable highest order - :
term/ variable Gas flow into Domestic gas  Gas flow out
the country supply of the country
Gas injection from  Linear P<0.05 0.85839 Yes No No
TS into SF . .
Multi-variable P >0.05 0.93920 Yes Yes No
2™ order polynomial P <0.05 0.98131 Yes No No
3" order polynomial P <0.05 0.99037 Yes No No
4™ order polynomial P >0.05 0.99108 Yes No No
Gas injection from  Linear P<0.05 0.95039 No No Yes
SF into TS | .
2" order polynomial P >0.05 0.96229 No No Yes
Linear P<0.05 0.94139 No Yes No
2™ order polynomial P >0.05 0.96100 No Yes No
Multi-variable P <0.05 0.98248 No Yes Yes

According to R squared and P-value of highest order term, gas injection from TS into SF can be described best by
polynomial Eq. (1), with R squared of 0.99037.

a=2.10148 —0.7307 - u+0.00611877 -,u2 —0.0000058443 5 - y3 )
where
o gas injection from TS into SF;
i gas flow into the country.

Gas injection from SF into TS is mainly dependent on gas demand and outflow and is described best by
multi-variable Eq. (2) with R squared of 0.98248 and P-value of variables lower than 0.05. Eq. (1) and Eq. (2) are
used as variables in the SD model presented below.

£ =1.09924 -y +1.24246 - p — 74.8471 2)
where
B gas injection from SF into TS;
Y domestic gas supply;
p gas flow out of the country.

4.2. Construct of the SD model

The relationship of different aspects of natural gas transmission system and storage facility in Latvia is shown in
Fig. 1 in casual loop diagram. The casual loop diagram consists mainly of positive reinforcing loop 1 (i.e. R1),
negative reinforcing loop (i.e. R2), and three balancing loops (i.e. B1, B2, B3). Loop R1 ensures that more gas can
flow into the country through gas injection from TS into SF and out of the country through gas injection from SF
back into TS under influence of domestic gas demand and gas demand in neighbor countries. Balancing loos ensure
that reinforcing loops are balanced.
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Gas demand in Gas injection
nelghbour countries (B1) into TS +
Gas flow out of
(B2) the country
(R1) Gas in SF
Domestic gas Gasin TS
demand

Domestlc gas + O injection

into SF
supply

Gas flow into (B3)
the country

Fig. 1. Casual loop diagram for SD model of natural gas transmission system with storage facility in Latvia.
5. Conclusions

Natural gas infrastructure in Latvia can have an important role in RES implementation in the future. Assessing
the insights of natural gas infrastructure exploitation to determine the possible implication of it together with the
renewable gas can be desirable for many stakeholders. The results of statistical analysis performed are reliable and
casual loop diagram explains the construct of the model appropriately. The hypothesis of the study is proved and the
SD model presented in this study can be used for research of technological and social aspects for energy policy
planning. Potential combinations of existing SD models for Latvia with the model presented in this study must be
evaluated for extended studies on energy sector of Latvia. Based on available information for input and the
necessary information in the output, different types of simulations can be performed. Model can be used to
determine the effects of changes of gas flow into the country on the amount of gas in the storage in different
seasons, or the effects of the gas amount in the storage on gas from out of the country and domestic supply.
Moreover, the possible effects renewable gas injection into natural gas grid on storage regimes can be assessed and
evaluated. The next task is to perform validation of this model. Also, regarding the findings from novel literature
about self-adapting intelligent models, incorporation of such algorithm should be considered in the next
development stage of this model.
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Abstract

Implementation of renewable energy sources while ensuring security of energy supply is a pressing issue in energy
policy planning. Findings in literature suggest that biomethane and power-to-gas applications together with natural
gas systems can have great benefits in terms of carbon emission reduction, contribution to local economies and
circular economy and important impact to the phasing of fossil fuel-based energy systems. Moreover, according to
theoretical background the diversification of supplies in natural gas system will enhance the infrastructural system
resilience and contribute to the security of energy supplies. In this light the study presents a system dynamic model
for biomethane and power-to-gas application in natural gas system in Latvia with the existing underground storage
facility. The natural gas infrastructure technical characteristics, natural gas flow and storage regime dependence on
the seasonal gas demand are considered in the model. The model presented in this study can help policy planners to
determine the necessary steps for implementation of RES support policy in Latvia to reach goals of EU low carbon
economy. This system dynamic model has a potential to be used for energy policy planning together with other
system dynamic models developed within the context of Latvia to cover a range of issues in energy sector.
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1. Introduction
1.1. Biomethane and power-to-gas application with natural gas systems

Natural gas has a high share in final energy consumption in European Union (EU) and most of the gas is
imported, and is estimated to reach 85 % by 2030 [1]. This stresses the security of energy supply [2] in light of EU
low carbon economy goals [3][4]. As to deal with this, findings in novel literature suggest that biomethane can be
used as a substitute of natural gas and contribute to achievement of the EU low carbon economy goals [5]. In
specific, life-cycle analysis of biomethane shows greenhouse gas (GHG) emission reduction of 85 % compared with
natural gas [6] and according to the estimations of Koornneef et.al. [7] the global biomethane technology
deployment in combination with carbon capture and storage would remove up to 3.5 Gt CO»-eq of GHG emissions
from the atmosphere by 2050 and additionally save 8 Gt CO»-eq if biomethane is used to substitute natural gas. In
addition, the use of biomethane contributes to the development of circular economy by recovering wide range of
waste [8].

Other findings in novel literature suggest that power-to-gas technologies will play an important role in future
energy systems [9],[10] to maximize the use of renewable energy sources (RES) like wind and solar, while ensuring
the reduction of the environmental impact with carbon capture and storage [11]. Power-to-gas technologies give
opportunity to use natural gas infrastructure in combination with renewable energy sources [12], reduce the natural
gas consumption, emissions [13] and overall cost for combined electricity and natural gas systems [14].

Case studies about biomethane and power-to-gas application potential effects on national energy market of Latvia
has not been studied enough. Results from the study for other EU countries show that one third of annual GHG
emission can be avoided in UK and 15 % in Germany till 2030 [15]. Estimations of Fubara et.al. [16] show that even
more significant results can be achieved in UK. Up to 72 % of natural gas can be substituted and reduction of GHG
emissions up to 84 9% can be achieved with help of different technological, economic and environmental
mechanisms. Results of Thema et.al. [17] study showed that application of power-to-gas in long-term leads to cost
savings of up to EUR 19 billion in Germany. The case study on potential utilization of CO, sources with help of
power-to-gas in Ireland showed that there is a potential to produce approximately 396 GWh of methane [18].

In terms of security of energy supply the use of biomethane ensures diversification of bioenergy sector, which
allows to promote bioenergy on local and national level: biogas and biomass usually is used on local level, but
biomethane injected into natural gas transmission system can contribute to renewable energy production anywhere
[19]. The use of biomethane can ensure flexibility for electricity by allowing flexible power generation in a RES-
based electricity sector and balancing energy production among cogeneration and storage in the gas grid [20]. For
heating sector, the use of biomethane can ensure cross-sectoral integration with renewables-based heating grids.
Similar benefits are reported in literature for power-to-gas technology application [21]. However, high penetration
of renewables would put more stress on the gas transmission system to respond quickly to changes in power-to-gas
production and the gas demand [22], therefore measures to reduce security risks would be required [23].

These findings in literature give perspective for natural gas infrastructure in Latvia regarding the EU low carbon
economy goals, however, security of energy supply in such energy systems must be studied more in-depth to ensure
prompt and consistent national energy strategy. Studies suggest that incorporating the concept of resilience can be
useful to describe the trade-off and regime shifts in energy systems [24],[25].

1.2. Context of natural gas in energy policy of Latvia

Natural gas in Latvia is used to fulfil the base load demand and its consumption accounts approximately for 25 %
in final energy consumption by fuel [26]. Natural gas infrastructure of Latvia includes natural gas storage facility of
volume of 4 billion cubic meters [27]. The natural gas is used in utility scale combined heat and power plants,
industrial power plants and in households for heating and cooking.

Edvins Karnitis, expert of the Sustainable Energy Committee of the United Nations Economic Commission for
Europe, in his paper Improvement of natural gas supply reliability in Latvia: strategy and tools [28] noted that
natural gas is an important strategic resource, which cannot be replaced, and underlined the need for diversification
of gas supplies. However, ensuring more routes for natural gas supplies to ensure the security of gas supplies while
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replacing oil in accordance to EU low carbon economy goals [29] can lead to higher dependency on natural gas
imports. Furthermore, in light of climate challenges and development of RES, smart grids and decentralization of
energy systems that leads to technological advancement, the basic elements of energy security should be
requisitioned and revised [30]. Thus, this study aims to create a model that will help to find accordance between two
issues of national energy policy planning in Latvia: security of energy supplies and EU low carbon energy goals. For
that purpose, a system dynamics approach is applied to describe the implementation of biomethane and renewable
methane from power-to-gas effect on the natural gas systems in Latvia.

The carbon reduction from biomethane and power-to-gas applications is promising, however, creating policy
strategies for multiple technology deployment can be complicated. Findings in literature suggest that in order to
explain and provide more information about energy systems for policy planning, novel tools are emerging, which
incorporate several perspectives [31]-[33], for example economic, environmental and security. Using state-of-art
approach, this study aims to create a system dynamics model that will explain the interaction tendencies of
biomethane and renewable methane injections into natural gas system with the seasonal regimes of natural gas
system in Latvia. Such model will help to determine the quantitative parameters that are necessary for planning
national energy strategy that will ensure technology transition.

2. Methodology

System dynamics approach is commonly used to describe the nonlinear behavior of complex systems that include
social and technical aspects by using stocks, flows and internal feedback loops [34]. The interrelation of different
variables in system dynamics models are explained with casual loop diagram, which consist of nodes and edges.
Nodes present the variables, and edges are the links that present a connection. A link marked positive represents a
positive relation, on the contrary, link marked negative indicates the negative relation. Positive link means the nodes
change in the same direction, whereas a negative link means that two nodes are changing in the opposite directions.
The loops in diagram are closed cycles, which either reinforces the initial deviation of variable (variable value
increases in closed cycle — also called reinforcing loop) or balances the initial deviation of variable (variable value
decreases in closed cycle — also called counterbalancing or more simply balancing loop) [35].
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Fig. 1. Casual loop diagram for natural gas system with storage facility where are represented the Transmission system (TS) and the Storage
facility (SF)
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For this study, the methodology adopts existing system dynamics model for natural gas system infrastructure in
Latvia with the storage facility reported in the casual loop diagram in fig.1. This model is built based on the
information about natural gas transmission system and storage capacities, historical data on gas flows [36] into and
out of the country and domestic gas supplies [26]. The casual loop diagram consists of positive reinforcing loop 1
(i.e. R1), negative reinforcing loop (i.e. R2), and three balancing loops (i.e. B1, B2, B3). Loop R1 ensures that the
gas injection from the transmission system into the storage facility allows more gas flow into the country, and that
more gas can flow out of the country, by performing the gas injection from the storage facility back into the
transmission system. Loop R2 shows the competition for transmission capacities between domestic gas supply and
gas flow out of the country due to limits of natural gas system capacities. Specifically, it shows that growth of the
domestic gas supply will result as decrease in gas flow out of the country, and vice versa.

The hypothesis for describing the resilience of energy system within system dynamic model model is based on a
concept presented in study of Roege et.al. [37], where resilience is increased by diversity and interconnectedness,
while limiting or decreasing system efficiency. According to this concept, the resilience of energy systems will be
increased by diversification of natural gas systems with the biomethane and renewable methane from power-to-gas,
thus will increase the security of energy supplies. For this purpose, the system dynamics model considers RES
support policy effects on subsidies for biomethane, which effect biomethane production, and investment in
renewable technologies, which effect renewable methane production in power-to-gas applications. In this way, the
economic perspective can be evaluated for these technologies. The resulting system dynamics model is explained
with casual loop diagram that will be presented in fig.2.

3. Results and analysis

The system dynamics model of biomethane and renewable methane from power-to-gas implementation in
natural gas system in the context of Latvia is presented in fig.2. The processes in natural gas system in this casual
loop diagram is represented with: Gas in transmission system, Gas injection into storage facility, Gas in storage
facility, Gas injection into transmission system, Natural gas flow into the country, Domestic gas supply, Gas flow
out of the country. The loop (R1) is the reinforcing loop for gas storage, (R2) is the reinforcing loop for gas supplies.
Both reinforcing loops are balanced by balancing loops (B1), (B2) and (B3).

To create a model that would help to study the possible effects of renewable methane implementation in natural
gas system in Latvia two loops are added to the existing model: (B4) and (BS5). Both loops start from RES support
policy, which must be implemented to achieve the EU low carbon economy goals. In loop (B4) RES support policy
increases the subsidies for biomethane, which increases biomethane production and consequently the renewable
methane injection into transmission system. The share of renewable methane in transmission system increases with
renewable methane injection into transmission system. Thus, share of natural gas in transmission system reduces. As
the increase of the share of natural gas in the transmission system stimulates the RES support policy increase, with
the decrease of the share of natural gas in transmission system, the RES support policy will decrease.

Similar process is represented for the loop (B5) as for loop (B4). The loop starts with RES support policy which
increases the investment in renewable energy technologies and consequently the power-to-gas production. Thus, the
renewable methane injection into transmission system increases, share of renewable methane in transmission system
increases and share of natural gas decreases and RES support policy decreases.

Overall, loops (B4) and (B5) ensure the increase of gas in transmission system with the renewable methane
injection into transmission system. According to the casual loop diagram of natural gas system, in case the gas
amount increase in transmission system from renewable methane injection into transmission system, the loop (B3)
will ensure decrease of the natural gas flow into the country. This ensures reduction of the share of natural gas in
transmission system and enables renewable methane injection into storage.
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4. Conclusions

The system dynamics model, presented in this study with casual loop diagram, shows the dynamics of
substitution of natural gas in Latvia with locally produced biomethane and renewable methane from power-to-gas by
injecting it into natural gas system infrastructure. The model considers RES support policy, which enables the
subsidies for biomethane and investment into power-to-gas technologies. According to the concept of resilience
presented in literature, the diversification of gas sources will increase the resilience of natural gas system in Latvia,

thus will contribute to the security of energy supplies.

In the economic perspective, the model can be used as a tool by policy planners and other stakeholders to assess
quantitative parameters of RES support policy implementation. Moreover, the model has potential for improvements
that will allow quantitative evaluation of security of gas supply with diversified gas sources. The model can be
combined with other system dynamics models for energy sector in Latvia. Further, the model development should
aim on adding the aspects of market, like natural gas price volatility, taxes, consumer side structure and location.
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ABSTRACT

This paper presents the concepts of two different ways of generating a dynamic structure of the
urban system in order to further allow to understanding specific urban behavior facing against
flood and further evaluate the potential effect of specific resilience strategies aiming to decrease
the exposure and/or vulnerability of the system. Within the approach, the purpose is to properly,
and more efficiently evaluate, the effect of different and/or diversified Flood Risk Management
strategies, i.e., prevention, defence, mitigation, preparation, and recovery, as requirement for
consistent and resilient flood governance plans including different type of enhancing resilient
scenarios.

Two system dynamics models structures are presented as results Casual Loop Diagrams (CLDs)
as first step needed for the application in real case studies trough modelling simulation. The
main differences among the tow approach are the time horizon and in the approach that regulate
the assessment of the resilience trough a dynamic composite indicator: the first model refers to
baseline at initial simulation time, while the second is more focused on the ratio service supply
to demand.

The need for such tool is underlined by a lack on the assessment of urban resilience to flood as
whole, considering the physical and social dimensions and the complex interaction among their
main components. There are several assessment tools based on an indicator approach that have
been proposed to meet this need. Nevertheless, indicator-based approach has the limitation to
exclude the complexity of the system and its systemic interaction in terms of feedbacks effects
among the identified components or variables selected for the system description. This
peculiarity can be provided by System Dynamics modelling.

INTRODUCTION

The growing challenge for urban scale policy-makers and implementers to follow
sustainable development pathways is becoming critical under the increasing number and
severity of natural hazard events, increase in environmental impacts and exposure to natural
hazards due to world population growth [1]. In this light, increasing resilience of communities
against disasters became paramount for sustainable development goals. The analysis of
community frameworks proposed by J. M. Diaz-Sarachaga and D. Jato-Espino [2] concluded
that resilience and sustainability are complementary properties necessary to jointly enhance
urban development. However, the sustainability and resilience are terms of high complexity
with different definitions and areas of applicability [3] and therefore the task to integrate these
two concepts when performing urban resilience assessment for policy planning of city or
municipality scale is not simple.
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The concept of resilient city can be described as combination of sustainable networks of
physical systems and human communities, capable of managing extreme events and able to
survive and function under extreme stress [4], but there is no unitary definition of urban
resilience. In research, three basic perspectives of resilience can be distinguished: ecological,
engineering and socio-ecological [5], [6]. In engineering perspective resilience is result
oriented, whereas in socio-ecological perspective resilience is viewed as ability to persist by
responding to, recovering from, and in other means transforming in order to adapt to new
conditions [4]. This transformability aspect in socio-ecological resilience best fits social,
economic and/or political systems embodied in urban system [6]. However, often socio-
ecological resilience is often left out of urban resilience studies due to the complex relation of
the different dimensions of urban environment and as a result more approaches are applying
only engineering resilience to urban environment [7]. Such approach does give a certain level
of accuracy for characterization of individual component, but increasing the resilience of one
given type of infrastructure cannot guarantee the optimal resilience of urban community [8].
One of the most used approach to model engineering resilience of infrastructural systems is the
loss triangle method. This method considers the time it takes the system to recover after a
disruption to a normal functioning state [9]. This allows to deal with particular risks in the short
to medium-term impacts [10], but do not enough information about urban environment over
longer term, where sustainability perspective takes place. To strengthen the urban resilience,
while dealing with the growing challenge of sustainable development pathways, the diversity
and evolutionary dynamics of system can be considered in context of Socio-ecological
resilience.

Socio-ecological resilience was developed to shift the perspective from studying only
natural systems or only infrastructure, by including aspects that are governed by relationships
between human made and natural components [11]. The formal definition for socio-ecological
resilience is “the capacity of a system to absorb disturbance and organize while undergoing
change so as to retain essential same the function, structure, identity, and feedbacks [12].
Socio-ecological resilience is a key component of urban or city resilience, which according to
Meerow et al., [13] is formulated as: “The ability of an urban system and all its constituent
socio-ecological and socio-technical networks across temporal and spatial scales to maintain
or rapidly return to desired functions in the face of disturbance, to adapt to change, and to
quickly transform systems that limit current or future adaptive capacity”. Within the context of
both definitions, this study investigates how different the aspects of urban areas can be
presented within resilience assessment model. This study undertakes the system dynamics
approach for creation of the main structure of an urban resilience assessment tool.

Over the last decade several studies implement system dynamics approach to understand
and analyse specific challenges and problems in urban areas. The study proposed by
Mavrommati et al. (2013) [14] presented system dynamic model for sustainability of urban
coastal systems. The study introduced the use of an index for estimation of the systems
condition for an assessment of specific policy measures. Different type of model presented in
the study of Tsolakis N. [15] on eco-cities included several sub-models: population, housing,
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business, energy consumption, environmental pollution. Each sub-models results are presented
in sector relevant reference units unlike the previously mentioned index approach.

The study of Zarghami M. [16] showed how system dynamics can be used to understand
the need for water supply, under growing population background conditions, and what are the
shortage thresholds. The water balance in the model was defined as a stock governed by supply
and demand flows that are affected by variables included in the model. The interdisciplinary
approach for modelling sustainable water resources planning with system dynamics model is
shown in study of Li C. et al. [17]. The model included sub-models of population, economic,
water supply and water demand. This model showed that system dynamics approach is rational
to support water resources management in cities as provides a good reference for decision
makers to weight the cost, target amount and systems risk.

System dynamics approach is often found in literature to be a widely used tool for energy
sector models for different scale: national [18], urban [19] and single actor energy producer
[20]. Energy sector modelling methodology was presented in the study of Y. He et al. [19],
which similarly to approach of G. Mavrommati [14] used index to show how urban electricity
demand forecasting can be made with system dynamics. Another study adopting system
dynamics approach for energy sector by Y. Y. Feng et al. [21] showed how energy consumption
and emission trends for urban area can be modelled for long term. Study suggested an in-depth
sensitivity analysis to make results more robust and reliable for policy making. There are other
cases reported in literature on sensitivity analysis for example with help of system dynamics
urban water management model found how sensitive is the water demand output to the change
in population, per capita demand, and temperature [22].

The study proposed by R. Rehan [23] presents conceptual frameworks for modelling
financially self-sustaining water and wastewater networks that involved system dynamics
model and explained it with causal feedback loops. The conclusion suggested that traditional
management tools used in the area are deemed inadequate and that system dynamics model can
be used for developing both short-term and long-term management plans, also suggested by H.
Vafa-Arani et al. [24].

The findings in literature review are responsive to the context of this study and are
considered for the definition of two system dynamics models.

METHODOLOGY

General methodology for the study

An in-depth study on urban resilience and community resilience [26] concluded that the
interactive combination of different physical and non-physical factors leads to the formation
and transformation of cities. According to A. Shari [27], any analysis of urban form resilience
should not be conducted in isolation from other determining factors considering a
comprehensive integrated approach. Therefore, system dynamics approach is chosen as
consistent quantitative assessment method for integrating different physical and non-physical
aspects of different systems. The approach is based on linear dynamics and feedback control
theory and is explaining the behaviour of system through structure that drives the behaviour of
the system itself [28].
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System dynamics approach allows focusing on different socio-technological, political, and
behavioural aspects and provides a basis for modelling these aspects into endogenous structure.
System dynamic models are using three components known as stocks, flows and variables [29].
The visualization of the model composed of stocks, flows and variables, and their loops - as
direct or feed-back - is known as Causal Loop Diagrams (CLDs). The reinforcing and disrupting
drivers within system can be described in the following way: the change in the originating
component is cause for change in other components that after a certain time has strengthening
effect also in the initial component, then this loop is reinforcing loop. If there is an opposite
case, when the response of other components in the loop decreases the original effect of the
loop and thus the change in system, the loop is a balancing loop. Usually a system has multiple
feedback loops that interact with each other and is the main cause for the complex dynamic
behaviour. [23]

This study undertakes three steps of system dynamics modelling: 1) definition of the
dynamic problem and 2) creation of the dynamic hypothesis and 3) building the structure of the
model with help of CLD. The study shows generalized version of causal loop diagram to explain
the urban system from perspective of the topic “urban resilience”, while the sensitivity of the
variables should be calibrated for specific case studies depending on the local conditions. Both
system dynamics models measure resilience in terms of Composite Resilience Indexes is
proposed.

Model 1: Urban Resilience Index approach with four urban dimensions

The dynamic hypothesis for urban resilience model is defined from previous study on
composite indicators for disaster resilience [30]. The model of this study should be able to fit
all the necessary aspects urban environment to describe the dynamics of urban system
performance represented in Fig. 1. The dynamic hypothesis for model 1 can be explained as
following: the urban systems is developing and increasing its level of functionality, but under
the effects of an occurred natural hazard decreases its level of functionality, both in short-term
and long-term, in this way the urban system either recovers to the pre-disaster performance
level and continues its development or is going to face a final collapse. The model to be
implemented in a CLD must be able to show how different mitigation, preparedness, response
and recovery measures would affect the performance of urban environment in short term and
long term.
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Fig. 1. Dynamic hypothesis for model 1- the dotted blue line represents the performance of an urban system
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without measures aimed to build resilience (system 1), the dotted light green line represents the performance of
a system with measures aimed to build resilience (improved system 1), the dotted red line represents a system
with low operational level after disaster.

The purpose of the model 1 is to allow estimation of urban resilience, considering the
dynamic interactions of various aspects affecting the function level of urban area. The concept
for the urban resilience in model 1 (shown in Fig.2.), with a reference measure called Urban
resilience index using indicators (URI-I). This reference measure is an output of performance
of four urban dimensions or so called capital: social, economic, infrastructural, and
environmental.

Environmental

‘ dimension

Economic
dimension

Urban resilience
index score

Social
dimension

Infrastructure
dimension

Fig.2. Concept of system dynamics model 1.

The given definition of four urban dimensions allows distinguishing the aspects of urban
areas that provide different most necessary functions to society. In the model URI-I is a
dimensionless index composed of indicators from different dimensions measured over a period
of time. The indicators are normalized to their reference value and standardized to their initial
values at the start of the simulation time. Therefore, the final URI is actually not coming from
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indicator values, but from the change in indicator value. The change in indicators is estimated
for given moment (¢) of the simulation time imposed to the initial value of the indices at the
start of the model simulation time (equation 1):

URI -1

AURI -] =——""1_
URI -1

t,init

(D
Where the 4URI-I showing the change (increase or decrease) in indicator; URI-; is the

indicator value in moment (¢) of simulation time; URI-I; ini 1s the indicator value in the initial
time of simulation.

The choice of indicators for each urban dimension is a result of the sub-model modelling
process. The indicators are chosen by their significance to measure urban resilience according
to the dynamic hypothesis and with consideration of feedbacks between the sub-models.

Model 2: Urban Resilience Index approach using services

The second model is created based on concept of services approach. The dynamic
hypothesis employed is similar to that of URI-I in Model 1, but with “functionality” defined
specifically as the capacity to provide needed social-economic and ecosystem services. In the
short-term, this capacity maybe compromised by the occurrence of hazards, but the impact may
be mitigated by preparedness measures, similar to the dynamic hypothesis in Fig. 3.

Population growth
amidst more frequent
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System 1
becoming more
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| Minimum Compliance === _ _/_ _ __

System 2
becoming less
resilient

Urban system services performance
=
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Time
Long-term Transformation

Fig.3. Dynamic hypothesis for the system dynamics model 2.

In the long-term, this capacity may be eroded by increasing pressures of population growth
in the urban area compounded by increasing frequency or severity of hazards. The inability to
adapt and transform over time to enable the continuous delivery of services leads to a less
sustainable and less resilient city; whereas the improvement of services over time to
accommodate the mounting pressures leads to a more sustainable and more resilient city, as
illustrated in Fig. 4.

Using this approach, the Urban Resilience Index is based on the ratios of the supply of the
services vs. the demands for them, given the growing population of the city, the way that this
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population modifies its physical environment, and given disturbances such as climate- and
weather-related hazards and geophysical hazards. This model is developed to represent
categories of services, or different sectors tasked to provide such services, and how they
interconnect to influence the overall urban area performance, and trends in this performance
over the long-term. The indices representing the extent to which each service is fulfilled can be
combined to produce an overall resilience index, particularly for characterizing socio-
ecological resilience (SER), as seen in the equation below in equation 3:

2.0
URI-S =-—
n
3)
where r;.., refers to the ratios of supply and demand (or actual conditions over ideal
conditions) for the different services considered in the scope of the model. Each ratio is
normalized such that a score of <1 represents deficit or sub-optimal conditions, =1 means that
supply just means demand, while >1 represents surplus or optimal/buffer conditions (also seen
in Figure 3). The URI-S is thus the mean score of all the ratios, assuming equal weights are
assigned. These ratios will be dynamic over time considering the changes in demand in the
process of urbanization accompanied by potential changes in the supply of the services given
environmental changes, hazards, and efforts to build resilience.
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Fig.4. Concept of system dynamic model 2.

This services approach with a supply-demand structure has potential to measure socio-
ecological resilience by reframing it in terms of ecosystem services approach. Ecosystem
services are categorized into four types based on their functions: provisioning, regulating,
cultural and supporting services. Contextualizing ecosystem services in the urban setting has
been analysed in the review by Gomez-Baggethun and Barton [31]. The concept of ecosystem
services has been adapted to include man-made modifications such as urban cooling, peri-urban
agriculture, noise reduction, and runoff mitigation.
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The method of deriving resilience by comparing a quantified supply of service against a
quantified demand can also further be extended to characterizing quality in a system or sub-
systems — i.e. by comparing the actual quality experienced to the ideal or prescribed state. All
of these services and/or conditions interact with one another through synergies and trade-offs
to contribute to urban resilience.

RESULTS

Model 1

The created model 1 for estimation of urban resilience index depends from four dimensions
(also called capitals) as described in methodology: social, economic, infrastructure and
environmental. The generalized version of CLDs is presented in Fig. 5. to provide information
about the model construct. Due to complexity of the model only the most important feedback
loops for model 1 are reported here.

The main part of the social dimension is the population model with reinforcing loop R1 for
births, balancing loop B1 for deaths and R2 and B2 loops for immigration and emigration due
to effect of urban attractiveness variable. The increase of population is occurring due to births
and immigrations. The decrease of population is occurring due to deaths and emigration.
Vulnerable social groups have a notable effect on the resilience of urban area and therefore the
variable Vulnerable social groups are the main output of the social sector for calculation of
URI-I. Urban attractiveness is creating the dynamics in social sector by influencing emigration
and immigration, because urban attractiveness is considered to be a feedback loops of several
indicators from other sectors and is affecting the immigration and emigration variables. These
feedback loops can be tracked through variables linked with connector step by step in Fig. 5.
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Fig.5. Generalized causal loop diagram of system dynamic model 1.

The economic dimension has key aspects of the urban economy in terms of: productivity
and labor, capital and technology, wages, etc. The main output of the economic sector for URI-
I estimation is a shortage in the inventory and services, which depends on the demand-supply
balance. Economic dimension has a reinforcing loop R3, which is influenced by change in
variable of total urban population from social dimension. Therefore, the changes in social sector
are the main influencing factor for changes in economic dimension through employment
variable.

The infrastructure dimension in the model is presented in sector divided into five sub-
sectors: housing, electricity, heating, water supply and wastewater treatment. Sub-sector of
housing has an important role for other sectors, because through the demand of housing the
amount of infrastructure services provision is defined. There is also a feedback loop B3 from
service provision on emissions variables in environmental dimension, which again influences
urban attractiveness. The stressor on supply-demand balance in provision of infrastructure
service is the natural hazard, which causes damage to infrastructure and thus shortage in
inventory and service provision.

Similarly, to shortage in infrastructure dimension for environmental dimension waste
treatment supply-demand balance is modelled and used indicator for URI. The other part of
environmental dimension of the model is set to represent emissions of infrastructure services.
The emission factors are estimated for the respective transport and energy services.
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Though feedback loop B4 the effect of disaster risk reduction policies can be assessed in
this model. The effects of social policies and environmental policies can be assessed on
emigration and immigration through urban attractiveness in loops B2 and R2, which can have
crucial role for increasing resilience of urban area. Overall, the dynamic effect in this model is
caused by changes in many variables over time period. This model allows to track the influences
of changes in variables in specific urban dimensions and understand their effect on the overall
urban resilience, allowing to utilize the model 1 concept presented in Fig. 1.

Model 2

This causal loop diagram is shown in Figure 6. The diagram describes how medium- to
long-term urban resilience is aligned with development needs, and how a city's long-term
development plans can likewise contribute towards the adapt/transform aspect of resilience.
Following the connector arrows, the main cause of the dynamic effect in model 2 can be
described in following way: As the population in the city grows, there is pressure to provide
basic services and meet needs for an acceptable quality of life (e.g. needs for food, water,
energy, housing, mobility, education, health services, etc.). Service shortage occurs when
current supplies or levels of service delivery cannot meet the demand. This increases the
necessity to construct and develop additional infrastructure that can ensure the demanded level
of services. Ability to provide basic services contributes to overall resilience. The means by
which the services are provided might affect environmental quality (e.g. the consumption of
water resources, the degradation of land), which influences urban attractiveness and
immigration. By immigration again urban population is affected, and thus step by step the loop
is occurring due to the effects of the change in variables. An important variable of the model is
Urban attractiveness. Urban attractiveness influences business investments and expansion,
which contributes to the economic growth of the city. Economic growth of the city determines
the resources available to spend for public services. On the leadership side, adaptive governance
approaches can help mitigate adverse impacts on environmental quality, implement responsible
public spending and manage hazard and risks for long-term sustainability of the city.
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However, limited resources will result in prioritization of some services over other. Thus,
this model also considers potential trade-offs as well as synergies in enhancing service
capacities. An example of a limited resource is a city is the land. A specific trade-off is that as
more land is allocated to green spaces, less land becomes available for infrastructure such as
housing. However, there are also potential synergies. Green spaces contribute not only to the
recreational and health aspects of citizens, but also to flood regulation. This sample situation is
illustrated in Figure 7, which is an adaptation of the template in Figure 6 for these specific
services and their trade-offs.

In Figure 7, sample loop R1 represents the population inflow that eventually leads to
increased demands for housing. If the current capacity is not sufficient, then a housing shortage
exists, which drives construction and augments housing capacity. This strengthens urban
resilience and enhances urban attractiveness. However, at the same time, the housing
construction requires resource consumption and waste generation, which detracts from urban
attractiveness. This is a balancing loop B1. The housing construction also means more built-up
areas, which increases runoff that contributes to flooding. This has an adverse impact on flood
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regulation services. In the same diagram, we have the population inflow also resulting in a
demand for green spaces. Similarly, if the available green space is not sufficient, more must be
allocated to augment current capacities, and increase urban resilience. This will attract more
populations to the area, resulting in a reinforcing loop R2a. The green spaces also have the
effect of reducing runoff and enhancing flood regulation capacities, as seen in R2b. But while
there is synergy between the implementation of flood mitigation measures and green spaces,
since land is limited, the allocation of land to green space necessarily means that less land can
be allocated to housing, or vice versa, which is a common trade-off in urban areas.
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Fig. 7. Causal Loop Diagram illustrating the application of the general template for specific services: flood
regulation, green space allocation, housing. (Variables pertaining the economic and governance aspects
were omitted from the diagram only to simplify the figure and highlight the synergies and trade-offs.)

Similar trade-offs can be identified when it comes to the allocation of land among the
different possible uses, e.g. for urban farming, or for commercial/industrial areas. Another
major limitation is the local government budget that would limit the funding allocation for the
development of education services vs. public health services vs. ICT vs. mobility vs. energy vs.
waste management and treatment capacities. The scope of the approach is flexible, and users
may opt to include as many services as practical considerations may permit, as long as the trade-
offs and synergies are clearly articulated. This will make the derivation of the service ratios
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over time, as adaptive governance adjusts to the needs of their contexts and prioritize specific
services over others at specific time.

DISCUSSION

The study gives an analysis of system dynamics model building for urban systems and two
models, which included many urban system aspects that are found to be causes for different
behaviours of urban system. Both models developed in this study allow to simulate
simultaneous interactions between different aspects of urban system. Number of similar
solutions used to model urban system resilience can be found in both models. This includes the
application of index for urban resilience assessment, identification of services in urban area and
interactions between them, use of supply-demand and service shortage and also the urban
attractiveness aspect. As a result, both models provide a dynamic urban resilience index, which
allows comparison of urban system functionality in time of stressors like natural hazards for
different scenarios and response to these stressors.

Model 1 is created in way to show interaction of the service shortage to meet the demand
of population in urban area will influence resilience considering the social vulnerability effect
on resilience. In this sense, the concept of URI-S, the services approach is also used in URI-I.
The chosen approach allows to capture the interaction of several services and interaction of
their shortage, making the estimation for service shortage at time of hazard more adequate. For
example, when dwellings are destroyed by the hazard, the demand of for such infrastructure
services like electricity supply and water supply will decrease, thus there will be no additional
burden on provision of these services and only the shortage for dwellings in urban area will be
indicated when estimating URI-I. This is a strong side of the model for estimating the resilience
in short term with consideration of multi-dimensional interactions in urban systems. Model
must be studied with applied case studies for in-depth analysis of the model behaviour, which
would also allow the calibration of feedback strengths between the chosen variables and
assigning weights to the existing indicators used in URI-I.

Similarly, as in model 1, model 2 defined the interactions of different services in form of
trade-offs and synergies, but highlighting more the socio-ecological aspect. Model 2 also does
not define a limit to the dimensions of urban system that may be included in the scope. While
categories of services are suggested, following the types of ecosystem services (provisioning,
regulating, cultural and supporting), and including social and economic services, the user is
given the flexibility to define the scope for as long as the performance of each sector can be
expressed as a ratio of supply to demand (or actual to ideal quality/conditions) for the purposes
of calculating the overall URI-S. However, the trade-off of this flexibility is the lack
representation of important dynamic processes that are not as easily represented in terms of a
“service” such as the building of economic capital or the evolution of social networks.

Given the similarities in supply-demand concept between Model 1 and Model 2 (URI-I and
URI-S), there are two main differences. The first main different is the time horizon. Model 1
(URI-I) more explicitly recognizes the short-term impacts on system performance, while Model
2 (URI-S) is intended more to describe long-term processes for enhancing the delivery of
services within the urban ecosystem. The second main difference is in the calculation of the
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overall urban resilience index. In URI-I, the final URI is based on the change in indicator value
relative to a baseline, whereas in URI-S, the final URI is the mean of all ratios of service
performance across the different categories. This means that in URI-I, the value of the index
will always be relative to conditions at the initial time, without any judgment or assessment of
how “good” system performance was at that initial time. This has implications for interpretation
of the index, and for comparability across contexts. Normalization of indicators is a higher
concern for model 1. While this approach would be useful for tracking the performance of a
specific system over time, it would make comparison across systems more difficult.

In contrast, Model 2 employing the URI-S approach, would maintain some comparability
across cities given the normalization scheme of generating ratios for each sector in the range of
0 to 1 or better than 1. A value of, say “0.8”, regardless of city, would mean that only 80% of
the demand being considered is being fulfilled by the services provided. Given these, Model 1
might be more useful for cities that generally already fulfil basic needs and comply with
environmental and health standards and regulations, and want to increase urban resilience to
stressors in terms of strengthening existing institutions and services, and utilizing these towards
adaptation and transformation of urban system towards sustainable development pathways.
Model 2 would be more useful for cities in a developing country context where the lack of basic
services is a priority to be addressed.

CONCLUSIONS

The output of this study is the described of two models with help of causal loop diagrams.
Although system dynamics approach was applied for creation of both models and many aspects
in chosen modelling methods are similar (e.g. the use of a supply-demand approach), the models
have key differences in the quantification of “resilience” across time horizons.

Model 1 was created with consideration of urban systems different dimensions and
composite index method, which resulted as a dynamic index, showing the performance of urban
system under stress of natural hazard over time. The dynamic index is relative to the specific
studied case and therefore useful for benchmarking city’s performance over time. Model 2
similarly focuses on the aggregation of supply-demand of services in an urban system,
recognizing trade-offs and synergies between different services, but framing the approach for
long-term development and adaptation. None of these models have been applied across multiple
case studies and therefore normalization and weighting of indicators is still obscure.

Each approach has strengths and weaknesses, which can be studied through case studies.
This would help to calibrate and validate the models, or even create another improved model
by merging two existing models.
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Abstract — Research focuses on linking climate adaptation and disaster risk reduction
strategies. The aim of the research is to test an urban resilience assessment tool through a
local case study. The tool is based on integrating two methods. Multi-criteria analysis and
system dynamics model is used to create a dynamic Urban Resilience Index. For the case study
a local medium sized town is chosen in Latvia that is subject to flood risk. The results of the
model simulation show that the model is suitable for both short term and long term resilience
assessment. Future studies must focus on the precision of such a tool, which in this study could
not be evaluated. Overall, the tool presented can contribute to offsetting the existing
knowledge gaps between climate adaptation and disaster risk reduction for better policy
planning and strengthening urban resilience on the local level.

Keywords — Climate adaptation; infrastructure; risk reduction; sustainability

1. INTRODUCTION

1.1. Lack of resilience against natural disaster

In light of the world’s growing population, the increasing level of urbanization from 29 %
to 49 % between 1950 and 2005 and the increase in global carbon emissions from fossil-fuel
burning during the same time period by almost 500 % [1], the actual consequences of
climate-related disasters have increased tremendously [2]. Climate-related disasters between
1998 and 2017 accounted for 91 % of all recorded events and the losses from extreme weather
events rose by 251 %. In this period, the disaster-hit countries reported losses from
climate-related disasters equal to more than two billion dollars, while the real costs of
disasters to the global economy are assumed to be up to EUR 429 billion per year. The
build-up of urban infrastructure around the world has led to more capital exposure to disasters
and consequently increase in disaster losses. Thus, the integration of climate change
adaptation and disaster risk reduction policies is crucial for decreasing the vulnerability to
disasters of urban areas.

Furthermore, review [3] of progress made on Priority 2 of the Sendai Framework for
strengthening disaster risk governance concluded that progress was made for planning and
implementation at the international, regional and national levels, however, the available
capacity and information for decision making on the local level that would enable synergies
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between disaster risk reduction and climate adaptation and overall sustainable strategies is
still lacking.

The topicality of this study is also underlined by the current state on the local level in the
context of Latvia. According to the predictions reported in Latvia’s Adaptation Plan to
Climate Change for the Time Period to 2030 [4], the evidence of the recent increase in
precipitation in Latvia will grow even more, by 10 % to 21 % until the end of the 21% century,
which means floods will occur more often than ever before. Other changes include significant
increase in the air temperature; there will be a significant increase in the number of summer
days as well as a significant increase in the number of tropical nights. The periods of heat and
drought and their frequency will increase. Altogether there is increasing vulnerability of the
population in terms of health risks, economic in terms of loss or damage of capital,
environmental problems in terms of ecosystem degradation, or even all together. Therefore,
the main objective of this study is to contribute to offsetting the knowledge gaps of local
governments (i.e. cities, municipalities) on the topic of climate adaptation and disaster risk
reduction towards the concept of urban resilience. The study aims to present and test an urban
resilience assessment tool through a case study on one of urban areas in Latvia to find the
most optimal scenario for local policy planners considering the multi-dimensional nature of
urban resilience.

1.2. Multi-dimensional nature of the research field

Urban policy making requires careful weighting and evaluation of alternative decisions or
policies, but the aspect of multi-dimensional nature and adaptivity of urban systems is causing
a real challenge for planning and decision-making regarding climate adaptation and disaster
risk reduction. Findings in literature suggest that there is a lack of engagement with complex
challenges in urban policy, especially when addressing resilient urban communities and
ecosystems. According to [5], the terminological variety and epistemological disjunctions of
the research field seem to have made urban policy making even more difficult, because of
lack of recognition and reflection, while the existing knowledge gaps have not been reduced
or filled.

The urban areas are highly complex systems which develop and change rapidly and have
been acknowledged as complex socio-ecological-technical systems [6]. Considering the rapid
change and a multi-dimensional nature urban areas are also defined as complex adaptive
systems with multiple elements and relationships having an unstable, transformative
character, which is hard to fully understand. The interrelationships between elements include
natural and social processes, which involve people, nature and culture. Complex adaptive
systems behaviour can only be described by non-linear dynamics, which is the result of many
feedbacks of multiple elements [7]. Therefore, a framework for evaluating the urban
resilience firstly should consider the complexity of the multidimensional nature of urban areas
to aid urban policy and decision making [8].

The concept of resilience itself is also of a very comprehensive, multifaceted nature and for
this reason can have even several evaluation perspectives, this is very confusing and
misleading when attempting to measure it. In recent years resilience has been of great interest
for many research areas including engineering and environmental science, which lead to
distinguish of engineering resilience, ecological resilience and evolutionary resilience.
Depending on the perspective, resilience can have a different focus on system characteristics
like recovery, robustness or adaptive capacity, and therefore also a different approach towards
measuring resilience, for example, speed of return to steady state, magnitude of disturbance
that can be absorbed or coupled systems capacity to co-evolve [9].
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Recent study on definition of urban resilience concluded that the term itself has not been
defined well and proposed a better definition, which addresses urban resilience recognizing
it as both socio-ecological and socio-technical networks (including their ability to transform)
and considers temporal and spatial scales, in this way capturing multiple possible pathways
of looking at urban resilience, [10] considering the ability to return to the desired functions
in the face of disturbance as the main parameter. For such definition of urban resilience, the
concept of evolutionary resilience is crucial. The concept defines the link between urban
planning and adaptation, embedding vulnerability and adaptive capacity over both short-term
and long-term [11], thus introducing the connection between resilience to sustainability [12].

Considering the complexity of the given term urban resilience it can be difficult to quantify,
but any of the assessment tools can strongly help to increase the understanding and learning,
especially when dynamic change in system is described [13].

1.3. Assessment of urban resilience against natural hazards

The challenge of assessing urban resilience lies in creation of a consistent methodology that
can consider all the uncertainties related to multi-dimensionality of urban areas and
complexity of urban resilience. In practice, the theoretical concepts that are difficult to
interpret in a measure state are synthesized into a single number with the help of an indicator
approach [10]. Through such an approach, usually different criteria can be included into a
simple decision-making tool for policy makers, allowing them the comparison between
different measurements. Such an approach is very common across climate vulnerability and
impact assessments of urban systems, because the use of different criteria can capture the
multi-dimensionality of the chosen complex system. Examples of indicator-based approaches
for measuring resilience are found in [14] and [15].

Despite the recognition of indicator-based methods in climate relate studies, disadvantages
are often reported in literature due to the complexity of the given concept of resilience. One
of the most recognized indicators in the research field are Sendai Framework indicators to
determine global trends in the reduction of risk and losses, which according to [16] at the
current state of use serve for calculating the impact of short-term realized risks, but do not
provide enough information to create risk reduction and disaster prevention strategies over
the long-term. The lack of research addressing long-term effects in the field of climate change
and natural hazards was also mentioned in the study of [17].

Study of [18] reviewed social resilience framework focusing on indicators and found that
process oriented indicators that are based on dynamic properties have been largely neglected,
and the existing social resilience frameworks are limited for interpreting the actual resilience
status of a community. The indicators do not reflect the interactions among the variables in
the chosen system and for that reason cannot provide indications for future scenario
development. This also means that such approach will lack the definition of a link between
socio-economic and environmental aspects in the assessment [19]. Similar flaws of the
existing methods was found earlier in methodologies assessing risks to natural hazards [20],
where focus lies on static vulnerability, without looking at changes in time or space.

Regarding spatial changes, [21] found that integration of spatial reference to
indicator-based measures will not help to fully reflect the concept of resilience if the capacity
to adapt or to transform studied systems is not embedded in the indicators. Moreover, it is
hard to apply relevant variables or indicators that are practical for every city, therefore, a way
to integrate a systemic approach into urban resilience measures should be developed. Similar
conclusions found in study of [22] about seeing resilience as a complex of social processes.
This view is in line with the socio-ecological perspective, which addresses urban resilience
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as a complex of social processes that allow local communities to self-organize and ensure
positive collective action for community survival and wellbeing, instead of seeing urban
resilience just as a set of community capacities, assets or capitals, which are often used in
indicator based methods.

Among several other methods found in literature that are used to assess processes
considering the interrelationship of system variables and having a time reference (Bayesian
networks [23]; Input-Output economic model [24]; Agent based model [25], [26]), the system
dynamics approach was found to be the most appropriate to analyse the causal relationships
among various factors. This approach is based on systemic thinking and is extensively applied
in many research fields including in social, economic, ecological, and resource and policy
assessment systems.

The System Dynamics (SD) approach has been widely used when modelling complex
systems to aid policy planning and decision making. In the study of [19] system dynamics
approach was used for creation of a model with integrated economic-social-environmental
resource dimensions and indicator index is used to evaluate the urban sustainability
performance of each dimension. The results of the model simulation include scenarios for
different policies and strategies that can be implemented to guide the development of
urbanization. Another study of [27] also found that the SD approach has all the tools offering
a useful modelling approach to simulate scenarios in a wide array of disciplines and presented
a system dynamics based tool for understanding the system behaviour of sophisticated public
utility services and to evaluate the external impact from natural hazards. Study of [28] used
a SD model to help optimize water supply strategies considering the economic, social and
environmental factors in the short, medium and long-term.

With the consideration of background information in the research field of urban resilience
and the current state of the urban resilience assessment tools, this paper is structured in the
following way: Methodology part describes the steps performed for a creating the novel urban
resilience tool and validating its applicability through a case study; Results part presents the
outcomes of the case study; Conclusions are made at the end of the paper.

2. METHODOLOGY

The research methodology developed for this study is proposed to finally contribute to
change in urban resilience measures by providing a tool that allows to discard the assessment
of urban resilience of single disciple/dimension within the short-term and move towards the
multi-dimensional urban resilience assessment, which includes socio-economic and
environmental aspects over both a short-term and long-term perspective. The methodology
used for the purpose of this study can recognize the feedbacks between multiple elements of
urban area to show the non-linear dynamics behaviour of the socio-ecological and
socio-technical systems, thus addressing urban resilience through the perspective of
socio-ecological (evolutionary) resilience.

The main methods included in the methodology are SD approach and Multi Criteria
Analysis (MCA). The feedbacks modelled within a SD model are suitable for the evaluation
of dynamic change in complex systems over time, but, specifically for the purpose of
measuring resilience, there is a need to refer to resilience as a quantitative value. The value
(expressed as single resilience indicator) is not defined by a SD approach and therefore the
MCA approach should be included in terms of an indicator-based index. Such methodology
favours transition from conventional indicator-based resilience measures to dynamic
indicator-based urban resilience assessment with a SD model.
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The summary of methodology for creating and testing the urban resilience tool is presented
in Fig. 1. The methodology is divided in four parts for achieving the main goal of the study.
The first part is performed to create the background and define the structure and purpose of
the following steps of this study: literature review, definition of the urban resilience and
assessment methods and the definition of dynamic problem and hypothesis. Part 2 addresses
the selection of indicators, creation of reference index for MCA, integration of MCA into SD
model. In Part 3 the SD model is validated for: 1) consistency of indicators, 11) consistency of
index output; and iii) explanation of the dynamic problem. When the model is validated, the
results of urban resilience assessment are presented as the final output.
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Fig. 1. Summary of methodology of the study.

The methodology chapter of the paper follows the structure: definitions, assessment
methods, dynamic problem and hypothesis is introduced in sub-chapter 2.1.; Selection of
indicators for MCA and creation of Urban Resilience Index and integration of MCA into SD
model in sub-chapter 2.2.; Part 3 on validation of SD model in sub-chapter 2.3. Outputs are
presented in the Results Chapter.

2.1. Definitions, assessment methods, dynamic problem and hypothesis

According to literature the definition of Urban Resilience was proposed by [10] and refers
to the ability of urban systems “...to maintain or rapidly return to desired functions in the
face of a disturbance, to adapt to change, and to quickly transform systems that limit current
or future adaptive capacity”. The definition of urban resilience best fits the application of two
methods — SD approach and MCA.

SD approach is commonly used to describe the nonlinear behaviour of complex systems
that include social and technical aspects by using stocks, flows and internal feedback
loops [29]. This approach can be used to model dynamics and metabolism of systems dealing
with interconnections among and between the different factors of the environment in societal,
technological, governance and ecological dimensions. SD models allow to understand the
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reason of specific system behaviour and have the potential (when applied on a modelling tool)
to hypothesize, test, and refine resilience strategies. The approach is based on linear dynamics
and feedback control theory and explains the behaviour of a system through structure that
drives the behaviour of the system itself and therefore the feedback loops are the basis of
explanation of system behaviour [30].

Complex definition of urban resilience was synthesized into SD model through MCA,
which addressed four dimensions of urban areas to create a robust structure for analysis of
urban area. Based on the adopted definition of urban resilience, indicators were selected for
four distinguished dimensions of urban areas: social, economic, infrastructure and
environmental. The given classification of urban area in four dimensions was found to be
comprehensive to distinguish the main processes taking place in urban areas in respect to
socio-ecological and socio-technological contexts, as presented by concept of urban
resilience SD model in a comparative study of two models [31].

Within the context of the selected dimensions for SD model, the study aims to measure
urban resilience. The dynamic problem is the change of urban system functionality level over
time due to the background structure of the urban system and the way it reacts to an external
stressor, represented by Fig. 2. The problematic behaviour is the loss of functionality level in
urban systems (Urban system), after which the system can either get back to the normal
functionality level thus showing a certain resilience (Urban system with recovery) or maintain
a lower functionality level in fact presenting a lower resilience (Urban system without
recovery). The hypothesis is that problematic behaviour can be solved by increasing or
decreasing the strengths of feedback loops embedded in the urban SD model in order to
increase the recovery rate to the normal function level or even have almost no loss of the
functionality level (Urban system without loss of functionality level).
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Fig. 2. Dynamic problem that study intends to solve (Urban system: Blue line; Urban system without loss of functionality
level: Blue dotted line; Urban system with recovery: Orange dashed line; Urban system without recovery: Red dotted line).

For the purpose of this study, long term and short term are also considered. Short-term
addresses the systems behaviour after the natural hazard occurrence, including the response
(loss of functionality level) to natural hazards and recovery phase. Long term addresses the
system functionality level over a period before and after short term recovery. Study also
considers the long-term recovery that can occur due to delay in indirect effects of natural
hazard on socio-economical aspects. The inclusion of both time references allows to
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understand what the key feedbacks between dimensions of urban areas are and how changes
in different variables affect urban resilience.

2.2. Selection of indicators, creation of Index and MCA integration into SD model

To have measurable output of SD model describing the urban resilience, a measure is
necessary that is able to distinguish how high or low the resilience of the given urban area.
For this purpose, MCA is used with a single value output in the form of Urban Resilience
Index (URI). URI is composed of indicators referring to characteristics of urban resilience in
each dimension. Indicators must have a reference scale that distinguish if the value of this
indicator is low or high for the specific urban area. To understand this relative value of
indicator, it can be compared to the same indicator value in other areas. In this study,
EUROSTAT data was used to create a reference scale for each indicator.

Next step is to deal with different scale of measure of each indicator by performing
normalization of indicators. Several normalization methods were tested in validation of the
Urban Resilience Index consistency. Normalized indicators are then used for evaluation of
Urban Resilience Index as described by Eq. 1.

o )
n

(1)
where
Xi normalized indicator;
Wi weight of indicator;
i indicator number;
n number of indicators.

Urban Resilience Index is defined as the mean average of weighted normalized indicators.
Equal weights were assigned to all the indicators in this case study. The indicators were
integrated into SD model for evaluation of URI as shown in Fig. 3. The lines linking
dimensions represent the feedbacks considered in the model.
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Fig. 3. MCA integration into SD.
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The event disturbing functioning level of the urban area is the natural hazard defined within
the SD model as a shock occurring to exposed population and services. The structure of this
SD model is created in order to show how urban systems can rapidly return to desired
functions in the face of a disturbance or maintain the level of functioning without loss in ideal
scenario in the short and long term.

For purpose of this study floods of different magnitudes were considered as natural hazards.
The magnitude of floods was defined as flooded area depending on likelihood of occurrence
once in 10 years, once in 100 years and 200 years, according to data on national flood risk
assessment by the Latvian Environment, Geology and Meteorology Centre for the chosen
urban area. The hazard event during the simulation is created by a built-in function RANDOM
(0.100) that foresees uniformly distributed generation of number between 0,1, which is then
used as the probability of likelihood of occurrence. The hazard intensity is estimated based
on RANDOM number according to logical functions in Eq. (2).

Hazard intensity = If (RANDOM) >99.5 Then(200)
Else If (RANODM) > 99 Then (100)

Else If (RANDOM) >= 90 Then(10) Else(0) (2)

For example, if during the simulation step RANDOM >= 99.5 then the hazard equivalent
to magnitude of once in 200 years is used as a shock. In this way, RANDOM function
generates a random number every step of the simulation and model transforms into hazard
intensity according to likelihood of occurrence of the hazard. This hazard is then transformed
into shock to specific variables in dimensions of the urban area.

A brief explanation of causal loops embedded in the urban resilience SD model is presented
in Fig. 4. In this illustration, only the main feedbacks between dimensions important for
description of the model are shown. Not all the variables included in the model are shown in
Fig. 4. The links from variables in four dimensions to indicators (as described by Fig. 3) are
not included in Fig. 4.
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Fig. 4. Causal loop diagram for main feedbacks loops in Urban Resilience SD model.
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The urban resilience SD model structure starts with the definition of urban population in
social dimension. Urban population is the core aspect of the urban area, which drives the
demand for services that the urban area can provide. To model the link between urban
population infrastructure services in infrastructure dimension, a supply-demand balance is
created within the structure of the model with the help of flows and stocks. The infrastructure
services included in the infrastructure dimension are housing, water supply, wastewater
treatment, heat supply, electricity supply. Similarly, environmental dimension services for
waste treatment are also defined within the structure of the model with supply-demand
balance. Economic dimension includes supply-demand balance structure between supply
from inventory, which depends on GDP and imports and demand, which depends on
disposable income.

The first important feedback loop is reinforcing loop R1, which governs the population
growth. Balancing loop B1 includes variables of social, infrastructure and environmental
dimensions. When the value of Urban population variable increases, the Demand for
infrastructure services also increases, which leads to higher Emissions and lower Urban
attractiveness and consequently the decrease of Urban population through Migration variable.
The second important feedback loop is balancing loop R2, which includes the variables of
social and economic dimensions. When value of Urban population variable increases, the
stock of working age population will increase and thus the Share of employed population can
increase under the simulation of economic loop R2. Loop B2 balances the economic sector
by satisfying the Demand for consumption through the Supply from inventory.

2.3. Validation of SD model

The validation of the created SD model with UR/ index and indicators was performed in
three steps: validation of indicators, validation of index and validation of SD model structure.
First indicator consistency was checked with the structure of the model and with the available
data for reference scale in EUROSTAT. Indicators that did not have reference data were
excluded from this study, because no quantitative reference to low or high value of indicators
existed for normalization and URI/ evaluation.

URI is created from validated indicators. Normalization methods known as Z-score,
Minmax and Ranking were tested for this purpose. Normalization of validated indicators was
performed in order to put indicators on the same scale. URI is considered validated for
consistency when all normalized indicators in index have the same scale of measure, thus
have the same scale of impact on the final URI score when equally weighted according to
Eq. (1).

Validation of the Urban Resilience SD model was performed in two parts. First, balanced
equilibrium simulation was performed for each dimension separately, without any feedbacks
on other dimensions and changes of variables over time. Such approach was chosen to
validate the consistency of the model structure. The expected output is a linear behaviour
without any changes over time. When each dimension included in the model can provide such
a consistent output alone, the model is considered to have a consistent structure and further
changes of variables over time and feedback loops between separate dimensions can be linked
for simulation of the dynamic behaviour.

Second part of the validation is performed within a local case study. To validate the model
during the simulation, it is expected that model will show the dynamic behaviour as described
in dynamic problem and hypothesis. Such output would be the result of interaction among all
the feedbacks loops between variables in different dimensions.
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The validation has used input data taken from a real, medium-sized town exposed to
potential flooding in Latvia. Due to the lack of all the local level statistics needed as input
data for the model, it is not possible to validate the model according to historical data. The
available statistics data was used for most of the variables in the model, but some parts of the
model required use of proxy data and therefore, only the tendencies of the dynamic behaviour
could be validated without validating the precision of the output. The input values for this
simulation are reported in Table Al in the Annex. A 50-year-long simulation period is used
to see how the model captures the feedbacks over the short and long term. It is assumed that
the model that can show a consistent output considering all the feedbacks for a 50-year
simulation period without errors and has a robust enough structure to be used for future
research when more precise data is collected.

3. RESULTS

The validation of the model was performed for consistency of indicators. Together 26 indicators
were proposed to be included in the MCA for the definition of the SD model. After validating the
set of indicators, only 12 indicators were found suitable for application in the final Urban
Resilience SD model. These indicators are presented in Table 2.

TABLE 2. INDICATORS SELECTED FOR FINAL URBAN RESILIENCE SD MODEL

Social Economic Infrastructure Environmental
dimension dimension dimension dimension
Share of unemployed GDP per Share of population experiencing Waste produced vs
population capita housing deprivation treated
Youth dependency Share of population with electricity

supply

Elderly dependenc
yaep Y Share of households with inability to

Share of population at keep house warm

rty risk . .
poverty ris Share of population with access to

L ater suppl
Share of immigrants W UPPYY
Share of population with wastewater
treatment

For URI evaluation data gathered from EUROSTAT for chosen indicators was normalized
according to Minmax normalization.

X, —min(xl.)
X om = - , 3)
' max(xi)—mln(x)

i

where
Xi norm the normalized indicator;
X the indicator value before normalization;
min (x;) the minimum value of indicator in EUROSTAT data set;
max (x;) the maximum value of indicator in EUROSTAT data set.

Besides Minmax normalization, other normalization methods were considered, but did not
fit the specifics of index evaluation over time in the SD model. The Z-core method could not
be used as after indicator normalization the Z-score values have different scales for each
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indicator. Ranking approach would be similar to the Minmax method, but with a smaller scale
of measure, for example 5 ranks. Therefore, the model would not be as sensitive as with the
Minmax method, which linearly transforms X; to Xi norm and provides output values on a scale
of 0 to 1. According to the Eq. (1) URI is the mean average of weighted normalized indicators
and thus also has a scale of 0 to 1.

During balanced equilibrium validation of Urban Resilience SD model, all four dimensions
were separately tested. The model showed that it is possible to have a balanced equilibrium
in all parts of the model.

To validate the full urban resilience SD model with feedbacks between four dimensions as
described in Fig. 4, simulation was performed using input data derived from the Annex over
50 years without the occurrence of hazards. The output of the simulation for indicators used
in URI assessment is presented in Fig. 5.
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Fig.5. Output of indicators for Urban Resilience SD model simulation without occurrence of natural hazard.

Natural hazard variable is added to the simulation as describe by Eq. (2), however for
purpose of presenting the results during the simulation the hazard was generated manually 3
times by at years 10, 20 and 30 and respective results for indicators were received as an
outcome.

According to Fig. 5, only some of the selected indicators show change over long term and
other over short term. Long term changes are mainly occurring in social and economic
indicators: unemployment, youth dependency and elderly dependency, GDG per capita.

The main cause for the trend in Youth dependency and Elderly dependency is the changes
of urban population. The number of adults in the area decreases due to migration tendency
and thus the youth dependency increases, and youth dependency indicator shows low values.
Also, due to migration the number of elderly people decreases, and so the Elderly dependency
indicator shows higher value. Values of indicators are not affected by decrease of urban
population. For example, decrease of population does not affect the indicators of
infrastructure dimension. Also, some of the social dimension indicators like share of
population with disabilities and share of population at poverty risk do not change with
decrease of population according to this model.

Long term changes also occur in the GDP per capita indicator shows increase in value,
while unemployment indicator does not show any change over simulation time while. This is
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in line with the feedbacks considered in model structure. GDP increases with productivity
growth. The unemployment does not increase, since there is a decrease of working age
population due to migration. Thus, the working age population stock is fully employed.

The Fig. 5. Also shows that it is hard to understand output all the indicators together. The
changes in infrastructure indicators occur in short term and overlay. Over the short term it is
possible to observe the impact of the hazard on specific parts of the urban system that were
not subjected to changes over the long term. The magnitude of the hazard and vulnerability
of each urban system defines the severity of impact on urban system and thus on the indicator
values. This underlines the need of a single score output. The output of the case study
simulation without natural hazard in form of URI is presented in Fig. 6.
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Fig. 6. Output of URI for Urban Resilience SD model simulation without occurrence of natural hazard.

The increase of URI value over simulation time occurs due to increase in GDP per capita
indicator value. The decrease of URI value at the start of simulation occurs due to increase of
Youth dependency and Elderly dependency.

The indicators represent the hazard shock in graph as the “resilience triangle”. Also, this
effect of “resilience triangle” is reflected in URI (Fig. 6.), thus capturing all aspects of urban
resilience in the long and short term.

Overall, the results show that effects of the feedback loops are well represented in the
results in terms of dynamic output graphs, and the model can provide an output for UR/ in
long term simulation based on historical data. The output of this simulation for UR/ index can
be considered as a baseline for further simulation and testing of different urban resilience
scenarios.

4. CONCLUSIONS

The complex definition of urban resilience was synthesized into a SD model through MCA
to create an assessment tool suitable for urban resilience assessment to natural disasters over
the short and long term. Based on the adopted definition of urban resilience, indicators were
selected for four distinguished dimensions of urban areas: social, economic, infrastructure
and environmental. These dimensions were used to create the structure of the SD model.

The study showed that the most appropriate normalization method for purpose of
integrating URI into SD model is Minmax. The balanced equilibrium simulation of
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dimensions without feedbacks shows consistency in the output. The results of the local case
study showed that the model has the appropriate capacity to present a consistent output over
both the short and long term considering the complex feedback loops embedded in the
structure of the model. The main causes for dynamic behaviour of the model are the changes
in population, that effect demand for infrastructure services in infrastructure dimension and
demand in economic dimension.

The model is suitable for modelling the scenarios for policy planning aiming at the increase
of urban resilience both in the short and long term. For improving urban resilience in long-
term, scenarios should focus on improving changes in population, while for improving urban
resilience in the short term, the scenarios must focus on improving the “resilience triangle”.

Future studies addressing such an approach must focus on precision of simulation, which
mainly depends on the availability of the statistics for local case studies. Unfortunately, due
to the application of proxy data in some of the variables, the precision of outputs of this study
can be considered imperfect. Availability of local statistics for the long-term period with high
granularity would be needed to fully validate the Urban Resilience SD model for local level.

ANNEX

TABLE Al. INPUT DATA FOR URBAN RESILIENCE SD MODEL FOR CASE STUDY OF TOWN IN

LATVIAN CONTEXT
Name of variable Type Initial value Unit
Social dimension
Births Flow 4329.96 People/year
Young population Stock 9447 People
Growing up Flow 4329.96 People/year
Mature population Stock 36 083 People
Ageing Flow 4329.96 People/year
Migration Flow 400 People/year
Elderly population Stock 12024 People
Births per mature person Variable 0.12 Per Person
Children deaths Flow 3.599307 People/year
Mature people deaths Flow 186.90994 People/year
Elderly deaths Flow 532.639152 People/year
Children death rate Variable 0.000381 Per Person
Mature people death rate Variable 0.00518 Per Person
Elderly death rate Variable 0.044298 Per Person
Exposure of population Variable 0 People
Deaths from natural hazard Variable 0 People
Youth dependency Variable 0.261813042 Unitless
Elderly dependency Variable 0.333231716 Unitless
Share of immigrants Variable 0 %
Share of population at poverty risk Variable 0.285 %
Share of population with disabilities Variable 0.597182 %
Share of unemployed Variable 2.77 %
Infrastructure dimension
Commissioning of the dwellings Flow 0 Dwellings/year
Unoccupied dwellings Stock 0 Dwellings
Moving out Flow 1223 Dwellings/year
Moving in Flow 0 Dwellings/year
Occupied dwellings Stock 30 000 Dwellings
Damage to occupied dwellings Flow 0 Dwellings/year
Recovery of occupied dwellings Flow 0 Dwellings/year
Damaged dwellings Stock 0 Dwellings
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Name of variable Type Initial value Unit
Construction rate Variable 1.060235658 Dwellings
Desired occupied dwellings Variable 28 777 Dwellings
Desired persons per dwelling Variable 0.5 Persons per Dwelling
Shortage of housing per capita Variable —0.021249609 Dwellings per Person
Occupied dwellings per capita Variable 0.521249609 Dwellings per Person
Exposure of occupied dwellings Variable 0 Dwellings
Water supply Flow 1 095 000 m?/year
Water for consumption Stock 1 095 000 m?
Water demand per capita Variable 19.02561073 m?® per person
Water consumption Flow 1 095 000 m?/year
Exposure of water supply Variable 0 m?
Shortage in water supply Variable 0 m?
Disruption of water supply Flow 0 m?/year
Shortage in water supply per capita Variable 0 m? per capita
Wastewater production Flow 93 0750 m?/year
Wastewater Stock 93 0750 m®
Wastewater treatment Flow 93 0750 m?/year
Exposure of wastewater treatment Variable 0 m?
Wastewater disruption Flow 0 m?/year
Wastewater treatment demand Variable 93 0750 m?
Wastewater treatment shortage Variable 0 m?
Share of population with wastewater treatment Variable 100 %
Electricity supply Flow 132 949.74 MWh/year
Available electricity Stock 132 949.74 MWh
Electricity consumption Flow 132 949.74 MWh/year
Disruption of electricity supply Flow 0 MWh/year
Electricity demand Variable 132 949.74 MWh
Exposure of electricity infrastructure Variable 0 MWh
Shortage in electricity supply Variable 0 MWh
Shortage of electricity per capita Variable 0 MWh per Person
Heat production Flow 6390 MWh/year
Heat for consumption Stock 6390 MWh
Heat consumption Flow 6390 MWh/year
Disruption of heat supply Flow 0 MWh/year
Heat demand Variable 6390 MWh
Heat demand per capita Variable 0.111026167 MWh per Person
Exposure of DH infrastructure Variable 0 MWh
Shortage in heat supply Variable 0 MWh
Shortage in heat supply per capita Variable 0 MWh per Person
Inability to keep house warm Variable 0 %
Environmental dimension
Waste production Flow 63 309.4 kg/year
Waste Stock 63 309.4 kg
Waste treatment Flow 63 309.4 kg/year
Waste recycling Variable 0 kg
Waste production factor Variable 63 309.4 kg
Waste vs treated Waste Variable 1 unitless
Waste exposure Variable 0 kg
CO, Heat Variable 115020 tons/MWh
CO; Electricity Variable 53179 896 g/kWh
CO; emission factor for heat Variable 18 Tons
CO; emission factor for electricity Variable 400 g
CO, emission Flow 60 049 532.46 g/year
CO; stock Stock 60 049 532.46 g
NO, emissions Flow 1986 715.8 g/year
NO; stock Stock 1986 715.8 g
NO; emission factor for heat Variable 0.01 g/kWh
PM emissions Flow 996 520.95 g/year
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Name of variable Type Initial value Unit
PM stock Stock 996 520.95 g
PM Heat Variable 3195 g
PM emission factor for heat Variable 0.5 g/kWh
Economic dimension
Employed Stock 29 000 People
Employment rate Flow 0 People/year
Not employed Stock 1000 People
Desired employment Variable 14 167.18044 People
Hours per worker Variable 2000 hr/person
Desired labour hours Variable 86 334 360.88 hr
Labour hours Variable 58 000 000 hr
Labour exposure Variable 0 hr
GDP Variable 590 440 000 EUR
Supply Flow 1 039 826 642 EUR/year
Inventory Stock 959 355 217.7 EUR
Consumption Flow 590 000 000 EUR/year
Export Flow 369 355 217.7 EUR/year
Aggregated demand Stock 590 000 000 EUR
Income Flow 510 000 000 EUR/year
Desired production Variable 878 883 793.8 EUR
Import Flow 449 386 641.6 EUR/year
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ABSTRACT

The current urbanization and increase of intensity and likelihood of natural hazard events underlines
that particular attention must be addressed to strengthening urban resilience to natural hazards. Urban
resilience assessment tools based on indicator approach have certain disadvantages, which do not allow
considering systemic interaction in terms of feedbacks effects among the urban system components
selected for urban resilience assessment. This peculiarity can be provided by system dynamics
modelling. Within this study the purpose is to introduce a dynamic urban resilience to natural hazards
assessment tool that is able to compare different urban resilient scenarios, considering the multi-
dimensionality of urban systems and short term and long term time reference. This paper presents the
structure of novel tool and comparison of urban resilience scenarios performed for a local case study
with the given tool. Specifically, the implementation of probabilistic simulation in system dynamics
model with output inform of index allows capturing all the possible outcomes of different urban
resilience scenarios. The results of model validation and simulation show that the tool is suitable for
different urban resilience scenario evaluation, thus has the potential to be used in urban policy planning
for development of urban resilience strategies.

Keywords: Causal loops, Disasters, Modelling, Monte Carlo, Probabilistic simulations, System
dynamics

Introduction

The number of natural disasters has increased tremendously in the last 60 years and thus have the
amount of loss and damage from natural disasters [1]. This has made the disaster risk reduction policies
an inalienable part of social welfare, economic growth and environmental protection. Within the context
of disaster risk reduction policies, the term "resilience" is used in international policy agreements such
as Sendai Framework [2] and Paris Agreement on Climate Change [3] to describe the complex behaviour
of a system that is able to withstand natural disasters. The term has also gained increasing attention in
scientific community [4].

There is an importance for resilience term practical use in the urban context [5]. Resilience and
complex systems thinking can add to policy planning new ways of dealing with poverty, vulnerability,
and governance by highlighting the diversity of components influencing these social problems. This is
especially important with the consideration that European cities will face more challenges. In the near
future, urban growth and climate change will influence social and economic aspects [6]. The increasing
intensity of hazard activity caused by climate change together with the growth of population in urban
areas will lead to higher risk in urban areas [7].

Studies of future disaster risk in Europe underline the need to adapt infrastructure, economy and
communities in order to decrease socio-economic and environmental damage in the future [8].
According to [9], due to climate change, sea-level will rise by 0.8 meters in the next century, causing
floods to coastal areas and along rivers, leading to chemical and mineralogical changes in coastal soils
and threatening human life.
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Study of [10] applied computer models for climate change and socio-economic development up to
the year 2050, referring to floods of 2013, which had a high impact. The study concluded that floods
such as in 2013 with a return rate of 16 years might increase to once every 10 years by 2050, with annual
average economic losses of EUR 23.5 billion by 2050, while in period 2000 to 2012 losses accounted
for EUR 4.6 billion.

The importance of including socio-economic aspects when planning disaster risk reduction (DRR)
in the long term is underlined by the results of the study [11], which suggested that by the 2080 floods
could have annual losses up to EUR 98 billion.

The study of [12] assessed 186 countries for potential losses to natural hazards and found that
developed nations cannot deal with highly destructive, but less frequent events. At the same time, they
are able to cover the costs of relief for less damaging or catastrophic recurring events. Latvia and
Lithuania are mentioned in the list of the countries having a resource gap for high-frequency natural
hazard events with a period below 25 years. The country risk profiles of World Bank [13] show that
floods pose a very high risk for the Baltic States with annual average affected GDP of EUR 6.42 billion
and average affected population of 800 000 inhabitants.

Over the years, studies report that there is a lack of tools on resilience [14], [15] and there is the
need for a decision support system can assist city authorities in planning adaptation measures [16]. This
identified gap underlines an opportunity for developing quantitative simulations tools based on urban
systems theory for the application of ecological, social, and technical resilience in policy planning [17].
Thus, this work aims to show that tool based on system dynamics approach integrating probabilistic
simulation and composite index can be used for comparison in of urban system resilience strategies.

1. Literature review
1.1 A conceptualisation of urban resilience

Currently, urban resilience policy is under high uncertainties due to political pressures, emergent
nature of threats, speed of change, and the level of complexity of networks that form cities [18]. In the
field of risk reduction policies, the term urban resilience s a topic of discussion due to a lack of clarity
on how to apply this concept in practice [19]. The terminological varieties and epistemological
disjunctions sometimes make it difficult to use the term urban resilience in policy planning due to lack
of recognition and reflection [20]. The long-term planning horizon and holistic context make resilience
policies different from traditional hazard mitigation policies [21].

Some existing methods for resilience assessment describe resilience with characteristics as
redundancy, diversity, efficiency, autonomy, robustness, adaptability, and collaboration, and even
sometimes vulnerability is assigned to be related to resilience as an opposite term [22]. The term
resilience was a topic of discussion in the scientific arena due to subjectivity and inability to define the
relationship between the system components, and lack of the inter- and trans-disciplinary perspective
[19].

Summarizing many definitions of resilience, the term is used to describe how systems functionality
is affected by certain level of stress, or shock. This concept relies on the maximal capacity of the system
to cope against a particular hazard — i.e. the concept of capacity thresholds. Therefore, disaster risk
assessment is also connected to resilience [23], [24]. Risk is a static metric that does not change over
time and represents the severity of impact on a given system, social or technological in a specific
reference time. Risk is often a part of metric used in engineering system resilience.

Many resilience studies focus on infrastructural system resilience as they provide essential services
that support economic prosperity and quality of life [25]. Another type of resilience interpretation is
linked to ecosystem resilience, where multiple equilibrium states exist, also known as alternative
regimes [26]. Ecosystem resilience tends to measure an equilibrium state of system [27] and represents
a dynamic metric of system performance over the disaster event [28], [29]. This approach underlines the
non-linear spatial-temporal interaction of components in a complex adaptive system and is consistent
with Holling's definition of thresholds that ecosystem can withstand [30]. Finally, recent definition of
urban resilience provided by [31] is in line with socio-ecological resilience, which emerged from the
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definition of ecosystem resilience and recognised the dynamic nature of urban systems in different
scales.

1.2 Challenges in urban resilience assessment

Based on the review of social resilience studies [32] concluded that different tools of different
purposes towards resilience measuring are found in literature, but these tools are not yet capturing the
dynamic interactions between social and other dimensions. The current studies applying multiple
equilibrium regimes in models with socio-economic aspects are still limited [33].

Often quantitative indicators are used because they are easy to use and compare with each other
[34]. To capture the multi-dimensionality indicators presenting different aspects of urban areas are
synthesized into a single number called 'index' [35], known as a composite indicator-based method. The
composite indicator-based method is known as multi-criteria analysis (MCA) and uses a set of indicators
to present different criteria within selected resilience dimensions [24].

Composite indicators methods are often used for assessing the performance of human development,
sustainability, corruption, innovation, competitiveness [36]. One of the most recognised Sendai
Framework indicator problems is that they are used to determine global trends in the reduction of risk
and losses at the current state of use [37]. They serve for calculating the impact of short term risks, but
do not provide enough information to create a risk reduction and disaster prevention strategies over the
long term.

The study of [38] found that it is challenging to apply relevant variables or indicators that are
practicable and implementable for every urban system, and therefore suggested to integrate a systemic
approach into urban resilience mapping should be developed.

In this direction, computer simulation tools for resilience assessment are created based on models
created with quantitative methods that describe the interrelationship of system variables. Practical and
precise models in the short term usually are those that are made for single systems like for hospitals
[39], [40], water supply systems [41], [42] and energy supply [43], [44]. However, at the current state
of development, these models seem unable to quantify the resilience of the whole urban system, leaving
resilience as a separate measure for sub-parts of urban system.

More models found in the literature [41], [45]-[47] show that computer simulation tools for
resilience assessment are mainly applied to infrastructural systems, leaving socio-economic aspects
outside the scope of resilience studies. The social resilience assessments capturing dynamic interactions
within and between different social dimensions are not found in literature [32]. For a tool capable of
urban resilience assessment including the socio-economical approach is a very important aspect, but
linking social and technical resilience faces enormous challenges [48].

1.3 System dynamics approach in urban research

The interactive combination of different physical and non-physical factors leading to the formation
and transformation of cities makes the urban environment a dynamic system of systems[49]. Therefore
any analysis of urban form resilience should not be conducted in isolation from determining factors and
must consider a comprehensive, integrated approach[50]. In this direction, the system dynamics
approach is used to model the dynamics and metabolism of all urban systems. The method allows
explaining the behaviour of a system through a structure that drives the behaviour of the system itself
with the help of feedback loops as the basis of an explanation of system behaviour[51].

The scale and scope of research applying system dynamics approach to study urban areas differ and
cover a wide range of investigated aspects: some of them are focused at urban area in general; others
are focused on specific aspects of the urban area and therefore mainly addressed to one type of discipline,
like technological, economic, environment, health and other. Urban system dynamics models in the
literature relate to topics such as: urban sustainability, energy sector of urban areas, urban transport,
urban water supply system, urban economy.

In specific, the study [52] presents the results from a system dynamics model for urban passenger
transport sector, including an economy subsystem, population subsystem, transport subsystem. The
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dynamics regulating energy consumption and CO; emissions provide the mechanism to prioritise
technological and regulatory solutions to achieve significant energy and emissions reductions.

The study of [53] showed how causal loop diagrams can explain the effect of a selection of a specific
set of policy recommendations and strategies implementable in different countries. This would enhance
the generalisation of causal loop diagrams on this topic, while the sensitivity of the variables could be
calibrated for specific case studies depending on the local conditions.

Study of [54] evaluated sustainable policy in urban transportation by using as inputs precise data
form comprehensive databases. For this model nine urban sustainable transportation indicators were
used divided into three indicators for each key group of environmental, economic and social
sustainability and together aggregated into composite index. The study suggested that such model could
be used for comparing various combinations of policies by their costs and achieved effects. In this case,
the use of statistics as input data can be a partial solution for better sensitivity of the model, however,
the effects of the interaction of variables in the model cannot be fully included by using only historical
data.

The study of [55] focused on urban water sector presents conceptual framework for modelling
financially self-sustaining water and wastewater networks. Framework involves system dynamics
modelling and explanation of the created model with causal feedback loops. The conclusion suggested
that feedback loops might demonstrate that management of wastewater collection networks constitutes
a complex dynamic system for which traditional management tools used in the area are deemed
inadequate. The study shows the adequacy of system dynamics model to be used for developing both
short term and long term management plans.

One more aspect of system dynamics modelling was found in the model reported in [56] . The model
focuses on a long term quantification of air pollution in urban areas considering non-linear interactions
and time delays within different sub-models for industrial sectors with the aim to find the most efficient
air pollution reduction strategy in a short term and long term perspectives. Therefore, the inclusion of
time delays would play an important role when modelling urban resilience in order to show the long
term and short term changes in the behaviour of a studied urban system.

The main findings from literature review on system dynamics models for urban areas can be
summarized as following:

1) Urban system dynamic models can be grouped into three groups:

a) Models that can be considered to be developed for a general description of urban area
performance [57];

b) Models that have been developed for a specific sector of the urban area, but have
incorporated parts or variables from other sectors [58]-[60];

¢) Models that have been developed for a specific sector of the urban area with a very high
detail to show precisely the dynamics of every sector [56], [61];

2) It is possible to use a single index in system dynamics model for evaluation of systems

performance [54], [58], [62];

3) Models can be made for different time scale [63], short term, long-term or both.

The findings presented here are responsive to the context of this study and are considered for the
development of dynamic assessment tool of urban resilience to natural hazards. The methodology
section describes the creation of model in detail.

Methodology

Tool suitable to describe the dynamics of urban resilience to natural hazards and deal with the
existing knowledge gaps on topic of urban resilience measurement is created by integrating three
methods into a single model for performing the assessment. The development of this model can be
summarized in an algorithm (see figure 1). The definition of the dynamic problem and hypothesis for
the purpose of such tool follows the definition is provided in [64].
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Figure 1. Model development algorithm.

Within this study urban resilience assessment is performed for a medium-sized city of Jelgava,
which is exposed to flood risk related to spring floods due to snow melting and rain, ice congestion and
partly also to wind floods. For natural hazard definition information on spring floods in Jelgava city
prepared by "Latvian Environment, Geology and Meteorology Centre" for Preliminary flood risk
assessment for 2019-2024 is used in this study [65].

2.1 Definition of tool structure

The structure of the tool that enables dynamic urban resilience to natural hazard assessment
includes system dynamics approach with integrated probabilistic simulation and composite
indicator index. System dynamics model considers endogenous structure of urban system, which is
created with help of feedbacks between dimensions that represent the dynamic change occurring in
urban areas. The urban system in the model is defined through urban dimensions that are included
in the model as separate sectors. The defined dimensions of urban system are social dimension,
infrastructure dimension, environmental dimension, economic dimension. The concept for dynamic
urban resilience assessment tool structure is presented in figure 2.
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Figure 2. Concept of dynamic urban resilience assessment tool structure.

Urban systems behaviour is best described by non-linear dynamics, which are the result of many
feedbacks between urban systems multiple elements. Therefore, the developed urban resilience
assessment model to natural hazards is made with system dynamics approach, which enables dynamic
modelling of urban areas with the help of internal feedback loops between different, and well
identified, components of urban areas. System dynamic models is based on using three components
applicable known as stocks, flows and variables [66].The model is used for simulation of the
changes in the components over a simulation period.

The study distinguishes different dimensions of urban areas to set the scope at which urban
area performances are captured in the model. The visualisation of the model composed of stocks,
flows and variables, and their loops - as direct or feedback - is known as Causal Loop Diagrams
(CLD). The CLD diagrams aim to identify the interactions within the component of the model [51].

The CLD consist of the reinforcing and disrupting drivers within system can be described in
the following way: the change in the originating component is cause for change in other components
that after a certain time have strengthening effect also in the initial component. This feedback loop
is considered a self-reinforcing, identified with "R" in the CLD. If there is an opposite case, when
the response of other components in the loop decreases the original effect of the initial component
and thus the change in system, it is called a balancing loop, identified with "B" in the CLD. Usually
a system has multiple feedback loops that interact with each other and are the main cause for the
complex dynamic behaviour [55].

The probabilistic simulation is integrated in the developed urban resilience system dynamics model
generating a random impact from a given probability-impact curve and assigns the defined impact to a
model variable (i.e. dwellings, electricity supply, heating, water supply etc.).

The composite indicator based index for the urban resilience assessment allows having
dynamic output in the form of single number or score. This enables to represent the dynamic
changes within the representative urban dimensions directly selected from the urban resilience
system dynamics model. To make indicator values comparable over the simulation time, a
normalisation of indicators is made based on reference scale. Thus, indicators are selected from
available data sets of statistics to provide a definition for reference scale.

2.2 Validation of dynamic urban model

The validation of model content is performed within a local case study by comparing the model
output for each dimension with historical trend from statistics. This is performed before integrating
probabilistic simulation into model. For this purpose, the coefficient of determination R? is used
according to equation 1 [68]:
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where
R? — coefficient of determination,
n — number of measurements in selected data set,
yi— value of the i'™ observation in the validation dataset,
§ — is the average value of the validation dataset,
i — predicted value of the i observation.

In Equation 1, the fraction is the ratio of the residual sum of squares to the total data sum of squares.
Value R? allows understanding how close the data is to historical trend. The value of R? close to 1 shows
that the model is making a good perdition. Model is considered valid for cases when R? value is over
0.9, which is considered a very precise model output. The formal hypothesis F-test is not necessary for
purpose of system dynamics model, because the structure of the model is a "white box" based on
deterministic equations and knowledge instead of statistics as in case of regression models.

2.3 Probabilistic natural hazard event simulation

Natural hazard in the system dynamics model is defined as an event with a specific impact on
the population and provision of services. For natural hazard, the definition for the selected case
study is based on information prepared by “Latvian Environment, Geology and Meteorology
Centre” for national flood risk assessment is used in this study [65]. The hazard probability and
magnitude in terms of flooded area for spring floods in Jelgava city (see figure 3) is based on
historical data of hazard events occurring once in 200 years (0,5% probability), once in 100 years
(1% probability), and every 10 years (10% probability).
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Figure 3. Probability and magnitude of spring floods.

The impact of hazard event for specific component is described by Equation (2):

Hazard impact; = Hazard; * Exposure; * Vulnerability; 2)
Where
Hazard impact; is the effect of hazard on model component i of the considered system,
Hazard; is the hazard magnitude for a hazard of occurrence probability 7,
Exposure; is the exposure of model component i to hazard,
Vulnerability; is the vulnerability of component i.

For the assessment of Exposure; and Vulnerability; components in connection to a specific
Hazard intensity, in the proposed system dynamics model, proxy data are used due to lack of
historical records. The exposure is determined according to the exposed population in the flooded
area in Jelgava city during spring floods as shown in figure 4.
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Figure 4. Exposed population to spring floods in Jelgava city.

The proxy data for Exposure; component is based on the exposed population. The Exposure; of
specific components is determined as components value per capita. The higher number of exposed
population, the higher the Exposure;.

The Vulnerability; of components is defined by vulnerability coefficient from 1 to 0, where 1
equals to the full amount of impact assigned by Exposure; per capita and 0 means no assigned by
Exposure; per capita. This allows determining the decrease of specific service depending on
magnitude of natural hazard.

The defined model components in system dynamics model that have input from Hazard impact
are reported in table 1.

Table 1. Defined components in system dynamic model with hazard impact

Components l Hazard impact, units

Social dimension

Young population Deaths (number of people)

Working age population Deaths (number of people)

Elderly population Deaths (number of people)

Economic dimension

Labour hours ‘ Decrease in labour hours (hours)
Infrastructure dimension

Dwellings Damage to dwellings (number of dwellings)
Electricity supply Decrease in electricity supply (kWh)
Heating Decrease in heating (kWh)

Water supply Decrease in water supply (cubic meters)
Environmental dimension

Wastewater treatment Decrease in wastewater treatment (cubic meters)
Waste treatment Decrease in waste treatment (kg)

The model structure allows incorporating different recovery functions (Linear, S-shaped,
Exponential) for each component after hazard impact occurrence during model simulation.
However, there is no historical data available on the recovery process from the hazard event for the
selected case study area, thus only S-shaped recovery function is used for case study of Jelgava city.

2.4 Indicator selection and URI definition

The indicators that fit model structure and have reference data in EUROSTAT database are reported
in [67]. The positive and negative effect of selected indicators on urban resilience is identified and
considered in index creation. The different scales of indicators are normalised to a common scale of 0
to 1 with Min-Max method.
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The indicators are used for creation of composite indicator based index — urban resilience index
(URI), which is able to present the dynamic change of urban resilience in short term and long term.
The index allows capturing the dynamics of urban resilience to natural hazard as estimation based
on normalized indicators from different urban dimensions of the created system dynamics model
and presenting the dynamic change as a single value measurement.

For the comparison of different urban resilience scenarios URI in form of converter in system
dynamics model is not suitable, because different URI scores for every time step of the simulation will
be presented. A more comprehensive way for comparison is to have a URI score for simulation in a
single value at the end of the simulation. This is achieved by making URI as stock component in system
dynamics model.

URI score during the simulation of urban resilience system dynamic model is used as an inflow
into URI score stock. At the end of simulation, the value of stock for URI score is cumulative value of
URI scores over simulation time. To make the cumulative value of URI score comprehensive for
comparison of different scenarios, it is normalized to scale from 0 to 1, by dividing the URI value in
stock at the end of simulation by whole simulation time period.

2.5 Assessment of urban resilience through probabilistic simulation

The urban resilience model runs a stochastic simulation with probabilistic input from command
RANDOM. In other words, this makes the output for every simulation run different even when the same
input data is used, because urban resilience system dynamics model simulation is probabilistic instead
of deterministic. Thus, for simulation of the model Monte Carlo method is applied.

Monte Carlo method is used in the evaluation of complex problems involving random phenomena
occurring in probabilistic simulations. The results of Monte Carlo simulations show likelihood of
different outcomes of events, in this case different outcomes in dynamic change of urban area
functionality over time under uncertainty of natural hazard event occurrence, which is measured by URI
score. This allows having an understanding of statistical nature of the systems performance and making
decisions accordingly to the statistical output. The number of trials for Monte Carlo simulation is
distinguished by Equation 3 [69]:

N
T 1+N(E)? 3)
Where
Z — number of samples,
N — all possible model output values for the urban resilience index in one scenario,

E — maximum permissible error in calculating Z.

The maximum permissible error in this study is considered as +5%. All possible model output
values for the urban resilience index in one scenario depend on the urban resilience index value scale.
The Stella Architect software used to create the model derives the value of the cumulative urban
resilience index from 0 to 1 after Monte Carlo simulations with an accuracy of up to three decimal
places. Thus, the maximum number of different values of the city's resilience index is 1000. This number
N is taken into account when calculating the Z number of samples in Monte Carlo simulations.

2.6 Comparison of different urban resilience scenarios

Within the case study of Jelgava, two different urban resilience scenarios were selected for
comparison with the Baseline scenario. Both comparative urban resilience scenarios foresee the
potential effects of policy strategies aiming at the increase of urban resilience by increasing the urban
attractiveness. In addition, one of the scenarios includes policy strategies aiming at decreasing
infrastructure service vulnerability to natural hazards. The changes in input parameters used for urban
resilience system dynamics model to present the effects of policy planning strategies are reported in
table 2.
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Table 2. Parameters for selected urban resilience scenarios

Scenario Parameters
CO; emissions Waste recycling Hazard effect
component
Baseline 18 g CO,/kWh for heat and 0 for waste recycling factor Coefficient of 1
scenario  with | 400 g CO./kWh for electricity for
hazard Vulnerability;
Urban S-type function decrease from 18 | S-type functionincrease from0 | Coefficient of 1
resilience 2/kWh to 9.6 g/kWh for heat and 400 | to 1 for waste recycling factor | for
scenario 1 g COY/kWh to 215 g/kwh over | from simulation year 15 to 30 | Vulnerability;
simulation time 1 to 30 years years
Urban S-type function decrease from 18 | S-type functionincrease from0 | Coefficient of
resilience g/kWh to 9.6 g/kWh for heat and 400 | to 1 for waste recycling factor | 0.5 for
scenario 2 g/kWh to 215 g/lkWh over simulation | from simulation year 15 to 30 | Vulnerability;
time 0 to 30 years years

The input parameter values for Environmental dimension component CO, emissions in Urban
resilience scenario 1 and Urban resilience scenario 2 are selected based on the estimates of 80% decrease
in of CO; emissions by 2050 compared to 1990. The selected S-type function describes a gradual
decrease in CO2 emissions over simulation years 0 to 30, which is equivalent to time period of 2020 to
2050. Similarly, S-type function describes a gradual decrease in waste recycling factor value, but in a
different time period, from simulation year 15 to 30 years. Such definition of scenarios allows to test if
the tool is sensitive, enough to consider effect of policy strategies that have different time reference.
Both components CO» emissions and waste recycling factor in urban resilience strategies affect urban
attractiveness, which, according to CLD in “Model structure” section, would affect other components
used in the model.

The Urban resilience scenario 2 in addition to the reduction of CO, emissions and the increase of
recycled waste foresees the reduction of hazard effect. This is considered by changing hazard effect
coefficient Vulnerability; from 1 to 0.5. This results as decrease in disruption amount in all the
infrastructural services.

The expected result of implementing the urban resilience scenarios is increase in urban resilience
to natural hazard. This increase measured by comparing URI score probabilities and their distribution
in output of Monte Carlo simulations.

3. Results

3.1 System dynamics model structure

The created urban resilience system dynamics model includes four dimensions as described in
methodology: social, economic, infrastructure and environmental. This section presents the CLD for
each dimension to provide a description of the model structure and the feedbacks considered between
model components. Each dimension is included in the model as separate sector, linked with respective
influencing component of another sector. These linking variables are reported in CLDs with quotation
marks in the title when used from another sector.

The social dimension CLD in figure 5 has several balancing loops representing the effects in ageing
and deaths, and one reinforcing loop, representing the effect of births. The model is constructed in a way
that it includes the age of population groups in order to have components responding for working-age
population for economic dimension components and consider social vulnerability in terms of youth and
elderly dependency.
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The two strokes on the link between different age population is mark for time delay, which
considers the aging effect of the population group. Working age population accounts population from
16 to 65 years old. The model is set in a way that young population grows up 16 years after birth and
working age population ages after 59 years (from 16 years after births).

The increase of population is occurring due to births and immigrations. The decrease of population
is occurring due to deaths and emigration. Deaths are the result of natural deaths and deaths from
occurred disaster. The model considers different death rate for every age group of population. The
balancing loops between respective age population deaths show that when population increases, the
number of deaths also increase. This dynamic will cause a decline in the population and a consequential
decline in the number of deaths as balancing loop.

Social dimension of urban area has a certain effect on the resilience of urban area and therefore the
main output of the social sector model for calculation of URI. Another important factor in the developed
model for creating the dynamic effect in social dimension is urban attractiveness. Urban attractiveness
represents the feedback effect from environmental dimension. Urban attractiveness in the social sector
is affecting the immigration and emigration in urban area.

The economic dimension in figure 6 includes key aspects of the urban economy in terms of
productivity, labour, GDP, employment, etc. The main output of the economic sector for URI estimation
is GDP. Another loop in economic dimension is the balancing loop of the employment. The interaction
of these the two loops leads to a dynamic change in GDP component. Over the simulation time the value
in GDP component is growing due to the effect of the reinforcing loop. This growth is then balanced by
the employment rate, which is also dependent on working age population component in social
dimension.
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The infrastructure dimension of model shown in figure 7 is presented by dwellings, electricity
supply, heating, water supply. The part of model representing processes concerning the dwellings has
an essential role for other sectors, because through the occupied dwellings component, the level of
demand for heating and water supply is defined.
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Figure 7. Causal loop diagram for infrastructure dimension.

The desired occupied dwellings component depends on total population variable from social
dimension. Number of occupied dwellings will increase if desired occupied dwellings increase and
decrease the number of available dwellings due to interaction of two balancing loops. For the model it
is considered that when the available number of dwellings per person increases, the need for construction
of new dwellings decreases and thus the construction of dwellings will accordingly decrease.

The CLD shows that the construction of new dwellings is exposed to a hazard. A negative effect
on the construction of new dwellings is also considered in the model at time when the hazard occurs.

171



The effect of hazard on existing dwellings, with respective exposure and vulnerability is considered.
Reconstruction of damaged dwellings is also considered in the developed model.

The variable occupied dwellings is used to define the amount of demanded water supply and
heating services provided. The supply of services in the model is considered as a balancing loop. The
supply of services decreases when the hazard affects on the provision of services, with respective
exposure and vulnerability is considered. The gap in the provision of services is used as an indicator for
URI calculation.

The CLD for environmental dimension in figure 8 shows that model includes waste treatment and
wastewater treatment as balancing loops, similarly as used in the provision of heating, electricity supply
and water supply in infrastructure dimension. Also, the impact of natural hazard is considered in a
similar way for these loops. In addition, the environmental dimension includes CO, emissions, linked
to electricity supply and heating components in the infrastructure dimension. The CO; emissions are
linked to urban attractiveness component.
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Figure 8. Causal loop diagram for environmental dimension.

The overview of the model structure in terms of interactions between the defined urban
dimensions is shown in figure 9. The links between the dimensions create additional feedback loop. The
balancing loop between social, infrastructure and environmental dimension, linked by urban
attractiveness that influences population migration, and consequently the amount of services provided
in the urban area and thus the impact on the environment in terms of CO, emissions and waste amount.
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3.2. Results of model validation for case study

The urban resilience system dynamic model is validated based on historical data for a selected
urban area of a case study. Despite a significant lack of available historical data for areas of urban
scale, specific data are found from the Latvian Central Statistics Bureau appropriate for validation
of the Population and GDP components.

Data set for Jelgava population is used for period years 2011-2018. The results of the validation
in figure 10 show the comparison to historical data set for Population of Jelgava with the model
output. For purpose of this validation an initial value of population as for statistical data in 2011 is
set in the model.
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Figure 10. Results of population component validation.
The results of the validation show that model output for population component fits historical
data of population with a coefficient of determination R* equal to 0,92669. This is considered as a

very high relationship between real data and model data, and the model is valid to provide a
consistent output for population component in urban resilience assessment.
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The validation of model output for GDP of Jelgava is performed for years 2013-2017. For
GDP component validation, the change in population component given in figure 10 is considered
for the respective years of historical GDP data set. No data on GDP for a longer period is available
for Jelgava city in Central Statistics Bureau. The results of GDP component validation are presented
in figure 11.
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Figure 11. Results of GDP component validation.

The model output for GDP component fits historical data of GDP with coefficient of determination
R? equal to 0,95564. This is considered as a very high relationship between real data and model data and
the model is valid to provide a consistent output for GDP component in further urban resilience
assessment.

The rest of the model components do not have a historical data set presenting a trend over a more
extended period then few years. Inputs for the rest of components during the validation at the start of
the simulation are used based on average statistics for Latvia or found in literature sources for Jelgava
city.

3.3. Results of urban resilience scenario comparison

The comparison of urban resilience scenarios is performed by analysis of Monte Carlo simulation
statistics for three defined scenarios: Baseline scenario with hazard, Urban resilience scenario 1 and
Urban resilience scenario 2. The necessary evaluated number of trials that must be performed by
Monte Carlo simulation for every scenario to achieve a 95% confidence level of Monte Carlo
simulation is equal to 286 samples according to equation 2.4.2. High frequency of high URI score
in the predefined scenario means that the scenario is more preferable.

The results show that most frequent cumulative URI score in baseline scenario is from 0,761 to
0,786. Cumulative URI scores in period from 0,736 to 0,761 and period from 0,786 to 0,811 also
occur frequently. Higher cumulative URI scores than 0,811 do not occur for Baseline scenario with
hazard. The results of statistics analysis of Monte Carlo simulations show that mean average of
cumulative URI score for baseline scenario with hazard occurrence is 0,769 and the median is 0,767.

The results of Monte Carlo simulation in Urban resilience scenario 1 show that most frequent
cumulative URI score is in period from 0,761 to 0,786. Urban resilience scenario 1 shows a higher
cumulative URI respect the scores of the baseline scenario with hazard. The results show that mean
average of cumulative URI score in Monte Carlo simulations for Urban resilience scenario 1 is
0,802 and the median is 0,809.

The results of Monte Carlo simulation for the frequency of occurrence of specific cumulative
URI score in Urban resilience scenario 2 show that most frequent cumulative Urban resilience
scenario 2 is from 0,754 to 0,772. The statistics of URI score in Urban resilience scenario 2 show
that mean average of cumulative URI score in Monte Carlo simulations for Urban resilience
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scenario 2 is 0,804 and the median is 0,811. Thus, there is a small increase in cumulative URI score
for Urban resilience scenario 2 compared to Urban resilience scenario 1.

The min, max and mean average values, together with other statistics parameters that can be
used for comparison of urban resilience scenarios are computed in the Stela Architect software with
Monte Carlo simulation output. The comparison of min, max, and mean average values of
cumulative URI scores in Monte Carlo simulations with confidence level of 95% for different
scenarios is shown in figure 12.
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Figure 12. Summary of Monte Carlo simulation results for different scenarios.

Baseline scenario with hazard has the lowest min, average mean and max scores. There is an
increase in cumulative URI score min value for Urban resilience scenario 1 and Urban resilience
scenario 2 compared Baseline scenario with hazard. There is small increase in mean average value
and no increase in max value Urban resilience scenario 2 compared with Urban resilience scenario
1. In this case, benefit of implementing Urban resilience scenario 2 lies in decreasing the low
cumulative URI score occurrence, which are present in the probabilistic simulations in which large
number of natural hazard events has occurred.

Conclusions

A novel tool for dynamic assessment of urban resilience to natural hazards is developed. The tool
provides urban resilience measurement that suits the complexity of urban resilience definition. For this
purpose, three quantitative methods are integrated into the tool: system dynamics, probabilistic
simulation and composite indicator. The content and structure of the tool is validated and different urban
resilience scenarios are tested in a local case study on a Jelgava city with natural hazard of spring floods.

The integration of three methods composite indicator, probabilistic simulation and system
dynamics within the developed tool allows overcoming the limitations of every method for resilience
assessment. The results of model validation and simulation show that the tool is suitable for different
urban resilience scenario evaluation in case studies.

The analysis of different urban resilience scenarios in case study shows that there is a notable
increase in urban resilience in the long term when the selected urban resilience strategy is aiming
at increasing of urban attractiveness. Consequently, such a strategy has a positive effect on the
decrease of social vulnerability in social dimension and thus increases urban resilience. In addition,
analysis shows that the benefits of decreasing vulnerability of contribute to urban resilience
increase, but do not surpass the benefit of decreasing social vulnerability in the long term.

The developed urban resilience tool captures the effects of different urban resilience strategies
both in the short term and long term, as shown by summary of Monte Carlo simulation results for
different urban resilience scenarios in case study for Jelgava city. The multi-dimensionality of the
tool and feedbacks between the defined dimensions allows capturing the trade-offs occurring in
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different dimensions of urban areas, as intended by the defined causal loops in system dynamics
model.

The developed tool has proved to serve the indented purpose and can be used for wider
application in policy planning. The developed tool allows to consider the trade-offs between the
short and the long terms of urban resilience strategies within the causal loops defined in the dynamic
structure of the model. Additional system dynamics sub-models for infrastructure, such as roads
and telecommunications, or factors influencing social vulnerability, like education, hospitals, and
different social groups, can be implemented to consider relevant other trade-offs urban resilience
strategies.

The simulation of natural hazard made by probabilistic simulation has a certain sampling bias
for probability of occurrence, which does not change over defined scenario simulation time. The
dynamic change of natural hazard event probabilities can be introduced in the future.

For more precise assessment of urban resilience with such dynamic tool also the data
availability on response and recovery to disasters for different dimensions of urban areas should be
improved and the availability of indicators for normalization of URI scores to enable wider
application of the tool in policy planning.
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