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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. 

 
 

  



3 
 

ANOTĀCIJA 

Dabas katastrofu statistika un iedzīvotāju skaita pieaugums pasaulē kopā ar urbanizācijas 
līmeņa pieaugumu liecina par katastrofu riska palielināšanos pilsētās. Turklāt tiek prognozēts, 
ka klimata pārmaiņu ietekme palielinās dabisko apdraudējumu aktivitātes pieaugumu. Pētījumi, 
kuru mērķis ir sniegt atbalstu katastrofu riska mazināšanas politikai šobrīd ir ļoti svarīgi. 

Jautājumi, kas saistīti ar to, kā izmērīt pilsētu izturētpsēju pret dabisko apdraudējumu, 
praksē ir aktuāla problēma. Katastrofu riska mazināšanas politikas plānošanai ir nepieciešams 
konsekvents atbalsts alternatīvu politikas stratēģiju izvērtēšanai, kuru mērķis ir uzlabot 
izturētspēju. Pašreizējās pilsētas izturētsējas novērtēšanai izmantotās metodes nespēj aptvert 
svarīgu aspektu kopumu vienā mērījumā. Daudzdimensionalitāte, dinamika, īstermiņa un 
ilgtermiņa perspektīva un dažādas katastrofu iespējamības vēl nav ietvertas kopā vienā rīkā. 

Tādējādi promocijas darba mērķis ir radīt jaunu instrumentu pilsētu izturētspējas pret 
dabisko apdraudējumu novērtēšanai. Promocijas darbā tiek izmantotas trīs metodes 
izturētspējas novērtēšanai vietējā gadījumu izpētē: saliktais indikators, varbūtības simulācija un 
sistēmdinamika. Gadījumu izpēte ļauj izprast katras metodes vājās un stiprās puses. Rezultātā 
šīs metodes tiek integrētas vienā rīkā, lai pārvarētu katras metodes ierobežojumus. 

Promocijas darbs ir izstrādāts angļu valodā, tajā ir ievads, trīs nodaļas, diskusija, secinājumi 
un recomendācijas, literatūras saraksts, pieliktas 7 publikācijas, 53 attēli, astoņas tabulas, kopā 
180 lappuses. Literatūras sarakstā ir 160 nosaukumi.  

Ievadā ir izklāstīts promocijas darba mērķis, izstrādātā rīka zinātniskā un praktiskā nozīme 
kopā ar zinātniskajiem rakstiem, kas publicēti par darba tēmu. Apstiprinātie rezultāti tiek 
pasniegti kā publikāciju saraksts un prezentācijas, kas veiktas starptautiskās zinātniskās 
konferencēs. Tiek pieminētas arī citas autora publikācijas. 

Promocijas darba pamatā ir tematiski vienotas septiņas zinātniskās publikācijas, kas veltītas 
gadījumu izpētei un rīka attīstībai. Ar publikāciju palīdzību šajā darbā izstrādātās zināšanas tiek 
nodotas plašākām zinātnieku aprindām. Publikācijas tiek publicētas starptautiskos zinātniskos 
žurnālos un citētas starptautiskās zinātniskās datu bāzēs. Tās ir pievienotas Promocijas darba 
beigās. Promocijas darbs sastāv no trim galvenajām nodaļām, kurās aprakstīta literatūra, 
metodoloģija un rezultāti no zinātniskajām publikācijām. 

Promocijas darba 1. nodaļa ir literatūras apskats par pētījuma jomas pašreizējo aktualitāti, 
pētāmā termina izturētspēja terminoloģisko dažādību un epistemoloģiskās disjunkcijām un 
mērīšanas metodēm. 2. nodaļā aprakstīts katrs promocijas darba metodoloģijas posms, 
iepazīstinot ar galvenajiem soļiem, kas veikti katrā atsevišķā gadījumu pētījumā. 3. nodaļā ir 
sniegts rezultātu izklāsts. Rezultātu nodaļā tiek prezentēts izstrādātais pilsētu izturētspējas pret 
dabisko apdraudējumu novērtēšanas rīks. Visbeidzot, darba beigās tiek sniegti secinājumi, kas 
izriet no rīka izveidošanas un testēšanas. 
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NOMENCLATURE 

 
Greek symbols 

 – 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 
i – 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 
R2 – 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  
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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.). 

 

 

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 
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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. 

 

 

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.  
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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.  

 

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 

approach 
1 

Measuring Community Disaster Resilience in the Latvian 
Context: an Apply Case using a Composite Indicator Approach. 

2. Probabilistic 
simulation approach 

2 
Resilience of Critical Infrastructures: Probabilistic Case Study of 

a District Heating Pipeline Network in Municipality of Latvia. 

3. System dynamics 
approach 

3 
System Dynamics Model for Natural Gas Infrastructure with 

Storage Facility in Latvia 

4 
Increasing Resilience of the Natural Gas System with 

Implementation of Renewable Methane in the Context of Latvia: A 
System Dynamics Model 

4. Dynamic urban 
resilience to natural 

hazard assessment tool 

5 
Assessing Resilience Against Floods with a System Dynamics 

Approach: A Comparative Study of Two Models 

6 
Assessment of Urban Resilience to Natural Disasters with a 

System Dynamics Tool: Case Study of Latvian Municipality 

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 i s 
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. 

4. Feofilovs, M., Gravelsins, A., Pagano, A., Romagnoli, F. Increasing Resilience of the 
Natural Gas System with Implementation of Renewable Methane in the Context of Latvia: 
A System Dynamics Model. (2019) Energy Procedia, 158, pp. 3944‒3950. 

5. Feofilovs, M., Romagnoli, F., Gravelsins, A. System Dynamics Model for Natural Gas 
Infrastructure with Storage Facility in Latvia. (2018) Energy Procedia, 147, pp. 549‒557. 

6. Feofilovs, M., Romagnoli, F. Resilience of Critical Infrastructures: Probabilistic Case 
Study of a District Heating Pipeline Network in Municipality of Latvia. (2017) Energy 
Procedia, 128, pp. 17‒23. 

7. Feofilovs, M., Romagnoli, F. Measuring Community Disaster Resilience in the Latvian 
Context: an Apply Case using a Composite Indicator Approach. (2017) Energy Procedia, 
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Other scientific publications 

1. Feofilovs, M., Pakere, I., Romagnoli, F. Life Cycle Assessment of Different Low 
Temperature District Heating Development Scenarios: a Case Study of Municipality in 
Latvia, (2019) Environmental and Climate Technologies, 23 (2), 272‒290. 

2. Pogano, A. J., Feofilovs, M., Romagnoli, F. The relationship between insurance companies 
and natural disaster risk reduction: overview of the key characteristics and mechanisms 
dealing with climate change, (2018) Energy Procedia, 147, 566‒572. 
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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: 
 Literature review, 
 Research methodology, 
 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.  

 

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.  

 

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 1900‒2012 [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 

A B 
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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, i.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. 

 

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). 

 
Fig. 1.5. Dynamic metric of resilience [49]. 

 
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.,  
2013 [69] 

Disaster resilient city can be understood as a city that has managed to (a) reduce or avoid 
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 
Development 
Bank, 2015 [8] 

Urban resilience refers to climate change adaptation, mitigation actions, and disaster risk 
reduction while recognizing the complexity of rapidly growing urban areas and the 
uncertainty associated with climate change 

Meerow et al., 
2016 [70] 

Urban resilience refers to 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 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 
a disaster. 

 
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 

Quantitative 

Indicator 
 Comparable 
 Easy to use 
 Multi-dimensional 

 Highly generalized 
 Subjective weighting 
 Static 
 Input data dependent 

Computer 
simulation 

model 

 Time reference  
 Comparable 
 Precise in short term 
 Short-term and long-term analysis 
 Scenario analysis 
 No subjective opinion 

 Outdated with change of 
technologies 

 Mainly applicable to engineering 
systems 

 Highly dependent on data 
availability 

 Separate model for every system 

Qualitative 

Survey 

 Reflects community’s opinion and 
needs 

 Detailed 
 
 

 Time consuming 
 Hardly comparable 
 Highly depends on communities’ 

skills and knowledge 
 Results are meaningful in short term 

Expert 
opinion 

 Highly detailed 
 Scenario planning 
 Short-term and long-term analysis 

 Time consuming 
 Hardly comparable 
 Subjective 

Mixed 
(integrated) 

Integration 
of several 
methods 

 Can include all strengths of 
methods integrated 

 Can avoid weakness of one method 

 Complicated in development 
 Can be highly dependent on data 

 
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).  

 
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 (t0 …T+t0), 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 CO2 
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. 

 
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: 

 define urban resilience measurement for dynamic assessment;  
 integrate existing approaches into a novel urban resilience assessment tool; and  
 validate and test the developed model in local case study;  
 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 iIndex (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: 

 
 ,    (2.1.1) 

where 
capital score – sum of z-scores for given capital i;  
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 – 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 2n 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. 

 

M=  ,    (2.2.1) 

where 
M ‒ matrix; 
Sk – scenario; 
Sn – pipeline. 
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Random failures for assets (Sn) are generated with a certain failure probability, which is 

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

 
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) 

 

 
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 

 

Flow Rate of change in stock; arrowhead on the flow pipe 
indicates the direction of the flow, in or out of stock, in 
this way increasing or decreasing value of stock 

 

Converter Defines external inputs to the model, calculates 
algebraic relationships and serves as the repository for 
graphical functions 

 

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]: 

 ,  (2.3.1) 
where 

Stock Xt – the level of Stock X at simulation time t; 
Stock X(t-dt) – 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(t-dt) – the sum of inflows into Stock X at the simulation time t – dt; 
Outflows(t-dt) – 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 

 

 
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 



  

42 
 

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 R2 is used according to Equation 2.4.1 [159]: 

      (2.4.1) 

where 
R2 – coefficient of determination; 
n– number of measurements in the selected data set; 
yi – value of the ith observation in the validation dataset; 
ȳ –the average value of the validation dataset; 
ŷi – predicted value of the ith 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 R2 allows to understand how close the data is to historical trend. When 
value R2 is close to 1, it shows that the model is making a good perdition. A model is considered 
valid for cases when R2 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 km2 and population up to 15600 exposed to spring flood with likelihood 
of occurrence once in 10 years; exposed area of 64.56 km2 and population up to 39250 for spring 
floods with likelihood of occurrence once in 100 years; exposed area of 69.94 km2 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]: 

 ,    (2.4.2) 

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 R2 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. 

 

 

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 t1 to t2, 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.  

 

 
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. 

 

A B 
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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.  

 

 
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 CO2 stock in Fig. 3.7 A. shows how the CO2 stock decreases because of the 
decreasing trend in electricity consumption and heating. 

 

A B 

D C 
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Fig. 3.7. Simulation output in baseline scenario without hazard: A – for CO2 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 R2 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. 

 
Fig. 3.8. Results of population component validation. 

A B
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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.  

 

 
Fig. 3.9. Results of GDP component validation.  

The model output for GDP component fits the historical data of GDP with coefficient of 
determination R2 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): 

 , (3.2.1) 
where  
Hazard impacti – the effect of hazard on component i of the considered system;  
Hazardj – the hazard magnitude for a hazard of occurrence probability j;  
Exposurei – the exposure of component i to hazard;  
Vulnerabilityi 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). 

 
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 Hazardj 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 Exposurei and Vulnerabilityi 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. 

 

 
Fig. 3.11. Exposed population to spring floods in Jelgava city 

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

The Vulnerabilityi of component is defined by vulnerability coefficient from 1 to 0, 
where 1 equals the full amount of impact assigned by Exposurei per capita and 0 means no 
assigned impact by Exposurei 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) 

34.02; 
15600.00

64.56; 
39250.00

69.94; 
42900.00
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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. 

 

 
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. 

 
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. 

 

 
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. 

 

A B 
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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 CO2 stock in the urban resilience SD 
model is dependent on the heating and electricity supply, thus the reduction of CO2 
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. 

 

 
Fig. 3.16. Comparison of impact in baseline scenarios with and without hazard on A ‒ CO2 

emissions component, and B ‒ waste produced vs waste treated component. 

A B 

C D 

A B 
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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:  

,     (3.2.3) 

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

the indicator value before normalization, min (xi) 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:  

,     (3.2.4) 

where x-
i norm is the normalized indicator with negative influence on URI value, xi is the 

indicator value before normalization, min (xi) is the minimum value of indicator in 
EUROSTAT data set, and max (xi) 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. 

 

 
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.  
 

 

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.  

A B 

C D 



  

64 
 

    
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: 

 ,    (3.2.5) 

where xi norm is normalized indicator, ωi is weight, i 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. 

 
 

A B 
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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. 

 

 

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 
CO2 emissions Waste recycling Hazard effect 

component 
Baseline scenario 
with hazard 

18 g CO2/kWh for heat and 
400 g CO2/kWh for electricity 

0 for waste recycling factor Coefficient 1 for 
Vulnerabilityi 

Urban resilience 
scenario 1 

S-type function decrease from 18 
g/kwh to 9.6 g/kWh for heat and 
400 g CO2/kWh to 215 g/kwh over 
simulation time 1 to 30 years 

S-type function increase from 
0 to 1 for waste recycling 
factor from simulation year 15 
to 30 years 

Coefficient 1 for 
Vulnerabilityi 

Urban resilience 
scenario 2 

S-type function decrease from 18 
g/kWh to 9.6 g/kWh for heat and 
400 g/kWh to 215 g/kWh over 
simulation time 0 to 30 years 

S-type function increase from 
0 to 1 for waste recycling 
factor from simulation year 15 
to 30 years 

Coefficient of 0.5 
for Vulnerabilityi 
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The input parameter values for environmental dimension component CO2 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 CO2 emissions over simulation years 0 to 30, which is equivalent 
to the time period of 2020 to 2050. The outputs of CO2 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.  
 

 
Fig. 3.23 A and B. Simulation outputs from CO2 emission component for urban resilience 

scenarios. 

The Urban resilience scenario 2 in addition to reduction of CO2 emissions and increase of 
recycled waste foresees the reduction of hazard effect. This is considered by changing hazard 
effect coefficient Vulnerabilityi 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 CO2 emission component for effect of implementing Urban 
resilience scenario is shown in Fig. 3.23 B. There is a negligible increase in CO2 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 Vulnerabilityi from 1 to 0.5 is shown in the output 
for Urban resilience scenario 2. 

A B 
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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 CO2 
emissions reduction and waste recycling increase. Due to the S-shaped function for CO2 
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. 
 

 
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. 

B A 



  

69 
 

 

 
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. 

 

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

scenarios.  

 
Fig. 3.28 A and B. Simulation outputs from heat supply component for urban resilience 

scenarios. 

B 

B 
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Fig.3.29 A and B. Simulation outputs from electricity supply component for urban resilience 

scenarios. 

 
Fig. 3.30 A and B. Simulation outputs from water supply component for urban resilience 

scenarios. 

 
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 CO2 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 
in 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. 

B 

B A 

A 

A 

B 
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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. 

 

 
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. 

 

 
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. 

 
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. 

 

 
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 R2 

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 R2 

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 

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 CO2-eq of GHG emissions 
from the atmosphere by 2050 and additionally save 8 Gt CO2-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 % 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 CO2 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].  

 

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 (B5). 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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Fig. 2. Casual loop diagram of biomethane and power-to-gas application for natural gas system with storage facility 

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 

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.  

 

 
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 (t) of the simulation time imposed to the initial value of the indices at the 
start of the model simulation time (equation 1): 

initt

t

IURI
IURIIURI
,

     

(1) 
Where the ΔURI-I showing the change (increase or decrease) in indicator; URI-It is the 

indicator value in moment (t) of simulation time; URI-It,init is 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.  

  
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: 

n

r
SURI

n

i
i

1                 

(3) 
where r1…n 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. 

 

 
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 Gómez-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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Fig. 6. Causal Loop Diagram representing a General Template of the Services Approach to Urban Resilience 

Index Development (Arrows in red are those whose polarities are not indicated as they would depend on the 
specific services and decisions being considered. Arrows in bold represent where synergies (Services A&B) 

and tradeoffs (Services B&C) are occurring.) 
 

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. 

 

 
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 21st 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 path ways 
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 actua l 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: i) consistency of indicators, ii) 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.  

 

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).  

 
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. 

1
·

n

i ii
x w

URI
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. 

 
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.  

 
Fig. 4. Causal loop diagram for main feedbacks loops in Urban Resilience SD model. 

g
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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 service s 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 URI 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 A1 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 
dimension 

Economic 
dimension 

Infrastructure 
dimension 

Environmental 
dimension 

Share of unemployed 
population 
 
Youth dependency 
 
Elderly dependency 
 
Share of population at 
poverty risk 
 
Share of immigrants 

GDP per 
capita 

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 
 
Share of population with wastewater 
treatment 

Waste produced vs 
treated 

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

  norm

min
 

max min
i i

i
i i

x x
x

x x
, (3) 

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

 
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.  

 
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 URI in 
long term simulation based on historical data. The output of this simulation for URI 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 A1. 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 



Environmental and Climate Technologies 

 ____________________________________________________________________________ 2020 / 24 

 
262 

 

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 m3/year 
Water for consumption Stock 1 095 000 m3 
Water demand per capita Variable 19.02561073 m3 per person 
Water consumption Flow 1 095 000 m3/year 
Exposure of water supply Variable 0 m3 
Shortage in water supply Variable 0 m3 
Disruption of water supply Flow 0 m3/year 
Shortage in water supply per capita Variable 0 m3 per capita 
Wastewater production Flow 93 0750 m3/year 
Wastewater Stock 93 0750 m3 
Wastewater treatment Flow 93 0750 m3/year 
Exposure of wastewater treatment Variable 0 m3 
Wastewater disruption Flow 0 m3/year 
Wastewater treatment demand Variable 93 0750 m3 
Wastewater treatment shortage Variable 0 m3 
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 
CO2 Heat Variable 115 020 tons/MWh 
CO2 Electricity Variable 53 179 896 g/kWh 
CO2 emission factor for heat Variable 18 Tons 
CO2 emission factor for electricity Variable 400 g 
CO2 emission Flow 60 049 532.46 g/year 
CO2 stock Stock 60 049 532.46 g 
NO2 emissions Flow 1 986 715.8 g/year 
NO2 stock Stock 1 986 715.8 g 
NO2 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 

REFERENCES  

[1] UN-HABITAT. Urbanization and development. Emerging Futures. Nairobi: UN-HABITAT, 2016. 
[2] Wallemacq P., UNISDR, CRED. Economic Losses, Poverty and Disasters 1998–2017, 2018.  
[3] Djalante R. & Lassa S. Governing complexities and its implication on the Sendai Framework for Disaster Risk 

Reduction priority 2 on governance. Progress in Disaster Science 2019:2:100010. 
https://doi.org/10.1016/j.pdisas.2019.100010 

[4] Cabinet of Ministers. Latvian National Plan for Adaptation to Climate Change until 2030. No. 380, 2019.  
[5] Wolfram M., Frantzeskaki N. & Maschmeyer S. Cities, Systems and Sustainability: status and perspectives for research 

on urban transformations. Current Opinion in Environmental Sustainability 2017:22:18–25. 
https://doi.org/10.1016/j.cosust.2017.01.014 

[6] Basu S., Bale C. S. E., Wehnert T., and Topp K. A complexity approach to defining urban energy systems. Cities 
2018:95:102358. https://doi.org/10.1016/j.cities.2019.05.027 

[7] Botequilha-leitão A. and Díaz-varela E. R. Performance Based Planning of complex urban social-ecological systems: 
The quest for sustainability through the promotion of resilience. Sustainable Cities and Society 2020:56:102089. 
https://doi.org/10.1016/j.scs.2020.102089 

[8] Apreda C., Ambrosio V. D., and Di Martino F. A climate vulnerability and impact assessment model for complex 
urban systems. Environmental Science & Policy 2018:93:11–26. https://doi.org/10.1016/j.envsci.2018.12.016 

[9] Nunes D. M., Pinheiro M. D., and Tomé A. Does a review of urban resilience allow for the support of an evolutionary 
concept? Journal of Environmental Management 2017:244:422–430. https://doi.org/10.1016/j.jenvman.2019.05.027 

[10] Meerow S., Newell J. P., and Stults M. Defining urban resilience: A review. Landscape and Urban Planning 
2016:147:38–49. https://doi.org/10.1016/j.landurbplan.2015.11.011 

[11] Dhar T. K. and Khirfan L.  A multi-scale and multi-dimensional framework for enhancing the resilience of urban form 
to climate change. Urban Climate 2017:19:72–91. https://doi.org/10.1016/j.uclim.2016.12.004 

[12] Diaz-Sarachaga J. M., & Jato-Espino D.  Do sustainable community rating systems address resilience? Cities 
2018:93:62–71. https://doi.org/10.1016/j.cities.2019.04.018 

[13] Wardekker A. et al. A diagnostic tool for supporting policymaking on urban resilience. Cities 2020:101:102691. 
https://doi.org/10.1016/j.cities.2020.102691 

[14] Scherzer S., Lujala P., & Ketil Røda J. A community resilience index for Norway: An adaptation of the Baseline 
Resilience Indicators for Communities (BRIC). International Journal of Disaster Risk Reduction 2018:36:101107. 
https://doi.org/10.1016/j.ijdrr.2019.101107 

[15] Fekete A. Societal resilience indicator assessment using demographic and infrastructure data at the case of Germany 
in context to multiple disaster risks. International Journal of Disaster Risk Reduction 2018:31:203–211. 
https://doi.org/10.1016/j.ijdrr.2018.05.004 



Environmental and Climate Technologies 

 ____________________________________________________________________________ 2020 / 24 

 
264 

 

[16] Zaidi R. Z. Beyond the Sendai indicators: application of a cascading risk lens for the improvement of loss data 
indicators for slow-onset hazards and small-scale disasters. International Journal of Disaster Risk Reduction 
2017:30:306–314. https://doi.org/10.1016/j.ijdrr.2018.03.022 

[17] Hein W., Wilson C., Lee B., Rajapaksa D., and De Moel H. Climate change and natural disasters: Government 
mitigation activities and public property demand response. Land use policy 2018:82:436–443. 
https://doi.org/10.1016/j.landusepol.2018.12.026 

[18] Saja A. M. A., Goonetilleke A., Teo M., & Ziyath A. M. A critical review of social resilience assessment frameworks 
in disaster management.  International Journal of Disaster Risk Reduction 2018:35:101096. 
https://doi.org/10.1016/j.ijdrr.2019.101096 

[19] Tan Y., Jiao L., Shuai C., and Shen L. A system dynamics model for simulating urban sustainability performance: A 
China case study. Journal of Cleaner Production 2018:199:1107–1115. https://doi.org/10.1016/j.jclepro.2018.07.154 

[20] Gallina V., Torresan S., Critto A., Sperotto A., Glade T., & Marcomini A. A review of multi-risk methodologies for 
natural hazards: Consequences and challenges for a climate change impact assessment. Journal of Environmental 
Management 2016:168:123–132. https://doi.org/10.1016/j.jenvman.2015.11.011 

[21] Cariolet J., Vuillet M., & Diab Y. Mapping urban resilience to disasters – A review. Sustainable Cities and Society 
2019:51:101746. https://doi.org/10.1016/j.scs.2019.101746 

[22] Imperiale A. J., & Vanclay F. Experiencing local community resilience in action: Learning from post-disaster 
communities. Journal of Rural Studies 2016:47:204–219. https://doi.org/10.1016/j.jrurstud.2016.08.002 

[23] Zhou L., Wu X., Xu Z., & Fujita H. Emergency decision making for natural disasters: An overview. International 
Journal of Disaster Risk Reduction 2018:27:567–576. https://doi.org/10.1016/j.ijdrr.2017.09.037 

[24] Galbusera L., & Giannopoulos G. On input-output economic models in disaster impact assessment. International 
Journal of Disaster Risk Reduction 2018:30:186–198. https://doi.org/10.1016/j.ijdrr.2018.04.030 

[25] Tidball K. G., & Aktipis A. Feedback enhances greening during disaster recovery: A model of social and ecological 
processes in neighborhood scale investment. Urban Forestry and Urban Greening 2018:34:269–280. 
https://doi.org/10.1016/j.ufug.2018.07.005 

[26] Grinberger A. Y., & Samuels P. Modeling the labor market in the aftermath of a disaster: Two perspectives. 
International Journal of Disaster Risk Reduction 2018:31:419–434. https://doi.org/10.1016/j.ijdrr.2018.05.021 

[27] Phonphoton N., & Pharino C. A system dynamics modeling to evaluate flooding impacts on municipal solid waste 
management services. Waste Management 2019:87:525–536. https://doi.org/10.1016/j.wasman.2019.02.036 

[28] Xu Z., Yao L., & Chen X. Computers & Industrial Engineering Urban water supply system optimization and planning: 
Bi-objective optimization and system dynamics methods. Comput. Ind. Eng. 2019:142:106373. 

[29] Blumberga A., Blumberga D., Bažbauers G., Davidson P., Moxnes E., Dzene I., Barisa A., Žogla G., Dāce E., & 
Bērziņa A.  System Dynamics for Environmental Engineering Students. Riga: Riga Technical University, 2011. 

[30] Papachristos G. System dynamics modelling and simulation for sociotechnical transitions research. Environmental 
Innovation and Societal Transitions 2018:31:248–261. https://doi.org/10.1016/j.eist.2018.10.001 

[31] Feofilovs M. et al. Assessing resilience against floods with a system dynamics approach: a comparative study of two 
models. International Journal of Disaster Resilience in the Built Environment 2020:11(5):615–629. 
https://doi.org/10.1108/IJDRBE-02-2020-0013 

 



  

159 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
DYNAMIC ASSESSMENT OF URBAN RESILIENCE TO NATURAL HAZARDS 

  



16

DYNAMIC ASSESSMENT OF URBAN RESILIENCE TO 
NATURAL HAZARDS  

Maksims FEOFILOVS*, Francesco ROMAGNOLI
Institute of Energy Systems and Environment, Riga Technical University,

Azenes iela 12/1, Riga, LV-1048, Latvia
Maksims.Feofilovs@rtu.lv

Francesco.Romagnoli@rtu.lv
*Corresponding author

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 CO2 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];
c) 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 2 is used 
according to equation 1 [68]:
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(1) 

where
R2 – coefficient of determination,
n – number of measurements in selected data set,
yi – value of the ith observation in the validation dataset,
ȳ – is the average value of the validation dataset,
ŷi – predicted value of the ith observation.
In Equation 1, the fraction is the ratio of the residual sum of squares to the total data sum of squares. 

Value R2 allows understanding how close the data is to historical trend. The value of R2 close to 1 shows 
that the model is making a good perdition. Model is considered valid for cases when R2 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).

Figure 3. Probability and magnitude of spring floods.

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

Where
Hazard impacti is the effect of hazard on model component i of the considered system,
Hazardj is the hazard magnitude for a hazard of occurrence probability i,
Exposurei is the exposure of model component i to hazard,
Vulnerabilityi is the vulnerability of component i.

For the assessment of Exposurei and Vulnerabilityi 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 Exposurei component is based on the exposed population. The Exposurei of 
specific components is determined as components value per capita. The higher number of exposed 
population, the higher the Exposurei.

The Vulnerabilityi of components is defined by vulnerability coefficient from 1 to 0, where 1 
equals to the full amount of impact assigned by Exposurei per capita and 0 means no assigned by 
Exposurei 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 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]:

(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

CO2 emissions Waste recycling Hazard effect 
component

Baseline
scenario with 
hazard

18 g CO2/kWh for heat and
400 g CO2/kWh for electricity

0 for waste recycling factor Coefficient of 1 
for 
Vulnerabilityi

Urban 
resilience 
scenario 1

S-type function decrease from 18
g/kWh to 9.6 g/kWh for heat and 400 
g CO2/kWh to 215 g/kwh over 
simulation time 1 to 30 years

S-type function increase from 0
to 1 for waste recycling factor 
from simulation year 15 to 30 
years

Coefficient of 1 
for 
Vulnerabilityi

Urban 
resilience 
scenario 2

S-type function decrease from 18
g/kWh to 9.6 g/kWh for heat and 400 
g/kWh to 215 g/kWh  over simulation 
time 0 to 30 years

S-type function increase from 0
to 1 for waste recycling factor 
from simulation year 15 to 30 
years

Coefficient of 
0.5 for
Vulnerabilityi

The input parameter values for Environmental dimension component CO2 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 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 CO2 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 CO2 emissions and the increase of 
recycled waste foresees the reduction of hazard effect. This is considered by changing hazard effect 
coefficient Vulnerabilityi 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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Figure 5. Causal loop diagram for social dimension.

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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Figure 6. Causal loop diagram for economic dimension.

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.

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. 
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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 CO2 emissions, linked 
to electricity supply and heating components in the infrastructure dimension. The CO2 emissions are 
linked to urban attractiveness component.

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 CO2 emissions and waste amount.
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Figure 9. Causal loop diagram for interactions between the dimensions.

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.

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 R2 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.

Figure 11. Results of GDP component validation.

The model output for GDP component fits historical data of GDP with coefficient of determination 
R2 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. 

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 resil ience 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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