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EXECUTIVE SUMMARY

Research problem

Developing country cities are expected to expand rapidly over the coming decades, increasing pressures on
their environment (United Nations, 2014)Because their expansion takes place in a more rapid and
uncoordinated fashion, regions afcological importancenear citiesexperience moreencroachment and
haphazard developmerompared to countries that are alaely more developeCohen, 2006).

Largescale infrastructure projects such as ports can have a significant impact on the development of nearby
cities.While benefitsgenerated by portspill outsidetheir immediate regionport cities experience negative
externalities: congestion, pollutigp land use issues and green space encroachmidg.locablobal mismatch

of port infrastructure is becoming more importaas containerization and increasing contestability of port
hinterlands increases competition between pgrémd increases the pregee for efficiency, port investments

and the involvement of privatparties (Rodrigue, Comtois, and Slack, 2017; Merk, 2013; Musso, Benacchio,
Ferrari and Haralambides, 2000)

Social conflicts related to port development, involving port authorities, comitpugroups, local business
community, national and local government, are becoming increasingly relevant (Musso, Benacchio, Ferrari, and
Haralambides, 2000). As such, port planning can no longer be based exclusively on the opinions of engineers,
infrastrudure specialists, transport economists or lawyers. Port planning needs to take into account the
relationship between the port and the city, the economic and environmental impacts, and the stakeholders
(Moglia and Sanguineri, 2003). As port communities ipleyorts with their social license to operateorp
managing bodies have been pushed to adapt their strategies towavdédvinglocal community stakeholders

in the port planning processnd incorporating sustainability indicators in their reporting omtgeerformance

(Ircha, 2012; Adams, Quinonez, Pallis, and Wakeman, 2009; Dooms, 2014)

Traditional port impact studies are still of use in such an integrated port planning process, but they have two
important drawbacks: firstly, they present only a staticture of expected port impacts, ignoring the effects of
port development over time, changes in port operations (e.g. automation) and uncertainties influencing the
port-city system. Secondly, while they can serve as an important tool to the communitgl@rstanding the
structure of a port as well as its immediate economic effects, they tend to overestimate benefits while
underestimating negative impac{Musso, Benacchio, Ferrari, and Haralambides, 2000)

Rather than as static, separate entities, ports and their cities should be considered as single complex adaptive
systems, characterized by mutual positive and negative interdependencies and witlnean processes
(Fusco Girard, 2010). However, empirstadies of ports systems and urban systems often study these systems
separately. The current literature regarding the integrated sustainable development of port cities is rather
limited (Merk, 2013; Xiao and Lam, 20TMere exists a need for researchort-city policy effectiveness that
addresses the complexity of sustainable urban development in the long term (Merk and Dang, 2013). An ex
ante evaluation method is needed that takes into account the economic, environmental and sociabfiede

that exst regarding sustainable pecity development, including metrics for both port performance and socio
economic impacts (Fusd®irard, 2010; Xiao and Lam, 20Musso, Benacchio, Ferrari, and Haralambides,
2000. This study aims to contribute to deepeningderstanding of sustainable pecity development.



Research approach

In this master thesis project, which is connected to the Integrated and Sustainable (Green) Ports in Africa study,
the system dynamics modelling methodology is applied to model the imgdigtort infrastructure investments

on the development othe Ghanaian port city of Tema, where a 1.5 billion dollar port expansion is currently
taking placeThe following research question is used to guide the research effort:

al 26 OF y ae@ anodeiVhg Beduset t fedesent the development of the city of Tema and its port
and evaluate interventions for sustainable p@t G & RS @St 2LIYSyd Ay Fy ! FNAOLY O

Case study data and local stakeholder values are used to demarcate and guide théngedfelit. Factors of
interest include road congestion, green space encroachment, and informal settlement resulting from port
expansion and urban developmemxplicit assumptions regarding urban and port development in a developing
country context are mae and both beneficial and detrimental aspects of port expansion are modelled.

Rat her than developing an urban model from scratch,
a base for the modelling effort given its ability to model urban digyamentas aresult ofprocesses endogenous

to the urban systemand its modest data needs. The latter factor is particularly advantageous when modelling

in a developing country context, where data availability may be poor.

Modelling presentsa threefold tallenge: 1) adding model structures representing port infrastructure, road
transport infrastructure, and green space encroachment, 2) adapting the model structure to represent the
urban development of a developing country city (i.e. informal settlemetwnemy), and 3) adapting existing
model parameters to local (Tema) conditions.

Model development, verification and validation

The model is adapted to explicitly model transportation infrastructure and congestion, green space
encroachment, informal settlenmé and port infrastructure. Model parameters are adapted to local values
based on literature or inferred or estimated from the available data. Model outcomes of interest are based on
the principles of sustainable development (economy, social, environmeantdllocal stakeholder values.

The model has been specified in the simulation package Vensim, based on Forrester (1970) and estimations of
causal relations drawn from literature. The final model contains 27 stocks and some 220 variables in total.
Model vaification tests have been performed based on the guidelines laid out by Sterman (2000), and model
validation was done by performing a full sensitivity analysis, comparing model output with available historical
data, and expert consultation. A scenario isés was performed to assess the impacts of uncertainty related

to the economic environment, port and industry automation and climate chamgene simulated pokctity.

The model verification and validation process showed that the model, despite someptoaktlimitations
owing to the lack of spatial disaggregation, adequately models the development of the city of Tema and the
potential effectsresulting from port infrastructure expansion.

Model use

The longterm impacts ofdifferent modes ofport infrastructure investments on the podity system are
assessed, and potential development dynami® explored. Potential interventions for sustainable
development are generateid a systematic fashidnased on model structure. Promising options eavaliated



for their effectivenes®ver time,using model simulations and a data analysis and visualization script designed
for use with the model.

Conclusions

The analysis shows how the model may be useditwulate the effects of port expansion on the paity
system. The explicit causal structure of the model facilitates the identification of potential interventions for
sustainable porcity development.

While the speed of urban development may vary, the gty system follows a developmental pattern of
logistic growth in a resoureeonstrained environment, with the urban land area being the limiting resource.
While green space initially detracts from the available land area, it acts as a buffer for the city to expand into,
postponing the actual constraimj of the portcity system until green space is consumed as well, and growth
stagnates. Simulation shows green space is completely encroached upon unless it is actively protected.
Alternative approaches such as houseugd industrial zoning policieagre less effective, partly due to the
possibility of informal settlementConservation of green space is shown to have limited consequences for the
port-city socieeconomic climate, but may be difficult to achieve due to resource constraints, the influence of
traditional authorities and potential political interference.

Port infrastructure investments tend to trigger the system to behave more dynamically, attracting more
industrial development and migration to the city based on increased employment opportunitias.
accelerates the encroachment of Tema on its green space by can 1i03é. Following the proposed 2015 port
expansion, port throughput may triple from 2015 values if it rises to the new port capacity. This will significantly
add to the demand for Uran road infrastructure: congestion levels are seen to rise dramatibgllyp to 45%,

if no measures are taken to divert cargo transportation away from the urban road system. However, this
increase results both from port direct impacts, and from indiregftécts of increased industry and population
growth. The progressive throughput growth means that the simulated congestion increase lasts nearly a quarter
of the model run time horizon of 100 years, despite increased investments in road infrastructarkackrof
spatial detail in the model however precludes the modelling of localized bottlenecks, which likely results in an
underestimation of actugllocal)congestion levels.

The possibility of informal settlement around the city renders policies thathrevthe demolition of (formal)

slum estates ineffective, as evicted people settle informally. Refurbishment of slum estates, increasing their
sociceconomic status, would have a similar little i mpa
labor-classfamilies in the city, up to 20% increase of underemployed is observed. However, refurbishment of

slum estates becomes more effective when land area is fidednario analysis shows how the city of Tema

mi ght become ‘| o e&eddnformal mousing, fot example toglgered bygort expansion. As

informal housing rapidly claims available urban land, less is available for formal and industrial housing
developments, stagnating urban growth.

Assessing different modes of port expansiaveals a key finding for podity development patterns. The
guestion of portcity development revolves around the notion who claims the most land the first: the port or
the city. If port development holds back or takes a dosed approach, urban acthstiedit and claim the
available land. Subsequent port development is then met by serious constraints regarding transport
infrastructure construction limitations, due to increased urban developments in the land.

Vi



From the perspective of a port it is bettéo expand dramatically and stifle urban development, claim
infrastructure and port space before land is taken for other (urban) developmental needs and developments.
From the perspective of the podity, a less rapid port development is preferredithough negative
externalities may be more pronounced on the long term as options to mitigate road congestion may be more
(space) constrained at that point.

These findings connect to theory on paity evolution which categorizes pottities by respedve urban and

port prominence (Ducruet and Lee, 2006). The findinggggests that portity evolution is not merely
something that happens organically, but is actively decided by certain stakeholders in thatpa@ystem.
More concretely, porcity evoltion may be (partly) the result of investment decisions by international shipping
lines and terminal operators, who thereby increase port intermediacy and prominence which may in turn stifle
urban development through externalities.

If port prominencein African port citiesis claimed like it is right now in Tema, investments by private parties
may dictate thé evolution by constraining posity urban development. Port authoritiesre in the middle of
this, experiencingressures from their local commuigs on the one side, and the commercial requirements
of terminal operators regarding the exploitation of their port on the other. Active mitigation of port externalities
with lastingly effective interventions may allow for sustainable African-pitytdevelopment that benefits both
sides.

The model has been proven useful in simulating developing countryciigrtievelopment challenges and port
infrastructure expansion impacts, and in the generation of fgylerage interventions. It shows how system
dynamnics was effectively used in a relatively dataor environment, to model the development of the city of
Tema and its port and evaluate interventions for sustainable-pitytdevelopment in an African context. While

its level of aggregation may precluds iise as an urban planning or prediction tool, it may be used as part of
the port planning process to convey to key stakeholders a systems perspective and understandingity port
development dynamics. The relative complexity and high level of aggragattithe model however suggest
that a strategy needs to be designed for this.

Limitations and recommendations

Limitations of the model are discussed and the consequences for modaleiegplained. Recommendations

for further research include the application of the model to other developing country port cities to evaluate
external validity of model results and causal relations, and the applicability of the model to other port cities.
Suge@stions are made for model adaptatiotigat could be relevant in other such port cities, such as port land
useimpacts, which were not a priority in Temfaurther research is proposed on the use of the model as a
boundary object in strategic conversat®an options amongst port stakeholdersombining principles from
group model building and network management and process degigralternative approaclnvolvesthe
conversion of the simulation model into a serious game of port city development, faoijtdiscussion and

the evaluation of interventions for poutity sustainable development amongst stakeholders.

Reflection

The use of the system dynamics approach was appropriate, given the wide variety of factors involved in a
developing country portity. Model complexity and size presented a challenge especially in the (sensitivity)
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testing of the model, and the analysis of model outcomes. The -aatomated datainterpretation and
visualization script waa necessargid in model outcome interpretation and presentation.

Tema has been a suitable castedy for this project. Its location in the Greater Accra metropolitan area meant
that more data than expected was available on the port, the city and the lagoon, whlieti tie modelling
effort. In applying the model to other African pesities, more time and resources may be needed for the
extraction of such data from local stakeholders and institutions.
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1 INTRODUCTION

Ur banization is a worldwide trend. More than halff
this number is expected to rise even furtharthe coming decades. Rapid growth of cities and urbanization is
observed and expected to continue, most prominently in Africa and Asia (United N&d4y. However, cities
worldwide face many challenges. How can they thrive economically and prowisl@jm prosperity without
placing strain on surroundirignd and resources? Congestion, housing shortages and declining infrastructure
are only some of the many problems facing cities (United Natioh§ 2016).

As cities expand they put more pressuretbair environment, both in the form of emissions and changes in
land use and encroachmeimto green spaceslin developing countries this soedgological aspect of city
development can be readily observed. Here urbanization generally occurs more eaqdiyanuncoordinated
fashion. In addition,regions of ecological importancexperience more haphazard developmewhen
compared to countries that are already more developed (Cohen, 2006)

Largescale infrastructure projects such as pocenhave a significant impact ornthe developmentof nearby
cities.While ports providejobs and stimula thelocal economyynderstanding is lacking bbw such projects
affect city composition and quality of life on the medium to long term, and what are effectivecjtpiolicies
(Merk and Dang, 2013).

Social conflicts related to port development, involving port authorities, community groups, local business
community, national and local government, are becoming increasingly relevant (Musso, Benacchio, Ferrari, and
Haralambides, 2000). As such, port planning can no longer be based exclusively on the opinions of engineers,
infrastructure specialists, transport economists or lawyers. Port planning needs to take into account the
relationship between the port and the cityhe economic and environmental impacts, and the stakeholders
(Moglia and Sanguineri, 2003).

In this researchthe choice is made to apply theystem dynamics modlengapproach immodelingthe impacts
of port infrastructure investments on the development of the Ghanaian port city of TErR@icitassumptions
regarding urban and port development in a developing country coraegtmade andboth beneficial and
detrimental aspects of port exgmsionare modelled

The projectforms a component ofhe Integrated and Sustainable (Green) Ports in Africa stadyed outin
response to a research calll from the research and
(Slinger, Taneja andelfinga, 2017; Vellinga, Slinger, Taneja and Vreugdenhil, Bitiger et al., 2017). It
addresses gap within tke overarching research which is focused on integrated port debigimvestigating

and modelling the socieconomic impact of port infrasteture developments in developing countries.

The thesis report is structured as follavisst, the research problem is defined and demarcated, and knowledge
gaps are identified, leading to the formulation of research questi@estions2.1 through 2.11). Next, the
researchapproachis discussedChapter3). Thesecond part of the thesis covetise design of the system
dynamics modelincluding the theoretical framework (Chaptdy model conceptualizatiomnd specification
(Chapter5), and verification and validatiorfChapter6). In the third part of the thesjghe model is used to



assesgport development patterns angdort investment impactsandto generate and evaluat@terventions for
sustainable poricity development Conclusions are drawn based on insights from the model and its use
(Chapter8), model limitations and recommendations for furthersearch are discussed (Chap®r A brief
reflection on the research effort marks the end of the main report (Chaj@gr



2 THESIS DEFINITION

In this chapter theesearch problem is defined and demarcateédtion2.1), knowledge gapare identified
(2.2), the problem statement and research questions are formulatedaf2d32.4), and the research structure
and objectives are explained (2.5, 2.6).

2.1 PROBLEM DEFINITIONDADEMARCATION

Port investments are often cited as being beneficial to local and regional economic development (Musso,
Benacchio, Ferrari and HaralambidesD)@DHowever, citiedosting trese portsexperience both beneficial and
detrimental impacts from their ports. Generally speaking, the positive impacts are economic in nature, while
the negative impacts take the form of externalities like environmentakissland use and traffic congestion
(Brunila, Kunnaatalyrkki, and Haméalainen, 2015; Merk, 2013). Port cities experience what is deemed a local
global or portcity mismatch (Rodrigue, Comtois and Slack, 2017; Merk, 2013): benefits of the port spill over to
other regions, ofterto internationally operating firms, while the negative externalities are experienced locally
in the portcity.

These negative externalities become more importantaasesult ofcontainerization and reduction of port
hinterland captiity (the lands ports can exclusively claimgeet their business from, see Cullinane, 20This
increases competition between ports and increases the pressure for efficiency, investmerastructureand
the involvement of private partie@lusso, Beacchio, Ferrari, and Haralambides, 2000).

The privatization of port activities in reaction to the ina®ed pressure and vertical imjgation of international
shippingcompanies has consequences for the balance of power in port governance. While historically ports
could be considered more public institutions, and investments in port infrastrucitere seen associal
investments to benefit the region, the drive for inaed efficiency and privatization changes port investments

to principallyeconomic ones (Musso, Benacchio, Ferrari, and Haralambides, 2000).

It is no surprise then that port impact studies mostly focus on the benefiteudfipfrastructure investments,
and many studies have been done establishing the beneficial economic impacts of (individual) poRarte.g.
and Seo, 2016; Eltalla, 2016; Bryan, Munday, Pickernell, Roberts, Z88&)otion is longstandinghat port
impact studies seem to be primarilised as a way of justifying largeale investments in port infrastructure
andin public relations management, without adequately considering the costs for the local comrniggo,
Benacchio, Ferrari, and Haralambides, 2000; Dooms, Haezendonck ankie/@ikb).

As the interests of ports and their cities are diverging (Merk and Dang, 2013), city budgets are constrained and
negative externalities of port presence are experienced, cities and public institutions (as major shareholders in
ports) put pressure on port® engage in practices of economic development in the city (Pigna, 28itte

t he 1éndronmental and spatial impacts of port development received increasing weight in the societal
debate on port operations and development (Dooms, 2084tial cofflicts related tostakeholders ofort
development,involvingport authorities, community groupshe local business communitgnd national and

local governmentare becoming increasinglynportant (Musso, Benacchio, Ferrari, and Haralambides, 000

As sich, port planning can no longer be exclusively based on the opiniomngiheers,infrastructure



specialists, transport economists or lawyers. Port planning should take into account the relationship between
the port and the city, both economic and enwviraental impactsand stakeholders (Moglia and Sanguineri,
2003).

As port communities provider withhold ports with their social license to operatport managing bodielsave

been pushed to adapt their strategies towards local community stakeholderdyingdocal stakeholders in

the port planning process, strengthening communication links with local communities and incorporating
sustainability indicators in their reporting on port performan@echa, 2012; Adams, Quinonez, Pallis, and
Wakeman2009;Dooms, 201X Traditional port impact studiesre stillof usein anintegrated port planning
processbut they have two important drawbacks: firstly, theyesent only a static picture of expected port
impacts ignoring theeffects of port development ovdime, changes in port operations (e.g. automation) and
uncertainties influencing the poutity system.Secondly, Wile they can serve as an important tool to the
community in understanding the structure of a port as well as its immediate economic etfeeystend to
overestimate benefits whilenderestimating negative impacts (Musso, Benacchio, Ferrari, and Haralambides,
2000).

Sustainable portity development entails the design and implementation of policies and interventions that
reconcile these oppging values of ports and cities (Fusco Girard, 2010; Merk, 20&R)requires effective
port-city governance and a process in which mailiieria evaluation of possible interventions takes place,
considering values from involved stakeholders and th&idigion of net benefits and dibenefits among all
agents and groupsAn exante evaluation method is needed that takes into account the traffe that exist
regarding sustainable podity development, including metrics for both port performance andi@economic
impacts (FuscGirard, 2010; Xiao and Lam, 20MAjsso, Benacchio, Ferrari, and Haralambides, 2000

Rather than astatic,separate entities, prts and their cities should be considerassingle complex adaptive
systems characterized bynutual positive and negative interdependencies and with dinear processes
(Fusco Girard, 201Mlowever, enpirical studies of ports systems and urban systems often study these systems
separately. e current literature regarding the integrated sustaitallevelopment of port cities is rather
limited (Merk, 2013;Xiao and Lam, 2017Yhis study aims to contribute to deepeningdamstanding of
sustainable porcity development.

2.2 RESEARCH CASE STUB¥:PORT CITY OF AEKAHANA

The city of Tema is home the largest port of Ghana. Situated near Accra on the Gulf of Guinea, Tema was
developed specifically to support its port, which was opened in 1962. The presence of the port attracted
industries dependent on the port, and the Port of Tema became a cafalysirban development. Indeed,

Tema was envisioned to become the industrial center of the country (Hoyle and Hilling, IT@®.a’ s por t
the biggest of the country, serving both Accra and the Volta Delta. The port is currently undergoing a 1.5 billion
dollar expansion, more than tripling its container handling capacity from 1 million to 3.5 million TEU (APM
Terminals, 2015).



The Port of Tema serves as a casely for the Integrated and Sustainable (Green) Ports in Africa research
program of which thg research is a componeniema serves as the case study for this thesis. A research
mission was undertaken in February 2017 during which the port, the city and the adjacent Sakumo Lagoon were
visited. A 56strong stakeholder workshop was held on sustaleginrt development in which information on

local stakeholder values, opinions and priorities regarding sustainability and port investments were gathered
(Slinger et al., 2037

These stakeholder values have been taken as a means of demarcating the lepeatotem. Table 1
summarizes the priorities and concerns expressed by local stakeholders present at the workshop. Local
concerns focus on the encroachment of the city ondld@acentSakumo Lagoqra coastal wetland of ecological
importance with RAMSAR status (Appiah aadkgon, 2012)and thecongestion of urban roads and pollution.
These findings are used to demarcate the modelling effort.

Tablel. Port of Tema stakeholder values concerning sustainable port city development (Slinger et al.,.2017)

Sustainable port city development in Tema

More economic development

Less negative externalities

More local
employment

Higher port
throughput

[jobs/population] | [mton/year]

Less congestion
[infrastructure
use/infrastructure
capacity]

Less slum
development
[informal
settlement]

Less
pollution

Less green
space

encroachment

[Ha green
space]

From a port perspective, automation of operations and the presence of affordable housing for workers were
mentioned as desirablé&kelevant stakeholders to thmort expansion projedistedincluded the port authority,

private sector, international organizations, environmental regulators, local, national and traditional
governments, and interestingly, local politicians as a separate categbig last catego@ion may be related

to the

fact t hat

i nstances

of

occurrencgseeAppendix BActor analysisor a discussiomn this).

political i

nterferei

Other concerns such gsnewablg energy waste management, environmental biodiversity, the cultural link

of the local community with the porandtourism were ado touched upon, buthis research considers these
topics out of its scope. Environmental and biodiversity impacts of port development are already covered by
other research within the Sustainable Ports in Africa program, for instance by employing a @tasystvices
approach.Additionally, Tema is unusual as there are relatively few environmental issues associated with its
location. At another location these would have been more severe and would have had to receive more
attention. Rather, his study focuss on socieeconomic impacts and high level processes suéhdastrial and
housing developmengreen space encroachmerhformal settlement, and transport congestion, specifically
connected to poriinfrastructure developmentThese issues are exploredore thoroughly in the coming

chapters.

Figurel depicts a system diagram for the research problem as defined based on the discussed literature and
case study local information. In the middle it depicts factors that are included in the modellediposgtystem,
such as housing, road transport, employment, land use and green space, and the port itself. Relevant



stakeholders, listed on top, cantervenein the system and influence itsehavior (see Appendix BActor
analysis and chapter7 Model simulatio). Note that the list showrere is not exhaustive. External factors
(depicted on the left) can influence the system exogenously, and introduce uncertainty into the modelling
effort. A scenario analys{@ppendix D is performed to explore the impacts of uncertainty on simulated port
city development.On the right a selection ahodel outcomes ofriterest are listed, based on stakeholder
priorities and the problem demarcation.

Stakeholders & interventions

® Port authority * |ndustry

® Local government ® Urban population

Port operators
Housing developers

Actor analysis
(Appendix B.)
intervention
modelling {Ch. 7}

: ? J Port city system A
\_ = /
External Qutcomes of
factors Port Industry Land use & SliETER
green space
Automation Land use
Congestion
Clirmate . Industry
change Road Housing development
transport
Po Jobs Informal
settlement
Economic
environment Green space
Population encroach-
ment

Scenario analysis
(Appendix D.)

Model simulation (Ch. 6,
7, sensitivity analysis)

Figurel. System diagram of the problem, showing the parity system, relevant stakeholders, external factors and outcomes of interest.

Tema isadoptedas a case studgr several reasons. Firstly, being part of the Sustainable Ports in Africa program
focusing on this portity facilitated a research mission to the area, the visiting of the port, the city and the
adjacent lagoon, and effective camtation of local stakeholders. Secondly, the proximity of Tema to Abera
capital of Ghana and location séveral universitigdsmeans that reliable data on relevant topgsch as green
space encroachmerig more likely to be available.

The city is prticular in that it was specifically developed to service its port. That means relatively detailed
information on urban development and related policies is available. It also contributed to the city being very
port oriented, featuring port dependent indtrges, whichbenefitsthe modelling effort. This peculiarity should

be considered however, when interpreting and extrapolating modelling outcomes to other developing country
port-cities.



2.3 MODELLING APPROA@EHLECTION

Several modelling approaches could bged to fill the need for a dynamic @xte evaluation tool, and
potentially facilitate strategic conversations amongst stakeholders on sustainableifyodevelopmen{Fusco
Girard, 2010)Examples of such approaches are discrete event modedigent kased modelling and system
dynamics modellingThe modelling approach chosen for this research is system dynamics modghiang
reasons for this choice aexplained below.

The choice for a modelling approads determined by various factarshe desired ével of aggregation,
availability of data, tradeoffs concerning computational burdtérg ability to carry out sensitivity analysis,
understand and explain the behavior of the model, and communicate modeling outcomes to others
(Rahmandad and Sterman, notela Both system dynamics and agent based modelling doeildsed to model
port-city development.

Some relative advantages and disadvantages of the system dynamics and agent based modelling approaches
are summarized irmable2. The following commentary is based on the comparison of the two modelling
methods by Rahmandad and Sterman (2008).

An agent based model of podity development could provide insight in the impacts of port infrastructure
investments by modellinghanges in urban land use by individual agdratsed on knowledge of the land and
behavioral rules driving stakeholders in thert-city. An advantage of agent based modelling is that it could
include spatial aspects of urban development and green space encroachment, and the heterogeneity of port
city agentsHowever, a agent based model of port city development would have asrsible downsides: its
granularity and complexity would significantly increase computational requirements, which would limit the
ability to conduct sensitivity analysiddditionally, inking model behavior to its structure would become more
difficult with increasing model complexity, which would have consequences for communicating the reasons for
model behavior to stakeholderimiting its suitability for potential use in the pecity development process.

There exists a tradeff between model (di§ aggregation and the breadth of the model boundary. Modelling
at agentlevel detairequires relatively detailed information on stakeholdesterogeneity andlecisionmaking,
which isless accessiblia a developing country context, at least within the scagfehis research.

Table2. Advantages and disadvantages of system dynamics and agent based modelling (Rahmandad and Sterman, 2008)

System dynamics modelling Agent based modelling
Advantages: i Caneasilyencompass a wide 9 Ability to incorporate spatial

range offeedback effects aspects

1 Lower computational 1 Can capture heterogeneity of
requirements actorsand in the network of

1 Model behavior in complex interactions among them.
models is easier to link to model
structure, communicable to
stakeholders




Disadvantages 1 Aggregate agents into a relatively 1 Hader to link model behavior to
small number of states or groups structures in the model, and
assume homogeneity explain behavior to stakeholders

1 Not very suitable for modelling 1 High computational requirements
spatial aspects of urban for complex models
development (e.g. Sanders and 71 Disaggregation increases model
Sanders, 2004) data-needson agent behavioral

rules

System dynamics modellirgn the other handoffers a different approach to dynamically modelling complex
systems. Thepproach stems from control theory and uses setsnoftlinear differential equations and
guantitative simulation to represent the behavior complex systems over time. It was figied by Jay
Forrester to represent complex problems involving social, economic and industrial elements (e.g. Forrester,
1961; Meadows and Wright, 2008). It is particularly suitable for the dynamic modelling of complex systems
containing numerous intercarected subsystems and feedback loops, and can easily encompass a wide range
of feedback effectsaggregating agents into a atively small number of statedts clear system structure
facilitates the explanation of model behavior to stakeholders, anbitscomputational requirements make it
suitable for sensitivity analysis and experimentation despite model complexity (Rahmandad and Sterman,
2008).

While the system dynamics approach is less suitable for explicitly modelling spatial aspects of devielibpmen
has beensuccessfullyapplied to the modelling of ports and cities (e.g. Fu, 2016; Forrester, 1970; -Duran
Encalada, and Paue@aceres2009). Forrester himself used the approach to model urban dynamics and socio
economic development as resulting fnoendogenous processes (Forrester, 1970). Howewerintegrated
modelling study of portity development has been undertakefihese considerations motivate a choice for
system dynamics as a modelling approach in this research.

24 FORRESTER’' SNAMIRBAN DY

Rather than building a new model from scratch, Forr e
for the research effortin Urban Dynamics, Jay Forrester applied the then just emerging system dynamics
modelling approach to model the rise andatiee of a generic American city. The innovative aspect of the model

was that it dynamically described urban development as driven by endogenous processes, rather than by
outside influences. The model contains both social and economic indicd#tarban cevelopmentFigure2.

A drawback of the model is that it is not spatially explicit, which limits its use as an urban (spatial) planning tool
(Lee Jr., 1973; Sudhira, Ramachandra and Subrahmanya, 2007). ie i@atplexity and size are also cause

for criticism (Stonebraker, 1972; Lee Jr., 1973). However, being a-mhitenodel in which causal structures

are clearly defined, it may be useful for tracing the consequences of different assumptions about tleeafatur

urban devel opment problems. Moreover, Forrester’'s Ur
“teach[ing] |l ay decisionmakers and stakehol ders abou
effects” ( L e e Thisrcould fadiligate 3he gvaluatibrv of )nterventions and uncertainties, and

strategic conversations (Cunningham, Hermans, and Slinger, 2014) on options for the sustainable development
of port cities with stakeholders.
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Figure 2. Urban Dynamics model structure conceptualizatior Figure3. Additions to the Urban Dynamics model structure

incorporating economic and social indicators of urban developme

(Alfeld, 1995; Forrester, 1970).
While the modelhas been around for a relatively long time, its causal mechanisms and the challenges it
describes are still relevanttodap.e s cr i bi ng a ¢ onc e peltodgndlly usestng/real dgta r r e s t e
describing urban development as resulting from endagenprocesses in the cityhis expected low data need
is an advantage when using the model to describe Tafftale the model has been criticized for its lack of
empirical basis, research shows that it can be successfully adapted to represent partisalgrasal that the
behavior it produces does agree with developments observed in real world cities (Mass, 1974; Alfeld, 1995).
Although it is originally specified to represent an American city, it could well be used to model the problems
observed in a deveping country city (Saeed, 2010).

For Urban Dynamicto be adapted to a potityi n a devel oping country howeve
assumptions have to be fexamined, and adapted where necessary. Model augmentations have to be
implemented describingexplicitly the impact of port infrastructure, and the evolution of green space
encroachment and traffic congestion in the urban ar@gure3). Forrest er ° s model , the ne
augmentations, adaptions and outcomes of interest are discussed more thoroughly in clapedel
conceptualzation and specification

2.5 KNOWLEDGE GAPS

As discussed in the previous sectidhgre is a lack of understanding concerning the sustainable development
of port-cities. here exists a need for research on poity policy effectiveness that addresses the complexity
of sustainable urban development the long term (Merk and Dang, 2013). Anagte evaluation method is
needed that takes into account theconomic, environmental and sociatade-offs that exist regarding



sustainable porcity development, including metrics for both port performance and secionomic impacts
(Fusco Girard, 2010; Xiao and Lam, 20A7sso, Benacchio, Ferrari, and HaralambidesQ200

Existing dynamic studies on ports and cities have focused on the economic aspectsatypaetrelopment

(Luan, Chen and Wang, 2010), the regional economic impacts of port infrastructure (Fu, 2016) or economic
interactions influencing porinvestments and policies (Li and Wang, 2013). Other studies are not accessible in
the English language (e.g. Liu, 2004 in: Luan, Chen and Wang, 2010; Ren and Ding, 1994).

Haase and Schwarz (2009) provide a comprehensive oveofidynamic studies of urbadevelopmentThe
examples are numerous andclude system dynamics models of urban seaonomic development (e.g.
Forrester, 1970)the impact of urban development on wetland biodiversity (Eppiven den Bergh and
Rietveld, 2004), urban transport sgshs (Haghani, 2003; Raux, 2003; Wang Lu and Pen, 2008).

Otherdynamic model®ffer a more comprehensive view of urban processes and land use cleuwggeuran
Encalada, and Paue@aceres, 2009; Landis and Zhang, 1998) requireextensive andletaileddata, which
is unlikely to beavailable in developing country conteXthe d/namic modeldhat addresshe issues specific
to developing countries, such as informal housing, mostly focus exclusively on these &snkes §nd Smit,
2013; Gutberlet et al2017).

In conclusion no models exist that incorporate the impacts of port infrastructure development on urban
development, urban transport and peri-urban green space in a singlstegrated model of port-city
development.Moreover, research showsth&aor r est er ' s Ur tkcanrbe shocassultyiadaptedmo d e |
to represent particular cases, but if this also holds for a developing country city is as of yet unféstatesis

addresses thseknowledge gap

2.6 PROBLEM STATEMENT

The following problem stament has been formulated:

No comprehensive dynamic model of paity development exists thatcorporatesthe beneficial and negative
externalities of port development on their cities and green space, facilitating and informing strategic discussions
onsustainable development.

As discussedht port-city of Tema and itadjacentestuary serve as the case study in this reseaBststem

dynamics modelling is taken as a main research approach for the rdagbostinsection2.1, wi t h Forr est
Urban Dynamics as a basis for the pity model.As city development and dynamics can take many decades,

a medium to longerm outlook isadopted.

10



2.7 RESEARCH QUESTIONS

Themain research question follows from the problem statement. Applying the research to the port city of
Tema, the following research question is formulated:

Gl 26 OFy &aeaidSy ReylrYAOa Y2RStfftAy3 0SS dzaSR (G2 NBLINBaA
evaluate interventions for sustainable paity developmentimn! F NA Ol y O2y (i SEG K€

In order to answer this question and structure the researelvesal subquestions are formulated:

1. What is an appropriate and useful model of poity development in a developing country context?

2. What are potential development patterns of developing country poties? In particular, how does
port expansion affeicport-city evolution?

3. What are effective interventions for sustainable poity development that mitigate the locallobal
mismatch in the benefits deriving from port expansion?

4. What do model outcomes mean, for the case study, and for the developmeXirichn port cities in
general?

Research suljuestion 1 is doublbdarreled: model appropriateness relates to model conceptualization and
specification, and involves research of the literature on various relevant topics, actor and scenario analysis,
stakehdder and expert consultation and system dynamics modelling activiteds€3). Model appropriateness
depends on its intended use and the conceptaihs to modelModel usefulness involvelhie determining
whether the model accurately represents (Tema) poty development.Various model verification and
validation tests will be used to this end (Chap&Model verification and validatign including expert
consultation Appendix Elnterview datg.

Research sulguestions 2 and are in fact modelling questions, used to further guide the conceptualization
and use of the modelAnswering esearch sufguestion 2involves the use of the designed system dynamics
model and scenario analysis to explore potential development pattesastibns7.1, 7.2). Research sub
guestion 3 is then addressed $ection7.3. Concrete answers to questions 2, 3 and ke (interpretation of
modeling outcomes for the city of Tema and other African jpities) are thempresentedin the Conclusions
(Chapter8).

Table3. Relevant activities and research approaches for answetlmgresearch sukguestions.

Research Relevant researclactivities/approaches: Where ansvered:

guestion:

1 Literature studyactor analysis, scenario analysis, | Section5.9 (appropriateness)
system dynamics modelling, local stakeholder Section6.8 (usefulness)
consultation, epert interview and consultation

2 System dynamics modelling, scenaialysis Chapter8. Conclusions

3 Systendynamics modelling, actor analysis Chapter8. Conclusions

4 Research synthesis Chapter8. Conclusions

11



2.8 RESEARCH OBJECSIAMD DELIVERABLES

The objective of the research is thrixdd:

0] To extend the application of system dynamics modelling datapoor environment in ordeto
address the urban development dynamics of a port citydeeeloping country context
(i) Assess whether the model can be usedenerat and evaluatenterventions for sustainable port

city development
(iii) Gain insights into sustainable parity development patterns and intervention effectiveness

The project deliverabk will include the written thesis with answers to the research and modelling
guestions a system dynamics model representiagleveloping countryport-city, namely Tema in Ghana,
and a model databank containingrecord ofmodel verification and validatiotests and testing outputs,
including sensitivity analysis graphs and policy graphs and tables.

2.9 SCIENTIFIC RELEVANCE

The major scientific contribution lies developinghe knowledge gaps regarding tdgnamicinfluence of port
infrastructure anddevelopment on the quality of life and natural surroundings in a system dynamics model of
urban development. The research will contribute knowledge on the influence of these factors on the
sustainability of port development initiatives in the developingldo

Moreover, the project willexplore how well the system dynamics modeling methodology performs when
applied to an African city, a relatively dgtaor environment.

2.10 SOCIETAL RELEVANCE

The research project aims to provide insight into the sustainableeldpment of port cities in developing
countries. Potential development of the city can be qualitatively explored under varying scenarios of external
effects and policies. Moreover, by incorporating land use and sociological elements, it could helpetd pro
ecosystems and natural areas of interest by identifying which policies have lasting benefits. Similarly,
introducing infrastructural elements into the project might offer insight into pollution loads and health
considerations and citgweller weltbeing.

However, most importantly it could be used to inform policy and decision making by key stakeholders such as
city planners and port developers. Rather than as a tool of prediction, the model can be used as a medium to
convey to key stakeholders a systemperspective and understanding of paity dynamics By facilitating
systems thinking it can foster sustainable choices and cooperative development
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2.11 RESEARCH STRUCTURE PHESIS OUTLINE

The researcls organized@roundthe classianodelling cycldor system dynamics projectgroblem definition
model conceptualizatioand specification in a simulation package, model verification and validation, and finally
using the model to explore behavior and find policy options (Meyers et al., 2010).

The stucture of the project is displayed Figured4. A comprehensive literature study is carried out focusing on

the subjects of interest (e.g. impacts pbrt infrastructure expansions, urban development in developing
countries, transport, green space encroachment). In addition, empirical data is gathered on tistuclysgort

city of Tema, Ghan&he knowledge found in the first phase will inform modeia@eptualization, specification,
verification and validationand actor and scenario analysé@dter the model is verified and validated, it is used

to model the effects of port expansion on the city, and potential impacts of interventions and uncertainties
Thereafter, the outcomes of the modelling study are synthesized by drawing conclusions and recommendations
for the case study, and generalizing as appropriate for-pibies.

|. Literature study and model Il. Mode| specification & validation 1. Mode| uss V. Project synthesis
conceptualization

- N 4 r . ' . - y

Problem ddfinition Model o e i Model verification Design of Conclusions and
and demarcation ’ conceptualization P Model spechicatior and validation gxperiments ‘ recommendations
‘k ) S ‘ r . jL e . ‘L - . o - ‘L -
k4
il - il -
Data collection on Model use on case ::CPCIUSiC:'S E.'Ed
case study study recommendat ions
Lase ! for case study

Figure4. Thesis research flow diagram
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3 RESEARCAPPROACH

Various research methodologies are applied in different phases of the research. These include the literature
review, interviews and stakeholder consultation, and system dynamics modeling.

3.1 LITERATURE STUDYEVELOPING A THEORRL UNDERSTANDING THE PROBLEM

The literature review methods used tobuild a theoreticauinderstanding of the problemandto collectdata
that is relevant to or needed for thmodelling effort. Topics of interest include urban dynamics modelling,
urban development irfrican and developing country contexdata on the (historical) development of the city
of Tema and its port, and th@gnstitutional) context of the problem.

Where available, scientific literature is used as the primary source of knowl€tgetademicsearch engines
used include Scopus, Google Scholar, and Web of Scifitere scientific research is lacking, academic
literature is supplemented by other (local) sources that are deemed trustworthydperts, newsarticleg, in
light of the relative dta scarcity in the developing worl@ihe information gathered is used to design and test
the model and provide context to its use.

The literature will be drawn from the paradigms of social science, maritime science, governance, transport
modelling, systen dynamics modelling and urban ecology and ecosystems services where applicable.

3.2 GROUNDED AND PARPICTORY SYSTEM DYNASIMODELLING

System dynamidg$SD)modeling is used to model port city developmefs briefly discussed section2.3, the
method of system dynamics modelling was first introduced by Forrester as a way of modelling the behavior
over time of complex systems, daiming feedback loops and ndimear structures (Forrester, 19619nd later
applied by him tanodel the development of cities (Forrester, 19.70)

The numerous examplédiscussed igection2.3) of system dynamics being used to model port impacts, green
space, transportation and urban development issgeparately,show that the method is appropriate for
integrating these aspects in a singlgegrated model of porcity dynamicsThe SDmodelingapproach aims

to capture the complexity of the urban system resulting from interactions betwikerport and the city, and
the likely presence of feedback loops within the system.

The modelling of amcepts as structures of stocks and flows (as system dynamics does) is appropriate
considering thecontinuous and often gradualature ofchangesin urbandevelopment for instance regarding
population growth and housing developmenthe ability of systerdynamics modiing to incorporateboth
technical, quantitative conceptend social, more qualitative concepasa high level of aggregatiasmcongruent

with the expectation thaport-city developmentinvolves both quantitative and qualitative aspects
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Adual approach is employed in informing the system dynamics model. Firstly, the imgarinded in existing
theoretical knowledge on causal relations between the various factors that make up theifyosystem story.
Secondly, input from local stakeldelrs is added to scientific knowledge. This includes information on
stakeholder values and their accounts of system stories, both from the stakeholder workshop as through local
media and personal conversations (e.g. Slinger et al., 2017; Yeboah and Anb@®8yZakaria, 2014;

Agyemang, 2013).

Being a whitebox modelling methodvith a clear model (causal) structyrasing the system dynamics model
will yield a model in which causal relations and assumptamesnade explicitand clear This facilitates ta
evaluation ofthe effects of different assumptions and interventions on model behavior, for instance in group
model building sessions or strategic conversatj@unningham, Hermans, and Slinger, 20&#h port-city
stakeholders. This could allow party stakeholders to improve their mental models and develop
collaborations in the planning for sustainable poity development (Hovmand et al., 2012).
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Figureb. Styles and activities in policy analysigith participatory modellinglocatedon the lower side of the diagram. (Mayer et al., 2004)

Using the modeto that end and in such a context, possibfs a boundaryspanningobject in strategic
conversation with stakeholder&Star and Griesemer, 198%orregponds to a participatory modelling style
(lower side of the diagram iRigure5), in which a model is used to capture and represent stakeholder values
and facilitate system understanding (Mayer et al., 2004). With the model (or qualitative representations
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thereof) as a basis, model assumptions can be discussed and scrutinized, and impacts of alternative
assumptions and potential interventions can be expd interactively

The method has some limitations. Due to the inclusion of qualitative conceptslimear relations and
uncertainties regarding appropriate parameter valyés instance due to limited data availabilifygystem
dynamics modeling is mauitable for providing precise quantitative predictions of the future (Meadows and
Wright, 2008). Therefore, model results will need to be interprataate qualitatively. They can nonetheless
provide insights into the magnitude of effects and overalteysbehavior with enough detail to answer the
research questions.

A second limitation is that the model can never be comprehensivenacessarily will provide a simplified or
aggregated representation of the real workgtuation (Sterman, 2000)A tradeoff exists between model
comprehensiveness and detail déscribed behavioon the one hand, and model complexity and timed
computational powerspent on the other hande.g. Rahmandad and Sterman, 2008). While the system
dynamics approach is appropréafor modelling complex systems covering a wide breadth of elements and
interactions, which suits the modelling of the paity system, this is at the expense of disaggregation and
depth of system descriptiofKelly et al., 2013Buch aggregation magsult in the loss of detail and validity of
model inferences, and should be addressed in the model verification and validation pr@msssions
regarding this tradeoff will be guided by the requirements that are made of the modsiction 5.1).
Consieéring the model will be applied to a developing country city, a modelling stance is taken that favors
(appropriate) aggregation, and limits model data needs.

Another shortcoming of system dynamics is that uncertaietyarding modeling parameters and irtplata is

not explicitly considered in the model structure. That means that treatment of uncertainty requires extensive
testing, for example using Mort€arlo type simulations in sensitivity analysis or scenario based analysis (see
Appendix [, which can be time&onsuming especially in complex models (Kelly et al., 2013).

As discussed in the problem definition and demarcation section, the modelprgagh taken is to base the

portci ty model on Forrester’'s Urban Dynamics model, ra
Forrester specified his model to represent a generic, conceptual American city in decline. While it is based on

exisi ng system stories and plausible causal relations,
not grounded on empirical data. Adapting Forrester ' s

presents a threefold challenge:

1 Adaptirg existing model structure and parameter values to better represent the dynamics of a city in
a developing country

1 Augmenting the model to explicitly represent the port, informal settlement by migrants, green space
encroachment and transport infrastructure

1 Adapting existing model parameters to available Tema empirical data

Forrester’s original model |l ing assumptions are exami
situation in a developing country port city. The main modelling philosophgradhto is to focus on modelling
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the problem, rather than trying to recreate the complexities observed in the real world as accurately as possible
(Meadows and Wright, 2008).

Considering that Urban Dynamics already is an extensive and complex modehtahikgcontaining 20 stocks

and 150 model equations (Stonebraker, 1972), this paradigm serves to keep the modelling effort focused, and
the size and complexity of the resulting model within acceptable limits. In applying the model to Tema, insights
from Mass (1974) and Alfeld (1995) regarding the use of data are used.

3.3 INTERVIEWS AND EXPERTERACTION

Stakeholder and expertonsultation and interviewsre used to enhancehe problem understanding and
inform model conceptualization and validatiofhe resarch mission to Ghana offered opportunities to speak
with local academics and stakeholders on a variety of subjects, including climate change impacts on
urbanization.

The stakeholder workshop organized in February provided insight into local coacetvealuesregarding port
sustainability and urban development issues (Slinger et al., 2017) and seg@pbe modelling effort by
providing guidancéor the problem demarcation.

Expert consultation contributéto the verification and validation of the modein informal,qualitative semi
structured interview method was used, guided by a presentation and documentation of the model. Questions
used and intervievdata areincluded inAppendix E
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4 THEORETICAL UNDERHEJING OF THE PROBLEM

In this chapter the theoretical understanding of the problem is deepeneditoviding an overview of the
scientific literature on the various topics relevant to the research problem. Firstly, different ways of
characterizing portity relationships andhe evolution of port-cities (Ducruet and Lee, 20063 explored
(section4.1). Nextthe manner in whictports impactnearby cities and regionséction4.2)is discussedand

in what waysthese impacts can bmeasured(4.3).Next, port governance is discussed, identifying the port
authority asa nexus betweerport and city development4(4). Section4.5 moves the focus to urban
development and addreses the challenges of development encountered in African context. Lastly, sustainable
port-city development is defined based on prior research on the t@gction4.6), and a summary is provided

of the gained insight4(7).

4.1 PORTCITY CHARACTERIZATIO

Often situated at advantageous locationsistorically the development of ports has coincided with the
development of cities nearby (Merk, 2013). The coincidental development of ports and their cities is not
surprising. Ports and cities are strongly linked, with ports providing employment opptesiand attracting
business and trade, and the cities in return providing the ports with a labor force, infrastructures and facilities
(Fusco Girard, 2010; Merk, 2013).

However, a wide heterogeneityf port citiesare found One way of classifying pecities was introduced by
Ducruet, whodevelopeda matrix of portcity relationships based on the concepts of (urban) centrality and
(port) intermediacy Fleming and Hayuth, 1994, Ducruet and Lee, 2006Fentralitydepends on whether the
city is a local, regional, national or even continental center, from a geographical or economic perspéetive.
centrality of a city fundamentally affects its size dadction (development) and traffic generating capacity as

Intermediacy a port city (Fleming and Hayuth, 1994). Ducruet and Lee
— - ———)  (2006) measureport i ty centrality by t
\\ Y 2 of population among its region.
2
. @\ D u Intermediacyis ameasure ofa ci ty’'s i mporta
Coastal mwn\ N Outpert " 2 Hub convenience as a distributional or connecting node in a
- . L’ transportation network. The city may serve as a point
% 5 ; - where local services connect with national and
§ g @ @ D international services, or one mode of transportation
R L ’ Cyport N . S connects with anothefsuch as a port)
g " Port-city intermediacy may be determined by its
g closeness to established trade (shipping) routes, and
; 4 may be artificial (i.e. the result of transport operator
v/ General city Maritime city Port metiopolis choices among competing alternative§)ucruet and
O cay [l port Lee (2006) measure intermediacy as the port t vy ' s

Figure6. Matrix of port-city relations, (Ducruet andee, 2006) share of container traffic among Its region.
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The concepts of centrality and intermediacy overlap, as cities that are central to a (market) region can become
important trade hubs in the region (Fleming and Hayuth, 1994).

These two measures allow for theassification of port cities as a function of their centrality and intermediacy.
The matrixdeveloped by Ducruet and Lee (200@¢picted inFigure6, allows for the classification of podities
based on the prominence of their urban and their port functiatiscriminating betweemine different types

of ports, ranging from a coastal town (with low urban and port prominence) to the port metropolts lfaih
high urban and high port prominence, e.g. New Ydrikpalanced combinations are also represented, in the
General city (high urban, low port prominence, eSjockholm) or hub port citiesoflv urban, high port
prominence e.g.Freetowr).

The class$ication providesa measure othe dependenceof a cityon its port functions. It is important to note
that port-city relationshipscan be dynamic and can evolve over tink@r example, citiegn which urban
functions growto be more prominent than theiport functions can ed upshifting from a hub port to a general
city.

In his model of portity evolution Murphy (1989suggests this is likely to happen as port cities move through
successive stages of economic diversification, moving away gronary dependence on port maritime and
port functions, through industrialization, and finattythe attraction of a service economy

PORT-CITY COMBIMNATION PORT-CITY SEPARATION NEW PATTERN
E A I [ |
g : \ !
= | I |
":_'t 1 I I
A, i [ i
& 1 I ]
i 1 i
I I I
; . ' Teaffic congestion L Urban renewal ! ,
Urban & port growth : Space limitation : & port decline : Fort Improvement
1 L :
1 I 1
I [ i
i I i
I I I
i i i
1 I
I |
i I i
L.
Ll
Time
Figure?. Logics of porcity spatial and functional evolution (Hoyle, 1989; Murphey, 1989: Ducret and Lee,
2006)

Ducruet and Lee use their framework to typify poities and explain their development by the different ksnd

of problems encountered in port citiegith different stages in their evolutior={gure7). Acommon pathway is

that of urban and port growth, leading to increasing congestion and spatial issues as port areas and throughputs
expand, leading to pressure on the port to relocategay from urban centers unless those problems are dealt
with effectively

In the case of Tema, the port and the dityth seem to be still growing and developing, in combinatkigyre
7, Ghana Statistical Service, 2014b; Ghana Ports and Harbours Authority, 2016). The traffic congestion problem
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that was discussed in the stakeholder consultation, and the choice for a port developing strategy irthelving
reclamation ofand are indicative of thiS.he \arious different and sometimes particular evolutionary pathways
that are found forport citiesaroundthe world however show that the future of Tema cannot be predicted
solely based on this logfbucrue and Lee, 2006).

Another way of typifying pottities isto usethe type of cargo they handaimarily. Port traffic is very sensitive
to the nature of the local econonmyf whichthe port is a componentMore diversified port volumespomprising
high valie added goods such as containers and consumer goods, inthcgés and richer regions with large
tertiary sectorswhereas agricultural and industrialgismns are usually more specializin bulk traffic (Ducruet
et al. forthcomingin Merk, 2013).

These characterizations show how the paity systemmay change over time and how different pecities

may experience a different class of problems (e.g. traffic congestions vs. port decline). As many developing
country ports and cities are still in tlggowth stage, and containerization of ports in S8aharan Africa is on

the rise, it can be expected that the majority of these ports will start to experieneee@iready experieriag

a phase of traffic congestion and space limitation, potentially t#gpin the moving of port operations from

the proximity to citiesCombined with the diversification of the pecity economies, these citiesay evolve to

general citiesor urban ports less dependent on port related operationghe trend of increasingoatainer

traffic in the Port of Tema (Ducruet and Lee, 2006) may be a sign of the diversification of the Ghanaian economy,
and suggests a potential for Tema to evolve beyond primary port dependence.

4.2 PORT BENEFITS ANDERNALITIES

The body of literature o the nature of poricity relations and regional economic impact of ports is extensive.

I n general, ports are considered “funnel s” to econ
development in specific economic sectors nearby ports (Rodrigomtois and Slack, 201Pprt infrastructure

investments are commonlgharacterized in literature as haviaglirect, indirect and induced economic impact

(FigureB).

Direct impact amourgto the employmentwithin the port itself, both irthe construction and operation of the

port. Indirect impacts are economic activitief and benefitsfor, users of port facilities, taking advantage of
lower shipping costs and other cost savings. Lastly, induced effects are the effects generated through the
increased potential for spending and production by direct and indirect beneficiaries, as more icious fare

used by them.
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. A slightly diffeent typology is offered by
Talley (2009), who also characterizes direct

Direct TP:a:SSEFVi“ES _ benefits to pertain solely to benefits and

port services jobs related to port operation and

construction. Secondary or indirect regional
benefits of ports arise then when these

direct benefits such aslabor income,
business revenues, and tax revenues are
subsequently (at least partially) spent in the
region, in turn generating additional income

/ Induced Eeenomic mulipiers and business revenues; a multiplier effect.
Economic opportunities

P
N

Port users (import

Indirect _ | export firms)

Talley notes however that such secondary

, . _ _ , effects will be reducedf there are regional

Figure8. Economic impacts of port investments (Rodrigue, Comtois and S .

2007). ‘leakages where labor or material from
outside the region is used in port
construction or operation, or conversely

when direct benefits are (partly) spent outside the region. This will diminish the multiplier effect of port

investment, at least for the region of influence of the port.

Talley also distinguishes tertiary and perpetuity benefits. Tertiary benefits relate to improvements in the
region’s transportation system as a r etsanbincreasingt he p1
market connectivity. Negative tertiary benefits (or-thisnefits) could ensue if port infrastructure use leads to
congestion, affecting othestakeholders and sectois the region.

Lastly, perpetuity benefits stem from the function pdrts as a catalyst for greater economic growth in the
region. This could be the attractidhat their presence offers tondustry or warehouses (Talley, 2009).

Athirdcommonyused approach to the segmentati orm”off utnltd | eomar
method which recognizes direct economic effects and backward and forward linkages. Direct economic effects

are similar to direct impacts and are related to the coperationsof the port. Backward linkages involve goods

and services used bstakeholdersthat are themselves part of thalirect effect, e.g. subcontractors, who

themselves need other subcontractors and so forth. Forward linkages are similar to induced impacts, and
comprise activities that take plagcer take place at lower operatg costsas a result of the port being present

(Musso, Benacchio, Ferrari, and Haralambides, 2000).

However, besides the assumed beneficial economic effects of port presence, ports can have a negative
economic influenceas well.The presence of a port can expose Idmasinesseso competition from cheap
imports and foreign direct investment (FDI) by multinational firms (Talley, 2009; Oxford Business Group, 2013),
and tax increasesould occuras a result of public sector investmis in the port. If these effects occur, port
investment benefits have to be adjusted negatively to reflect this (Talley, 2009)
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As discussed in the problem definition, besides the direct and indirect economic impactsitigsrexperience
negative extenalities from port activities: environmental issues, land use issues and traffic congestion (Brunila,
KunnaalaHyrkki, and Hamalainen, 2015; Merk, 2013). While a large part of the literature consists of studies of
particular ports and their (beneficialcenomic impacts (e.g. Park and Seo, 2016; Eltalla, 2016), fairly recently
research has begun to focus more on these negative externalities of ports, and the policy challenges that these
require.

Examples oénvironmental impact®f portsinclude those ormaritime life and sediments (see Botwe et al,
2017 for an examplof this for the Port of Tema), onair quality through ship emissions (elLgnati, Cernuschi,
and Sidi, 2010)Alternatively, ports can have various sefiluesto the city, such asarchitectural or socie
cultural value, or the provision of a sense of identity to the city (Fusco Girard, 2Ballywing the problem
demarcation these themesre considered to beutside ofthe research scop@nd are therefore not addressed
at length n thisdiscussion

Box 1. Benefits and externalities of the Port of Tema

The port of Tema, situated 28 kilometers east of Accra, was constructed to provide cargo handling
for the then rapidly developing eastern part of Ghana (Hilling, 196@)afdea near the port was intended {
become the industrial center of the country. The port of Tema was commissioned in 1962, and the T
Tema was developed specifically to support the port and associated industrial activities.

While the benefits of th port of Tema on a national scale were somewhat relativized owing tq
established presence of Takoradi port (servicing the western part of the country), indeed within ten
after commissioning, Tema had grown from a fishing village of 5000 todastial port city of 80.00(
inhabitants, featuring leader industries dependent on port activities (Hoyle and Hilling, 1970).
Among other industries, Tema features an aluminum smelter and cement factory dependent on the
the import of raw materialsand numerous manufacturing businesses (Hoyle and Hilling, 1970; Hilling,
Apeaning and Thollander, 2013). The high concentration of port dependent industry, and the proming
the port make Tema an appropriate case study for this research effort.

During the field visit to Tema and the stakeholder workshop organized by the Sustainable Ports il
project Slinger et al., 2017), it became apparent that Tema experiences some externalities fro
presence. Most notably, local stakeholders dreddncreased congestion, increased informal settlemg
ongoing pollution and green space encroachmast result of port expansion.

4.3 MEASURINGORT INFRASTRUCTUWNREESTMENT IMPACT ODNE ECONOMY

There are three main methods used to assess port impacts on the economy. The first is altapproach,
involving the use of surveys to assess the relationship between the port and related industries and actors. The
aim of the studies often is to deterine how much of the present employmentascribable tadhe presence of

the port. This is contested way of assessing port economic impacts, as there is no vesgegsingpow the
situation would have been without a port preseiMusso, Benacchio, arerrari, 2000).

The second approach is a tdpwn methodology involving the use of economic inputput models. These
studies are often done as case studies of specific pbhsir aim is to determine intesectoral multipliers, for
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example between portiransport and regional development. The coefficients found for multipliers vary
significantly between studies and even between several ports within the same study and countPatk.gnd
Seo, 2016)For example, in his study on parity competitivenessMerk (2013) identified port multipliers
varying between 1.13 and 2.47 for several European pbitgi(e9), and similar variation in impacts between
different sectors within ports.

. — A reason for thivariety could be
Leontieff multiplier

Le Havre/Rouen 247 heterogeneity in the porcity
Marseille 2.01 characteristics and locational
Mersin 1.79

Hamburg 1.71 economy, as postulated by
Antwerp 1.18 ; : :
Rotterdam 113 Ducruet using his matrix of pert

Source: OECD Port-City case studies city relationships (Ducruet and

Figure9. Overview of port multipliers (backward linkagg$or selected European ports (Merk  Lee, 2006). In areas where

2013). economic  developments are
highly dependent on port presence and eafly, investments in port infrastructure could have a more
pronounced regional effect than in more diversified regions. Moreover, Hopiput studies provide a
momentary picture, based on data from the past. Projection based on such multipliers w@keahto account
technological advances and future developments (Musso, Benacchio, Ferrari, and Haralambided;d000).
instance, ontainerization of trade could mean a shift from lakintensive port operations to more capital
intensive operations, redting the direct benefits of ports to their communitieser time (e.g. Talley, 2009;
Rodrigue, Comtois and Slack, 2017).

A further method of assessing port economic impacts involves the comparative analysis of thetypaevith
another, comparable referee portcity. Economic developments that have happened to the reference city
are compared and related to the pecity in which investmentshave yet to be made. Again, local
heterogeneities between pottities makethe general applicability of this approla problematic Musso,
Benacchio, and Ferrari (2000) propose another, slightly different approach to comparative amidgityise aim

of determining the impact of ports atieir regional economy and employment. They propose a methodology
in which a port ity economy is compared to the economy of a very similar, but-laokled city (without a port).
Any differences in employment and industrgnthen be attributed to the presence of the port, leading to a
(highly)local multiplier coeffi@nt for port ecoromic benefits.

In addition to economic benefits and negative externalities, which represent values of-esmriomic
importance, portsnfluencevaluesthat are difficult to express economically, i.e. soft valugsft values are
non-socio economic, they include historical, archeological, architectural, landscape, recreational, sociological,
and other cultural aspects (Van Hooydonk, 2007 in Fusco Girard, 2010). It is easy to ftruguamtifiable
aspects of pd-city performance, but although they are hard to monetize and measure, the@alues can
contribute to theexperiencedvalue of the port and strengthen or weaken its relation witcity.
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Box 2. Quantifying Port of Tema benefits

The highly located nature of multiplier figures for port impacts complicatee quantification of the port
impact on the local industry of Tema in the modelling study. The relatively high proportion of port rela
dependent industries in Tema could lead to a sigaift impact.

On the other hand, the presence of the port may expose resident industry to competition from fg
investments and cheap imports, which could adversely affect it (cf. Oxford Business Group, 2013).

4.4 PORT GOVERNANCE

Changes regarding the governance of ports have been briefhtionedin the problem definition asorming

a driver of sustainable portity) design. Where ports and port authorities used to have a more public character,
port investments havehangedirom purely social investments to increasingly econorimigestments(Musso,
Benacchio, Ferrari, and Haralambides, 200®)js change idriven by public budgetonstraints progressing
containerization increasing contestability of formerly captive porhterlandsand the resulting increasng
competition between ports andby the pressureplaced on port authorities byertically integrated shipping
lines seking to extend their business (ssection2.1, Appendix BActor analysis

Port governance is of relevance to sustainableqmoitt y devel opment. As ports and
the question of how to influence each ot bndetwesn deci si
ports and their communities is in part determined by their level of privatization: the more privatized a port is,

the lessthe direct influencethat can be applied by the urban authorities.

Five types of port management models can be distingedsbased on the respective responsibility of the public
and private sectoréWorld Bank 2007, iRodrigue, Comtois and Slack, 2017)

91 Public service portépublic asset ownership, public operation)

9 Tool ports(public asset ownership, private cargandling)

1 Landlord ports(public landownershipand management private superstructure assets, private
operation)

9 Corporatized portgpublic majority ownership, private management, superstructure assets, cargo
handling andoperations)

9 Private service port§rivate ownership and operations)

The different port types vary with respect to the involvement of private parties in port asset ownership and
port operations.
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private biivate saivies Public service ports represent the old port
port management model in which the poris
publicly owned and operatedlnefficiencies,
budget constraints and the afoneentioned
pressures drove ports away from this
Asset landlord port management model in favor of more privatized
ownership alternatives. The tool port can be regardash
transitional form between public and landlord
corporatized port  port models, in which all port assets are
publidy owned and managed,but cargo
tool port handling is relegated to a private operator. The
landlord port model give more room (and
therefore influence) to the private sector as not
Figure 10. Pprt managementmod_els depending o_n the private secto 0n|y port operations are privatized, but the
involvement in port asset ownership and port operatien .
port superstructureassets(such as terminals)
are also priately owned and constructed, with the port authority retaining ownership of the land.

public service

public port

public Operation private

In the private service port the port is completely privately owned and operated, under the leadership of a fully
privatized port authority. The port acts as a private enterprise, with the public sector maintaining a regulatory
role. Corporatized ports aralmost entirely privatizedwith the exception thatthe majority of ownership
remainspublic. The difference with landlord ports is that the port authority essentiabiyndves as a private
enterprise, with ownership and control of the port separated. Thesans corporatized ports hold the middle
ground between landlord ports and private ports in terms of experienced public-degiglopmental pressures

and private shareholder value pressures (Rodrigue, Comtois and Slack, 2017).

Despite privatization of post public entities can retain considerable influence on port strategies, for instance
through the public port authority, or even as a majority shareholder in privatized porisinfluence can be
usedby local governments and pecity communitiesto pressure ports to adopt sustainable practices and
strategies that are deemed to be in the public intefesten if they are not maritime activitigRigna, 2014;
Rodrigue, Comtois and Slack, 201Examples of this are the expectation that ports invest inaarb
infrastructure or local schools (Pigna, 2014).

These pressureslgre the port authoritiesin a difficult position between private actors that strive for
maximized economic performance, and public entities that prescribe a more social role to the port (Moglia and
Sanguineri, 2003). Due toitfposition, Musso et al. (2000) prescribe a more-pobive role for port authories

in port planning process in which they actively involve and cooperate with local stakeholders in order to
address commointerests andor conflicts.
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Box3. Port of Tema: governance

The Port of Tema is characterizesl @ landlord port, under ownership of the Ghana Ports and Harb|
Authority (GPHA) (Quansah, 2008; Chalfin, 2010). While the port has undergone a developn
privatization in the past decades, the GPHA remains a state owned entity, tasked with tbia¢irpl and
development of the ports of Tema and Takoradi. Rather than executing all port operations themselv,
a public port), GPHA leases port assets to conglomerates of multinational firms and facilitates their op
of the port, while itselkeeping a minority share in those same conglomerates.

However, instead of fully privatizing port cargo handling operations as is typical of landlord ports,
performs a portion of the cargo handling operations itself, competing with private parti¢seirport.
Deemed a “hybrid” module of port operations,
of Guinee, as it allows GPHA to collect dividends with which it can develop the port further (Ghana P
Harbours Authority, 2015).

Required to be financially sefufficient, GPHA enjoys relative autonomy from other government agel
and relies more on own dividends and donor funds for the development of the port (Chalfin, 2010;
Ports and Harbours Authority, 2015). This relaautonomy has resulted in the port becoming progressi
more separate from and closed off from the city of Tema. Moreover, port development planning hag
technocratic in nature, and executed with little public discussion concerning the interestscmmes of the
plan (Chalfin, 2010).

This raises the question whether an autonomous authority such as the GPHA can be moved to ackn
the need for (and benefits of) considering diverging local interests, with the aim of sustainableitp(
develgpment. For instance, there have already been protests against GPHA by local labourers beca
have been laid off in favour of private parties from outside the city (Today, 2010).

While the local stakeholder workshop organized at GPHA headquarterge(Sét al., 2017) revealed
tendency of the port actors to focus on issues of port efficiency and development, it also showed a ¢
be progressive and a willingness to consider other viewpoints.

4.5 URBAN DEVELOPMENTARRICA

There are marked differences in urbanvironmentsbetween developed and developing countries. The latter
are experiencingnore rapid urbanization, a trend that is expected to continue in the coming decades (United
Nations, 2014). In SeBaharan Africa, #htrend ofincreasingural-urban migration is driven by low agricultural
productivity, exacerbated by population growth and in some instances duygtits, floods and other natural
disasters love, Ngwerume, and Muchemwa, 2013; Denkey, personal commucation), as well as by war
and conflict.

Moreover, urban developmenin developing countries is characterizég more uncontrolled, haphazard
(informal) settlement (Cohen, 2006). Informal settlement is facilitated by shortcomings in effective land
managemat and insecure land tenurend usually occur in natural areas or public spaces near or within a city
that are (or wereundesirable foalternativedevelopment, like perurban green spaces. Thase characterized

by a lack of basic infrastructures suashclean water provision and sewage facilities, paved road infrastructure
and electricity provisioflUNCHS (HABITAT), 2003; Mazeau, Scott, and Tuffuor, 2012). Shortages in gorailable
affordable)housing are also cited as a reason for informal settlen{@uwtusu, 1991).

Uncoordinated informal settlements can be detrimental to the maintenance of service infrastructures on which
they are sometimes built, and are prone to flooding due to unwillingness of governments to provide proper
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integrated drainagesystems to these areas, which are often regarded as being outside accepted urban
regulation and planning system. Changing rainfall patterns resulting from climate change are expected to make
these problems worse (Douglas et al, 2008; Arup, 2016).

Informality, meaning‘opposed to the laid down rules or the accepted notptan be found in several aspects

of urban life, not only in the way people obtain shelter (informal housing), but also in the way they earn a living
(informal economy) (Obenr@doom, 201Jp 357. As governmental welfare is lacking, a considerable fraction

of developing country population receives their income from the informal s€tibICHS (HABITAT), 2003).

Box4. Urban development in Tema

Many of the urban challenges encountered in Saharan Africa are also present in Tema. Its status
planned city sets Tema apart from other, organically developed cities. This can still be seen in the r¢
high provision of infrastructures suels sewage and piped water in the city. Howetee,quality of service
is decreasing due to overuse and lackr@fintenance (Arup, 2006; Acquah, 2001). Moreover, the infor
settlements like Ashaiman are still characterized by a lack of such faciiteeeéu, Scott, and Tuffuo
2012).

Squatter settlements such as Ashai man have ¢
migrant workers (Owusu, 1991). The Tema Development Corpoi@iiog)tasked with providing affordabl
housing toworkers employed in the industrial sector, struggled to provide adequate houBmblems of
housing shortage were exaggerated as local Chiefs, who traditionally hold the land in Ghana (Blodhg
were in a dispute withthe TDC, and started exploitirtheir land on their own, giving rise to increas
i nfor mal settl ement . During the 1 ah 0DCsausadfurthery
stagnaton inthe development of affordable housing, as the government withdrew from actively fun
housing developmentsand private initiativesat providing affordable housing wermt successful (Acqual
2001;Appendix BActor analysis
Meanwhile, industrial developments have led to tbempleteencroaciment and environmental pollutior
of Chemu lagoo(Figurell), leading to its biologicaecline,and threatening the health of nearby residen
Limted enforcement of environmental regulations result in companies not implementing wastey
treatment facilities (Tsetse, 2008).
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Chemu Lagoon & Tema Oil
Refinery
Tema Oil Refinery, located
Telna along the bank of the lagoon
has been sited for 1llegal
discharge direct mto the lagoon.
A masstve o1l spill in 2007 led
to contamination spreading into
the Gulf of Guinea affecting

N ERR RIS saltwater mangroves. fisheries,

The'Sakumo Ramsar Site is a and bird habitat.
wetland of international
importance covering an area of
1.340 ha sitvated between
Accra and Tema. The area 1s
under threat of encroaching
vrban development.

Tema Port

The harbour, managed by
Ghana Ports and Harbours
Authority handles 80% of
Ghana's national exports
and 1mports.

Figurell. A map of Tema, indicating the Port, Sakumo Lagoon, Chemu Lagoon and part of the iatlast@ (Arup, 2016)

On the other side of town, Tema is slowly encroaching upon the Sakumo lagofaglfe and Amatekpo
1997; Appiah and Yankson, 20183.land becomes more scarce, the poorest residents of Tema are f
to settle the least attractive areas of land, which are unclaimed for development (UNHCS (HABITAT|
These areas are vulnerable to flooding, for instarté@wever, more formal devepments also take place
such as the construction of a church buildotgservedon a field visito the lagoon.

The impacts of climate change in Ghana may intensify-tutan migration to Tema and itsurrounding
lands. This could put further pressura the Sakumo lagoon and urban housing staokl, lead to increase
informal settlementaround the city in the coming decades.

4.6 DEFINING SUSTAINABPIERICITY DEVELOPMENT

The United Nations use as the definition of sustainability the words of the \Wanhdmission on Environment

and Development (1987): “development that meets the
of future generations to meet their own needs” Sus
development, soal development and environmental protection, which it seeks to achieve in a balanced
manner (United Nations, 2017).

Xiao and Lam (2017) use this as a basis to define a framework for the assessmentaitfy parstainable
development. Theynicorporatefactors from economic, social and environmental perspective for both the port
and the city system, including GDP generation, tax generation, spatial impact on the community, employment
impact, cultural impact and environmental impacts. They discuss operéitiolgaeach category in separate
factors measuring the performance of both the port and urban system. A drawback of their framework is that
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while it acknowledges air pollution from port emissions, they do not regard transport congestion and the
pollution load associated with itArmah, Yawson, and Pappoe, 201@grk and Dang (2013) provide similar,
more detailed outcomes of interedor their evaluation ofport-city performance The two frameworks are

compared inTable4.

Table4. Portcity performance indicators in literature

Xiao and Lam (2017)

Merk and Dang (2013)

Port development

Productivity [cargo handleg
per resource usage]

Port throughput [mton]

Port operations [?]

Port throughputcontainers [m teu]

Growth port throughput [mton
and/or mteu]

Trade facilitation [?]

Value added port area [min USD]

Efficiency index

Port-city

GDP per capita

Metropolitan GDP per capita

development

Income and profitability
[household disposablg
income, gross savings]

GDP per capita growth

Population

Population growth

GDP generation/valug
multiplier, commercial
activities, employment
multiplier

Portrelated employment (direct
indirect)

Unemployment rate

Unemployment rate

Transport Transport spatial impact Motorway network density|
[km/1000kn¥]
Railroad network density
[km/1000kn¥]

Research and - l.e. total patent applications i

innovation region

Spatial Coastal land occupation Land surface of port (kfh

development

Housing, shelter

Urbanized area (k)

Environment

Air quality & concentration

CQ emissions per capita

of pollutants

Population exposure to PM

Water pollution by port
activity

Waste generation  and
treatment

Communication

Number of twitterfollowers

Heritage and
cultural impact

(Maritime) heritage
protection and culture
preservation

Cultural projects related to port

Institutional

Regulatory framework o
port industry

Political stability
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The indicators used by Xiao and Lam (2017) Medk and Dang (2013)rovide a starting point for the
evaluation of porcity developmentover time. The prioritization as to whaindicators are included in an
analysis is determined by the problem demarcatiand local stakeholder valuef( Slinger et al., 2017) on
which the research questions are based.

AsMerk and Dandg2013)note, the nature of actual impacts varies with the situation in specific jgares.
However, what is not considered is the relative importance of the identifiesbfacand how large scale port
infrastructure projects and tradeffs between outcomes of interest should be evaluat8dch an evaluation

is necessarily subjective and would involve the values and priorities of local stakeholders and decision makers,
if sustainable port development is the objective

Box 5. Operationalizing sustainable pecity development in Tema

While the considerations discussed in the problem demarcation guide what are considered model ou
of interest for the study, the frameworkdiscussed above provide potential operationalizations of g
model variables.

It also shows the kind of aspects that, while outside of the scope of this modelling effort, may be con
in sustainable portity development. This is importance to keapmind when generalizing model outcom
to other developing country pottities. For example, while port land use and coastal land occupation af
(indicated to be) issues of importance in Tema (yet) (Slinger et al, 2017), these may receive atiigh
elsewhere. While Ghana is politically relatively stable (Fosu, 2013), this may be a factor influenedity |
development in other developing countries (s&ppendix D5cenario analysis

4.7 SUMMARIZINGHEORETICAL INSIGHTS

Sections4.1 through 4.6 each considered different aspects of paity developmentbased on theavailable
literature, and connected theoretical understanding of the problem to the case studycigrdf Tema

Firstly, it was revealed how pecities can be characterized by their intermediacy and centrality, and how those
aspects could affect theievolution over time. Port cities can experience different kinds of challenges,
depending on the evolutionary state that they are in. This provides clues of what mighekel for the port

city of Tema, the subject of thigsearch. Additionally, it wadescribedhow the type of port traffic(and
operations) is linked to thelévelopment of th¢economy of its hinterland, with a higitoportion of containers

and highvalue added cargo indicating growing diversification, away from primarilydegrendentindustry, a
procesghat seems to baaking place irGhana.

Next,section4.2 discussed how ports may offer benefits and-oenefits to locaandregional communities in

its hinterland. Distinction is made between port direct impacts and indirect or induced impacts, affecting a
wider region and group of stakeholders in the economy. This informs the conceptualization of the model, and
suggests that tth linkages should be included in it. Negative externalities are also touched upon, including
traffic congestion and environmental impacts of port operations.
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In section4.3common ways of measurimgprt benefits were discussed, atite challenges inherent to the use
of these methods. Soft port values are mentioned as (potential) benefits of ports that are hard to quantify, but
can havaninfluence on porfcommunity relations.

The discussion on port governan@ed) revealed the different ways in which port ownership, management and
operation can be organized, and the implications of this for st development. The port authority was
identified as positioned between local communities of which their ports are a component, and private parties
such as shipping lines and terminal opers who drive port development. Tema was shown to be a
exceptional case as having a landlord management model, but being capable of generating its own dividends
competing with private parties in the pgrimaking it potentiallyjesssusceptible to presges from thelocal
community to contribute to its socieconomic development.

Section4.5 addressed the characteristics and challenges associated with urban development in low income
countries. Drivers for urbanization and ruttagban migration are described, and how this trendyniatensify

as the impacts of climate change become more apparéné nature and drivers of informal settlement and
economy are discussed as common components of developing country cities, and how these elements are
present in Tema despite its backgroumsia planned city.

Lastly, it was discussed what sustainable development may entail focippdevelopment based on available
frameworks. These provide a basis for operationalizing model variables, and direct attention to the variables
and aspects thaare not considered within this study.

The discussions in this chapter increased understanding of the research problem and provided infdimnation
the design and use of the simulation model.
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5 MODEL CONCEPTUZATIONAND SPECIFICATION

In this chapterthe model is conceptualized based on the theoretical understanding of the problem and local
case study data andtakeholder input.To guide the modelling effortthe requirements of the model ae
establishedsection5.1). Second, the existing system dyriesrmodel for urban development by Forrester is
explained, which serves as a base for the it model éection5.2). Next insectiors 5.3 through 5.6 the
conceptualization ofhe novel submodels and concepts in the modeldescribed. Lasthsectiors 5.7 and5.8
provide an example ahe adaptingof model parameters tdhe developing country context based on local
data, andthe specification of a novel model featyneespectively.

5.1 MODELLINREQUIREMENTS

In this section the requirements fora model representing a developing country port ciBirst, model
requirements that éllow from the research questions are discussed (sedidril). Next the model outcomes
of interest are definedsection5.1.2), focusing on whateedsto be modelledNext, the impact of uncertainty
on the model and model conceplization is consideredb(1.3. Lastly, the necessity for the limiting of model
data needs is considerdatiefly (5.1.4).

5.1.1 REQUIREMENTS FROMETRESEARCH QUESTIONS

The research questions guide and focus the modelling effbine following research questions were
formulated, of which question 2 and 3 represenbdelling questions.

1. What is an appropriate and useful model of poity development in a developing country context?

2. What are potential development patterns of developing country poties? In particular, how does
port expansion affect pottity evoluton?

3. What are effective interventions for sustainable poity development that mitigate the locgllobal
mismatch in the benefits deriving from port expansion?

4. What do model outcomes mean, for the case study, and for the development of African paticitie
general?

Research question 2 examines the reference model behavior with and without 2015 port infrastructure
expansion, and evaluates negative externalities connected to port development. Moreover, different patterns
of development are evaluated undearious scenarios and port expansion options, and their effects on model
outcomes of interest. Research question 3 addresses how negative externalities can be reduced without stifling
port-city economic development.

In short, a model is needed that isxlble enough to allow experimentation and the analysis of potential
interventions, potentially in the context of strategic conversations amongst stakeholders. Additionally, in line
with the definition of sustainable development, the model should be ablelytoamically describe urban
development over the long term. On the other hand, the model must be general enough that model inferences
may be generalized to other developing country port cities.
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5.1.2 MODEL OUTCOMES OREREST

Model outcomes of interest are badenthe interests of local Tema pecity stakeholders (sectioB.l), the
definition of sustainable development (World Commission on EnvironmethtCevelopment, 1987and the
frameworks of Xiao and Lam (2017) and Merk and Dang (28d&)on4.6). Thsmeansthat indicators for both
economicand social development, as well as environmental protedfidmited Nations, 201 @rerequired.As
Forrester’s original Urban Dynamics model cont ai
appropriate. Theselected nodel outcomes of interest are listed Trable5.

Table5. Model outcomes of interest*=Indicators present in the original Udn Dynamics model.

Category KPI Unit

Economic indicators Port throudhput kton/year

Land fraction occupied -

New enterprisé& Productive unit

Road length Km

Road congestion -

Social indicators Populatiorf Persons

Fraction underemployed gfopulation -

Fraction informal of population (economic) -

Housing units totdl Housing units

Informally housed Persons

Fraction informally housed of population -

Fraction underemployed housing of total housing| -

Environmental protection | Greenspace Ha

The focus of the study lies on the impact that port infrastructure developmantld haveon urban
development not on port operations andcompetivenessHowever, the throughput of a port is an important
determinant of the impacts it has on its surroundings. Moreover, it can serve as an indicator of the prominence
of the port, which is useful in determining perity evolutionary modes.

Given the complexjtof the model and problem, the information these indicators provide can be supplemented
by that of other variables in the model, should these provide better insightgod example would be the
fraction of informally settletb provide a better understading of city social makep than the absolute number

of informally settled in some cases.

Care must be taken in choosing appropriate performance indicators and being transparent in choices regarding
these constructs. Special attention must be paid to fiptetation of constructs and modelling results when
using the model or modelling concepts with stakeholders to avoid misinterpretation and confusion.
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Alternatively,in such a contextactive discussion on the terms could be encouraged to establish negmbtiat
knowledge and uniform understanding (De Bruijn and Ten Heuvelhof, 2012).

5.1.3 MODELLING UNCERTAYNT

Uncertainty regarding model parameter values and model structure is not explicitly modeled in the system
dynamics approach (Kelly et al., 2013). This netegssithe execution of acenario and sensitivity analysis,
explore the impacts of uncertainties on modehaviorand incorporate them i policy (intervention) analysis
(Sterman, 2000; Pruyt, 2003cenario analygis

That means the model shoultk able tosimulate the effects ofincertainties that are found to be important
and relevant to the modelling effort.

5.1.4 MODEL DATA REQUIREWMEB

Modelling adeveloping country port city means that data availabifitgy be a challenge. This could give rise
to model inference validity issues, through uncertainty of parameter values and model causal relations.

In order to mitigate this, a modelling style that kesthe data needs of the model relatively low where possible,
while preserving model usefulness and validity, is preferred.

Such an approach is beneficialpgotential model usewith port-city stakeholders in further research as welt
model inferencesan be made based on relativégw data inputs.

52 FORRESTER’' SNAMIRBTAIN STARTING POINT

Summarizing the points of the previous sections, the it model should

1) include a range of economic, social and environmental indicators, guided by local input (Slinger et al.,
2017),

2) be able toprovide answers to theesearchquestions and allow experimentation,

3) allow for the evaluation of relevant uncertainties, and

4) have Imited data needs consideririge expected scarcity of data

Forrester’s Urban Dynanlh the protiend definitioh and slemardat®os, & wasr i t er |
di scussed how Forrester’'s generic model itsamyain be app
advantages and limitations arn the research approach sectid® %), the three steps involving the adaptation

of the model were explained.

In this section, a brief conceptual overview of the Urban Dynamics model is provided as a starting point for the
conceptualization of the poricity model.
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5.2.1 CONCEPTUAL OVERVIEW

Forrester ' s rhbdebiaessemigly alamd ase model, defining a fixed area within which urban
developments such as housing and industry can develop arltheeEorrester defined the maal boundaries
in such a way thathe city can attract limitless numbers of immigrants and industries, depending on its

attractiveness as a source of labor and housing. The city can also return migrants to its external environment if

it becomes less attraiste, and residents choose to emigrabe.other words, there is assumed to be no limit to
the amount d migrants the environment can supply alosorb from the city.

F o r r easguesthat tlse development of cities is driven by processes endogenous toities themselves.
These processes, changing city semonomic state and condition,

influence the attractiveness of the citglative to its environment, driving migratioof the different social

classes up or down

Excluded

Service Energy and

Exogenous utilities

Economic Climate
environment change

sector

This is in line with the traditional micro view on
migration based on spatial disequilibria, which
postulates that people migrate to places that increase
their perceived utility (Waltert and Schlapfer, 2010).

Endogenous

Forrester argueghat the continued migration and
urbangrowth lead to a reduced attractiveness of the
city, reducingimmigration.

Housing Congestion

Green space

Indust
y encroachment

Land use

Informal
settlement
Road
transport
Port
infrastructure

Thisreduction of attractioncanbe due toeconomic
stagnation, highunemployment and taxes, high land
prices and rents, or low service provision and
congestion. In that sense, planning for urban
development essentially means choosing which
Political downside or attractivenes®wering complication is
stability acceptable for a particular it (Alfeld, 19%),
assuming that the land area that is available is (nearly)
completely used. Naturally, a city can continue to
grow if the land area within the allocated model
boundary is large enough.

Employment

Informal
employment

automation
Technological
advancement

disaggregation

Figure 12. Boundary diagram of the portity system, depictin
endogenous, exogenous and excluded aspects.

Figurel2 depicts the model boundargtiagramfor the port city model, based on the problem definition and
demarcation. The diagram shows elements from the system diagrdfigufe 1) and how they are
conceptualized in the model. Endogenous concepts such as housing and green space encroachment are
included in the model boundary and modeled to be driverphgcesses within the model. Exogenous factors

such as climate change and port automation include external factors identified in the scenario analysis
(Appendix D, or interventions into the model by stakeholders outside the fity system from the perspective

of the city (e.g. port automation). Lastly, excluded aspects are those aspects that are outside of the scope of
this research (sectio.1Problem definition and demarcatijn
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5.2.2 MODELSTRUCTURE

Forrester’ s original Ur ban Dnpdelatmctwes destobthg industryoamds i st s

housing development, and population employment status respectively. Theselstructures are depicted in
Figurel3. The boxes in this diagram represent the stock of each housing or industry type in the city. The arrows
indicate the fl ow “Industryandihasing anboddled aseaging bhhims.cwkere newly
constructed properties over time slowly declite older, lower quality dwellingshousing more peoplelrhe
average time it takes for housing to age depends among other things on the demand for that type of housing,
with in turn is a result of the characteristics of the population in the ciige working population is
disaggregated into manageriptofessional class, a laboask and an underemployed class, each of which is

“assigned” to itslytype of housing according
Flow
Industry New Mature Declining
Chain | | Enterprises Iodwry | 2™ ladusty

Housing Premium Worker Underemployed
Chain m . :

Housing Housing

Employment Managerial e
Chain R Profess ‘#}: Labor [Underemployed|

"

Figure13.¢ KNBS YI Ay &0 NHzOGdzNB& 2F C2NNBadGSN

In addition to these three main model structures, there are model subsections dedicated to determining the
amount of jobs in the citfrom the knowledge of the different categories of industry and the type of labour
they employ the fraction of land use, and a computation of tax burdens in the city. Athsodbels influence

each other dynamically to determine among other thitlgs amount of land area usedppulation i and out
migration per class, industry development, and housing construction and destruction over time.

In the following sections the conceptualization of novel-sutdels is discussed, including the port, traotp
and green space settlement. Additionally it is discussed how existing model parameters may be adjusted to
reflect conditions in Tema, and an example is given of how the causal mechanisms in the model are specified.

5.3 MODELLING THE PORT

As discussed befer, port infrastructure is not model |l ed i n
about portcity interactions for example the distinction between port direct and indirect impacts on
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employment(Rodrigue, Comtois and Slack, 20it@pes not siffice to simply model the port itself as a part of
the local industry, for instance by adding to the stock of new enterprises. Hence, it must béedadgarately
on a level that captures adequately the way in which the port impacts the city. Thidesdhoth benefits in
the form of increased direct employment and added attraction to local industry, but also direlotégits in
the form of increased traffic congestion (Merck, 20R8drigue, Comtois and Slack, 2017).

The gqualitative diagram of thgort infrastructure submodel and its link$o other parts of the model ishown
inFigureld. Vari ables and concept origihadhrmotel arcedepetedarrbies e nt i n  F

The presence of port capacity stimulates the development of local industries because of the increased potential
for import of resources and export of products. This is supported by both the literature (Merk, 2013; Rodrigue,
Comtois and Slack, 2017) and ohsel empirically in Tema (e.g. Hoyle and Hilling, 1970).

Empirical research on  the

developmental impact of port

infrastructure suggests this impact
varies with the developmental state
of the regional economy (Song and
Van Geenhuizen, 2014).

The positive impact of port
infrastructure on economic
development does not result
directly from just its presence, but
indirectly through increases in port
demand and value added activities
(Deng, Lu and Xiao 2013)
Infrastructure is therefore modeled
to increase t he city
attractiveness to industryNote that
port congestion mediates benefits
to local industries: when the port is
heavily congested, transport costs
increase and the benefit of its
presence to local industry is
reduced.

S

Figureld. Causal loop diagram of the port subsystem. Concepts that were in Forre
model are depicted in blue. Note that the figure does not include all variablesl
causal links for clarity.

Considerig the land area impact of port activities, Jansson and Shneerson (1982) note that the land area used
per throughput of ports varies wildly per cargo type (bulk/container). To keep the complexity of the model
within limits, and since port land area useésd of an issue in Tema (Slinger et al., 2017), it is chosen that a
computation of this effect will not be included in this model. Inclusion of this effect might be an avenue for
further research and possibly needed to model port expansion in cities whisres indeed an issue.
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Modelling the GDP is done for port freight modelling purposes only. Although there is some discussion in the
literature if GDP growth causes port freight increases or the other way around, acdegafation exists
between the twoconcepts Figurel5). In this modelling effort the national GDP will be used as a basis for
estimatingport freight volume. Tdimit the model complexity, the influence of local perity industry on GDP

and pot freight volumes is not modked. The port of Tema serves a greater hinterland than just Tema itself,
for instance including Accra and the Volta Delta region, extending to Northern Ghana and even neighbouring
(landlocked) countries of Burkina Faso, Malil &Niger (Ghana Ports and Harbours Authority, 2016).

Ghana national GDP vs. Tema Port throughput
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Figurel5. Ghana National GDP vs. Tema Port throughfMorld Bank, 2017d; Ghana Ports and Harbours Authority, 2016)

5.4 MODELLINGRANSPORT INFRASTRIRH

Transport infrastructug is widelwiewed agosteringeconomic development and productivity. Melo, Graham
and BrageArdao, (2013) provide a metmnalysis of elasticities regarding the productivity of transport
infrastructure investments. Their results show the highest impacts of investments are associdted wi
investments in road capacity, and the effects are highest for primary industries and manmirfgcfat an
elasticity of ca @8). Estache, A. and Garsous (2012) suggest that due to their generally weaker infrastructural
state, investmentsn (road) trarsport infrastructurehave a greater impact in developing countries compared

to more developed countries, where factasther than infrastructural capacities are limiting productivity.

A lack of transport infrastructures can act as constraining factor galdpment. Although transportation costs

only account for a small shaoé theinput cost of production, transportation can be seen as an economic factor
of production: it is fundamental iits generation,economicactivity cannot take placeffectivelywithout the
transportation factor. This means that when infrastructure is insufficient, small investments can have large
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impacts (Rodrigue, Comtois and Slack, 2017). This could be another reason for increased impact of
infrastructure investments in develogrcountries.

However, infrastructural investments show declining marginal returns. At a certain point, benefits of further
investments in infrastructure projects equal the costs of the investments themselves. Aftepding
infrastructure improvementsast more than they provide in benefits.

Figure 16 depicts acausal loopdiagram of the
conceptual transport sumodel. Note that this

does not represent the full model. Concepts
represented i n Forrester
Dynamics model are depicted in blue, newly added
elements in purple or gy.

T

The submodel structure is inspired byhe macro
capacity model of the urban road network (Shuo,
1999), modelling traffic as a function of
infrastructure supply (road capacity) and demand
(road use).

Local road infrastructure use is made up of use by
population (e.g. commuting to work), use by
industries (e.g. locally generated freight transport)
and port freight transport. The amount of port
freight is mediated by the trashipment ratio
(freight unloaded in the port, but subsequently
Figurel6. Qualitative flow diagram of the Transport suimodel and it: Shipped again), and the ratio of road
nfluence. transportation of port freight, which is about 95%

in Tema due to thepoort state of the railway

system. Investments in the road networks increase
infrastructure capacity, while thdeclineand deterioration of road infrastructure over time and through use
decrease it. Road infrastructure takes up space in theacityrequires its share of the land area

Congestion in the city has a negative effect on industry, as increased transportodsteduced accessibility
due to congestion make the city less attractieenew enterprisegAgyemang, 2013he sameloes not apply

in reverse when transport infrastructure is sufficiently present, additional investments will not make the city
more attractive to industry (Rodrigue, Comtois and Slack, 2017). THeskning marginal returns of
infrastructure investments should be represented in the model.

Effects of congestioon migration are assumed to be less strong. For instance, research on traims@itana
shows that a major proportion of trips are made on foot, especially by the poorest population segment.
Moreover, the economic opportunities of living in the city might overshadow the costs of longer travel times.
Severely congested roads mighttelehighincome groupswho more often have cars themselves (Kwakye,
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Fouracre and OfosDorte, 1997). The diagram Kigurel6 shows how port expansiocould adversely affect
port-city development, by causing congestion of the transport network.

5.5 MODELLING ENCROACHNEN PERURBAN GREEN SPACES

Massive urban encroachment on green space is a common issue in Afadavah and Cobbinah, 2014;
Mensah, 2Q4). In order to simulate the impacts of port expansion on green space, it has to be explicitly
represented in the portity model.

I n For r es tUeban Bynamigstheg i n a |
amount ofland available for settlement is the
Developed constrainingfactor limiting tte development
industry area . .
of a city. A conceptual representation of

Available land area Forrester’s mbiguel7 i s depi c

Forrester defines the total area belonging to
the city to be a fixed land area, a part of which
is already occupied bgxistingdevelopments
such as housing and industries. Infrastructure
Developed is not explicitly modkéed and is not assigned
housing area . . .
an area, but is assued to be implicitly
represented by the limited total land area,
Land area both regarding spatial and capacity limitations
(Forrester, 197Q)

Figure17. Conceptual modelling of land area in Forrester's Urban Dynang The undeveloped land is Completely open to
conceptual represerdtion, not necessarily the urban spatial distribution of t1 -~ Settlement. While there is some notion as to

urban area the attractiveness for development of the yet
unsettled land, Forrester makes no distinction
regarding the nature of the land.

Forrester’s way of defining |l and area has been criti
expanded on the model to create several adjacent zones, each developing on their own and influencing each
other, thereby aiming to provide a more geographically realistic model of urban expaharever it was not
Forrester’s intention to model ur ban expansion patte
thinking, which is more concernedtiithe evolving dynamics over time of the specified stodkaking the

system dynamics model more spatially refined and complex reduces the transferability of model resihiés to

port cities, andncreases the need fanore sitespecific data which mayot be available.

An alternative approach is chosen in which green space is introduced in the model and conceptually (albeit not
spatially) defined. ThisontrastswithFor r est er ' s assumption that all/l l and
settlement.
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Mass (i n Mass, 1974) addressed a similar criticism
land is available for settlement, but that urban expansion only takes place on the fringes of the developed land,
thereby limiting the actually ailable land. He proposemakingthe available land a variable in the model,

subject to a dynamic land pricingrhich ign turninfluenced by other factors such as land availability itself. The

notion of defining the available laraka dynamic variablean be used to introduce green space encroachment

in Forrester’s model . In this new conceptualizati on
system. This is depicted Figurel8.

As green space is not readily available for
settlement, it initially reduces the land
area available for industry and housing.
However, when the city expands enough,
the pressure increases for the green space
to be settled.

Developed
industry area

Available land .
vaflable fand area As the land around Tema is developed,

available land becomes more scarce and
therefore more expensive. Combined
with a chronic shortage of housing in the
city, this forces people to begin settling
Peri-urban .
Developed e o the less attractive (and therefore less
e ] G expensive) areas around the city, such as
the Sakumo lagoon (green space)

Land area (Mariwah, Osei and AmenyXa, 2017)

In a system in which green space is not
Figurel8. Explicit conceptual (nospatial) modelling of perurban green space adequately protected from development,

such settlement can take place both
informally and formally. This has been observed in Tema. The Chemu lagoon has been encroachad up
both housing and industrial developments (Tsetse, 2008), and the Sakumo lagoon has been subject to
settlement by informal housing, but also more formal developments such as the building of churches and
lagoonside villas for the rich in some places.

The dynamics of green space settlement in relation to urban development are visualZgaial9 below.
Variables or concepts that were explicitlpdelled by Forrester are colored blue, additions are given a different
color (green and purple) and potential exogenous effects influencing model behavior are depicted in grey.

The two competing feedback | oops aadilyudentified. Althoughor r e st
Forrester specifie@d single land multiplier lookup functioimfluencing housing and industrthere are both a
reinforcing and a balancing effect at work (R1 and B1 respectivéhjgire19. The reinforcing effect (R1)
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models the synergistic effect of existing development attracting more development to the city. The balancing
(B1) loop models theonstrainingeffects of finie landarea.

Adding green space as an explicit variable in the model identifies two new balancing loops.

1 As land becomes scarceaegn space settlemerdllows the city to continue to develop and actsaas
buffer against limits to growth (Bia Figurel9),

91 Destruction of green space by urban development redutmgcity attractiveness, in turn recaing
migration and development (B3).

2: Destruction of green

B2: Green space settlement space reducing city BI: Reduced land (and
reducing area scarcity, acting as a attractiVeness... service) availability veducing
buffer against limits fo growth... attractiveness...

+

=)
° +
Bl -
| @ O + . .
. +,-0
+ |
N +
RI: Urban developments
driving further
expansion...

Figure19. Causal loop diagram ofrban development driving green space settlement. Concepts explititiNB & Sy & Ay C2 NN
are depicted in blue.

The former relationship (B2) reveals the nature of the greenespacroachment problem. It is a finite resource
(land area) exploited by urban residents until it is depleted, analogous to the extraction of resources from the
lagoon (i.e. in the form of overfishing). Tlsnstitutesa tragedy of the commons archetypedrdin, 1968;
Ostrom,1990; Meadows and Wright, 2008): it is in the interest of individuals to settle green space areas, but
continued and complete settlement destroys the resource and its value.

The latter effect (B2) is based on this value and the benefi the green space to the local community
increasing its attractivenesarban green space provides opportunities for recreation and has beneficial impacts
on resident health and wellbeingn ldeveloped countries, landscape amenities are a determigéntrban

45



attractiveness and impact migration into the urban area. However, this effect is highly income elastic, and not
observed in people migrating mostly for economic reasons (e.g. employment opportunity) (Waltert and
Schlapfer, 201,0Douglas, 2012 Also in Ghana, higlmcome residents express such a preference for -igh
quality environment (White et al., 2007In developing countriebowever, peri-urban green space is more
strongly associated with disenefits such as flooding, disease vectors, pdahutand associated health
disservicesThis reduces the valuation of greepase by highemcome residents, antbeneficialeffects of
greenspace presence on migration bigh-income residents is reducashen quality is low (Douglas, 2012;
Cilliers et al.2013)

The urban poor in developing countries can value green space for the extraction of resources supporting their
livelihoods (e.g. fishing, biomass for fuel, salt) (Cilliers et al., 2088ale et al, 2013). In Ghana, human uses

of coastal lagoonsornprise of various economic, recreational and even religious actiy@ibegbo, Oduro and
Oppong, 2008).

In the case of Tem#here is evidence suggesting that the Sakumo lagoon has had a modest attractive effect on
highrincome residents. It is howevekdily that encroachment and decline of lagoon quality has reduced this
effect (Van Stipthout, 2002). Sakumo lag@upports fisheries by local urban residents either supplementing
their income or gaining their livelihood from this activity entirely (Gbogbduro and Oppong, 2008; Pauly,
1976 NtiamoaBaidu, and Gordon, 199IThe presence of petirban green spacisthereforemodeled tohave

a weakeffect on the underemployeds well

5.6 ADAPTING FORRESTBRAFRICAN CONTEXT

As discussed in the problem ddfion, urban developmenis markedly differentfor developed countriesThe

most prominentdifferenceis the informality present in urban society (Obe@doom, 2011), expressed both

in housing and the economy. Wh @eaopeare relatiFety deapendenter ' s mo |
the decline of constructed worker housing afav cost housing programs, informal settlement and slum

formation offers an alternativén a developing countryThe developmental statis accompanied bg lack of

societal welfae, which Forrestér s ndweab en¢lude. Thisectiondeals with these differences.

5.6.1 INFORMALITY IN URBAREAS

Forrester tailored his model to represent an American city. In Urban Dynamics, Forrester defines three main
aggregations of workers: @ananageriajprofessional class, a labor class (holding formal jobs) and an
underemployed class. The underemployed class is defined by Forrester as not holding formal jobs, but willing
to work if a job opportunity presesitself. In the original model, genally they add to the tax burden of a city
through a proportionally higher tax need than labor or managerial population (Forrester, 1970).

The definition of the wunderemployed in Forrester' s
appropriatenessb i ts | evel of aggregation, Goodman (in Mas:
within a model is appropriate when items or people grouped together share identical (or nearly identical)
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characteristics and ©é)hFargue purpases,sdeéfiningla @ategow afyworkers(ngt . 6 3
holding formal jobs could be a measure of the proportion of the population working in the informal economy.
Although in reality some employed in informal jobs have a higher income than those-palomg famal labor

jobs, most slurrdwellers are employed in the informal sector and vice versa (UNHCS (HABITAT), 2003). Thus,
this conceptualization is compatible with Goodman

S

Based on American culture in t heopdafionpredominBrdlymadest er a
up of men, by asserting that workers have families they provide for. In African society however women have a

large role in generating income, especially in urban arasany are employed in the informal seci@omez

et al., 2008) Forrester’s way of conceptwualizing the urb.
conceptualization might however be more appropriate when considering that the industrial sector still mainly
employs men, while women are more prominent in #ervice and informal manufacturing.

The |l ack of a service i ndyuesdce its realism. \While go ant anspat mo d e |
infrastructuremayhave a relatively larger impact on industry and manufacturing than on services, espacially

port cities that have not made the transition away from reliance on their port by diversifying their economy
(Ducruet and Lee, 2006), it is important to keep these aspects in mfiodel outcomes might not generalize

to cities that have a lower propodn of port dependent industryThe (informal) service sector is a substantial

part of Tema's economy despite the industrial char a
living in this sector is a driver for migration to the didpmez etal., 2008) However, that effect would be

present independenf the presence of a port infrastructurés Forrester already included the effect of

increasing urban development drawing more migration to the city in his original model, no model addigons ar

made concerning this.

5.6.2 MODELLING INFORMAETSLEMENT

’

I n Forrester’s original mo dtadunderamployedispartlyvdetetnginedsby o f t h
the availability of lowcost housing andhe fraction of underemployed living in the cityn general, the

availability of housingattracts migrants. Likewise, a lack of housing deters them. Underemployed are
dependent on the degradation of worker housing targeted low-cost housing programs. Indeed, Tema

features the development of slum est, worker housing that has deteriorated due to lack of maintenance

and informalhousing extensions or additioflgNHSC (HABITAT), 2003).
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Figure20. Causaflow diagram of the housing suinodel, with informal settlement added. ENNB a i SNDa 2NAIAy Il O2y OSLIi &
Note that not all relations to the bigger model and not all variables are pictured for clarity.

However, the possibility of informally settling in the area could subvert this relationship. Where housing is
limited, informal housing on the fringes of thecityagse | n Forrester’s model, press
housing is (among other factors) determined by the difference in the desired amount of people living in a house

and the actual amount. Migten into the city leads to higher building occupancies. With informal settlement,

houses are constructed informally in reaction to higher densities (a lack of housing), reducing densities by
increasing the buitup area.Figure20 depicts this conceptual modeling of informal settlement in an African

city.

Forrester assumed in his model that each class lives in their own type of housing, e.g. mankgsriales in

premium housing, labor class lives in worker housing, and underemployed are housed in low cost
underemployed housing. In reality, this relation is not as strictly defined. In the context of Tema, the slum area

of Ashaiman was initially forndgby migrants who were employed in the various industries sprouting up around

the city (Owusu, 1991) . This is a | imitation inher
between housing and socieconomic class. It is important to keepgli mind, as it can lead to reduced figures

for worker migration and informal settlement compared to reality.

The possibility of upgradinemaslum estateso worker housing statuss added to the model, in order to
investigate the effects of such intemtions on the urban systensuch upgrades are moltied to detract from
underemployed housing, and add to worker housing.
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5.6.3 LACK OF SOCIAL WEREAND FAILING PRGFE TAX COLLECTION

The informal nature of housing, combined with poor cadaster definition datetkeeping in Ghanaian cities
results in poor property tax collection revenues, especially among informally constructed properties (Asare,
2015; Kuusaana, 2015). This situation is typical of developing countries worldwide (UNHCS (HABITAT), 2003).

Forrester assumes in his original model specification that the underemployed enjoy social welfare and
subsidies, and ‘cost m ahe enanagerial tclase. In devedopimpy a&guetries sodmk n
welfare is much less extensive if presenta#l, and the difficulties with infrastructure provision in informal
settlements means that the underemployed grogenerally enjoy¢ess support from local government than

the labor class (UNHCS (HABITAT), 2003). The assumption of shifts in politiealippdavor of the
underemployed driving up local taxes, as mdetklby Forrester, is therefore not likely to holdameveloping
context.

5.7 ADAPTING EXISTING W& PARAMETERS TOIAE

With the aforementioned adaptations, the modslconceptualizetbb adequately represent a generic African
port city. In order for it to represent Tema, it has to be tailoreggcified to do so. This involvespecifying
model parameterand datato the situation in Tema. In thigection an example is given of such arapthtion.

A complete overview of all modefudions can be found in the model databank

One of the model parameters that must be adapted to local conditions isutideremployed housing
population density This model variable represents thember of persons commonly housed in this type of
housing. Forrester specifies this parameter as having a value of 12 persons per housing unit (which occupies 0.1
American acres in the original model). Local census data from Ashaiman (a large squatter settlememt next t
Tema) shows the actual population density and housing situation.

From these figures it can be derived that overall population densities are much higher in Ashaiman, but that
Forrester’' s ass umgsmothold Indant, aleeagei hbugekosize semmsdmincrease with
sociceconomic status (compare with Acquah, 2001 who mentions middle income workers having larger family
sizes). The average household size in Tema lies around 4 persons per household, compared with 3.7 for the
total municipaity of Ashaiman, which according to census data in actuality holds about 12.5% of managerial
professionally employed people. The limitations of the practice of modelling and averaging become apparent.

Table6. Forrester model paramiers vs. local data (Mazeau, Scott and Tuffuor, 2012). Additional calculations by author.

Variable Ashaiman data | Forrester specification (1970)
Underemployed housing  population densi 18 12

[persons/housing unit]

Underemployed family (household) sigpersons] Ca.3 8

Area per housing unit [Hectare] Ca. 0.03-0.05 | 0.0405(= 0.1 acre)
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An important note is made by Alfeld regarding the parametrization of the model. He stresses the importance

of definitional consi s tempiricgl groupinge corapilesl ondddféremt ponciplea ny ot
cannot be i mposed upon the model” (in Mass, 1974 p
modelling is a broatbrush technique, which should not be expected to fill in the detail. Consequentlyoo

much focus should bglacedon specifyingparameter valuegreciselyright, especially as thapdividuallyrarely

have a significant impact on overall model behavior (Meadows and Wright, 2008).

Other parameter changes include settings for ingiapulation, housing and industries, green space area, and
city land area. Aoverview of the values and data compilatioren be found irAppendix ATema Dataand
the model databank.

5.8 MODEL SPECIFICATION

In order to attain a quantitive simulation model, the model relations identified and argued in the previous
sectiors are translated into modeling equations by means of the modeling specificatiorsethimnprovides

an example of how this is donEhe final model contains over 22@riables, of which 27 are stocks. The majority

of the latter were present in the original Urban Dynamics model. A complete overview of model equations and
argumentation is not included in this report for brevity, but is available in the model databangoVide the
reader withunderstanding of the model structure however, depictions of the specified model are included in
Appendix C

Figure21 depictsa part of the final specified model, showing the link between the port capacity and the
construction of new enterprises in the urban area. As literature showed, the presence of port infrastructure
stimulates the development of industry by lowering trangpmosts, and the potential provision of raw material

and export possibilities, opening up markets. This effect however was shown to exhibit diminishing returns; as
soon as port capacity is sufficient for company operation, additional capacity will neameadditional impact.
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Figure21. Part of the specified model, showing the link between port capacity
new indiistrv constriictinn

The stimulating effect will not be present however if the port is severely congested. Increasing handling times
and low efficiency drive up transport costs until the presence of the port offers no relative bénefitler to

model this multiplier effect, a variablgort effect on industrys created. As Forrester makes ample use of
multiplier effects in his Urban Dynamics model, the new multiplier will fit right in.

In order not to make the model more complex than necessary, thegfterct multiplier must encompass both

the effect of port capacity presence and congestion. A lookup function will relate the two concepts to a value
between 1 and 2. a multiplier effect of 1 for no additional impact of port presence, and a value ¢h@ as
maximum positive impact of port presence on new enterprise construction. The latter value is arbitrarily chosen
since no conclusive figures for this effect could be found in literature. However, on applying this way of
specification himself, Forresterotes that the actual values of parameters matter less than the fact that the
effect is modeled at all (Forrester, 1970).

The following formula is applied:
Port capacity*port effects on city factor*port congestion effect on throughput growth

With thefollowing lookup function:

Port capacity [kton/year] 0 | 500 | 1000 | 3000 | 4000 | 5000| 10000

Multiplier 1(102(11 |18 |198 |2 2

ThePortcapacity s speci fied as the (maximum) throughput of
actual yearly throughput was 6219 kiloton in 2000, and 13415 kiloton in 2016.
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The variablgoort effects on city factois added as a switch variable, that daa used to turn on and off the
effects of the port infrastructure on the model. Additionally, this variable can be used to scale the effects of the
port on the city, which is useful for sensitivity analysis.

The port congestion effect on throughput growtipecified as having a value between 1 (no impact of port
congestion on throughput growth) and 0 (port at maximum capacity, hence no further growth is possible).
When the port is at capacity and severely congested, the stimulating effect on industry (#héstultiplier

falls to a value of 1).

Certain economies of scale with regard to the economic impacts of ports are described in the literature, more
concretely that ports must have a certain size to have a real economic impact (e.g. Park and Sedh2016).
lookup function reflects this by having a relatively modest effect at low available capacities. The diminishing
returns are modeled by having the lookup level off at an (uncongested) capacity of 10000 kiloton per year,
meaning that the value of the mtiplier will not increase further than 2.

The value of two is an estimation of the beneficial effect of port capacity presence on industry. While
infrastructure investments can have a significant effect on industry by facilitating transport of raw nsaterial
and providing export opportunities (Melo, Graham, and BrAgegao, 2013), it might also expose domestic
industries to additional competition from foreign direct investment and cheap imports (Oxford Business Group,
2013). As the model makes no disaggrématbetween local and foreign industrial activity in terms of
employment, a beneficial effect is assumed.

5.9 MODEL CONCEPTUALIDAN CONCLUSIONS

In the previous sections an answer was found to the question what constitutes an appropriate system dynamics
modelof port-city development in a developing country contefith this a part of the first research question
is answered:

G2 KFEG A& 'y | LILINRLINRIOAS el REO&EI QTS YyYi2 Rt | 2 RSIABNIZ LA v

It was determined that an approptie model of portcity development in a developing country context should

be flexible enough to allow experimentation and the analysis of potential interventions, potentially in the
context of strategic conversations amongst stakeholders. Additionallyntiael should be able to dynamically
describe urban development over the long term, in order to assess interventions of sustainable design. While
specific enough to represent Tema, the model must be general enough that model inferences may be
generalized tamther developing country port cities.

Model outcomes of interest have been defined to include metrics describing social, economic, and
environmental considerations, as well as indicators for explicitly modelling transport congestion. Additionally,
the mocel should be able to simulate the effects of uncertainties that are found to be important and relevant
to the modelling effort. Ideally, the model should have a modest need for data, as data availability may be an
issue in applying the model to a develapicountry context.
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Based on the problem definition and demarcation, the scenario analysis, and literature, it was determined that
the model should include a port infrastructure saimdel, explicit modelling of the road transport network,
green space encreament, and should take into account characteristics found in developing country cities such
as informal settlement, informal economgnd local data on key parameters to adapt the model to Tema. The
conceptualization and specification of these elements ha&en grounded in the available knowledge and
literature on the respective topics.

In the next sections the second part of this research question is addressed, by assessing model usefulness in
modelling the development of Tema and developing country pitiés in general.
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6 MODEL VERIFICATIONDAVALIDATION

In this chapter the specified model is verified and the validity of its inferences determined. The complete
analysis with verification and validation tests for each-surel areincluded in Appendix.EThis chapter
provides summaries of the relevant findings of these analyses.

The verification tests chosen are based on the guidelines of Sterman (2000) concerning model verification.
Model validation approach is based on Sterman (2000), Meadows antht2ig08), and Shadish, Cook and
Campbell (2002).

6.1 MODEL VERIFICATIORNST RESULTS

In thissectionthe results and points of interest of the model verification tests are summarized. A complete
overview of performed verification tests can be foundtie daabank, but is not included in this report for
brevity.

6.1.1 BOUNDARY ASSESSMENT

The model boundary delineates whether a variable in the model is endogenously driven, or assumed to be
constant over the model run. Assessing model boundary adequacy then focuttesahoices and assumptions
made regarding these exogenous constabisfining a variable as constant over the model run might mean an
important feedback loop is not considered, affecting model verificatiext follows a short overview of the

most impatant omitted potential feedback loops.

The effect of locahdustryon port throughputis not modeled. This would require data that is difficult to come
by, as the Port of Tema does not list the origins of its throughput in that level of detail. Modkeitrigedback
loop would necessitate broad, uninformed assumptions, and woutdduce uncertaintythat reduce model
inference validityMoreover, as discussed in sectibr3, the Port of Tema serves an area far larger than the city
of Tema aloneThe research effort maintainsfacus on thempact of the port on theity, rather thanthe other
way around

Thelink between socigeconomic city stateand per capita transport demansgnot made explicit, as this would
increase model complexity and increase model data needs. An aggregate figure is taken instead, which is
acknowledged as an uncertain factor. A potentiak between road infrastructureetlineand road use, road

quality and weather/climate conditions is not modeled for similar reasons, but might be interesting to include

in group modelling sessions or in further research.

A potential feedback loop concerning averdged per houselecreasing with rising land scarcity, for instance
through highrise buildings is not included in the model. That hiige buildings are starting to be built in the
Tema aredZakaria, 2014) is an indication that this assumption is arpiaie/ulnerabilty of the existing model.

Family sizeand net birth rates areassumed to be constant in the model, but could change over time due to
economic and socioultural changes (see Appendix D. Scenario analgsish changes are partly incorporated
however byassigning an appropriate family size and birth rates to the different ssmioomic classes in the
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model. It is assumed that these changes are not driven by processes endogenous to the model, so no important
feedback loops are left out.

There could be &nk established between city infrastructure investments and local taxes. In this study this is
not done as the tax section has a very modest influence on urban development as modelled, but it is left as a
possibility in using the modgfor instance wittstakeholders

6.1.2 STRUCTURE ASSESSMENT

The assessment of model structure evaluates whether model structure is consistent with the relevant
descriptive knowledge of the system, and if the level of aggregation is appropriate. Basic physical laws such as
conservdion laws should not be violated, and decision rules modeled should reflect the behavior of actors in
the system.

As the model focusses on the impact of port infrastructure on the city and not on port performance or
operations, the latter elements are neixplicitly modeled. For instance, the implementation of effective port
automation could greatly increase port capacity and throughguatcluding such links would introduce
complexity unnecessary for answering the modelling questions. However, care d®ta#ten in using the
model with port experts, who might want to focus on such details. Both automation and capacity increases are
included as potential interventionsnd can be modeled to apply in combination

The lackof spatialdetail reduces the moddihg of transport to a very high level representatidvioreover,
investments in transport are modeled as continuous and in reaction to congestion, rather than as discrete
projects. While on the city scale this assumption might hold, the lack of spé#gjgregation may miss the
locality of road works and the relative impact of the reduction of bottlenecks in a discrete prajéuls. basic

causal mechanisms are valid, some detail and potential feedback loops (for instance between congestion and
actual taffic demand itself) are not considered. This might reduce the usefulness of the model as a transport
planning tool, but that was not the intended model use from the start.

The variablesocietal willingness to settle green spdtaes been added to bettereflect the impact of local
informal institutions on local stakeholder decision making (Adegun, 2017; Tyroller, 2016).

Informal housing is assumed to be function of formal housing availability and urban population figures. The
implication of this is thatrformal settlements can sprout up easily and instantly (which seems to be the case,
World Bank, 2013), but also that they effectively vanishapulation decreases. In reality, some informal
settlements might have a certain level of permanence, buisiplausiblethat informal housing that is
abandonedwould bequicklytorn downto make way for other developments

The infor mal work section is I|limited by Forrester’s
employed member. That means thafanmal work is essentially a measure of un(der)employment and family
size, which could limit validity @fferences based othis variable and therefore its use as a model KPI.
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The modelling of housing as an aging chain, moderated by housing demand Halypacis in line with the
observation that housing originally built as worker housing over time has degraded to slum status (UNHCS
(HABITAT), 2003).

Thelack of explicitnodellingof a service industry might prove to be problematic if the model is egpb port

cities in which industry is less dominant and local economy is more diversified (e.g. more evolved port cities,
Ducruet, 2006)This means the model cannot be used to simulate the development of such more general cities,
limiting the evolutionay pathways it can model, and the generalizability of modeling outcomes.

6.1.3 DIMENSIONAL CONSINTH

The model makes extensive use of dimensionless mult]
To be dimensionally consistent, lookup functi@m®uldall employ normalized variables. However, this is not
implementedthroughout as itwould negatively affect model legibility and size

The use of dimensionless factors means that these are automatically flagged as correct (or just ratbging)
than wrong. This means that the automated units check is not as effective for checking model consistency, and
more focus lison manual evaluation.

Severalinit errors arise fronvariables wheréunlimited smoothingof model output is useds a way tmbtain

the initial (calculated)values of noAevel variablege.g. SMOOTH(population, 1e+009), this simply yields the
initial wvalwue of the vari abl eExamplésiinciude iditial @atthioaghpath a n g e
initial population andnitial . These are related to the way in which Vensim models smoothing, and do not point

to a model inconsistency.

Note that in Forresterpsomedesli ontahe Uraibtorf amdmamage re
with other factors derivedfrm t hi s. The term i s changed to the more
assumption that every family can have only one formally employed member is still in place, potentially skewing
informal employment figures.

6.1.4 PARAMETEREALITASSESSMENT

A paraneter reality assessment of the modé&hds two parameters of interesthroughput growth factor and
transport investment factqras these parameters have limited real world meaning and can be interpreted in
different ways. Care is to be taken in validatimplementingand explaining the use of these parameters.

‘ 3

The model includes wvarious soft parameters such &
While these effects are plausible and represent wwatld effects, it is challenging tiind evidence as to the

magnitude of their impact especially s datapoor developing country context. While the magnitude of

impacts could be established (or negotiated) through local stakeholder input in group modelling s@ssions

further researchthis limits the validity oEurrentmodel inferences andf the model use as a forecasting tool.
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6.1.5 EXTREME CONDITIONS

Extreme conditions testing uncovered a variety of inconsistencies and potential errors that have been
corrected. A full description of modehanges can be found in Appenéix

Applying extreme conditions to the improved model yields plausible results. The model reacts well to policy
shocks and changes in exogenous variables. Nevertheless, some care has to be taken when specifying (initial)
conditions for the model. Inconsistent values of initateen spacand maxor min green spacean lead to
anomalous model behavior, although model equations have been amended toagapriatelyto certain
misspecifications.

Extreme conditions testingevealed that the model cannot run with (initial) population levels of z&tos is a
consequence of the way Forrester defined his model. The same applieeetoium housingnd Worker
housing Also, care is to be taken witfemolitionand training programs, as specifying large values for these
could lead to housing and employment stocks attaining negative values. Equations have temporarily been
changed in sensitivity testing for this reason to avoid inconsistent results.

Forrester ' s derfookaps did not mkednfo accowrit the fyll Fange that input values can attain.
That means that lookup out of bounds errors are visible every time the model is run. A this does not affect
model behaviorpriginal multipliers are not changed for this reas

6.2 INTEGRATION

The suitability of the integration method and time step is assessed by checking model behavior for integration
errors.Numericalintegration errors arise whe(l) an inappropriate integration method is selected, ort{&
chosen time stejis too large to adequately calculate model dynamics, resultimyénagingovershoots and
possibly oscillations.

The integration method selected is Euler, because potential intervention optiordving STEP or PULSE
functionsmay result in instances aon-differentiability resulting from such discontinuous eventis nakes

a RungeKutta 2 or 4 method less suitable for this model, as these methods may average out these
discontinuous changes (Sterman, 2000).

Analysis prescribes the use of the finestdi step, 0.0078125. As a result, model computing time is increased
somewhat, especially in sensitivity testing, but not above acceptable limits on the computers used for
modelling.

6.3 BEHAVIOR REPRODUCTION

Finally, the portity behavioris simulated. Behaor reproduction shows that selected development dynamics
are adequately modeled by the moddtigures23 through 30 depict the behavior of the current model
associated with the dynamic hypotheses listed @ble7.
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Table7. Assessment of the reproduction of dynamic hypotheses by the model.

urban development

Hypothesis Verdict | Comment

H1: urban development leads to green Succesqy Development of the citjeads to reduction of green

space encroachment space Figure23)

H2: port expansion will lead to Succesy Following expansioancroachment happens at a

increased encroachment into green faster pace, arriving 10% sooner at full encroachme

space (Figure24

H3: port expansion will lead to Succss | Infrastructure utilization rises after port expansion,

increased congestion both due to freight and increased industry and
migration Figure25), despite additional inv&ments
(Figure26).

H4: port expansion will lead to Succesy The model correctly reproduces the attractive effec

increased informal settlement of port expansion resulting in increased informal
settlement(Figure27).

H5: port capacity expansion will Succesy Thestimulating effect of port presence is translated

stimulate local industry the model as increased amount of new enterprises
following the expansionFjgure28).

H6: protecting green space will reduce| Succesq Protection of 1000Ha of green space has a slight

adverse effect on industry and housing developmet
(Figure29 and 30).

Note that the below graphs are generated by the current model, including adjustments made to correct
For r es amptiohson hausiag availability impacting migration, and the (weak) impact of green space on

migration following expert consultatiofhe initialbehaviorresulted in significant (numerical) underestimation
of informal settlement, which prompted a #&am nat i on
mechanisms of migration (sé&e5. Internal validity 5.5Modelling Encroachment in Pddrban Green Spacks
The original graphs that were used in the interview witls .

in the model databank.

of Forrester S

d Appendix Elnterview datg can be found
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Land use (stacked) Green space
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infrastructure area : reference rnar ° ©

available area : reference fme e +o s s e e ssessastasooasansaosasssansassasssassastasssasanse Figure 24. Accelerated green space encroachment following pc
i -
expansion (red).

Figure 23. Urban land use distribution over time. Legenreen
space (green), available area (orange), road infrastructure (gre
industry (red), informal settlement (yellow), housing (blue)
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Figu_r‘e25. !ncreased congestion following port expansion, despi Figure 26. Increased infrastructure construction following por
additional investments expansion
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informally housed New Enterprise
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Figure27. Increag in informally housed after port expansion. Figure28. New enterprises in the city increases due to increas:

port capacity supply.
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housing units total : Green space (1350 Hay

Figure29. Protection of 1350 Ha of green space resulting in slic Figure 30. Reduction of housing stock in reaction to green spa
reduction of industrial development protection (1350 Ha).

6.4 SENSITIVITY ANALYSIS

A fulkscale sensitivity analysis of the model has been performed, in which the effects of variations in some 220
parameters (including lookups) is evaluated.

The analysis reveals that the model is numerically sensitive to many parameters, especiaillyriatkel runs

due to compounding effects (i.e. growth rates), despite being robust behavioFadjyre 31 depicts model
behavior sensitivity to multivariate variation ¢t0%) of housing suimodel parameters, which can lead to
variations of up to 20% later in the model runs (95% of model rumsyekfer, the analysis reveals that the type

or pattern of behavior exhibited remains similar under a wide range of parameter values. Note that due its
numerical sensitivity, the model should not be used to make precise numerical (quantitative) predictions
regarding urban development, but results should be evaluated relative to the reference run.

Furthermore, the model shows a sensitivity to the specification of initial values of population, and to a lesser
extent housing and industry. Another relativelylirghtial variable is théand areawhich greatly impacts the
speed of urban developmentigure32). Particular attention should be given to deternmigiaccurate and
appropriate data for these parameters.
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reference run reference run
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. . .. _Time (Year)‘ Time (Year)
Figure31. Population sensitivity to housing sector parameters an Figure32. Land fraction occupied sensitivity efined land area (+/
lookups (multivariate, +/10%) 10%)

Another conclusion of the sensitivity analysis is that it provides plausible results for a range of parameter

settings, which suggests the model can validly be used to model development of a wider rangecifigs
andcontextual scenarias

There are many estimated parameters in the transport -sutrlel. However, the analysis shows that
uncertainty regarding these parametersrist problematic as their influence remains mostly numerical in
nature. Care is to be takenterpreting model results especially later in model runs howelare influential

is the factortransport investment factgras this models endogenously the policy response to congestion, and
its value is relatively arbitrarily defined due to lack oflre@rld data on this aspect. The analysis reveals
however little sensitivity to this variable: variation of 20% results in ca 10% numerical variation of main model
K P lahds20% variation in congestitevels(cf. Figure33and34).

reference run reference run

50.0%  75.09400 95.0Jl 100.09 50.0%  75.090 95.0Jil 100.09
land fraction occupied road congestion
1 3

.75 .225

.15

.25 .075

%066 1991 2016 2041 2066 %966 1991 2016 2041 2066
Time (Year) Time (Year)
Figure33. Land fraction occupied sssitivity to transport investment  Figure34. Congestion sensitivity to transport investment factor (+/
factor (+/-20%) 20%).

Themodel is relatively insensitive to many of the multiplier effects defined by Forrester. Thidomtes he
findings of Stonebraker (19Y,2and might warrant a significant simplification of the poity model in further
research. Alternatively, the impact of different specifications of multiplier effects and causal relations could be
guestioned andxplored in model use with stakeholders.

A complete overview of model sensitivity gratmsd more indepth analysiss included in the model databank.
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6.5 INTERNAL VALIDITY

As Shadish, Cook and Campbell note (2002), validity is not a property of a desigretiodology(such as
system dynamics modellind)ut rather of inferences made from or using theggproachesinternal validity of
model inference in essence translates to the validity of causal relations specified in the Awdéecussed in
more detal in the appendix, uncertainty regarding the strength of causal relations in the model can pose a
challenge to the validity of model inferences. This is inherent to modelling in gpdataenvironment.

In system dynamics modellincausal relations argpecified explicitly. fie impactof uncertaintiesabout these
relationscan be mitigated by evaluatirtgeir impacton model outcomesand interpreting modelling results
accordingly (Pruyt, 2007Internal validityis therefore partly assessed in the sensiy analysis, where the
impacts of variations in model parameters are evaluated.

Another way of assessing internal validity is by comparing the results of model simulation with data on the
actual historical development of the city of TenModeling resus are compared with historical data on
population, port throughput, road length and informal housing and work. Graphs for population and port
throughput are included below (figuré&s and 36).

Modeled vs. actual population Modeled vs. actual port throughput
600000 14000
500000 12000 //P
400000 10000
8000
300000
6000
200000 4000
100000 D 2000 -
0 = 0
1960 1970 1980 1990 2000 2010 1960 1980 2000 2020
—8— Actual Modeled —@— actual t.p. modeled t.p.
Figure35. Actual vs. modeled population Figure36. Modeled vs. actual port throughput, in kton/year

The model is seen to reflect actual development dynamics for these indicators. The somewhat lagging real

world figures can be explained by the economic crisis stifingurtmmgr h i n Ghana i n the 70’
and Bertrand, 2012), which is not included in the mo
on the concept of relative attractiveness, and the real world situation of absolute growth figureg bein
influenced by global developments.

Comparison with other indicatoralsoreveal plausible results. A deviation of importance is the systematic
underestimation of informal settlement in the model. The causal relations specified by Forrester governing this
(that low housing availability stops migration) appear not to be valtisxdeveloping contextWhile it is not
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the objective of the model to recreate the complexities observed in the real world as accurately as possible (see
section3.2), model relations regarding formal housing construction, migration and informal hobsivg been
adjustedto better reflect locakystem storiesand causaimechanismsand improve model appropriateness

the case studyTheadjustedmodel showsa more realistic response of informal housing, without significantly
(numerically and behaviorally) affecting other indicatds®te that the snsitivityanalysis habeen performed
without thisimprovement but subsequent testing revealed no large variations in overall model behavior.

Model results for land use show a value built-up areathat is significantly lower than real world estimations
(including infragstucture area).This might be reflecting an oversimplification of the model (e.g. not modelling
service industry, public spaces and market places, institutions such as schools etc.), or simply be a mismatch in
the definition of what is considered builip. Population densities associated with the land area and modeled
population area show more plausible results.

Possibly as a result of the loand fraction occupiedmodelled green space area remains somewhat high
compared to the actual ared he earlier metioned discrepancies with land use and the relative proximity of
the lagoon to Tema communities and the coast might explain the increased settlement observed.

6.6 CONSTRUCT VALIDITY

Validity of model inferences can suffer when construgts. terms, variable namesijsed are ambiguously
defined, or are not what is actually measured (or simulated). Using a particular construcb(itgestion can

frame debate about results, raise expectations, increase relatability of outcomes, aridtaciaking policy
recommendations people and policy makers understand. Therefore, it is important to address the validity of
constructs used in the model.

Most constructs used in the model reflect rembrid concepts in the way they are used and definddtable
exceptions is theort capacityconcept, which is measured in kton cargo per year, but could be assumed to
refer to a capacity to service a certain type of ship. Similarly, the concept efifbam green space can be
defined to include varying tel types.Ecological value could be a criteria for inclusion in the green space
category.

Other concepts can simply be defined in multiple alternative ways. Road congestion is one such concept. Some
other factors simply do not havéangiblereal world courerparts (e.g. transport investment factor), or vary to

such a degree in reality that they are not useful as indicators of performance (what constitutes a productive
unit for example)This is a result of the aggregating nature of the system dynamics limgdapproach (Kelly

et al., 2013).

Care must be taken in choosing appropriate performance indicators and being transparent in emlces
assumptionsregarding theseconcepts and what they constituteSpecial attention must be paid to
interpretation of model termsand modelling results when using the model or modelling concepts with
stakeholders to avoid misinterpretation and confusion. Alternatively, active discussion on the terms could be
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encouraged to establish negotiated knowledge and uniform undexding De Bruijn and Ten Heuvelhof,
2012).

6.7 EXTERNAL VALIDITY

External validity of model inferences deals with the question whether model inferences from this study can be
generalized to other developing country port cities, and different sets of contexdetiings. Do model
assumptions and modeled causal relations hold over variations of port cities studied, or under different
circumstances?

Regarding this there exists a tradff between local and general validity of modelling inferences. Tailoring the
model to represent the conditions in Tema can increase the validity of modelling inferences for that city, but
make modelling conclusions less generalizable to other cities.

The sensitivity and scenario analyses can help in this regard. It is establiah#ftetmodel generates plausible
behavior over a wide range of parameter settings, and the influence of variations in contextual factors is
evaluated.If modelling inferences are found to hold despite variations in external factors, they are considered
robust and valid under the range of evaluated scenarios (Pruyt, 2007).

6.8 MODEL VERIFICATIONDAVALIDATION CONGIONS

The model verification and validation process progide answeto the secondaspectof research question 1:

“What i's an agy moog of pamd iet ya ndle wesl opment in a Thevel opi
usefulness of the model depends on its ability to adequately model the development of developing country
port-cities, and more particularly, the case study paity of Tema, Ghana.

Verification and validation testing reveals that the model adequately simulates urban development processes
at the requred level, and is useful for the simulationpdrt-city development and the issues encountered in
developing country portities

Sane model limitations have been identified. Firstly, care is to be taken in interpreting modeling results: the
model should not be used to makeecisequantitative predctions on port city development. Instead, it may
be used to exploréehaviorresponsego issues encountered in port city development.

Secondly, the validity of some construatsed in the model is limited, for example because they can be
understood to mearor encompasglifferent things(e.g. green spacefare is to be taken when explaining
model outcomes or using the model with stakeholders.

Due to conceptual limitationssimulated model valuesegarding informal work and absolute levels of road
congestion are nosuitable for comparison witheal world circumstance§hey can however dtibe used to
assesselativetrends and impacts.
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The biggest threat to model validity is the relatively low land fraction occupied for a certain size of urban
population. Regardless of the reason for this, it has consequences for model behavior, aafeitylis@ main
driver of urban development and determines for instance when growth stagnates.

Care must be taken in using the model with stakeholders, as the assessment of model construct validity
indicated a risk of misinterpretation and discussiortdtld be interesting to capitalize on this and foster such

a discussion, in order to gain negotiated knowledge and a sense of commonality in group sessiansking

with experts

Sensitivity and scenario analysis provide optimistic indications for ¢herglizability of model inferences to
other developing country port cities. Applying the model to another case should involve a critical assessment
whether causal relations and parameter valugsplyin that particular cityor should be adjustedApplying the

model to a different developing country port city could more strongly test external validitheofnodel
inferences, but tis is left as an opportunity for further research.
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PART Ill: USING TMBDEL
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7 MODEL SIMULATION

In this chapter tle verified and validated system dynamics model is used to answer the modelling questions.
The modellingesearchquestions were formulated as follows:

1. What are potential development patterns of developing country poties? In particular, how does
port expansion affect portity evolution?

2. What are effective interventions for sustainable poity development that mitigate the locgllobal
mismatch in the benefits deriving from port expansion?

Firstly, portcity development dynamics are anafd based onthe base run, and the impacts of port
infrastructure development on theimulatedport-city system are explore@ection7.1) Of particular interest
are port expansion impacts on road congestion, informal settlement and green .sphea mwtential
development patterns are discussddection7.2). Lastlythe model is used to generate and evaluate potential
interventions for sustainable pouity developmen(7.3)

7.1 MODEL REFERENCE BHBR

The modelreference run (including the proposed 2015 port expansgimws the porcity system growing

over time (Figure37). The growth pattern is typical of growth in a resource constrained system: growth
increases until the finite resource determining the
Wright, 2008; Ford, 2009ILis comparable to other system dynamics studies of urban development (e.g.-Duran
Encalada & Pauc#&aceres, 2009).
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Figure37. Land area distribution over time [HaJop to bottom: green space, availablerea, infrastructure,
industry, informal settlement and housing area.
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In this case the resource constraig the totalland areaavailable to the system. As the city grows green space
diminishes through the increased pressure for settlem@mngure38). In that way green space land perforas
bufferingrole t he effects of resource constr auntithattaor e “ del
becomesdepleted. Note that thisbehavia was qualitatively derived from the structure of the land area
qualitative flow diagram igection5.5.

As the land area fills completely, urbgrowth stagnates. Despite a growing number of underemployed in the
system, informal housing diminishes the city enters the stagnation phaskhis is partly the result of the
progressive aging and degradation of former worker housing in the city, aferfiormalhousingalternative

to underemployednigrantsand urban dwellers
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Green space : reference run Premium Housing : reference run

Worker Housing : reference run
Underemployed Housing : reference run

Figure38. Green space area over time (reference run) Figure39. Premium (blue), worker (red) and underemployed (greel
housing over time (reference run)
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Labor : reference run
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Figure 40. Manageriaiprofessional (blue), labor (red) anc Figure4l Informally housed [person] over timéreferencerun)
underemployed (green) over time (reference run).

As industry growth stagnates, formal employment does so as well. The combined effect of lower employment
opportunities and housing availability attracts underemployed to the city. This pattern of stagnation and decline
isalso observed ithe original Forrester model (1970).
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Figure44. Tema population over time (reference run) Port throughput : reference run

Figure45. Port capacity and throughput over time (reference run)
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Figure46. Urban road length ovetime (reference run) Figure47. Road congestion over time (reference run)

Port throughput follove capacity increasesver time driven by national GDP growth ratés this model run
which includes the 2015 port expansidhe localglobal mismatch that Temnexperiences is at its maximym
asthe effects of rising porthroughputaffect the city Road congestion risén reaction tourban growth and
the various modelegort expansion projectby as much as 45%ut as infrastruatre expands withurban
growth, congestion levels are seen to declietatively soon (e.g. 2% of model run time)
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FiguresA8through59 show the impact of the 2015 port infrastructure development on selected-pitytkey
performance indicators in the modeModel runs including an@éxcluding the 2015 port expansion are
compared and plotted in red and blusespectively.Note that the2015 port expansionun is equal to the
reference runn the previous discussion.
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Figure 48. Port of Tema throughput over me, 2015 port
expansion(red) vs. no 2015 port expansion (blue)
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Figure49. Land fraction occupied over time, 2015 port expansic
(red) vs. no 2015 port expansion (blue)

New Enterprise road length

7000 20,000
. 5250 15,000
€
=1
2
£ 3500 £ 10,000
3
o
s

1750 5000

0 0

1966 1981 1996 2011 2026 1966 1996 2011 2026 2041 2056

New Enterprise : no 2015 port expansion
New Enterprise : 2015 port expansion

Time (Year)

road length : no 2015 port expansion
road length : 2015 port expansion

Time (Year)

Figure50. New enterprise stock over time, 2015 port expansic Figure51. Road length over time, 2015 port expansidred) vs. no
2015 port expansion (blue)

(red) vs. no 2015 port expansion (blue)
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Figure52. Road congestion over time, 2015 port expansigred)
vs. no 2015 port expansion (blue)
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Figure54. Fraction underemployed of population over time2015
port expansion (red) vs. no 2015 port expansion (blue)
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Figure56. Informally housed over time, 2015 port expansion (rec
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Figure53. Tema population over time, 2015 port expansigred)
vs. no 2015 port expansion (blue)
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Figure55. Total of (formal) housing units in Tema over time, 201
port expansion (red) vs. no 2015 port expansion (blue)
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Figure57. Fraction of Tema population that is informally house
over time, 2015 port expansioffred) vs. no 2015 port expansior
(blue)
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Figure58. Fraction of Tema housing comprising of slum estat Figure59. Tema green spacarea over time, 2015 port expansior
over time, 2015 port expansion (red) vs. no 2015 port expansi (red) vs. no 2015 port expansion (blue)
(blue)

The effects of port expansion @imulatedurban development are profoundndeed, local industryprofits

from the lower transport cost of the (less congested) port infrastruetlifhe increased direct and indirect
employment opportunities generated from the increased port capacity and throughput accelerate urban
development:iindustrial peaking is achieved %bearlier in the model run, while land occupation peaks about
10% earliethan in the run without port development.

However, following the 2015 port expansion, port throughput may triple from 2015 values, if it rises to the new
port capacity. This will significantly add to the demand for urban road infrastructure: congestion levels are seen
to rise dramatically, up to%P6, if no measures are taken to divert cargo transportation away from the urban
road systemHowever, his increase isnly partly attributable to port direct impacts, as indirect effects of
industry and population growth in reaction to (perceived) econob@nefits of port expansion add to the strain

on the urban road network.

The increased demand leads to a period of urban conge$tigting nearly a quarter of the model run time
horizon of 100 yearslespite increased investmen®nly after a substantldime of extensive road investments
is congestion consistently reduced.

Green space encroachment accelerates as a result of port capacity expansions: the same level of green space
loss is observed 10% earlier in tinhdowever,in both scenarios green spaés encroached upoto the same
extenttowards the end of the model run, as no measures are taken to protect it.

Informal settlement is observed to increase dramatically to 80% around the time of stagnation of the city.
This increase isoth absolutdy and relative to thedotal urbanpopulation. This indicates a housing shortage,
driven byin-migration of managerigbrofessional andabor classand to a lesser extent underemployétbte
the temporarily lower fraction of underemployed housiagd -population).
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2015 port expansion impacts vs. no expansion (unweighted)
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Figure60. Radar chart of 2015 port expansidgnY LJ- O a F2NJ Y2RSt Yt LQ&a O2 YL} NB R(eqiatto RAend t 2 LIY Sy i
1).

Theimpacts of port expansion on the urban systame jointly visualized in the radar chartkigure60. The

chart is generated using an automated R script written by the auth@fficiently analye and visualize the
model outcomes ofhe port-city model(Appendix I The scriptreads anccompareshe model output of two
simulation runs, atach year assessing the percentual differences for each performance indicator over a
specified time horizon (in this case 2017 to 2057). The diagrdiigime60 shows these relative differences at
three snapshots in time2017, 2027 and 2047

While precise model behavidretween snapshotgannot be derived, this visualization providegjuick but
complete overview of relative short and long term impastthout having to resolve ttistingindividual graphs

for each indicator The values in the chart reflect the change of the key performance indiiattine policy

run) as a factor ofhe original (base run) values at that time. Hence, a value of 1 would indicate no change or
impact, a value of 1.2 represents a 20% increase of that variable compared reefehence rurvalueat that

time. Values below 1 indicatelawer value is attaied.
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The charin Figure60reflects the locablobal mismatch of port presence for the paity in one diagramwhile
economic effects are enjoyg@.g. a 25% increase of production units in 20#&pative externalities such as
informal housing and congestion rise relatively dramatically. While congestion on the long term declines below
levels without port expansion (note the below 1 value), thieriy achieved through serious investments in
road infrastructure(i.e. ca 35% increase in road length in 2047)

The beneficial impact on industry is not sustainable in the senseNeat enterprise construction is not
prevented from peaking and stagnaginas the effects ofland scarcityand port congestiorreduce the
construction of New enterprisstructures.The dramatic impacts on green space are partly caused by the
limited amount of green space later in the model run, at which point a small decheasenes a rather sizeable
fraction of the original value.

Table8. Scoring table showing mean impacts of 2015 port expansion between 2017 and 2057 for every KPI, weighed.

Model outcome of interest mean Weight 2015 port 2015 port
scores expansion expansion
(0% discount (5% discount
rate) rate)
(2017-2057)
land.fraction.occupied 1 16.7% 5.3%
population 1 17.1% 5.5%
New.Enterprise 1 23.2% 11.1%
production.units.total 1 16.4% 5.8%
Green.space 1 -27.1% -1.7%
fraction.underemployed.of.population -1 2.0% 1.0%
fraction.informal.of.total.population -1 1.6% 1.3%
informally.housed -1 -46.0% -14.0%
road.length -1 -26.8% -8.9%
road.congestion -1 -10.7% -8.9%
Total score - -33.6% -9.5%

Table8 contains overall scores of the port expansion intervention on model performance indicdsing the
same automated Rcript, theyearlyrelative changedbetween the policy run and reference run for each KPI
are averaged over the observed time horizdhesescores are then weighed to reflecvaluation,for instance

by a problem owner or local stakeholders. For instance, as an increaserafahfiousing is rated negatively,
a weighing factor ofl is appliedo positive (above zero) changés,order to assign a negative score to this
indicator in case of such an increasdternatively, weighing factors of varying strength and sign can péeap

to indicators based on stakeholder preferenc&imming theindicator scores yields a total score for the
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intervention on model outcomes, which provides a means of comparing different interventickeseping with

the societal tendency to value short term impacts méhan long term impacts, a discounting factor (e.g.
Chichilnisky, 1999larkandya, and Pearce, 199dan be applied to the scores. Both negative and positive
impacts will then be weighdess stronglyn the total scorehe later they occurreducing impacts on the scoring
of intervention alternatives accordingly

Table 8 presents aclear pictureof the localglobal mismatch of port infrastructure. Beneficial scores are
achieved for most developmental indicators, including a modest effect on urban-scaimmc climate.
However, it becomes apparent that the negative externalities outweigh the benefits in Tema, at least in the
reference scenariand using these weighté\pplying a discount rate to the scores yieldss extreme scores
altogether (as can be exptd), but certain shifts in the relative importance of effects can be observed: on the
short term, the beneficial impact on New enterpris@@sv more pronounced than the negative effect on green
space.

This means that when a short term view is takitye, benefits of port expansion on local industry outweigh the
detrimental impacts on green space encroachment. Different weighing of performance inditgtortance
can also yielddifferent outcomes.Moreover, note that in the demarcation of the problerorse negative

externalitiessuch as pollution and greenhouse gas emissions were excluded from the analysis, based on local

stakeholder values in Tema (Slinger et al., 2@ the chosen modelling perspectivEhese considerations
show that what is considee d *
chosen time frame. Ifurther analysis a broad timeframe,low discount rate and an even weighing of port
city performance indicatorare adopted

A model is not just aet of equations, but necessarily incorporates assumptions on the nature of the problem
and its causal mechanisms. A magsumption underlying the resultiscussed here is that the presence of the
port will have a beneficial impact on local industry.discussed in sectiofh.2, port infrastructure expansions
can have negative economic impacts as Ilogdihdustriesftoo r
foreign direct investment and competition from cheap imports. While this can provide a beneficial drive to
industry to become more efficient and innovative, it may lead to a decline of employment in the port city. That
means the 2015 grt expansion project impacts may be even less beneficial than shown in this analysis, and

there are signs that industry around Tema is (starting to be) affected this way (Oxford Business Group, 2013).

7.2 POTENTIAL DEVELOPNIEEM\TTERNS

Potential developmenpatternsare evaluated based on insights gained from the model through the scenario
and sensitivity analyses, and through systematically modelling the impacts of different modes of port
development. Firstly, the impacts of port infrastructure are geneedliand evaluated in combination with
external factors influencing podity behavior. Next, port impacts in the stagnation phase are examined more
closely, and the developmental impacts of different modes of port expansion and refieaexperiments are
summarized irrable9.
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Table9. Experiments for evaluating potential poitiy development patterns and characteristics

Experiment Comment
Variation in model parameters Insights based on asitivity analysig model databank)
Variation in external factors External factors impacts and 2016rpexpansion impacts in

scenariogAppendix )
Stagnation phase port expansion | Additional port expansion of 9167 kton/yr (33% of 2015 expansio
2047 in model time, using the reference model with port automati

applied
Stagnation phase port retreat Simulated move of podctivities away from the pottity, 2047 in
(2047, model time) model time, decrease of port capacity to {2@07 capacity
Modular port expansion (2015, Alternative to 2015 port expansion scheme, where port expansio
2025, 2035) increased in three steps rather than onani® final capacity)

The sensitivity and scenario analysis revealed the potential development trajectories @itpEst Despite the
complexity of the system, itsehavioris some variation of logistic growth, which can be accelerated or slowed
down depending oncity (initial) state external factorsor applied interventions (Figurdgl, 62). Compared to
developed country cities this growth can occur relatively fast due to the possibility of inforniahsent for
(potential) migrans, and the relatively large supply of rural residetiiat can potentially migrate to cities,
compared to higher income countrig¢icHale et al., 2013)

reference run reference run

50.0% 75.0% [ 95.0% [l 100.0% I 50.0% 75.0% [ 95.0% [l 100.0%

land fraction occupied land fraction occupied
1 1

.75

4
5
/

.75

2

.25

%066 1991 2016 2041 2066 %066 1991 2016 2041 2066
Time (Year) Time (Year)
Figure 61. Land fraction occupied sensitivity, under all plausibl Figure 62. Land fraction occupied sensitivity, under all plausibl
values of port submodel parameters values of industrysection

Port infrastructure investments tend to trigger the system to behave more dynamically, but on the whole the
system is relatively stable. This can be attributed to the stabilizing effect of the many stocks in the system: while
flows can (and do) vary wildgver the model run, their associated stocks vary more slowly over time.

In the stagnation phase the city tends to move speedily into a pattern of decline. This behavior is also the central
outcome of For r est e Formal hausing ggeand deteriorates dule to pvergapatily of
premium and worker housingnd industrial declineAs this happens, the proportion of underemployed (slum)
housing rises, attracting more underemployed to the city and stifling developmeless urban renewal is
stimulated. Port infrastructure (expansion) acts as such a source of urban renewal, when a beneficial effect on
industry is assumed.
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Interestindy however, whilen the short termport infrastructure providesenefits, it causes this decline to be

worse inthe long term (after the equivalent of 25 years in modelled time): underemployed rates are higher,

and the industry busafter the peak is more severe Thi s promi nent effect i s obs:¢
which suggests it is a fundamentathaviorfor the port city as it is modelledslow but steady growth for
simulatedcities is preferable tonore dramaticdevelopment.

External factors driving portity development

In addition to port infrastructure, there are external effects that may drive {oitst development or lead to
interventions such as port infrastructure expansions having different impahts scenario analysidppendix

D) evaluated the potential impact on the pecity system of the economic environment, climate change and
technological advancement in the form of port and industry automation

Scenario 1

High climate
ﬂch ange impacts

' Economic
growth

Scenario 3 Scen.ario 5

-

Limited technological High.technological

advancement : advancement
Scenario 2
Economic
stagnation

v Limited climate
change impacts

Scenario 4

Figure63. Specification of scenarios as a function of the driving forces

The main findings of the scenario analysis #rat an economically beneficial environment may lead to
increased industrial growth in the city, driving population growtspite the rise of industrial and port
automation. Reduced labor needs and improved road infrastructure capacity mean industry can grow, but as
less labor is employed the population of the city shifts to manageriafiessional and underemployed, at the

cost of the labor class. As a result, inequality in the foitst increases.

Unfavorable economic circumstances on the other hesatlice the speed of industrial development in the city
compared to the reference scenaridowever, interestingly this still lela to an increase of local industry in the
long term, despite reduced road infrastructure construction.pdrt throughputalsodecreases due to slowed
economic growth and competition from other ports, port negative externalidiesreduced. As port capéy
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is still readily available, and road transport is less congested, local industry has a relative benefit concerning
these input factors.Moreover, as road infrastructure takes less land area, there is more left for the
development of the city.

This isa prime example of the locgllobal mismatch of port development, where the port operations and
resulting freight flows stifle the city development and keep it from flourishing, despite the stimulus to the local
industry. This effect would become even magmeonounced when port land use would rise as a result of
increased container shipping and handling. Further research could expand the model to include port land use
and the impacts of the shift to container transport.

Considering output as dependent on nadcgassumptions, it must be noted that the modelling of automation
assumes that human capital for such a development is present in the city or can be created, for example through
limitless irmigration of managerigbrofessionals, or training of labor indttity. For Tema this assumption may

in fact be valid, as the manufacturing industry in Ghana has a relatively high prevalené®o$éantraining of

labor and a relatively well developed educational system.

Increased ruralirbanimmigration due to climge change can increase the immigration of underemployed into
the city, but in the modeled scenarios this does not lead to increased informal settlement. This may be a result
of the other drivers modeled in each scenar@ther economic stagnation or techlogical advancement
reduces employment opportunities in the modeled scenarios where climate change impacts are high (or both
in case of scenario 5nhdreased irmigration of underemployed by itself does have that effect by raising the
demand for housing.

Table10. Mean impacts of 2015 port expansion (vs. no 2015 port expans@anijnodel KPIs in scenarios (262057).

2015 port expansion impacts @ Weight Scen- Scen- Scen- Scen- Scen-
(vs. no port expansion) in ario 1 ario 2 ario 3 ario 4 ario 5
scenarios

(2017-2057, discount factor: 0%)

land.fraction.occupied 1 12.4% 12.2% 25.0% 23.6% 29.9%

population 1 11.9% 11.4% 27.8% 25.8% 32.3%

New.Enterprise 1 12.8% 12.9% 55.0% 53.0% 54.8%
1 11.4% 11.3% 28.6% 27.8% 33.3%
1

-21.1% | -21.8% | -29.4% | -29.7%  -32.8%

production.units.total
Green.space

i - - 0
fractlpn.underemployed.of.po 1 0.5% 0.1% 2306 3.7% 3.7%
pulation

L _ 0
:‘ra_ctlon.mformal.of.total.popu 1 0.7% 0.8% 3.50% 3.4% 390
ation
informally.housed -1 -287% -30.1% -84.6% -86.8% -255.1%
road.length -1 -21.8%  -21.6% -27.6% -26.5% -31.1%
road.congestion -1 -3.1% -3.8% -25.9% | -24.9% -29.1%
Total score - -26.0%  -28.6%  -25.3%  -30.6% -190.9%
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The expansion of port infrastructure has different mean net impacts in the modelled scenarios. Interesting is
the increased beneficial impact of port infrastructure expansion in scenarios of economic stagnation. This
reflects the relative benefits of a redtion of the locablobal mismatch of port infrastructure: negative
externalities are reduced, and in economically unfavourable time companies near ports have a relative
advantage. Increased port and industry growth however does lead to dramatic inciafaisésrmal housing

(on average 80% higher between 2017 and 2057).

The exceptional rise of informally housed in scenario 5 folfoara the rather slow (population) development

of the city in the absence of a port in that scenario. Formal housing cotistius better able to keep up with
reduced immigration. The expansion of the port changes this, despite progressing automation. A relative
stimulus to local industry combined with reduced port negative externalities due to stifled throughput growth
spur rew enterprises: a maximum increase of 80% new enterprises is achieved a third of the model run after
port implementation. Once automation progresses, immigration has led to a boost in informal housing. Formal
housing at the point of urban stagnation canrim built due to land scarcity, trapping the city in a state of
informal housinguntil saturation of employment opportunities reduce housing demand in the Eigu¢e64).

informally housed

400,000

300,000

200,000

person

100,000

0

1966 1976 1986 1996 2006 2016 2026 2036 2046 2056 2066
Time (Year)

informally housed : Scenario 5 - no 2015 port exp:
informally housed : Scenario 5

Figure64. The effect of port expansion on informal settlement, in scenario

A closer look at the stagnation phase

The impacts of a port expansion in the station phase of the potrtity are examined. A port expansion one
third the size of the 2015 expansion is applied to the model as the urban development starts to slow down
(around 2047 in model time). In this exploration it is assumed that (container tafméxpansions are
accompanied by automation of port processes in order to avoid unrealistic port labor needs. The effects of a
2047 port expansion are then compared watmodelrun (including automation) without itThe automated
scripts are adjusted teegard impacts from 2047 (in model time) to the end of the model run (2066) only.

Model output shows that the port can act as a source of urban renewal when development in the city has
stagnated(Table11, Figure65). Industrial activity is stimulated, but port (infrastructural) externatialso
increase. The beneficial effect is shived, however Formal housing construction is reduced due to increasing
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land pressures, driving informal settlement instead. These same land pressures quickly stifle additional industry
growth as wel[Figure66). Unless slums are actively cleared, port expansion benefits quickly fade.

Tablell. Impact scores of a 204Btagnation phase) expansion (204066, 0% discount factor)

Stagnation phase expansion (9167 kton/yr, 2047) Weight Score
(2047-2066, discount factor: 0%)

land.fraction.occupied 1 4.7%
population 1 8.4%
New.Enterprise 1 30.9%
production.units.total 1 7.7%
Green.space 1 -16.4%
fraction.underemployed.of.population -1 -0.4%
fraction.informal.of.total.population -1 2.0%
informally.housed -1 -29.7%
road.length -1 -6.3%
road.congestion -1 -22.4%
Total score 1 -21.4%
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Stagnation phase expansion (2047) {unweighted) New Enterprise
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Figure66. Stock of New enterprisén the city,

2047 port expansion(red) vs. reference run
(blue) (port automation applied)
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Figure65. Stagnation phase port expansion impacts on the poity system (20472066),
unweighted.

Stagnation phase port retreat

Port terminal superstructure assets do not have unlimited lifetime, but depreciate over time without
refurbishment. An estimated depreciation time of 30 years has lestimated for terminal assets in developing
countries (Novaes et al., 2012). Following port privatization and the trend of port investments to become
capitatintensive rather than labor intensive, the power to decide in which port to invest of privatepaich

as shipping lines and terminal operators has increased (see problem definition and demarcation, and section
4.4 Port governancg It is therefore plausible that, in reaction to panity land scarcity and congestion, port
activities move away from the city (Ducruet and Lee, 2006ssetton4.1 Portcity characterizatioh

Such a scenario is evaluated for Tema, in the model including the 2015 port expansion and with progressive
port automation applied from 2017 (rate: 0.02). The automated model outcome evaluation script is again
adapted to analyze impacts from the point afrpretreat, some 30 years after commission of the new port
terminals,to the end of the model run (204Z066).The model is adjusted for this occasion to avoid negative
port construction labor following capacitiecrease
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Figure 67. Stock of new enterprises in the city, following 2047 Figure 68. Temporary road congestion relieffollowing 2047 port
capacity reduction, compared to reference run including port retreat.
automation effects).

Tablel12. Stagnation phase (2047) port retreat33550 kton/yr)impacts on model (2042066, 0% discount rate).

Stagnation phase (2047) port retreat (-33550 ktn/yr) Weight = Score

(2047-2066, discount rate: 0%)

land.fraction.occupied 1 -0.5%
population 1 0.7%
New.Enterprise 1 7.6%
production.units.total 1 1.8%
Green.space 1 2.9%
fraction.underemployed.of.population -1 0.6%
fraction.informal.of.total.population -1 0.3%
informally.housed -1 -2.3%
road.length -1 5.0%
road.congestion -1 20.1%
Total score 1 36.2%

Tablel2 shows beneficial outcomes for Tema. Despite an initial reduction in port direct employment, the city
benefits from reduced port externalities and infrastructure demands of port throughyet enterprisesand
housing profit from this (+13%nax 2% respectivelyattracting more migration and urban development. While
informal housing drops initially through housing increases, subsequent migration due to reduced congestion
and newly created emplment opportunities cause it to remain slightly elevated, both in absolute and relative
terms (25%).

A modular port expansion approach
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It is investigatechow different modes of port development can influence poity development patterns. For
instance, would it be beneficial to split up port development projects over time rather than implementing large
capacity expansions all at oncA?rodular approach mabe preferred,as impacts on the city, both positive
and negativeare spread out over time.

The impacts of a modular port expansion approach are present&ibure69. Modular expansion has both
beneficial and detrimental effects on the pesity compared to a single larger expansion. The stimulating effect

on local industry is more spread out over time, leading to a longer lasting impulse fooddleelconomy.
However, congestion is increased dramatically even though the total expansion amount is ultimately the same
for both situations. Green space is also adversely affected on the longer term, indicating increased land pressure
arising from pacegort development.

Modular port expansion impacts vs. 2015 port expansion {unweighted)

12017 2027 ] 2047

land.fraction.occupied
15

road.congestion population

road.length \\ Mew.Enterprise

informally housed production.units total

=

fraction.informal.of total population Green.space
fraction.underemployed.of population
Figure69. Modular port expansion impacts respective to 2015 port expansion

Tablel13 shows the mean percentual changes for each KPI tawer (2017#2057) of modular port expansion
compared to the single expansiodsing the showed standard weighing factors, no significant improvement is
discerned in the reference scenario. In scenaridah wigood economic environment a significant negative net
impact is even observed.
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Table13. Modular port expansion (2012045) mean impacts for KPI's vs. 2015 port expansiarscenarios.

Modular  port  expansion Weight
(2015-2045) vs. 2015 port
expansion

(2017-2057, discount factor:

0%)

land.fraction.occupied

population

New.Enterprise

production.units.total

Green.space
fraction.underemployed.of. -
population

fraction.informal.of.total. -1
population

informally.housed -1
road.length -1
road.congestion -1
Total score -

N N

Refe-
rence

2.4%
4.1%
15.3%
6.5%
-7.0%

0.7%

1.2%

-10.8%
1.2%
-13.3%
0.4%

S1

2.2%
5.1%
12.0%
7.0%
-8.6%

-0.2%

1.0%

-16.6%

0.7%
-19.3%
-16.7%

S2

2.1%
4.8%
11.9%
7.0%
-1.7%

0.4%

1.0%

-18.0%

0.9%
-18.6%
-16.1%

S3

0.0%
0.1%
1.0%
0.7%
0.1%

0.0%

-0.0%

-0.1%
1.7%
0.3%
3.7%

S4 S5

0.0% 0.0%
0.1% 0.2%
1.0% 0.8%
0.7% 0.6%
0.1% 0.1%

0.0% 0.0%

-0.0% 0.0%
-0.1% -0.2%
1.7% 1.6%
0.3% 0.3%
3.8% 3.4%

As port throughput rises more slowly but continuously rather than suddesdy] congestion remains high over
a longer period of time, as investments keep lagging behind road demand levels. Later in the model run, land

scarcity constrainadditionalroad infrastructureconstructionand the city is choked by ever more increasing
port throughput. | n scenari o
stagnation and port competition (Scenarios 3 through Bablel3), additional capacity expansion impacts are

S i

n

wh i

ch

port

t hroughput

very limited @lthoughin reality it is questionable if further port expansions would take placallin such a

case).
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Here we arrive ata key finding for portcity
evolution patterns. The question of pecity
High ) development revolves around the notion who
claims the most land the first: the port or the city.
N If port development holds back or takes a dosed
D u approach, urban activities benefit and ichathe
) 4 available land. Subsequent port development is
e et : as then met by serious constrainteegarding port
N ’ land area expansionsi@t modelled in this project
@ @ but an avenue for further researckgndtransport
e N infrastructure construction limitations, due to
Urban port ¢ Ciyport ~]|  Gateway increased urban developments in the land.

Intermediacy

Low Medium

Lo
@

Centrality
Medium

@

From the perspective of a port it is better to
expand dramatically and stifle urban development,
2" Y claim infrastructure and port space before land is
A A S Sl taken for other (urban) developmental needs and
O cty [l por developments From theperspective of the port
city, a less rapid port development is preferred.

High

Figure70. Matrix of port city relations (Ducruet and Lee, 2006), repea
here fromsection4.1.

This relates back to the theory of port city
evolution by Ducruet and Lee (2006), which sought to describe port city evolution patterns ovedvdised on
port and city charactestics Figure7Oand71).

By expanding the port so dramatically at one time (2015), Port of Tema might have set out the path of
development for the porcity of Tema. If port throughput indeed rises to port capgcitrban development

may increasingly suffer from the negative externalities and developmental constraints. In that case the city

mi ght be ‘ doomed’ Figuee70efar Acra and the part hinertamdwah tie cgst of its own
sociceconomic development. The port would ‘“use’ the ci
effect would be even greater if port operations aret@mated, reducing port employment of local workers.

This might threaten the port’s soci al l'icense to op
more.
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Figure71. Logics of porcity spatial and functional evolibn (Hoyle, 1989; Murphey, 1989; in: Ducruet and Lee, 2006), repeated here from

section4.1.
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Figure 72. Port city evolution: a question of dominanc

Adapted from Ducruet and Lee, 2006.

following land constraints.

However, port development is not anatter of just
investing in port infrastructure and automatically
experiencing increasing port throughput. Many factors
affect port competitiveness and throughput levels, for
example port hinterland connections and captivity, and
economic environment3cenario analy9is

Competition by other ports in the Gulf of Guinee reducing
port throughput, and/or the implementation of
interventions aimed at the mitigation of port externalities
might allow the city tgprofit from port presencedevelop
and gain prominence over port futiens, like a dosed port
development would have allowed. Thig turn can
however lead to port decline Figure 71) if urban
prominence reduces port copetitiveness and
throughput, for example due to land side congestion

Portcity evolution seems to be a balance between port development and city develop(Rentre 72).
Different interventions might tip that balance innaore favourable direction, or avoid the balanciagtat all,
if port negative externalities can be mitigated effectively.

7.3 USING THE MODEL T®YSTEMATICALIGENERATE HIGHVERAGESUSTAINABI.E

INTERVENTIONS

From a systems thinking perspective, the port city lggabal mismatch represents a system consisting of sub
systems wth respective goalehichare not aligned (Meadow and Wright, 2008). Where the goal of the port is
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to be as profitable and successful as possible, the citysgstem (itself comprising of multiple subsystems) has
its own, diverging objectives (e.g. employment opportunities, higélity of living, low congestion, etc.).

Sustainable portity development entails the design and implementation of policies and interventions that
reconcile these opposing values of ports and cities (Fusco Girard, 2010; Merk, 2013). Using theheodel,
effectiveness of potential policies from a system perspective can be evaluated. Moreover, the model itself can
be used as a sounding board for such policy design (Lee Jr., 1973; Alfeld, 1995).

Meadows and Wright (2008) provide guidelifesidentifying 6ub) system archetypes arfithding effective,
potentially high leverage policie$his can provide clues about which policies might have a lasting benefit for
the port-city system.

The model is used to perform a systematic brainstorm. Working backwantistifie point in the system where
negative externalities are experienced, concrete pathways and points of attack to change model outcomes can
be identified. This process is illustrated below for the reductiomaél congestiorin the transport suksystem.

infrastructure saturation capaci
Infrastructure capaci road congestion

t
) :} infrastructure utilizatio
total infrastructure dema

Figure73. Factors influencing road congestion in the simulated city.

fraction industry transport of total transpert
production units growth facti> road infrastructure demand industry

relative impact industry transport
per capita transport demand
fraction population transport of total trans ) )
) road infrastructure demand populat )
population growth fact total infrastructure demand

relative impact population transpodrt

fraction of port freight by roa

fraction port transport of total transp

road infrastructure demand port
port throughput growth fact

relative impact port transpoftt

Figure74. Factors determining total road infrastructure demand in the simulated city.

Figuresr3and74 show the causal structure determining road congestion and total road infrastructure demand
(generated by the Vensim modeling package). It follows fFagure73 that there are three approaches to
decrease congestion in the city: increasing road transport infrastructure capacity, decreasing the total road
infrastructure demand, or increasitige infrastructure saturation capacity.
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The information in Figureg3and74is then used to systematicaligentify potential interventions in the city:

1. Decrease demand (lower utilization)
a. Reduceoad infrastructure demangort
i. Reduceort throughput
1. Use other ports: divert ships to Takorad
ii. Decreasdraction of port freight by roade.qg. rail investments)
iii. Increasdranshipment ratico smaller ports (Volta river)

b. Reduceoad infrastructure demangopulation
i. Reducepopulationgrowth
ii. Reduceper capita transport demand
1. Investin publidransportation services
iii. Reduceelativeimpactpopulation transport
1. Stimulate the use of motorcycles

¢. Reduceoad infrastructure demand industry
i. Reducdndustry(growth)
ii. Reducendustry transport relative impact

2. Increase supply (lower utilization)
a. Increa® road infrastructure construction
i. Attract more resources for investments
1. Attract more FDI
2. Increase tax revenues (from ports?)
b. Decrease road decay
i. Improve road quality
ii. Improve road maintenance (also construction)

3. Increase saturation capacity (reduce corgj®n @ same utilization)
a. Improve road (travel) efficiency (e.g. tunnels;dlers)

The road transport subystem can be characterized as showing signs ofatldiction systems archetype

(Meadows and Wright, 2008). Users (population, port freight shippers, industry) depend on the road network

(Infrastructure capacityfor their transportation needst¢tal infrastructure demanguntil the resource is fully

utilized and gowth is stifled. Investing in additional road infrastructure capacity only provides a temporary fix,
without addressing the harder to solve actual problem (Meadows and Wright, 2008). Such an easy, short term
fix facilitates the addiction, inviting more rdalemand. While road infrastructure investments can help slow
down congestion increases, a more sustainable alternative would be to find interventions that break the

addiction, by reducing road transport demand permanently. A combination of the two agpeeaxight prove
effective and sustainable.
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The results of the sensitivity analysis provide clues for high leverage interventions. Results for the most
promisingsolutions are presented here.

Considering lowering transport demanals lowering port throughpu

goes

a g ai n-gdalstheh e

focus shifts to high leverage urban solutions. Selected interventions are reduciffigattien port freight by
road, by means of railroad investments, and reducpeg capita transport deman¢both growth rate and
maximum demand are targeted).

port

The stakeholders involved in railway investments include the Ghana Railway Development Authority.

Stakeholders responsible for the planning of roads for bus transportation include the Ministry of Local
Government and Rural Delopment (Department of Town and Country Planning) and the Ministry of Road

Transport (Dept. of Urban Roads). The Metro Mass Transit Limited agency is incorporated to provide accessible
public transport in metropolitan and urban areéseeActor analysis This means that the Tema Municipal
Assembly would be dependent on these actors, and probably outside (foreign) investmentiefor
implementation of these intervention®s the Ghana Porésd Harbours Authority is statewned, it could be
pressured by local government to invest in such measusestibn Port governancgto mitigate port

externalities

Thepolicy specifications that are usage listed inTablel4 below.

Tablel4. Transport submodel polig/ specification

Policy

Variable

Specification

Port freight by rail (60%)

road transport change

-0.50

fraction of port freight by
road

0.95+RAMP(road transport change/30, 20
, 2032) + RAMP(road transport change/10

2021 , 2027)

Reducing per capita road
transport infrastructure
demand

pc transport demand
growth rate

0.05- RAMP(0.01/10,2017,2027)

max per capita transport
demand

2-RAMP(0.4/10,2017,2027)

The results @ less impressive than expectéeigure75). Counterintuitively, while a short term reduction of
congestion is achieved (a maximum of 20%), on the longer term congestion actually incféésésanother

manifestation of the mechasim uncovered in the previowgection allowing the city to develop by reducing
negative externalities will put more pressure on the system later as land pressures rise and further port
expansions can no longer be mitigated effectively.
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Figure78. Impact on road length over time by reducing g
transport demand intervention, reference scenario

Reducing per capita road transport infrastructure demamml the other handdoeshave a lasting effect on
congesion (Figuresr6, 78), albeit small (6% maximum). The intervention does not have the -$biort impact

that the port freight by rail intervention has, as population demand growth is only reduced rather than halted.

A combination of both interventions is evaludt¢o explore if short term and long term benefits can be
combined in a single effective stratedyiqure79).
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port freight by road & reducing pc transport demand (unweighted)

o017 2027 [T 2047

land fraction.occupied
1.5

road.congestion population
4
v
road.length o 05 New Enterprise
r
informally housed production.units total
fraction.informal.of total population Green.space

fraction.underemployed.of population

Figure 79. Radar chart,relative impacts of port freight by rail and reducing per capita transport demand interventions on simulated
development in 2017, 2027 and 2047 (unweighted)

Tablel5. Weighted KPI scores for selected transport poliie

Weighted KPI scores Weight | Port Reducing | Combined

freight by | p/ capita @ approach
Discount: 0% rail (60%)  transport

demand

land.fraction.occupied 1 -0.7% -0.5% -1.2%
population 1 0.7% 0.5% 1.2%
New.Enterprise 1 1.4% 1.5% 2.9%
production.units.total 1 0.7% 0.6% 1.3%
Green.space 1 2.7% 2.1% 4.9%
fraction.underemployed.of.population -1 0.2% 0.1% 0.3%
fraction.informal.of.total.population -1 0.1% 0.1% 0.2%
informally.housed -1 -1.1% -1.0% -2.1%
road.length -1 7.3% 4.4% 11.7%
road.congestion -1 1.1% 4.6% 6.0%
Total score - 12.4% 12.5% 25.3%

The result show that this is possiblaetcombined approach is more effective especially at reducing urban road
demand; up to 15% redtion is achieved on the long term 40% oftotal modeling time horizon after
implementation)with the modelled policy, a decrease that is robust to uncertainties (the same but higher
congestion peaks occur in scenarios without the pakégure83). Congestion levels decline a little as well, but
more importantly the increase in congestion due to port throughput growth later in the run (when space
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constraints start playing &igger role) is averted. Moreover, this effect is achieved despite an increase in
population and industry.

Tablel6. Total ores for selected transport policies, 5% discounting rate.

Weighted KPI scores Weight @ Port Reducing = Combined
; . freight by | p/ capita @ approach
0,
Discount rate: 5% rail (60%) | transport
demand
Total score - 5.7% 3.5% 9.3%

By comparison,aking a more short term perspective bytroducing a yearly discounting of impacts of 5%
makesthe port freight by rail policyignificantly better comparetb reducing per capita transport demand
(Tablel6. Note that individual KPI scores are omitted for bréviBail freighis the better option to improve
congestion and road | ength on t he isTmaonthetloagterm, but
unless port throughput impacts on the urban road system can be completely mitigated

KPI Reducing road freight & per capita transpo| Robustness
demand Graph legend: reference rublue, scenario 1
Graph legend: reference run: blue, policy r| red, 2: green, 3: grey, 4: black, 5: brown
red.
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£ 10,000
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5000 o
1966 1981 1996 2011 2026 2041 2056
Time (Year)
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1966 1981 1996 2011 2026 2041 2056 roat emth : Sconati 2 -pot retght by il & reducing e vranaport demand

Time (Year) road length : Scenario 3 - port freight by rail & reducing pe transport demand
road length : Scenario 4 - port freight by rail & reducing pe transport demand
road length : reference run road length : Scenario 5 - port freight by rail & reducing pc transport demand

road length : port freight by rail & reducing pc transport demand -
Figure80. Impact of reducing freight transport by road an{ Figure8l. Impact of reducing freight transport by road an
per capita transport infrastructure demand no road lengt| PEr capita transport infrastructure demand on road lengt
over time, in scenarios

over time.
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Green space encroachment

Thesensitivity analysis shows tllemmon trend that all gree space is encroached upon, unless urban growth

is halted before that time. In the modell ed s,cenari o
as there is still land area available for settlement. In practice this could mean densifichtivrady buikup

area, or the encroachment into areas that are used for (illegal) urban agriculibee same brainstorming

method as with the transport subystem is used to generate potential interventions from the model.

Reduce green space encroactmi

1. Reduce green space settlement
a. Reduce land fraction occupation
i. Reduce housing area
1. Housing zoning policy
2. Reduce averagend per house
a. highrise building construction
ii. Reduce industrial area
1. Industrial zoning policy
iii. Reduce informal housing area
iv. Reducdnfrastructure area
1. Reduce road infrastructure demand
b. Reduce societal willingness to settle green space
i. Advocate a return to traditional values and ecosystem valuation
ii. Pressure Chiefs not to sell lagoon lands
c. Increase the minimum green space area
i. Protect and enforce
2. Increase the return of land to green space
a. Decrease unused land to green space delay
i. Active restoration of urbanized green space areas

Firstly, the effects of a housing zoning policy are asseSdwd.is an intervention that the Tema Municipal
Assembly could implement themselvddie sensitivity analysis (see databank) showed that this variable can
influence simulated portity development significantly

A zoning area of 3500 Ha (of pure housing) is applied to the mdtat amount is roughlyt50% of the
simulatedhousing area in 201in the reference run

Figures88 through 93 depict the impacts of a housing area zoning restriction on the model and policy
robustness in different scenarios. It becomes clear that a housing zoning limiting formal housing developments
has only linted effects on green spad€igure88), while stifling urban development and stimulating informal
settlement by urban resident@-igure90).
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restriction policy does increase in effectivenegith respect to green space conservationscenarios of high
economic growth and industrial automatigmablel7. Note that only the most affected variables are included
in the table, but the total score does contain all effgcts

Housing area zoning @ Weight Refer- @ S1 S2 S3 S4 S5
restriction (3500 Ha) ence

Discounting factor: 0%

Green.space 1 50.7% 712%  78.1% 43.8% 50.3%  69.5%
I - - 0,

fractlon.undgremploye 1 4.7% 7.0% 7.8% 3.6% 5 0% 770
d. of.population

informally.housed B . 11.7%  -21.0%  -6.3%  -10.9%  -7.7%

10.7%

road.congestion -1 4.4% 12.3% 10.8% 5.1% 5.1% 9.0%
Total score - 29.1% 47.9%  453% | 22.4% | 22.0% @ 36.5%

An industrial zoning policy is more successfut@ttainingurban growthand even informal settlement. The
lack of employment opportunity makes the city less attractive for migrants, but at the cost of a higher
unemployment. While easier tenforce (in theory), it is doubtful that tyi residents would understand the
choice for limitingndustrialactivity. No politician would want to be responsible for actively keeping away jobs
from his constituentsThe effectiveness of this interventiontigerefore vulnerable to political interference by
politicians anchotables (sedctor analysis An upside of this approach is that it is a relatively cost measure.
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Graph legend: reference run: blue, poll Graph legend: scenario 1: blue, 2: red,
run: red green, 4: grey, 5: black
Green space| 5000
3750 3750
£ 2500
£ 2500
1250
1250
. ,
0 1966 1981 1996 2011 2026 2041 2056
1966 1981 1996 2011 2026 2041 2056 Time (Year)
Time (Year) 2:: :ace cenario 1 - Industrial are: restri
Croen sace - Invata rea zoing resicton (1000 ) Green s
Figure 94. Industrial area zoning restriction impact off _**"* ’ o R
green space over time Flgure 95. Industrial area zoning. restrictions (IOQO H
impacts on underemployed housing stock over time,
scenarios

98



; 9 6
Land fraction
occupied
675 45
3
45
15
225
0
o 1966 1981 1996 2011 2026 2041 2056
1966 1981 1996 2011 2026 2041 2056 Time (Year)
Time (Year) land fraction occupied : Scenario 1 - Industrial area zoning restriction (1000 Ha)
land fraction occupied : Scenario 2 - Industrial area zoning restriction (1000 Ha)
land fraction occupied : reference run land fraction occupied : Scenario 3 - Industrial area zoning restriction (1000 Ha)
- ¢

land fraction occupied : Industrial area zoning restriction (1000 Ha) land fraction occupied : Scenario 4 - Industrial area zoning restriction (1000 Ha)

land fraction occupied : Scenario 5 - Industrial area zoning restriction (1000 Ha) ——————————
Figure 97. Industrial area zoning restrictions (1000 H
impacts on land fraction occupied over time, in scenarios

Figure 96. Industrial area zoning restriction impact o
land fraction occupied over time

Informally 900000 600,000
housed
675,000 450,000
H 8
2 450,000 § 300000
150,000
225,000
0
0 1966 1981 1996 2011 2026 2041 2056
1966 1981 1996 2011 2026 2041 2056 Time (Year)
Time (Year) informally housed : Scenario 1 - Industrial area zoning restriction (1000 Ha)

informally housed : Scenario 2 - Industrial area zoning restriction (1000 Ha) - ——————————————
informally housed : Scenario 3 - Industrial area zoning restriction (1000 Ha)
informally housed : Scenario 4 - Industrial area zoning restriction (1000 Ha)
informally housed : Scenario 5 - Industrial area zoning restriction (1000 Ha)

informally housed : reference run
informally housed : Industrial area zoning restriction (1000 Ha)

Figure 98. Industrial area zoning restriction impact o Fi 99, Industrial . . 1000 H
informally housed over time igure 99. . Industrial area zoning restrictions (

impacts on informally housed over time, in scenasio
Fraction 4 s
underemplo
3 375 ~
yed of
population , 25
125
1
0
0 1966 1981 1996 2(_)11 2026 2041 2056
1966 1981 1996 2011 2026 2041 2056 Time (Year)
Time (Year) fraction underemployed of population : Scenario 1 - Industrial area zoning restriction (1000 Ha)

fraction underemployed of population : Scenario 2 - Industrial area zoning restriction (1000 Ha)
fraction underemployed of population : Scenario 3 - Industrial area zoning restriction (1000 Ha)
fraction underemployed of population : Scenario 4 - Industrial area zoning restriction (1000 Ha)
fraction underemployed of population : Scenario 5 - Industrial area zoning restriction (1000 Ha)

fraction underemployed of population : reference run

fraction underemployed of population : Industrial area zoning restriction (1000 Ha)

Figure100. Industrial area zoning restriction impact o - 101 Industrial ; o 1000 H
underemployed fraction over time igure ndustrial area zoning restrictions (

impacts onunderemployed fraction over time, in scenario

Again, robustness analysis shows that a zoning policy is especially effective in scenarios of economic growth
and automation, however at the cost of urban employment and secimnomic state Table18). Note that
thesenegativeimpacts(scoresire additional to the adverse effects of the external factors in these scenarios.
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Table18. Robustness of industrial zomg area restriction impact@ y & St SO S R scermrid$I1 t/ny 35 afditheeference scenario
Total score includes all KPI impacts

Industrial area zoning = Weight @ Refer- S1 S2 S3 S4 S5
restriction (1000 Ha) ence

Discounting factor: 0%

New.Enterprise 1 -40.4%  -54.7% | -54.7% | -27.5% | -27.5% | -39.9%
Green.space 1 76.5% 213.5% | 238.0% @ 35.2% 36.2% 95.0%
fraction.underemploy -1

. -6.3% -5.9% -10.5% | -2.3% -3.9% -4.9%
ed. of.population

fraction.informal.of. -1

. -4.9% -6.6% -7.1% -4.3% -4.3% -6.2%
total.population

informally.housed =il 36.2% 53.2% 53.7% 25.7% 26.8% 43.8%

Total score - 54.5% 186.4% @ 206.6% @ 24.0% 24.6% 80.7%

An interesting approach would be to change the public perspective on the greenagacen research on the
littering of lagoons in Ghana it was revealed that such practices are mostly done by younger people; older
individuals are more inclined to be respectful of the area (Tettey, 2H8&vever, the sensitivity analysis
already reveald that even small fractions sbcietal acceptance of green space settlenteatl to green space
encroachment when land pressurises. Moreover, this alternative would constitute the changing of informal
institutions (i.e. norms), which are relatively wido change according to Williamson (1998) (s¢pendix B

Actor analysis

High rise building could alleviate some of the land pressure for a time by effectively lowering the daachge
per housearea. However, system structure prescribes that this will only postpone the inevitable, and not
prevent total green space development.

Conserving the green space areas by protecting it actively from green space settleraectiaienge in a

country that is resource onstrai ned and suffers from adverse eff
communication, Mr. Dickson during field vigdppendix BActor analysis as a change in formal laws could be

ignored by influentiaindividuals. Despite this, it is iestigatedwhat such a policy would mean for the paity

system.

Traditional Authorities play a role in the conservation of green space and the reduction of encroachment, as
they can decide whether to keep green space land they own and conserve ani gfptaesources, or sell it

to private parties for developmentAppendix B Actor analysis Tyroller, 2016)An informal institutional
approachfor conservatiorwould be to appeal to Chiefs traditional norms antigieus beliefs on green space

and sensitize them to the importance of consdioa. A neo-classical economic approach would be to influence
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day to day decisions and economizing (the fourth layer in Williamsons framé®898) seeActor analysisby
Chiefs by offering them a compensation for not selling their land and conserving green Bpa@tosystem
services valuation approach may be used to assess the intrinsigesudirce)use valus of the lagoonwhich
may add to its protection (Van Stipthout, 2002; Koetse, Brouwer and Van Beukering, 2015).
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The conservation of green space, wipletentially difficult to achieve in practice, would not affect the urban
system significantljn a negative wayPopulation reduction would be less than 5% and New enterprise stock
reduction would be less than 6% averaged over the model run in all leddseenarios.The city would be
slightly smaller, with the stock of new enterprises peaking only 3% lower than in the reference scenario, and
would only be marginally worse off socieconomically. This effect is robust to uncertainty regarding external

factors.
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Green space conservation impacts on model KPI's (1350 Ha) (unweighted)

2017 2027 1 2047

land fraction.occupied

road.congestion population

road.length 0.5 New.Enterprise

informally housed production.units total

__—

fraction.informal.of total population Gréen.space
fraction.underemployed.of pophation
Figurel06. Green space conservation impacts on model KPI's (1350 Ha) (unweighted).

Green spaceonservationis significant especially in scenarios of economic growth: averaged over the model
run green space area wouidcrease at least 250%, with a maximum of 600% in scenarios with ardée
economic environment and automatiomhat means if the resource constraint could be solved, this would be
verybeneficial intervention on the portity system.

Reducing informatettlement

The structure of the system indicates that there are two approaches to reducing the extent of informal housing
in the city Figurel07): either reduce the demand for housing units, or increase the supply of formal housing
units in the city. Hence, factors that increase urban population of workers and underemployed will lead to
increased informal settlement, and interventions stimulating fafiousing construction would reduce it.
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Figurel107. Part of the causal structure behind informal settlement in the model as generated by Vensim

The model structure is used to systematically explore intervention alternativesthical solutions for the
reduction of labor and underemployed populatiogsisch as forced departures from the citse not considered.

Reduce informal settlement:

1. Reduce demand for housing
a. Reducdabor unhoused
i. Reduce labor population
1. Reduce labonet migrationto the city
a. Increase attractiveness of rural areas
b. Reduced employment opportunities
2. Increase labor social status to managepadfessional
a. Labor training programs
b. Education availability
ii. Reduce labor family size
1. Increase birth controavailability
iii. Increase workehousing population density
b. Reduce underemployed unhoused
i. Reduce underemployed population
1. Reduce labor layoffs
a. Stimulate employment in the city
2. Reduce underemployed net migration to the city
a. Increase attractiveness of rural @®
b. Reduced employment opportunities
3. Increase underemployed social status to labor
a. Underemployed training program
b. Underemployed job program
c. Education availability
ii. Reduce underemployed family size
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1. Increase birth control availability
iii. Increase underemployed liging population density

2. Increase supply of formal housing
i. Increase worker housing
1. Increase worker housing construction
a. Worker housing construction programs
b. Housing financing programs
c. Reduce land scarcity impact
i. Reduce land per house
1. Highrise building
2. Reduce worker housing dilapidation
a. Investin housing maintenance
b. Slum refurbishment
ii. Increase underemployed housing
1. Increase worker housing dilapidation
2. Increase underemployed housing construction
a. Lowcost housing program
b. Reduce formal slum housing demadaiti
i. Reduce land scarcity impact

Some of the identified nt er venti ons would result in a ‘waterbed
instance, policies that increase underemployed social status to labor status would lead to an increase of labor
unhoused. However, a larger labor group might in turn result in increased upward mobility to managerial
professional status and improved ability to finance formal housing.

However, an obviously more direatay to combat informal settlement resulting from port expansion is the
increase offormal low cost housing in Tema through low cost housing programs. The impacts of such a
program on the simulated posity are displayed in Figuré®8through115.
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While low cost housing programs do reduce informal settlement, this improverseoifset by a higher in

migration of underemployed into the city. This lowers city s&cioonomi ¢ st ate just 1ike
model (Forrester, 1970).ow cost housing programs also compete with Worker housing for land area, leading

to a slightlyhigher (max 2.4%) number of unhouslatbor, that settle informally.Compared to aeduction of
underemployedinhousedf 18% this increase is not substantial enough to countethetbeneficial effects.

Although low cost housing is lumped in with degraded worker housing estatke ldbnderemployed housing
stock inthe model,a substantiaimprovementin living qualitymay be achievecompared to informal housing
due tothe increasedpotential to provide services and sanitatiom these formal housingevelopments,an
effectwhich is notexplicittymodeled (cf. Mazeau, Scott, and Tuffuor, 201Bowever, summarizingpformal
settlement itself is not significantly reduced by this intervention

An analys of what best to do with théformal) slum estates in Tema could shed light on what is the best
approach to raising urban development standarfiaio policy optios are compared for effectiveness: a slum
refurbishment program in which slum estates are wagd to worker housing status, and slum housing
demolition program, which is advocated by Forrester as a solution for urban decay (Forrester, 1970).

Slum refurbishment

KPI Slum  refurbishment program (200| Slum refurbishment program (20
housing unitgyear) vs. reference run housing units/year) in scenarios
Graph legendreference run: blue, polid Graph legend: scenario 1. blue, 2: red,
run: red green, 4: grey, 5: black
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The upgrading of slunme worker housindhas relatively little net impact on simulated urban developm@ihis
effect

is due to

a waterbed

whil e it benef

t's

increase of underemployed settling informallyhe program does little to combat informal settlement initially

(an 0.8% mean decreasetixeen 2017 and 2057) but becomes more effective in the stagnation phase of urban
development when land area scarcity is maximum (close to 10% reduction of informal settlement compared to

the reference scenario). All the while it has a modest beneficiaatingn industrial development ardity socie

economic climate, but this effect diminishes in the long term.

Slum demolition programs where advocated by Forrester in his study on Urban Dynamics (1970) as a solution

to urban decay and stagnation. That wansan evaluation of this intervention for slum estate management.
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Table19. Mean average impacts scores for model KRdisselected underemployed housing interventions.

KPI weighted scores Weight Low cost Slum Slum
housing refurbish - demolition
Discount factor: 0% program ment (200 program
(200 housing (200
housing units/yr) housing
units/yr) units/yr)
land.fraction.occupied 1 0.6% 2.0% -0.3%
population 1 1.5% 0.5% -0.7%
New.Enterprise 1 -0.2% 0.1% 0.1%
production.units.total 1 0.1% 0.4% -0.1%
Green.space 1 -1.2% -4.6% 0.6%
fraction.underemployed.of.population -1 -3.8% 2.1% 1.9%
fraction.informal.of.total.population -1 -0.2% -0.3% 0.1%
informally.housed -1 3.7% 0.8% -6.4%
road.length -1 -0.8% -0.3% 0.4%
road.congestion -1 0.1% -0.9% 0.1%
Total score 1 -0.2% -0.2% -4.3%
In developing country context, the demolition of slum housing estatesutilhave lasting benefits. Apart from
the ethical considerations that were a critique on

of slum housing will lead to an increase of informal housing of more than a third of the amount of dedolis
housing.

Another approach to reducing informal settlement would be the increase of formal housing not through
government building but by improving worker housing financing for residents and develdipsrsissumed

that improved financing possibilitsewill increase the normal construction rate of worker housing to eventually
double Table20).

Table20. Worker housindginancing improvements intervention specification.

Policy Variable Specification
Worker housing financin{ Worker housing constructio| 0.01+RAMP(0.@25,2017,2027)
improvements normal

Increasing formal worker housing construction in the city dramaticatlyces informal settlemenihe policy

as modeled increasesorker housingoy 20% both on the short and long termldads to a 20% reduction in
informal settlement absolutely, and ca. 28% relativiehithe (increased) populatianThe intervention has a
double effect: worker housing shortages are reduced, and more formal housing becomes available for
underemployed in the city. Informal housidgclines up to between 17 ad 30% in all modelled scenarios.
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Worker housing financing improvements (+0.25) {unweighted)
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Figurel24. Relativeimpact scores for Worker housing financing improvements vs. reference run (2017, 2027, 2047) (unweighted)

However, the increased housing developmeniainly impact green space encroachment. Combining this
intervention with green space conservation may mékeven more effective.

Combining promising interventions

With the effectiveness, sustainability and robustness of it interventions established, it is interesting to
evaluate whether their beneficial effects persist when interventions are combiyethe portcity system is a
complex system with many feedback and delayed effetitss camot be stated with certainty without
simulating the effects. The interventions jointly applied to the model are listeflainle 21. Due to time
constraints, no irdepth analysis of robustness thfese results in scenariosperformed within this project.

Table21. Combined interventionspplied to the model and their specifications.

Intervention Model variable Specification

Port freight by rail (60%) road transport change -0.50

fraction of port freight by road | 0.95+RAMP(road transport
change/30, 2017 , 2032) +
RAMP(road transporxthange/10,

2021, 2027)
Reducing per capita road pc transport demand growth rate 0.05- RAMP(0.01/10,2017,2027)
transport infrastructure max per capita transport deman( 2-RAMP(0.4/10,2017,2027)

demand
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Worker housing financing Workerhousing construction 0.01+RAMP(0.@25,2017,2027)
improvements normal
Green space conservation min green space 50+STEP(1300, 2017)
(1350 Ha)

Combined interventions impacts vs. reference run (unweighted)
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Figurel25. Impacts of combined interventions (2017, 2027, 2047)

The impacts of the combined interventions are showRigurel25. The poricity shows improvements almost
across the board. Green space is conserigdrmal housing reduced, road length and congestion are mostly
reduced despite an increase in population. It shows how different interventions can reduce effectively the
negative externalities of port and urban development.
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8 CONCLUSIONS

The research qudéisn that guided this researclvas formulated as follows:
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This research question was operationalized in severalqudstions, each concerning a progressive $tefhe
overall research process:

1. What is an appropriate and useful model of poity development in a developing country context?

2. What are potential deglopment patterns of developing country pecities? In particular, how does
port expansion affect pottity evolution?

3. What are effective interventions for sustainable poity development that mitigate the locgllobal
mismatch in the benefits derivirfgom port expansion?

4. What do model outcomes mean, for the case study, and for the development of African port cities in
general?

The first research questioconcerned the requirements made of the model and its conceptualization on the
one hand (appropriateness), and its ability to validly model Tema and developing countojtpoldvelopment

on the other (usefulness). This research question has been andwemprehensivelyn sectiors 5.9 (Model
conceptualization conclusiopand6.8 (Model verification and validation conclusign3he main findings are
summarized here.

The research effort has shown how system dynamics modelling can be used to represent the development of
the city of Tema and its portnd to evaluate interventions for sustainable paity development in an African
context.

To this end,ifstly it was explored which additional elements a system dynamics model for sustainable port city
development should contain. Based on literature astdkeholder input it was determined that the model
should feature representations of informal housing, green space encroachment, traffic congestion, as well as
the port infrastructure itself to correctly capture both benefits and negative externalitipedfinfrastructure
investments that are relevant to the city of Tema. The literature used for this compisthdof theoretical
literature and a considerable amount cdsearchon Ghanathe port andthe city of Temaandon the Sakumo

lagoon itself.

Nex, causal relations between these system elements were determined or estimated based on known impacts
in literature, facilitating the specification of the model in a simulation package. Providing a definitive figure for
the strength of causal links likeghimpact of the port on local industry proved challenging because of the
heterogeneity of such links between port cities. Besides beneficial economic impacts, claims in literature that
port infrastructure presence could make the local industry vulnerabléoteign direct investment seem to
apply to Tema. The extent to which this reduces employment in the city is however unclear.
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Model verification, validation and policy analysis confirmed that the model adequately captures urban
development issues in a deloping country port city. While the model has some conceptual limitations (see
chapter 9. Limitations and recommendations) whietlucethe validity of model inferences on problems which
have a highly localized, spatial dimension (such as flooding), duelnadequately captures the loeglobal
mismatch affecting port citiei® developing countries

Research question 2 has been addressed in sectidrend 7.2, but will be answered at this point.

What are potential development patterns of developing country -piies? In particular, hovdoes port
expansion affect pottity evolution?

A systematic exploration of potential pecity developmental patterns was conducted based on insights from
the sensitivity and scenario analysis and through various experiments with alternative modestof po
expansions (and retreath semiautomated cita-analysis and visualization scripas designed for use with the
model, to facilitate the interpretatiomnd presentatiorof model outcomes.

While the speed of urban development may vary, the poty sysem follows a developmental pattern of

logistic growth in a resoureeonstrained environment, with the urban land area being the limiting resource.

While green space initially detracts from the available land area, it acts as a buffer for the city to @xpan

postponing the actual constraining of the paity systemuntil green space is consumed as waiid growth

stagnatesAt the point of stagnation, urban industry and housing slowly age and deteriorate over time as land
scarcity constrains new delpments, attracting more underemployed to the city. This same behavior was
observed in Forrester’'s ori gi nadtysysenistonceptualizedusiag t he r
aging chains.

On the whole the porsystem is relatively stabl@his can be attributed to the stabilizing effect of the many
stocks in the system: while flows can (and do) vary wildly over the model run, their associated stocks vary more
slowly over timeThepossibility ofinformal housing however adds ttevelopmentd dynamics, as migrants
moving to the city are less deterred by a lack of housing, compared teifégme country citiesPort
infrastructure investments tend to trigger the system to behave more dynamically, attracting more industrial
development and migation to the city based on increased employment opportunitiedlowing the proposed

2015 port expansion, port throughput may triple from 2015 values, if it rises to the new port capacity. This will
significantly add to the demand for urban road infrastiure: congestion levels are seen to rise dramatically,

up to 45%, if no measures are taken to divert cargo transportation away from the urban road system. However,
this increase results both from port direct impacts, as from indirect effects of incréadestry and population
growth. The progressive throughput growth means tthetsimulated congestiomcreasdasts nearly a quarter

of the model run time horizon of 100 years, despite increased investments. Only after a substantial time of
extensive rod investments is congestion consistently reduced. The lack of spatial detail of the model might
however underestimate the actual impacts of the port on congestamnthe chosen modeling approach and
aggregation level causes congestion to be modeled iaggnegated, averaged waypake within the city may

be more limited locally than modeledonstraining local road infrastructure expansion.
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Green space encroachment accelerates as a result of port capacity expansions: the same level of green space
loss isobserved 10% earlier in time. Howevgreen space isncroached upon to the same extea the urban

land area fills upregardless of the port expansipwhen no measures are taken to protect it. Informal
settlement is also observed to increase dramalticin reaction to port expansiofup to 80% on the medium

term), both absolutely and relative to the total urban population, indicating a housing shortage regtdtimg

sudden population growth and increased land pressures (and potentially, prices).

Thescenario analysis shows that automation and the economic environment can have significant impact on the
urban population. Port and industrial automation decrease industry labor needs and facilitate industrial growth,
but lead to socieeconomic inequalityn the city.It is revealed that port expansion in such a context could lead

to Tema being trapped in a state of increased informal housing, as economic stagnation combineneith
limited port negative externalities lead to a relative advantage for Terdavelopment compared to its
environment(e.g. other cities without port infrastructurelhe sudden rise in informal housing captures the
urban land area, precluding formal housing andusitial development in the city unless space is actively
cleared

Both port expansion and port retreat can be a source of urban renewal for ecipprivhich is stagnated. Port
expansion can attract new industry to the city, but its beneficial effagpst¢ 146 increasdrom the peak
achieved without additional expaims) are shat-lived (10% of the model run), as congestion and land scarcity
limit further urban developments.

Assessing different modes of port expansion reveals a key finding forccipprdevelopmentpatterns. The
guestion of portcity development revitves around the notion who claims the most land the first: the port or
the city. If port development holds back or takes a dosed approach, urban activities benefit and claim the
available land. Subsequent port development is then met by serious constragtrding transport
infrastructure construction limitations, due to increased urban developments in the land.

From the perspective of a port it is better to expand dramatically and stifle urban development, claim
infrastructure and port space before laigltaken for other (urban) developmental needs and developments.
From the perspective of the podity, a less rapid port development is preferred, although negative
externalities may be more pronounced on the long term as options to mitigate road cimyeshy be more
(space) constrained at that point.

These findings connect to theory on paity evolution which categorizes pectties by respective urban and

port prominence. It suggests that pecity evolution is not merely something that happenganically, but is
actively decided by certain stakeholders in the paty system. More concretely, pecdity evolution may be
(partly) the result of investment decisions by international shipping lines and terminal operators, who thereby
increase portritermediacy and prominencehich may in turn stifle urban development through externalities

Research questioB was evaluated in sectiori.3: What are effective interventions for sustainable pcitt
development that mitigate the localobal mismatch in the benefits deriving from port expansion?

The modelhas beenused to generte potential interventionsfor sustainable development of thgort-city

system in a systematic way. Systems thinking insights and archetypes, and model simulation were then applied
in order to assess the potential effectiveness and leverage of these éméons on the systemDifferent
alternative interventions were evaluated and compared using the designed -onitétiia scoring script,
calculatingmpactscores for the selected model key performance indicatwer the model run
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Policy runs with seléed variables yielded varying success. Interventions reducing congestion and
infrastructure land use were offset by increased migration and industrial actastycity attractiveness was
raised by reducing congestiohe combination of rail transport éfeight and the reduction of populatioper
capita transport demandi.e. by improved public transportation alternatives in the urban area) opened up the
possibility of sustainable growth, with population figures rising witheggociatedncreases in corestion.

Outside active conservation, few interventions are effective against green space encroachment without
harming the city soci@conomic state. Modelling results suggest that actual conservation of an area the size of

the Sakumo RAMSAR site woulddav! i t t 1 e i mpact on Tema’'s devel opment
of New enterprises in the city over a period spanning 40% of the model runtime, and population mean decrease
would be less than 5%. This effect is robust to uncertainty regarding<teenal factors modelled. Green space
conservation would be significant especially in scenarios of economic growth, where land pressures rise the
most. However, conserving green space areas by protecting it actively from green space settlement is a
challerge ina country thatisresoureeonstr ai ned, and suffers from advers
formal institutions would be less effective as enforcement would be a challenge, and may be ignored by
influential individuals. Alternative approags would involve convincing traditional authorities in charge of the

lands to not sell them for development, despite rising land pressures, either by appealing to their values or by
monetary compensation.

The possibility of informal settlemermtround thecity renderspoliciesthat involve the demolition offormal)

slum estates ineffective, as evicted people settle informally. Refurbishment of slum estates, increasing their
sociceconomic status, would have a si'mi lwahri |lei ttthilee pionhp a
labor families in the city, up to 20% increase of underemployed is observed. However, refurbishment of slum
estates becomes more effective when land area is filled, close to 10% reduction of informal settlement
compared to thaeference scenariat that time. Supplying low cost housing programs to Tema residents would

lead to a modest decrease of informal settlement, up to a 5% reduction, both absolutely and relatively. The
intervention would however lead to an increase (of abthe same magnitude) of underemployed population

in the city, |-ecomemicistatgg Tema’' s soci 0

The model shows the best approach to lowering informal housing is by stimulating formal housing
developments by improving financing options for resideiitsis strategy has a double effect: worker housing
availability is increased (, and over time more lowest housing becomes available for underemployed in the
city, reducing also their need to settle informally. The increased housing developments @Q0é8d to
acceleratedgreen space encroachmeritq% more reduction over the rest of the model yun

It is shown that a combination of the most effective interventions can jointly work to mitigate the negative
externalities of port and urban developmentTiema.

What do model outcomes mean, for the case study, and for the development of African port cities in general?

With their choice for Tema, the consortium of terminal operators responsible for the port expansion may have
determined the c¢our s &hembdellingedfortstiowey that thedadditienal straimpdanet .
on Tema’' s road nxpangianrthiat iskcyrrentlyhtakingmplaae will ke consideral@85%
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increaseof port throughput is theoretically possible. If nothing is done to divert such a cargo increase from
moving through Tema using the road system, the resulting 40% increasalinitptroad infrastructure demand

will likelylead to problems and stifle the development of TerAaditional investmentsn roadcapacitywill

only be a temporary fix for this. Investing in rail infrastructure will be more beneficial on the shorttatm,
unless the majority of cargo is taken off the road, congestion is not reduced on the londttehould be noted

that the lack of spatial detail in the pecity model may lead to an overestimation of the beneficial effects of
cargo transport by raibn urban congestion, as increased freight trains through the city might in turn cause
some congestion from closed railway crossings. This model limitation renders it ineffective as a transport
planning tool.

Whether the port expansion will actually lead soichlarge increasesf inland cargo remains to be seen

however. With its ability to service | arger ships, Tem
transshipment of cargo to other nearby ports in the region that cannot host such shjpesiakly if Port of
Tema’s | andside congestion wild.l ri se as dramatically

The parasitic effect of the port on Tema is increased even further if port operations become progressively

aut omat ed. When the port’s di Fresidénts deelines fandt negatieen e mp |
externalities increase, the port may come to lose its social license to operéte city.Increased resistance

from the communitymay pressure the port authority to invest in interventions that mitigate port negative
externalities. With their own revenue streams from port cargo handling, the port is in the position to contribute

to this, but may be harder to influence dueite relative autonomy.

Another cause for concern is the rising car ownership in Ghana. Whitetheoads in Tema might deter some
from driving in the city at the moment, efforts should be made to reduce per capita road demand if the city is
to develop sustainablyThis can take the form of improved public transportation, or stimulating the use of
smaller vehicles like motorcycles and bicycl@sicean alternative for car or taxi transport is (more readily)
available for traveling in the citg reduction in dependence on the road network will relieve congestion on the
long term and reduce the needrf road investments.

Informal housing in the city may be reduced by improving the financing of formal housing developments for
residents. Increasing employment opportunities in the city will likely do this, but increased attraction of rural
migrants may dbet any beneficial impacts. Model results show that the c#gbecome locked in a state of
elevated informal housing if the city land area is quickly captured by informal settlements following port
expansion, preventing industrial and formal housing elegments from taking place unless residents are
actively evictedlmproving housing financing may address this problem.

Tema will have to actively protect its green space from settlement if it is to suRegource constraints will
likely be a problenmowever.LocalChiefsmay be too tempted by the short term monetary gains of selling their
land to consider conservation as an opti@onservation efforts must also focus on eliminating the possibility
of political interference circumventing formal institons.

Whether the conclusions from the model apply to other African port cities depends on the whether the same
causal mechanisms hold in those other port citiese sensitivity analysis revealed that the model provides
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stable and robust results underwide range of portity specifications and parameter settings, indicating its
versatility. While the high level of aggregation in the model makes it less suitable as a spatial or transport
planning tool for one specific city, it benefits the generaliligbof moddling outcomego other port-cities

Model inferences are likely to apply to other developing country port cities, as long as the assumptions and
causal relationgn the modelapply to that particular citylssuessuch as informal settlemerand green space
encroachmentre common throughout the developing world, meaning tmabdelinferences regardinthese
challenges likelgpply toother developing countryort-citiesas well However, the impact of the port on local
industry may vary sigficantly between port cities, and even over time. While a beneficial impact was seen in
Tema, especially in the years after the port was commissioned, there are indications that competition from
cheap imports through the port is starting to detrimentallffegt somelocal industry reducing indirect port
benefits As port impacts vary between pecfties due to differences in their local economy and the extent of
protectionist policies, model inferences should be interpreted with that in mind. In additiodgl limitations
suggest caution in applying the model to citigsh more diversified economies, as assumptions on industry
land use and employment apply lessdicators of port prominence, urban centrality and the type of cargo
(container vs. break bkj that the port handles could inform to what extent other paities resemble Tema.

Other assumptions made in the model should be evaluated as Wik, port land impacts on urban
developments are larger for other African port citieart} due to seward port expansion, port land area
impacts in Tema were not considered an issue, and therefore not explicitly modelled. While partly represented
in the effects on road infrastructure, port land area impacts may be significant in othecitied. This waild
effectively only strengthen the central argument of this research in those instances that port investments
dictate urban development.

In general, both port expansion and port retreat can be a source for urban renewal for a African port cities that
havereached a phase of stagnation. Port expansion could provide a stimulus to the local economy, increasing
industrial developments, but land area scarcity and port negative externalities mean that such an economic
improvement would be sho#ived unless extmalities are actively mitigated. Port retreat, while leading to
short term loss of direct employment, may be a source of more lasting urban renewal when port negative
externalities reduce their constraining effect on the city.

The research argues thatahdevelopment of developing country port cities is in that way at least partly
determined by the investment decisions by shipping lines and port terminal operéttqrstt prominence is
claimed like it is right now in Tema, investments by private partiag dictate the development of the city by
constraining the urban developmerRort authorities are torn between a responsibility for and pressures from
their local communities on the one side, and the commercial requirements of terminal operators regtelin
exploitation of their port on the other. &ive mitigation of port externalities with lastingly effective
interventions may allow for sustainable African poitly developmenthat benefits both parties

The model has been proven useful in simulgtiteveloping country poittity development challengemnd port
infrastructure expansion impacts, and in the generation of #éylerage interventionsThis researctshows
how system dynamicwaseffectively usedn a relatively datgpoor environment, to mdel the development
of the city of Tema and its port and evaluate interventions for sustainablegityrdevelopment in an African
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context. While its level of aggregation may preclude its use as an urban plaonprgdictiontool, it may be

used as part of the port planning process to convey to key stakeholders a systems perspective and
understanding of portity development dynamics. The relative complexity and high level of aggregation of the
model however suggest that a strategy nsgo be designed for this.
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9 LIMITATIONS AND REMIMENDATIONS

Reflectingon the research carried out in this thesis project, several limitations and recommendtdrdosther
researchhave been identifiedThese pertain both to the modleng methodola@y used as to the model itself.

The simulation model is not perfect, nor can it be or was it intended to be (Coyle and ExelbyH2R0&)er,

some fundamental conceptual properties of the model have significant consequences for intended model use.
For irstance, scenario testing revealed that due to its spatially aggregate nature, the model is not adequate
when modelling highly localized problems such as floodivgn when floods are modeled to last a year, no
significant impacts on the podity system ee experienced unless a significant portion of the city is
compromised.

Similarly, the construction of road infrastructure might be overestimated due to the lack of localized spatial
constraints in the model (i.e. bottlenecks). Howeuie causaimechanisms governing congestiond. the
supply vs. demand of infrastructure) still apply.

The same but reverse limitation applies to the modelling of green space encroachment. Spatial aggregation
results i n an “ awsensiivg ® spaat proximity afchie green $pace to the urban core.
While in the current model the settlement of green space can be adjusted to approximate such a spatial effect,
it can be questioned if this solution is a good representation of the real world systemaaltigeof coupling the
system dynamics model with an agent based (cellular automata) model of (urban) land use could be explored
in further research, although such a study would require detailed geospatial information (e.g. Mariwah, Osei,
AmenyoeXa, 2017) ad knowledge regarding local settlement behavioral ru@staining such informatiofor
developing country port cities mightrove challengingbut would increasdnsights into poricity spatial
development over time.

Although port spatial impacts on theity were not cited as a sustainability concern in Tema at the present time
and therefore not included in the model, (Slinger et al., 2@4& port-city functional evolution model discussed

in section4.1 suggests that rapid containerization and paity growth could lead to spatial constraints gaining
more prominence in the future. In future applications where spatial isar@sdeed given priority (for instance

by some local potrtity stakeholdery the model could be adapted for ports to have a spatial imgtilarto

road infrastructure Care then needs to be taken to differentiate between container and bbedk cargo, as
these have significantly different land use impacts (Jansson and Sbne&982).

While utilities such as energy were left out of the analysis to limit its scope, they may have an influgoce on

city development for instance when unreliable energy supply limits industrial developmafiit.i | e Ghana'’
energy provision rank among the best in the region (Gyamfi, Modjinou, and Djordjevic, 20ti&)e tare
indications that this has played a role in Teimdahe past(e.g.Yeboah, and Annancy, 1998)though energy

scarcity may not have been explicitty modeled, its effects mése that of an economically unfavorable
environment, which has been addressed in the scenario analysis.

Other potential linkages could involve the impact of road infrastructure investments and port presence on
urban taxneeds and revenues, although sensitivity analysis showed a modest response to this section of the
model. The prominence of agriculture in the Ghanaian economy nsgggesthe explicit modelling operi-

urban agriculturalland use competing with the urlmaexpansion, or the dependence of some urban poor on
resources extracted from green space (Adegun, 2017). Lastly, the Tema model could be connected to a socio
economic model of the Volta delta, from which many migrants of the city originate.

What should beevaluated at all times however is whether such adaptations would serve modelling
requirements and use. If anything, the present model already is quite large and complex, which could reduce
its explanatory power and usefulness in participatory modellingtexis with stakeholders. However, the
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sensitivity analysis showed that the model was relatively insensitive to a large number of vanigtsesriginal

Forrester model. Thisorroborakes the research of Stonebraker, and suggests that the present mdidel,
Forrester’s Urban Dynamics, could be significantly
characteristics (Stonebraker, 1972).

The lack of a service industry in the model is a potential problem for external validity of mod®iirigsions.

It was preferred to keep this modelling effort focused by not including it in the model just for it to resemble the
real world system moreTema, as a city with a prominent port and industrial sector, therefore was an
appropriate case studfor this modelling effortHowever,it meansthat the modeling conclusions might not
extrapolate to poricities with more diversified economigBhese would beqrt cities with a lower prominence

of port andor port related industies &ection4.1).Further research could be undertaken in which the service
industry is more explicitly included in the panity model (e.g. Sanders and Sanders, 2004).

That means model applicability should be established for each potential case study. While the use ef a singl
case study for this project was a consequence of the resewand time constraints of a master thesis
graduation project, further researamay establish the validity of model inferences and behavior for different
developing country case studies.

The relative heterogeneity of port impacts on local economies (Merk, 2013) suggests that the validity of model
performance can be improved if port impacts can be locally determifieatitional port impact studies are
expensive, require extensive surveyadado not necessarily provide an objective multiplier figufe
alternative method of estimating port impacts presentedMysso, Benacchio, and Ferrari (2000) could prove
usefulfor future applications of the modelt involves comparinghe port city (eg. Tema) to one or more
landlocked cities o$imilarsize (e.g. Kumasi, Ho), and establishing the differences in industrial and economic
activity. Thizouldbe done using aggregate, census data.

In addition to these modelelated recommendations, therare some avenues for further research regarding
model use in a mukstakeholder poricity sustainable developmergrocess. Next steps could include the
formulating of guidelines for effectively using the model or concepts thereof to impart a systemnthinki
approach on port city stakeholders. Consultations with experts on ports and urban develoguggeisted that
the modelcould serve as a boundary object in strateghoversation on portity option generation amongst
port-city stakeholdersAppendix Elnterview data Star and Griesemer, 198&unningham, Hermans, and
Slinger, 2014).

An interestingstrategy for this model uswould bean approachwhich combines principles of group model
building and networl{process)managemeft rather than confrontingstakeholders witha complete model
straight away,through a process of guided discussion participants could come to a consensus on how-the port
city system functionsgaining negotiated knowledgtacilitating fruitful cooperatior(Hovmand et al., 2012; de
Bruijn, and Heuvelhof, 2012 d ' H oanal commuaicagon Appendix . Such goup model building
sessiongould thenadd to the elicitation oktakeholder values and conferring the systems thinking approach
to port development to port and city stakeholderf@stering active debate and wawin thinking. Another
approach would involvéhe creation of a serious game of panity development, in which participants get
interactive feedback on the effects over time of port infrastructure and interventions on thiegity system.
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10 REFLECTION

Reflecting on the research, it can be noted that the use of the system dynamics approach was appropriate
given the wide variety of factors involved in a developing country-pibyt Despite rigorous demarcation, the
relatively high level of model aggregation and active efforts to keep modelling detail and data needs in check,
the resulting model has become quite comprehensive and complex. This presented a challenge especially in the
(sensitivity) testing of the modéivhich took more resourceand reporting spacéhan anticipated, and the
presentationand analysisf model outcomesThe semiautomated datainterpretation and visualization script

was developed to mitigate thignd to aid in model outcome interpretatioand keeping reporting within
acceptable limits.

Tema has been a suitable castedy for this project. Its location in the Greater Accra metropolitan area meant
that more data than expected was available on the port, the city and the lagoon, which aided thdingpdel
effort. In applying the model to other African pegities, more time and resources may be needed for the
extraction of such data from local stakeholders and institutions.
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Appendix A. TEMA DATA

This appendix contains an overview of the data used to specify and apply the model to Tema. Parameter values
have been compiled from multiple sources, or estimated basethe available data. This process of estimation

or calculation is made explicit in order to aid reproducibility of the research and to explain the choices that have
been made in the face of limited data availability.

The appendix has a dual function of\@ag as a precise manual on what data is needed to apply the model to
a(n alternative) case study. This involves specification as well as validation purposes.

9 City (potential) land area 9 Migration rates

1 Population size (over time) 9 Industry (initialvalues)

9 Net birth rates (disaggregated if possible) 9 Port capacity (initial, expansions)

9 Housing (initial, construction) 9 Port throughput

1 National GDP 9 Initial green space area

1 GDP growth I Minimum possible green space area

1 Aggregate housing and enterpgisvaluation 1 Max pc (per capita) transport demar
figures growth

CITY LAND AREA

Determining a suitable figure for the area of Tema is a challenge, as several definitionsidifath@rea exist.
For instance:

565 knt: Tema Metropolitan Distrigtbeforethe carving out of Ashaiman (2008) and Kpé#tetamanso (2012)
as separate districttStatoid, 2008)Ashaiman has a land area of 45°K@hana Statistical Service, 2014a).

87.8 knt: Tema Municipality area).

365.78 km: Tema Metropolis Area (without Ashaiman)Mariwah, Osei and Amenyxa, 2017). Adding
Ashaiman area (45 Kinyields 410.78 kAor 41078 hectareBut this still includes Kporg€atamanso which is
outside the portcity influence

The final value for Tema citynld area is defined to be the area of the original Tema Acquisition Area (167 km2),
the area designated for development by the Tema Development Corporation in 1952 (Clottey, 2015; Acquah,
2001). It includes Ashaiman (45 km2) (Ghana Statistical Serviceg)2@hd is comparablie sizeto the city
properarea of AccrgStatoid, 2008)

NET BIRTH RATE

The model requiresetbi rt h rates of the three populatidon group:
thisis not entirely correct, adeath rates aremplicitly included. The net population birthrate are calculated by
subtracting the crude death rate (in deaths per thousand per year) from the crude birthTralide@?2, Table

23below).
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Table22. Calculation of net birth rate from crude birth, death rates.

District Crude birth rate (live Crude death rate Net birth rate (sic,
births per thousand) (deaths per thousad) Forrester), per 1000

Tema metropolitan 21 4.4 16.6

Ashaiman district 23.5 3.9 19.6

KponeKatamanso 244 4 204

GSS, 2014b

Translating this to the following net birth rates:

Table23. Model values ofnet) birth rates

Group Net birth rate
Managerialprofessional 0.017

Labor 0.017
Underemployed 0.02

INITIAL CONDITIONSOHE MODEL

The Forrester model does not support jumpstarting from nothing (little population, no industmig.is partly

the result of the way migration multipliers are specified, yielding little concentration until a critical mass is
formed. Therefore, the start time fothe simulation is set at 1966, the year the port was officially commissioned
(Hilling, 198).

The initial conditions of Tema at that time can be derived from Acquah (2012jtaedsources. A compilation
of population datafrom multiple sources is included belowTable24. The data is contradictory, which might
depend on varying definitions of what is considered Tema, for instance after the carving out of Ashaiman.

Table24. Estimations of population for Tema anlishaiman over time.

Year | Houses Population
built
Acquah Owusu Acquah | Hoyle Songsore | Hilling GSS (2010 World
(2012) (1991), (2012) and (2009) (1969) Bank
GSS (2002 Hilling (2015)
(1970)
1948 1,120
1954 4,000 3,000
1960 15,000 25,223 27,127
(2,624)
1966 | 10,700 29,080
(TDC) (calc.)
1968 80,000
1969 80,000
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1970 | 1,750 83,316* 60,767 102,431
(TDC) (22,549)
1981 | 7,380 Acute
(TDC) housing
shortage
1984 150,970* 190,917
(50,918)
2000 291,791 447,472
(150,312)
2010 402,637 | 633,011
(190,972)

(*Numbers in brackets are population figures for Ashaiman, which are included aalithdatedtotal).

Popul ati on

number s

for

t h

e year

1966

have

t o

and comments on population growth rate of 2.4 percent, yidlts population in 1966: (25,223 * 1.094=

29,080 people.

Judging by the other popationestimatesar ound t
on the low side, ailgher figure of 40,000 is taken, which is somewhat more realistic compared to the cited 1968

figure of 80.000.
EMPLOYMENT

Fol |l owi

ng

(dividing by the average family size of 4). Assuming 10% of these 10,000 are maipagiizional, the figure
for initial employment can be divided in roughly:

A+B=10 A=0.1*B1.1*B =109 B =10,000/1.1 = 9,091 labor and 10,80091=909 managerial

professional.
HOUSING UNITS

Taking

Owu s u

hat ti

me

nterpo

seeemdo becbnaidtenti wu s u’ s

F o rgic, et $s assumedsthatm adagobpuldtian of 40,000 about 10,000 are working

S

figure

for

housi

ng

uni ts

built

at t h

technigue yields 10,700/1.1=727 worker housing and (10,7609727) = 973 premium housing units. That
leaves almost full occupancy of premium housing (0.934) and a housing surplus for workers (0.315), which is in
Oanunidial Woskerrmodsiag samplug. f

l i ne with

INDUSTRY

Determining an initial condition for industry is harder, as there are no sources indicating actual amount of
industry settled and the limited comparability of the construct pfoductive unitused in the modellt can be
derived however by assuming that atorkers living in town are employed by industry. As new enterprises
enroll on average 20 laborers, it can be inferred tihatequivalent 08,091/20 = 455 new enterpriggoductive

unitsmustbe presenin Tema at that stage (modeled units). As indubag just started, no mature or declining

industries are assumed to exist yet.
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PORT THROUGHPUT

Table 25. Yearly throughput of the Port of Tema, compiled by author from JICA, 2001; Pedersen, 2001; Hilling, 1969 and GhanadPorts an
Harbours Authority, 2016.

Year Throughput (kton/year) | Year Throughput (kton/year)
1962 622,24 1990 3477,00
1963 1301,09 1991 3647,01
1964 2277,50 1992 3909,66
1965 2194,79 1993 4130,20
1966 1940,17 1994 4090,25
1967 1975,67 1995 4611,44
1968 1996 4879,93
1969 1997 5168,59
1970 2665,00 1998 5417,11
1971 2823,00 1999 6368,54
1972 2522,00 2000 6219,52
1973 2713,00 2001 6314,97
1974 2953,00 2002 6841,48
1975 3124,00 2003 7391,27
1976 3234,00 2004 8447,66
1977 4055,00 2005 9249,98
1978 3799,00 2006 8046,34
1979 3394,00 2007 8378,68
1980 3344,00 2008 8727,05
1981 3640,00 2009 7406,49
1982 3035,00 2010 8696,95
1983 1906,00 2011 10748,94
1984 1811,00 2012 11468,96
1985 2365,00 2013 12180,62
1986 2875,00 2014 11126,36
1987 2998,00 2015 12145,50
1988 3026,00 2016 13414,78
1989 3311,00

Historical data regarding Tema port yearly throughpitak{le25) had to be compiled from various sources, as
there was no single source that had all data available.

TEMA PORT CAPACITNDACAPACITY INCREBSE

The same applies to estimations of the capaaitihe port of Tema. The powtas officially opened for operation

in 1962. Precise port capacity was unknown but estin
of operation (Pedersen, 2001). Due to faltering efficiencies and congesti@stments in port infrastructure

were carried out from 1987 and 1990, increasing port handling capacity by 1.6 tifnies €quates aincrease
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of 3286 ktons/year) (Coquart, 1998).idt possible to derive from these numbean estimate for the initial
handling capacity of 5476 kton/year.

Consequential investments in additional quays in 2007 led to theoretical increases of capacity of 550.000 TEU
per year. Using an average weight of 11 tons per Biild,(Khayesi, Odhiambo and Pedersen, 2005; Van Eeden,
2016), this amounts to an estimated increase in capacity of 6050 kton/year.

The current expansion project is estimated to increa
kton/year. (earlier estimated capacity: 11000 kton/year), agaimiglil tons as the average container weight.
The project is expected to be completed in 2019 (APM Terminals, 2015).
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Appendix B. ACTOR ANALYSIS

Table26. Overview of Tema portity relevant actors' interests, objectivepercieved problems, causes, and possible solutions.

Actor Interests Desired situation/objectives | Existing or expected situatior] Causes Possible solution
and gap
Ghana Ports and | Manage and operate the | Efficient and viable port Port efficiency and service | Low port efficiency and Modernization and
Harbours Authority| Port of Tema in operations, port facilities delivery must bémproved. capacity, insufficient development of the
(GPHA) cooperationwith private | Ghanaian ports more transport infrastructure ports, increase private
parties. Continuity of competitive in the subregion sector participation,
business. - Social and industrial investing in road
stability - Good roads and transport infrastructure
trucks
Port operators and| Continuity of business, Development of competitive | Port terminals must be Globalisation, economies g Upscaling and vertical
liner shipping expansion of market position in the market, developed in order to cope | scale and scope, labour integration of shipping
companies increase market share, with increasing regulations and global and cargo handling
geographical coverage, carg| containerisation and competition. activities Increasing port
handling capacity globalisation of the market. container terminal
capacity and efficiency.
Tema Providing effective and Improved living standards of| Inhabitant quality of life is tog Low resources, informal Attract foreign
Metropolitan efficient Metropolitan the people in the Metropolis,| low. Industrial development | settlement, investment for
Assembly services more employment must be improved. Trét infrastructure
opportunities congestion is problematic development; pressure
GPHA to contribute
Tema Development of Tema Plan, layout and develop the| State of the infrastructure Lack of maintenangdack | Allow private parties
Development (originally). Facilitation of | land area of Tema (housing | (sewage, water, etc.) is of resources. hustlefree access to lang
Corporation (TD@) | developmentby other schemes, roads, industrial | deteriorating. Reduction of made ready through site
11 parties sites, public utilities). public funding for programs. and services schemes.
Industry: 6. 7. 89 Continuity of business, Ample provision of labor, Traffic congestion and bad | Raw material burden, Privatization, foregn
expansion of market good access to markets and| roads may harm business. | unfavourable competition | investments
resources (transpar Lack of industrial from cheap imports and
infrastructure) development deters FDI, weak infrastructure,
newcomers financial constraints
Population of Continuity of existence; | Attain a steady source of Low cost housing is not Lack of infrastucture Informal economy,
Temg.101 income, shelter and safety income (employment), present. Living standards in | (maintenance), lack of informal settlement
affordable dwelling space slum are sukpar. formal employment. (lowest cost of housing)
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Traditional Employment Increase benefits from their | Increasing potential to Rising land pressures from| Offer part of their land to
Chiefdl 12,13, 14 opportunities for their land, local harbour and benefit from selling and urbanization, the Tema Development
respective peoples, industry development. developing their land, encroachment. acking Company (19
benefits from selling their including formerly compensation for green Selling their lands to
lands unattractive green space space conservation (e.g. | residents or private
areas. Ramsar) parties to develop
directly.
Home Finance Development of the Enable residents to purchasq Most of the workers are low | Instability of housing Offer more affordable
Company (HF®) housing market in Tema | or build houses or other and middleincome earners | policies and strategies in | mortgages and loans to
projects and cannot meet the Tema low residen local residents seeking tq
precondition terms for loans | incomes. buy or develop a house.
Sources: 1) Ghana Ports and Harbours Authority, 2013; 2) Junior, Beresford and Pettit, 2003; 3) Tema Metropolitan AdSedple@a Developme@orporation, 2017;
5) Agyemang, 2013; 6) Oxford Business Group, 2013; 7) World Bank, 2015; 8) Yeboah and Anna@r@w999; and Otergbabio, 2015; IDUNCHS (HABITAT), 2003,
11) Acquah, 200112) Blocher, 2014;3) Clottey, 2015;4) Tyroller, 20&.

Table26 presents an overview of the stakeholders that are most relevant to the-g@tytsystem in Tema. In addition to these acttirsre are national
governmental institutions and negovernmentalorganizations with a variety of interests and godlable27 summarizes the information on local
stakeholder values regarding sustainable Tema paytdivelopment, gathered in the stakeholder workshop in Febru@inys information is used to
demarcate and focus the research problem (Chapter 2).

Table27. Port of Tema stakeholder values concerning sustainable port city develapni®linger et al., 2017).

Sustainable port city development in Tema
More economic development Less negative externalities
More local Higher port Less congestion | Less slum Less Less green
employment throughput [infrastructure development | pollution | space
[jobs/population] | [mton/year] use/infrastructure | [informal encroachment
capacity] settlement] [Ha green
space]
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Institutional context

Williamsons fowlevel model of institutionsKigurel26) is usedo guide a discussion of the institutional context

of the portcity development problem. Williamsargues that there are four levels of institutions that govern
and structure ecoamic transactions. The first comprises of informal institutions that evolve slowly, such as
customs, traditions, norms and religion. The second level contains the formal institutions that determine the
rules of the game, such as property rights and lawses& are theproduct of politics. On the third level
governance structs, such as contracts, markedsid organizational structure are studied. The fourth and last
level discusses everyday decisions and resource allocations where prices and quaastdigmad, the terrain

of neo-classical economics and agency theory.

ECONOMICS OF INSTITUTIONS Ghana like many other African countries has an
LEVEL FREQUEN 'Y PURFOSE extensive system of traditional authorities and
institutions. Land in Ghana is often owned or
EMBEDDEDNESS: OFTEN NONCALCULATIVE; . R .
L1 INFORMAL 12 TO 10° SPONTANEOUS bought from local Traditional Chiefs and their
INSTITUTIONS, (CAVEAT: SEE DISCUSSION . ) . . .
TRADITIONG, MORMS INTEXD families, following local traditions. This informal
HELIGION system functions alagside formal
——y A (governmental) institutions regarding land rights,
12| ENVIRONMEND: 10T0 10 NS T AL and can lead to friction between formal land
FORMAL RULES OF El .
T CAME — BoD, N e oroer " tenure rules and actual land use (Blocher, 2014).
PROPERTY (POLITY, ECONOMIZING . ey
JUDICIARY, In Tema, the land of the Tema Acquisition Area
BUREAUCRACY! .
I K was bought by the government from local Chiefs,
' and allocated to the Tema Development
GOVERNANCE: GET THE .
PLAY OF THE GAME TO GOVERNANCE .
L3| PLAYOFTHECAML 11010 TOOVERNANCE Corporation for development (Acquah, 2001;
A IV ERTIANCE ORI G Clottey, 2015)A dispute of locaChiefswith the
TRANSA .
__+si"f:5’ TDC over compensation led to them selllagd
! themselves, facilitating the formation of
RESOURCE GET THE .
14| ALLOCATION AND CONTINUOUS MARGINAL haphazard development and informal
EMPLOYMENT CONDITIONS RIGHT.
PRICES AND QUANTITIES;
N ATVE AT ONNENT) o G settlements around Tema (Acquah, 200The
system of traditional authorities is common
L1: SOCIAL THEORY
L2: ECONOMICS OF PROPERTY RIGHTS i iti
12: BCONOMICS OF PROPERTY RIGHT: across suisaharan Africa,but political and

L4: NEO-CLASSICAL ECONOMICS/AGENCY THEORY economic changes, as well as migration have

Figure 126. Four layers of institutions governing economic transacti undercut their authority. It is however unclear if a
(Williamson, 1998). general trend towards landrjvatisation is actually
underway (Lawry, 1990; Boone, 2006

Formal institutions in Ghana include the laws and regulataordgformal mandatethat are in placeRelevant

laws for port city development for instance include environmental regulat{ibtecow Engineers PC, 2010),

the mandate of the Tema Development Corporation to develop the Tema Acquisition Area (Acquah, 2001),
governmental ministries and local municipal assemblies, and the&Rarts and Harbours Authority.

Governance structures in thismse include for example Meridian Ports Services, the joint venture of the Ghana
Ports and Harbours AuthoritfGPHAwith the Bolloréand APM terminal operatocompanies set up for
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developing and exploiting the nefiemaport expansion (Chalfin, 2010). Theperate inthis mutually beneficial
governancestructure within theframes set out bynformal and formal institutions to optimize risk and benefits
of port operations andissetownership (see sectiof.4Port governancg

While Ghana is a politically relatively stable country (Fosu, 20df8ymal authorities and political elites can
still exercise considerable influence day to day resource allocation decisions and even policy making when
it is in their interest to do so, even violating formal institutions (Wong, 2010; Paller, 201&)practise is not
unique to Ghana but a common occurrence in developing courttrescan hamper developmenOfvoye and
Bissessar, 2014and should be kept in mind when evaluating interventions.

Transport

Faah (2008) provides a comprehensive ovenoétine ministries, departments and agencies relevant for road
transport planning and interventions. Examples include the Ministry of Local Government and Rural
Development (Department of Town and Country Plannamgdthe Ministry of Road Transport (Deptf Urban
Roads). Other agencies include the Ghana Railway Development Authority, Metro Mass Transit Limited,
incorporated to provide national railway services and affordable public transport in metropolitamanidipal

areas, respectivel\Republic of Gana- Ministry of Transport, 2017).

Housing

In Ghana several institutions for housing development have been employed. After independence, the Tema
Development Corporation (TDC) was established and tasked with the development of the city and port of Tema.
In other parts of Ghana thet&8e Housing Corporatio(SHC) was mandated for housing development. Lack of
resources led to the rise of informal settlemerf®ank of Ghana, 2007)here have been several strategies
formulated over the years for stimulatirdgvelopment (Bank of Ghana, 2007):

1 National Shelter Strategy (1986). Aimed at providing adequate and decent housing units, improving
quality of life ofpeople in urban and rural areas.

9 National housing policy and Action Plan (198B0).

1 Ghana Vision 2020. (192000). First MediunTerm Development Plan. Targeted provision of-low
income housing unitd.ack of funds, private sector participation and political will meant that none of
the housing strategieso farwere implemented.

1 Ghana Povay Reduction Strategy (GPRS I, 206bcus on the attraction of foreign capital to fund
housing development.

91 Highly Indebted Poor Country debt relief prograrallocated some funds to the housing sector.

GPRS Il (20e8009)-focusedupgradingof slums

1 Ministry of Water Resources, Works and Housing, currently pursuing various affordable housing
programmes through agencies such as the TDC and SHC. National Housing Pragedsorbeilding
in Tema.

=

The Tema Development Corporation appears to be at adills the Tema Municipal Assembly (TMA) over
jurisdiction over city land and its development, as the TDC aims to expand its mandate in order to be allowed
to develop lands outside the original Tema Acquisition Area it was assigned (Ghana News Agency, 2010)
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Appendix C. MODEL SPECIFICATION

This appendix is included to provide an overview of how the model is specified in Vensim. As modelling equations atel@dtimthis report for
brevity, these pictures are included to represent the structurehef final model.

Figurel27. Overview of the complete model as specified in Vensim.
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Appendix D. SCENARIO ANALYSIS

The model describes the development of the poity as a result of endogenous processes. However, there are
exogenous factors influencing urban development in the model.bEm@aviorand impact of these exogenous
factors might be subject to uncertaintyr this chapter, a scenario analysis is described. In a sensitivity analysis,
external factors are inventoried, the driving forces behind them identified and scenarios written.

The goal of the scenario analysis is to construct an array of plausible ¢nhdikgly) contexts for developing
country port city developmentThe impact of uncertain but influential factors on the system can be explored,
and robustness of potential policies tested. Lastly, the scenario analysis aids in assessing the extetia valid
of model results, by evaluating these in multiple, varying settings.

QUESTION

One of the aims of the model is to explore potential modes of piyt development and find policies and
interventions that foster sustainable development as defined l®/rtoddling outcomes of interest. The aim

of the scenario analysis is to generate scenarios with which the robustness of such policies and interventions
can be assessed.

In order to do this, the scenarios should be able to answer the following questicat & different plausible
futures for port cities in a developing country?

CONTEXTUAL FACTORS

First, a list is compiled of external factors that might influence the-pitytsystem development from outside
model boundaries. The definition of the systdraundaries partly determines which factors are considered
endogenously modidd effects, policies or external (exogenous) factors. An example of an endogenously
modeled impact is the effect of road congestion on the settlement of new industries. An egafglpolicy in

the model is the investment in road infrastructure itself. An external (exogenous) factor would be the
availability of resources or foreign direct investment influencing the extent of road infrastructure investments.

Whether a factor is éfined as either an (uncertain) external factor or a manipulable policy depends on the
perspective taken in the modelling exercise and whether the actor(s) influencing these factors are considered
problem owner(s) or not. The perspective of this modellgigdy is broad, modéng endogenously the
behaviorof for example industry and urban population. However, not all driving forces drivindétetvior

are certain, or modétd endogenously.

The modelling perspective taken may change with the mode of magelin using the model as a soundboard

for strategicconversations (Cunningham, Hermans and Slinger, 20&4jiefinition of what are policies or
external factors may depend on the stakehol ders
govenment is taken to be the problem owner, with policies taking the form of (public) interventions such as
housing programs and job trainir{§orrester, 1970)This study takes the same perspective. As the model is
extended to include port and transport inBaucture, additional actors (such as the port authority and national
government) are included. A further guideline for classifying effects as interventions or external effect is
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whether the problem owner has any influence over the implementation of theects (e.g. compare
investments in railroads with automation of industry).

Table28. List of possible exogenous factors

Population car ownership Net birthrate

Ruralurban migration Flooding

Global trade volumes Port automation

Competition of other nearby ports Industrial automation

Port hinterland connections Mobility of capital (FDI)

Political stability Social willingness to settle green space
Family size

Table28 contains an overview of plausible exogenous factors that might affect noedelvior Depending on
the mode of model use, port and industry automation could be considered interventions riheexternal
(and uncertain) effectsAs port automation investments are partly determined by port terminal operators and
port developers (seéctor analysis port automation is conderedan exogenous factor.

DRIVING FORCES

Next, external factors are grouped by identifying common driving forces influencing tredste29 groups the
external factors by driving forces. Port hinterland connections is omitted as it is only one of several factors
determining port competitiveness (Yuen, Zhang, and Cheung, 2012). Adimpgelt competitiveness is not

the focus of this study, this factor is instead represented by the faxiompetition of other nearby portsiriven

by economic environment.

Table29. External factors grouped by driving forces

Economic environment

Population capbwnership

Global trade volumes

Competition of other nearby ports

Mobility of capital (FDI)

Climate change

Ruraturban migration

Flooding

Technological advancement
Port automaion
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Industrial automation

Demographic change

Family size

Net birthrate

Political stability

Sociocultural evolution

Societal willingness to settle green spg

Then, the driving forces are prioritized by their uncertainty and potential impact on the mbalelle30). Most
important to evaluate are driving forces that have a high impact, and for which future development is uncertain.
As demographic changes like net birth rates have limited effect onrtbdel (see sensitivity analysis) and
change rather predictably or slowly (World Bank, 2017a, b), these are not considered high priority. Traditional
informal institutions governing wetlands and green space have been influential predominantly in theypast, b
have lost influence with rising urbanization, Christianization and migration in Ghana (Tyroller, 2016).

Table30. ImpactUncertainty grid for driving forces

Uncertainty

Low High
Impact | Low 1 Demographic change
1 Socioculturakvolution

High 1 Political stability 9 Technological advancement
1 Climate change
1 Economic environment

Technological advancement as a driver of industrial and port automation can significantly affect employment
in the developing world (Oberhaus, 2017). A report by the World Bank states thahims of all jobs in the
developing world could be lost to aarhation (World Bank, 2016). Most at risk are iskill and lowwage jobs,

and production occupations (Frey and Osborne, 2017), which could lead to a hoHlowtin§labor markets

and rising inequality (World Bank, 2016).

The rate at which automation wihffect labor in developing countries is uncertain and depends on the pace of
technological disruption (World Bank, 2016). This makes a technological advancementimggghhigh
uncertainty driving force.

Climate change is another driving force potefly affecting the porcity system both socieconomically and
ecologically. Lying adjacent to the catchment area of the Sakumo lagoon, parts of Tema flood with some
regularity (Songsore et al., 2009; World Bank, 2017c; field Widiif). climate changealtering rainfall patterns,
tending to increase storm frequency and intensity, the potential for such floods is increased (Douglas, et al.,
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2008). I n Ghana, rainfall patterns are cited to have
assaiated with this increase the likelihood of seasonal and-@mm ruralurban migration in Ghana, as people

flee erosion of their lands or face the need to diversify their income (Faist and Schade, 2013). Tdiy port

model is founded on the concept daflative attractiveness of the city in relation to its environment. A decline

in relative attractiveness of that (rural) environment means an increase of relative attractiveness of the port

city.

The economic environment drives developmental factors botha national and an international scale.

Shipping and port throughput are closely connected to global trade and economic &elbofie, Rodrigue,

and Notteboom, 2011). The global financial crisis of 2@0@ed preceded &ignificant drop in throughput

volume in the port of Tema in 2009 (Ghana Ports and Harbours Authority 2016). Nationally, the economic
environment is assumed to affect cities in Ghana in a similar way, therefore not leading to changesvin rela
attractiveness of one city. Locally hoveg, the economic environment for business does impact industry in an
absolute manner. Holding on to Forrester’'s assumpti c
therefore an effect on the construction of new industry is included.

Transrt is impacted economically withn increasgor decrease)n per capita car ownershigffectingper

capita demand for road infrastructure (Faah, 2008; Ob&dgom, 2010). Additionally, foreign direct
investment (FDI) and FDI in transport infrastructumght vary with changing global and national economic
conditions and international trade demands (UNCTAD, 2017a,b; Ojo and Alege, 2010), although such
infrastructure investments make up only a small portion of total FDI (UNCTAD, 2016).

The varying signifant impacts of economic fluctuations and relative economic uncertainty in the wake of the
2008 financial crisis (UNCTAD, 2016) argue for the inclusion of this driving force in the scenario analysis.

Political stability as a driver is not included in tleersario analysis, partly because its impact on development
is represented by the economic environment driving force, and partly because Ghana, with its functioning multi
party political system, is considered an example of a politically stable developimgyc@Fosu, 2013). In
applying the model to other developing country port cities, the modeller should be aware of the potential
impact of political unrest on the system and modelled interventions.

SCENARI O' S

Different plausible future scenarios are credtby combining different potential directions of change for the
driversTechnological advancement, Climate change and Economic enviranment

Rather than designing a fdictorial set of scenarios, a more limited set of scenarios is designed. This shoice i
based on the notion that the drivetechnological advancemeaindeconomic environmergre correlated.

A stable and high growth maceronomic environment is more conducive to industry technology development
than others (Lall et al., 1994). Additionalis technological capabilities in developing countries lag behind world
level, FDI and the import of capital goods into the country by multinational companies has a more prominent
impact on technological advancement than domestic investmeBtsgnszteinDe Gregorio, and Lee, 1998;
Juma and Clark, 2002yhat means that local technological advancement depends partly on the openness of
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national policy towards imports, FDI, and the level of protectionism towards domestic industry. Such national
policy canot be directly determined from the pottity perspective.

It would however not be correct to state that the economic environment is a driver of technological
advancement. In addition to aforementioned factors, economic environment alone is not a sufficien
determinant of technol ogi cal advancement . For i nst.
technological development, and domestic and international pressure on firms to compete and innovate, effects

of globalization and the supply of humaapital (skilled labor) are other influential factors (Lall et al., 1994;

Archibugi and Pietrobelli, 2003 hus, technological advancement is defined as a separate driver.

A set of five scenario’s is <creat edancemerd, ctonomic t h v a
environment and climate change i teghrelogical sdeancemeiaridy . Four
economic environmenvary in a similar direction. A fifth scenario explores what would happen if this
assumption is released: proggsing automation despite economically stagnating environment, in combination

with climate change impacts.

Scenario 1
High climate
_chcm ge impacts
-
Economic
growth
Scenario 3 Scen_ario 5
Limited technological High.technological
advancement : ~advancement
- Scenario 2
Economic
stagnation
¥y Limited climate
change impacts
Scenario 4

Figurel37. Scenarios mapped as a function of their driving forces

The scenarios are operationalized the next pages tables31 through35.
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Scenariol: Technological advancement, high climate change impacts, economic growth

Table31. Scenario 1, operationalized: Technological advancement, high climate change impacts, economic growth.

Technological advancement

Port automatizatbn 0.02 per year increase (ramp) from base level (200%7)

Industrial automatization 0.02 per year increase (ramp) from base level (200%7)

Climate change

Ruraturban migration Attractiveness for migration (underemployed) factor grow
(ramp) todouble between (201-2037)

Flooding Temporary increase (pulse train)rafn green spacby 200 ha every

5 years from 2017

Economic environment
Population car ownership + 2% points (step from standard value, starting 2017)
Economic growth + 2% pointgstep from standard value, starting 2017)

New Enterprise Construction normg + 2% points (step from standard value, starting 2017)
Competition of other nearby ports | -
Mobility of capital (FDI) Transport investment factor +1 (step from 2017)

Automationin industry advances quickly. Climate change is affecting rural Ghana, lowering agricultural yields
and displacing rural Ghanaians, and climate refugees seek out the city in hopes of a better life. Despite this,
economic environment is favourable.

Scenaio 2: Technological advancement, limited climate change impacts, economic growth

Table32. Scenario 2, operationalized: Technological advancement, limited climate change impacts, economic growth.

Technological advancement
Portautomatization 0.02 per year increase (ramp) from base level (200Z7)
Industrial automatization 0.02 per year increase (ramp) from base level (20047)
Climate change
Ruraturban migration -

Flooding -

Economic environment

Population capwnership + 2% points (step from standard value, starting 2017)
Economic growth + 2% points (step from standard value, starting 2017)

New enterprise construction normal + 2% points (step from standard value, starting 2017)
Competition of other nearbports -
Mobility of capital (FDI) Transport investment factor +1 (step from 2017)

Automation in Ghanaian industry advances quickly. Luckily, climate change is not affecting rural Ghana in a
significant way. In addition to this, the economic environmerfaivourable.
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Scenario 3: Limited technological advancement, high climate change impacts, economic stagnation

Table33. Scenario 3, operationalized: Limited technological advancement, high climate change impacts, economic stagnatio

Technological advancement

Port automation

Industrial automation

Climate change

Ruraturban migration

Attractiveness for migration (underemployed) factor grow
(ramp) to double between (2012037)

Flooding

Temporary increase (pulse train)rafn green spacby 200 ha every
5 years from 2017

Economic environment

Population car ownership

- 2% points (step from standard value, starting 2017)

Economic growth

- 2% points (step from standard value, starting 2017)

New enterprise construction norat

- 2% points (step from standard value, starting 2017)

Competition of other nearby ports

Port throughput growth-10% (amp 2017-2027)

Mobility of capital (FDI)

Transport investment factotl (step from 2017)

Automation in industry and port remains limited. Climate change is affecting rural Ghana, lowering agricultural
yields and displacing rural Ghanaians, and climate refugees seek out the city in hopes of a better life. In addition
to this, economic growth hastagnated, and stagnation economic environment and competition by nearby

ports has decreased port throughput in the port of Tema.

Scenario 4: Limited technological advancement, limited climate change impacts, economic stagnation

Table34. Scenario 4, operationalized: Limited technological advancement, limited climate change impacts, economic stagnation.

Technological advancement

Port automdion

Industrial automation

Climate change

Ruraturban migration

Flooding?

Economic environment

Population car ownership

- 2% points (step from standard value, starting 2017)

Economic growth

- 2% points (step from standard value, starting 2017)

New enterprise construction normal

- 2% points (step from standard value, start2@L7)

Competition of other nearby ports

Port throughput growth-10% (step from 2017)

Mobility of capital (FDI)

Transport investment factotl (step from 2017)
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The economic environment is stagnating, leading to diminished increases of per capita castopriewer
economic growth. Competition from other ports further reduces throughput of the port. FDI into road
infrastructure is reduced, stifling road construction. In conjunction with the economic stagnation, technological
advancement in industry remas limited. Fortunately, climate change impacts on Ghana remain limited, and
do not drive large scale migration or local flooding.

Scenario 5: Technological advancement, climate change impacts, economic stagnation

Table35. Technobgical advancement, climate change impacts, economic stagnation.

Technological advancement

Port automation 0.02 per year increase (ramp) from base level (200%7)

Industrial automation 0.02 per year increase (ramp) from base level (20047)

Climatechange

Ruraturban migration Attractiveness for migration (underemployed) factor grow
(ramp) to double between (2012037)

Flooding Temporary increase (pulse train)rafn green spacby 200 ha every

5 years from 2017

Economic environment
Populationcar ownership - 2% points (step from standard value, starting 2017)
Economic growth - 2% points (step from standard value, starting 2017)
New enterprise construction normal - 2% points (step from standard value, starting 2017)
Competition of othemearby ports Port throughput growthr10% (amp2017-2027)
Mobility of capital (FDI) Transport investment factotl (step from 2017)

The economic environment is stagnating, leading to diminished increases of per capita car ownership, lower
economic growth Competition from other ports further reduces throughput of the port. FDI into road
infrastructure is reduced, stifling road construction. Despite the economic stagnation, technological
advancement in industry and the port increases. At the same tinmeatdichange impacts on rural areas cause

a rise in ruralurban migration, and regular instances of local flooding.

SCENARIO IMPACTS

The effects of the scenarios on the model are explored by comparing with standard model behavior. The results
forselectedK Pl ' s ar e di s p Bahoegh38bel ow i n tabl es
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Table36. Model behavior under scenarios 1 and 2, compared with reference run.

KPI Scenario 1 Scenario 2
Driving Technological advancement, climate chan Technological advancement, no climg
forces impacts, favorable economic environment| change impacts, favorable econom
environment
Port 50,000 50,000
throughput 47500 1500
Z 25,000 Z 25,000
g E
12,500 12,500
0 0
1966 1981 1996 2011 2026 2041 2056 1966 1981 1996 2011 2026 2041 2056
Time (Year) Time (Year)
. Port throughput : reference run
gﬁﬁiﬂ:ﬁﬂgﬂgﬂ: : rseg;e;nc: 1rLIn Port throughput : Scenario 2
Land fraction ! .
occupied e .
5 5
25 25
0 0
1966 1981 1996 2011 2026 2041 2056 1966 1981 1996 2011 2026 2041 2056
Time (Year) Time (Year)
land fraction occupied : reference run land fraction occupied : reference run
land fraction occupied : Scenario 1 land fraction occupied : Scenario 2
Population 3m am
225M 225M
S <
g 15M % 15M
o o
750,000 750,000
0 0
1966 1981 1996 2011 2026 2041 2056 1966 1981 1996 2011 2026 2041 2056
Time (Year) Time (Year)
population : reference run population : reference run
population : Scenario 1 population : Scenario 2
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Fraction

underemplo ,
3 .
yed of
population 2 2
1 1
o 0
1966 1981 1996 2011 2026 2041 2056 1966 1981 1996 2011 (Yeaf)ozs 2041 2056
Time (Year) fraction underemployed of population : reference run
fraction underemployed of population : reference run fraction underemployed of population : Scenario 2
fraction underemployed of population : Scenario 1
New 20,000 20,000
Enterprise 15000 15,000
£ £
o 2
£ 10,000 £ 10,000
= 3
1<) <]
‘5_ o
5000 5000
o 0
1966 1981 1996 2011 2026 2041 2056 1966 1981 1996 %911 . 2026 2041 2056
Time (Year) ) ime (Year)
New Enterprise : reference run m:x Eﬂgpgzz . rseézrnear:icoezrun
New Enterprise : Scenario 1 P! .
Informal |y 900,000 900,000
housed 675,000 675,000
5 s
2 450,000 & 450,000
9 o
Q
225,000 225,000
0 0
1966 1981 1996 2011 2026 2041 2056 1966 1981 1996 %011 v 2026 2041 2056
Time (Year) _ ime (Year)
informally housed : reference run ::gm:::y Egﬂz:g rsecf::;r:ic: ;un
informally housed : Scenario 1 Y .
Fraction 3 3
underemplo
225 225
yed housing
of total 15 15
housing
075 075
o 0
1966 1981 1996 2011 2026 204l 2056 1966 1981 1996 2011 2026 2041 2056

Time (Year)
fraction underemployed housing of total housing : reference run

fraction underemployed housing of total housing : Scenario 1

Time (Year)
fraction underemployed housing of total housing : reference run
fraction underemployed housing of total housing : Scenario 2
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Road 3 3
congestion
225 225
15 15
.075 .075
0 0
1966 1981 1996 2011 2026 2041 2056 1966 1981 1996 2011 ~ 2026 2041 2056
Time (Year) Time (Year)
road congestion : reference run road congestion : reference run
road congestion : Scenario 1 road congestion : Scenario 2
Road Iength 20,000 20,000
15,000 15,000
£ 10,000 £ 10000
5000 5000
0 0
1066 1981 1996 2011 2026 2041 2056 1966 1981 1996 2011 ~ 2026 2041 2056
Time (Year) Time (Year)
road length : reference run road length : reference run
road length : Scenario 1 road length : Scenario 2
Green space| 5000
3750 3750
£ 2500 £ 2500
1250 1250
0 0
1966 1981 1996 2011 2026 2041 2056 1966 1981 1996 2011 2026 2041 2056
Time (Year) Time (Year)

Green space : reference run
Green space : Scenario 1

Green space : reference run

Green space : Scenario 2
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Table37. Model behavior under scenarios 3 and 4, compared with reference run.

KPI Scenario 3 Scenario 4
Driving Limited technological advancement, climg Limited technological advancement, limit¢
forces change impacts, economic stagnation climate change impacts, econom
stagnation
Port 50,000 50,000
throughput 47500 500
% 25,000 % 25,000
12,500 12,500
0 0
1966 1981 1996 2011 2026 2041 2056 1966 1981 1996 2011 2026 2041 2056
Time (Year) porth N ’ Time (Year)
rt it:
oo e e P S
Land fraction o 1
occupied ors .
45 5
225 25
0 0
1966 1981 1096 2011 2026 2041 2056 loe6 1981 1996 2011 =~ 2026 2041 2056
Time (Year) ) ) Time (Year)
land fraction occupied : reference run land fraction occupied reference run
land fraction occupied : Scenario 3 land fraction occupied : Scenario 4
Population 3m am
2.25M 225M
§ 15M g 15M
750,000 750,000
0 0
1966 1981 1996 2011 2026 2041 2056 1966 1981 1996 2011 2026 2041 2056
Time (Year) ) Time (Year)
population : reference run population reference run
population : Scenario 3 population : Scenario 4
Fraction 3 4
underemplo
yed of
population

= [N} w

0
1966

1981 1996 2011 2026 2056

Time (Year)
fraction underemployed of population : reference run
fraction underemployed of population : Scenario 3

2041

P IN) w

0
1966

1981 1996 2011 2026 2041 2056

Time (Year)
fraction underemployed of population : reference run
fraction underemployed of population : Scenario 4

162



9000
New 9000
Enterprise 6750 6750
B g
g g
8 4500 T 4500
] 3
S 8
5 s
2250 2250
0 0
1966 1981 1996 2011 2026 2041 2056 1966 1981 1996 ZOLL 2026 2041 2056
Time (Year) ) ime (Year)
New Enterprise : reference run m:x Eﬂgpzzz : g;zg:?:iun
New Enterprise : Scenario 3 P! :
00,000
Informally 900,000 900,
housed 675,000 675,000
s s
9 450,000 g 450,000
g o
Q
225,000 225,000
0 0
1966 1981 1996 2011 2026 2041 2056 1966 1981 1996 2011 2026 2041 2056
Time (Year) ime (Year)
i . informally housed : reference run
informally housed : reference run in . -
informally housed : Scenario 3 informally housed : Scenario 4
Fraction 3 3
underemplo
225 .225
yed housing
of total 15 15
housing
075 .075
0 0
1966 1981 1996 2011 2026 2041 2056 1966 1981 1996 0L 2026 2041 2056
Time (Year) ime (Year)

fraction underemployed housing of total housing : reference run

fraction underemployed housing of total housing : Scenario 3

fraction underemployed housing of total housing : reference run

fraction underemployed housing of total housing : Scenario 4

Road
congestion

3

.225

15

.075

0
1966 1981 1996 2011 2026 2041 2056
Time (Year)

road congestion : reference run
road congestion : Scenario 3

.225

15

.075

0
1966 1981 1996 2011 2026 2041 2056
Time (Year)

road congestion : reference run
road congestion : Scenario 4
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Road |ength 20,000 20,000
15,000 15,000
£ 10,000 £ 10,000
5000 5000
0 0
1966 1981 1996 2011 2026 2041 2056 1966 1981 1996 2011 2026 2041 2056
Time (Year) Time (Year)
road length : reference run road length : reference run
road length : Scenario 3 road length : Scenario 4
Green space 5000 5000
3750 3750
£ 2500 £ 2500
1250 1250
0 0
1966 1981 1996 2011 2026 2041 2056 1966 1981 1996 2011 = 2026 2041 2056
Time (Year) Time (Year)

Green space : reference run
Green space : Scenario 3

Green space : reference run

Green space : Scenario 4
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Table38. Model behavior under scenario 5, compared witeference run.

KPI Scenario 5
Driving Technological advancement, climate char
forces impacts, economic stagnation
Port 50,000
throughput 47500
% 25,000
12,500
0
1966 1981 1996 2011 2026 2041 2056
Time (Year)
Port throughput : reference run
Port throughput : Scenario 5
Land fraction !
occupied s
5
25
0
1966 1981 1996 2011 2026 2041 2056
Time (Year)
land fraction occupied : reference run
land fraction occupied : Scenario 5
Population 3M
225M
qé) 15M
750,000
0
1966 1981 1996 2011 2026 2041 2056

Time (Year)

population : reference run
population : Scenario 5
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Fraction “
underemplo
3
yed of
population 2
1
0
1966 1981 1996 2011 2026 2041 2056
Time (Year)
fraction underemployed of population : reference run
fraction underemployed of population : Scenario 5
N ew 20,000
Enterprise
15,000
.’é‘
=1
H
§ 10,000
S
o
I
a
5000
0
1966 1981 1996 2011 2026 2041 2056
Time (Year)
New Enterprise : reference run
New Enterprise : Scenario 5
Informally 900,000
housed
675,000
=4
o
£ 450,000
[
a
225,000
0
1966 1981 1996 2011 2026 2041 2056
Time (Year)
informally housed : reference run
informally housed : Scenario 5
Fraction 3
underemplo
225
yed housing
of total 15
housing
.075
0
1966 1981 1996 2011 2026 2041 2056
Time (Year)

fraction underemployed housing of total housing : reference run

fraction underemployed housing of total housing : Scenario 5
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Road
congestion

.225

15

.075

0

1966 1981 1996 2011 2026 2041 2056
Time (Year)
road congestion : reference run
road congestion : Scenario 5

Road length

20,000

15,000

£ 10,000

5000

0

1966 1981 1996 2011 2026 2041 2056
Time (Year)

road length : reference run
road length : Scenario 5

Green space

Ha

Green space

5000

3750

2500

1250

0

1966 1981 1996 2011 2026 2041 2056
Time (Year)

Green space : reference run
Green space : Scenario 5
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Table39. Scenarios mean impact scores on model KPIs (28057, discount factor 0%)

Weight | Scenario @ Scenario = Scenario = Scenario = Scenario

1 2 3 4 5

land.fraction.occupied 1 11.6% 10.4% -8.5% -10.0% -6.6%
population 1 0.2% -3.2% -4.8% -8.4% -14.0%
New.Enterprise 1 42.8% 45.4% 0.5% 1.8% 42.4%
production.units.total 1 34.9% 35.8% -11.3% -11.1% 9.3%
Green.space 1 -15.0% -21.7% 35.5% 30.2% 28.5%
fraction_.underemployed.of. -1 11.0% 0.3% 12 4% 1.1% -10.4%
population

gggﬂ?eﬂignr‘:orma"Of'tOta" . 43%  -30%  -15%  -06%  -5.3%
informally.housed -1 9.8% 18.5% 7.4% 17.7% 36.0%
road.length -1 -16.6% -14.9% 18.6% 20.2% 17.8%
road.congestion -1 13.8% 12.8% -24.6% -23.8% -28.5%
Total score - 66.2% 80.6% -1.0% 14.8% 69.1%

INTERPRETATION

The scenario analysis is as much an investigation of plausible futures as it is a way of assessing the validity of
mod el inferences. Partly, “model utility depends no
whether it responds with a reatis pattern ofbehavior ( Meadows & Wright, 2008 pp.
is whether the model responses to the presented scenarios are realistic and consistent with expected patterns

of behavior.

Climate change directly affects parity socieeconomicmakeup and average living standards. Large influx of
rural immigrants looking for employment leads to a higher fraction of underemployed class in the total
population, slum formation and increased informal settlement. Increased local flooding furthetsafifeng
quality of residents, but its impact on thmrt-city system as a whole seems negligible.

An economically beneficial environment leads to increased industrial growth in the city, leading to population
growth despite the rise of industrial andop automation. Technological advancement in the form of
progressing industry and port automati@ffect mainly labor and underemployed class: in reaction to the
reducedlabor needs and increased productivity, industry is seen to grow, causing a shuft-ofty population
composition to managerigirofessional at the cost of the labor class. While this seems to improve average
socioeconomic status in the city, the urban population polarizes, resulting in inedeiagquality. While
economic growth bendfs the portcity system soci@conomically despite climate change impacts, green space
suffers when land pressure rises from urban developments.
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Interestingly an environment of economic stagnation still leads to an increase of local industitye long

term, despitereduced road infrastructure constructiolhe main cause of this seems to be the reduced port
throughput resulting from competition and national economic stagnation. This mealused port ongestion,

and a relative advantage local businesses using the less congested pgorather factor is the reduced road
length following lower port throughput, which leaves more land for the city to grow and expand. This is a prime
example of the locafjlobal mismatch of port development, wre the port operations and resulting freight
flows stifle the city development and keep it from flourishing, despite the stimulus to the local industry. This
effect would become even more pronounced when port land use would rise as a result of increatsdar
shipping and handlind-urther research could expand the model to include port land use and the impacts of
the shift to container transport.

A study limitation regarding industry automation is that it is implicitly asstimet human capital is gsent or

can be created (i.e. through-migration of professionals or training of labor) (Lall et al., 1994). This is not
necessarily unrealistic, as the manufacturing industry in Ghana has a relatively high prevalenbeustkin
training of labor and eelatively well developed educational system. However, lack of human capital production
has been a limiting factor for industry technological development in the past (Lall & Pietrobello, 2003). That
would imply that technological advancement and automatahindustry in Ghana is partly endogenously
determined in the real world as well as in the model. Future research could investigate the strength of such a
relation.

The limited impact of local flooding on the system could mean two things: either &llg ret that important

for urban development as a whole, or it is merely an indication of the limitations of the model, meaning that
the chosen moddihg methodology or level of modelling are not sensitive (and therefore not useful) to this
problem. Thameans no strong inferences can be made regarding flooding on a system level.
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Appendix E.  INTERVIEW DATA

Questions asked included:

1 Do you agree with the way the model is conceptualized (assumptions, specification)? What would you
change, and how? Would you likeadd something that you think is missing from the model or sub
models?

1 Can the model be useful as a basis for strategic discussion betwearitpstakeholders?

InterviewCt 2 2 Nli 2 S7-RXII 2y G wmy

-Traffic flow theorie relateert capaciteit van de wegaworstroom aan congestie. Dat kan je die waarde voor
saturation capacity geven, en de vorm van je lookup. Er zijn system dynamics studies gedaan naar transport die
dat gebruiken (referenties worden doorgestuurd).

-Congestion effect op populatieracceptdele reistijd heeft ook een omslagpunt, e.g. mensen willen niet meer
dan twee uur reistijd naar hun werk. Maar dat kan in Afrika anders zijn.

-Kan ook leiden tot tijdelijke sloppenwijken, waar arbeiders voor constructieprojecten tijdelijk dichtbij een
sloppenwijk beginnen, dit gebeurt in China wel.

-Underemployed: zit verborgen werkloosheid ook in het model? E.g. vrouwen die maar niet solliciteren omdat
er geen werk is, maar anders wel zouden zijn gaan werken. (e.g. discussie mogelijk over wat de categorie
inhoudt)

-Port conceptualization: Port throughput is ook afhankelijk van internationale economie, niet alleen nationale.
Toevoegen in het model misschien als ruis.

-Havenautomatisering kan ook bijdragen aan capacity (verhoogde efficiéntie, meer kadiekbaap). Is veel
onderzoek over gedaan, Verbraeck is er mee bezig.

-Automatisering— meer hoogopgeleiden nodig? Effecten vallen mee, er is niet minder werk maar het soort
werk verandert (onderhoud robots etc.).

-Transport infrastructure investment is e@olicy in het model: dan ook linkje ertussen in conceptualisatie
-Land use: housing area lijkt erg groot, en informal housing area dan weer weinig.

-Green space: wat wordt er precies bedoeld met green space? E.g. grasland? Definitie en verssil skt
land niet meteen duidelijk.

-Production units total- betekenis niet meteen duidelijk

-Informal housing: interessant om de model run time te verlengen zodat je meer kan zeggen over hoe die late
piek verder gaat (ook al heb je dan misschien absurd langéane).
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Do you agree with the way the model is conceptualized (assumptions, specification)? What would you change,
and how? Would you like to add something that you think is missing from the modetlmosiets?

-Die traffic flow theory dan als onderbaing van transport congestion.
Can the model be useful as a basis for strategic discussion betweanitpstakeholders?

-Combinatie met group model building amegotiated knowledgéde Bruijn) te bouwen, mensen betrokken te
maken. Het werkt niet om nmesen een model in hun gezicht te duwen.

-Acceptatie model: begrijpen, geloven, er mee eens-zirOp te lossen door verschillende smiodellen en
relaties tussen sumodellen goed aan te geven (conceptualisatie). Optie: alternatieve assumpties die mensen
hebben en de effecten ervan dan direct verwerken in het model. De meest vette group model building sessies
is als iemand meteen mee modelleert.

Via negotiated knowledge naar acceptatie van het model. Dat kan een uitdaging zijn, vergelijking Amerika met
verschillen in opvatting tussen republikeinen en democraten. Maar dat kan in Ghana of andere landen in Afrika
anders zijn.

Expert consultationresearch integration meetingustainable Ports in AfrigsBeptember ¥, 2017.
Present: J.H. Slinger, W. de Bd€angeri, A., Vreugdenhil, H.

A presentation was held at the Sustainable Ports in Africa research integration meeting where experts on
ecology and port governance were preseltodel results and conceptualization were presented, after which
the experts wee asked to comment on the model and its outp@tiestions asked:

-What do you think of the model and results?
-How can the model be used in strategic discussion withqityrstakeholders?

It was explainedh reaction to a questiothat the TemaAcquisition Area was chosen as a model boundary, as
the wider area that is considered part of the Tema Metropolitan Area is not part of the city socially and
economically. Guidelines are however needed on how to choose model boundaries in potentiainficilee

use.

A shortcoming of the model teuched uporthat proximity to Accra and other urban areiamot considered in
the model. his means the impact of commuters on the model is not considecadteptually

The perspective taken by the model is fromity planning perspectivieather than a port planning perspective
as port operations and spatial impacts are not explicitly modelled. Port planners could however the model and
its inferences to agendize issues for talking to city planners.

In the contextof port-city planning, the model could be used as a boundary object in discussing the effects and
influences of ports, and facilitate discussion between stakeholders.
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The issue is raised that the aggregate and conceptual nature of the model might nizdeeldt for local
residents of the port city to identify with its structure and model outcomes, as they know a more nuanced
picture of the development of their cignd could resist the simplifications made in the model

The idea is then raised to take theodeland its assumptionsut of the view of the stakeholders altogether by
turning it intoCiat g e dlayoraviouldgbe presen{ed vidtio a simplified visualization of
urban development, influenced by port expansions. Players coald #pply interventions to the model and
get direct feedback on the impact on perity development.

The Tema case is used as a problem in a class on the system dynamics method, given in Delft.

Comments were made on the model boundary choice, or the laed that is assigned to Tema in the model,
as this influences the size the city can grow to. A discussion followed on whether green space
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Appendix F. R-SCRIPT CODE FOR MODBETPUT ANALYSISDANSUALIZATION

This section contains the-¢®dde used for model analigs Software requirements: The code was used with R

3.4.1, and Rstudio 1.0.153Vensim model dataset exportation settingport as.csy Save list preferably the

KPlI’'s wused in the an alimesinngigdown The sanift Wwoekig slireciory emeegsdos s i b | e
set to the folder containing the exported model output datafiles.

#Set working directory and load necessary libraries
setwd ("O:/Afstuderen/Models final/" )
library  (fmsb)

library  (radarchart )

library  (formattable )

#load runs

refrun  <- read.table ("reference run.csv" , header =TRUEsep ="" , stringsAsFactors =FALSE)
policy <- read.table ("Slum housing demolition program (200).csv" , header =TRUEsep ="" ,
stringsAsFactors =FALSE)

graphtitle <-"Low cost housing program (200) (unweighted)"

##Choose weighting!
Weights <-c(0,1,1,1,1,1,-1,-1,-1,-1,-1)

#create years of interest, choose discount factor
range = seq(2017, 2057, by=1)
discountingfactor <-0.0

#Setup headings for results table and weights
Scores <-policy [0,]
# Add Weights to table
for (i in 1:ncol (Scores )}
Scores [ 1,i ]<-Weights [i]}
Weights <- Scores
Scores <- policy [0, ]

#Create results

years = range # this can be changed to something else
pol <-c()

ref <-c()

scor <-0

rowcounter <-1

#Create results: for every year and every KPI value, calculate the relative change
between reference and intervention, and apply discount rate.
for (j in 1:ncol (Scores )}
rowcounter <-1
for (i in (years -1965))¢
pol [ rowcounter ]<-policy [ij 1]
ref [rowcounter ]<-refrun [ij ]
scor [ rowcounter ]<- (pol [ rowcounter ]-ref [rowcounter ])/ ref [rowcounter ]
scor <-scor [ rowcounter ]*( 1- discountingfactor W i-52)
Scores [ rowcounter,j  ]< - scor
rowcounter <-rowcounter +1}}

#add model time ( years ) to scores -table
count <-1
for (i in years ){

Scores [count, 1]<-i

count <-count +1}
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#Weighing radarchart effects: Weigh the deviation scores, add 1 for normalization
Normscores <- Scores
for (i in 1:ncol (Normscores )){

print (i)

Normscores [,i ]<-Scores [,i ]* abs(Weights [,i ])+ 1} #abs tokeep direction of impact
Normscores [, 1]< - Scores [, 1]

Meanscores <- Weights
for (i in 2:ncol (Scores )X

Meanscores [,i ]<- mean(Scores [,i 1)}
Meanscores <- Meanscores [ - 1]

#Sum weights to divide by later
Weights
Weightsum <- sum(( abs ( Weights [ - 1])))

#Weigh nean scores, add them up
Meanscores <- Meanscores *( Weights [ - 1])

Meanscores

Totalscore  <- sum( Meanscores )
Totalscore  <-round ( Totalscore, )
Totalscore

##RadarChart: define years to plot##

years2 = c( , ,

Normscores2 <- Normscores [ Normscores $Time %in% years2, |
d<- data.frame (Normscores2 )

d.T <- t(d[, 2:ncol (d)])

colnames (d.T) <- d[, 1]

labs <-rownames (d.T)

##plot radarchart

e.T <-chind (as.character (labs ), as.data.frame (d.T))

chartJSRadar ( scores = e.T,labelSize =12, width = , height = , scaleStepWidth = ,
maxScale = ,main = graphtitle, polyAlpha = , scaleLineWidth =5)

#tend##

#HMCA table##

Resultstable  <-t ( Meanscores )
colnames ( Resultstable )< - "Score”

Weights.T <-t (Weights [ - 1])
colnames (Weights.T )<-"Weight"

Resultstable  <-chind (Weights.T, Resultstable )
Totalscore <-chind (1,Totalscore )
Resultstable  <-rbind ( Resultstable, Totalscore )

Resultstable  <- data.frame ( Resultstable )

Resultstable [, 2]< - percent ( Resultstable [, 2] ,digit =1)
##Plot table##
formattable  ( Resultstable, list (
Score = formatter (
"span" ,
style = x ~ style (color = ifelse (x < , 'red" , "green" )),
X ~ icontext (ifelse (x < 0, "arrow -down", "arrow -up"),X ))
)

#Restate discounting factor to check
Discountingfactor
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A System Dynamics Exploration of PortCity Development
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Abstract

Largescale infrastructure projects such as ports can have a significant impact on the development of nearby cities. Wt
economic benefits of the port spill over to other regions, often internationally operating firmsitipsrexperience negative
externalities like environmental and land use issues and traffic congestion. Traditional port impact studies are expensive,
of fer a static picture that doesnoédt t-atk®stemnThare issacneed fomat
comprehensive dynamic model of paity development, incorporating beneficial and negative externalities of port infrastructure
development on the city and pariban green space. A system dynamics modelling study is performedhssicase study of
Tema ad its port on the Gulf of Guinea in Ghana, to evaluate interventions for sustainakdiéypdet/elopment in an African
context. A model is conceptualized and specified, based on
of awvailable data. Itincorporates andxplicitty models road transport congestion, informal settlement and green space
encroachment, as well as port infrastructure. Model testing and use show that thés ribfiel the purpose of exploring the

long term impcts of port infrastructure investmentsthe porcity systemlnterventionsiming atsustainable developmeaste
simulated andevaluated for their performancBRecommendations regarding interventions and the potential future use of the
model with stakiolders are made.

Keywords:

port-city development, sustainable development, port infrastructure impacts, exesnaltem dynamics modelling, urban
development

sustainable development of cities i one of t h

1 Introduction . . . :
o _ sustainable development goals, alongside goals like climate

Urbanization is a worldwide trend/ore than half of the change action and ecological preservation.

Earthodés population already || ives

% n urban areas, and
As cities expand they put more pressure on their
environment, both in the form of emissions and changes in
land use and encroachment. In developing countries this
socioecological aspect of city development can be readily
observed. Here urbanization genlgraccurs more rapidly
and uncoordinated, and more haphazard development occurs

number is expected to rise even further in the coming
decades. Rapid growth of cities and urbanization is observed
and expected to continue, most prominently in Africa and
Asia (United Nations, 2014). However, cities worldwide
face many challenges. Congestion, housing shortages and
declining infrastructure are only some of the many problems
facing cities (United Nations, 2016). That is why the
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in regions of ecological importance when compared to
countries that are already more developed (Cohen, 2006).

Largescale infrastructure projects such as ports can have
a significant impact on the development of nearby cities.
While providing jobs and stimulatirthelocal economythe
understanding of howuch projects affect city composition
and quality of life on the medium to long teisnacking as
are insights regardingffective policies to immve portcity
performance (Merk and Dang, 2013).

Port infrastructure investments are often cited as being
beneficial to local and regional economic development
(Musso, Benacchio, Ferrari and Haralambides, 2000).
However, citieosting ports experience both beneficial and
detrimental impacts from theirpresence Generally
speaking, th@ositive impacts are econoniicnature, while
the negative impacts take the form of externalities like
environmental issues, land use and traffiongestion
(Brunila, KunnaaleHyrkki, and Hamalainen, 2015; Merk,
2013). Port cities experience what is deemed a-igichlal
or portcity mismatch (Rodrigue, Comtois and Slack, 2017,
Merk, 2013): benefits of the port spill over to other regions,
often irternationally operating firms, while the negative
externalities are experienced locally in the gmity.

These negative externalities become more important as
containerization andincreasing contestability ofport
hinterlang increases competition betweeports and
increases the pressure for efficienpgrt investmend and
the involvement of private parties (Musso, Benacchio,
Ferrari, and Haralambides, 2000).

As the interests of ports and their cities are diverging
(Merk and Dang, 2013), city budgetsaronstrained and
negative externalities of port presence are experienced, cities
and public institutions (as major shareholders in ports) put
pressure on ports to engage in practices of economic
devel opment in the <city
environmental and spatial impacts of port developrhent
received increasing weight in the societal debate on port
operations and development (Dooms, 2014). Social conflicts
related to port development, involving port authorities,
community groups, local biress community, national and
local government, are becoming increasingilevant
(Musso, Benacchio, Ferrari, and Haralambides, 2000). As
such, port planning can no longer be basedusivelyon
the opinions oéngineersinfrastructure specialists, trgport
economists or lawyers. Port plannimgeds totake into
account the relationship between the port and the tbigy,

(Pi

economic and environmental impaasdthe stakeholders
(Moglia and Sanguineri, 2003).

As port communities provide ports with thesocial
license to operate, port managing bodies have been pushed
to adapt their strategies towards local community
stakeholders, involving local stakeholders in the port
planning process, strengthening communication links with
local communities and incorpating sustainability
indicators in their reporting on port performance (lrcha,
2012; Adams, Quinonez, Pallis, and Wakeman, 2009;
Dooms, 2014)

Traditional port impact studies are still of use in such an
integrated port planning process, but they have two
important drawbacks: firstly, they present only a static
picture of expected port impacts, ignoring the effects of port
development over time, changes in port operations (e.g.
automation) and uncertainties influencing the qodst
system. Secondly, whildaey can serve as an important tool
to the community in understanding the structure of a port as
well as its immediate economic effects, they tend to
overestimate benefits while underestimating negative
impacts (Musso, Benacchio, Ferrari, and Haralambides
2000).

An ex-ante evaluation method is needed that takes into
account the tradeffs that exist regarding sustainable port
city development, including metrics for both port
performance and soc&conomic impacts (Fusco Girard,
2010; Xiao and Lam, 201 Musso, Benacchio, Ferrari, and
Haralambides, 2000). Howeverather than as static,
separate entities, ports and their cities should be considered
as single complex adaptive systems, characterized by mutual
positive and negative interdependencies and ndgthlinear
processes (Fusco Girard, 2010). However, empirical studies
of ports systems and urban systems often study these systems
separately. Tg rreqt literature regardin integrated
s s@\i%dble e%ecltjopr?;ht ofaé;;}iortn Si\?igs isg rt?t%er %ge% 0
(Merk, 2013; Xiao and Lam, 2017). This study aims to
contribute to deepening understanding of sustainable port
city development.

The system dynamics modellingpproachis applied to
model the impacts of port infrastructure investments on the
development of the Ghaian port city of Tema\ecessary
assumptiongegarding urban and port development in a
developing country contexare explicatd so that the
beneficial and detrimental aspects of port expansia
modelled The resulting model is envisaged to support
stakeholdetinclusive port desigin the future (cf. Slinger et
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al., 2017) andto enable theyeneration and evaluation of
interventions for sustainable paity development.

The researchforms a component dhe Integrated and
Sustainable (Green) Ports Africa study carried out in
response to a research call from the research and innovation
programme OUrbaniosindd D&I 1 a
2017; ). It addressesa gap within that project by
investigating and modelling the so@gonomic impact of
port infrastructure developments ian their cities in
developing countries.

1.1 Research Objective

The researctaims to usesystem dynamics modelling to
represent the development of the city of Tema and its port
and evaluate interventions for sustainable -pityt
development in African context.

The modelling output include bothpotential
development dynamicsf the city with and without the
impacts of port infrastructure expansions, and
exploration of robusinterventions for sstainable portity
development, mitigating port negative externalities.

the

1.2 Outline of the paper

The paper is structured as follows: first a brief overview of
model conceptualization process is provided. Then model
verification and validation are discussed. Chapter 3 provides
an overview of modelling results, including the modeling of
port expansionmpacts on the podity system. Lastly, the
conclusioraddresses the research objectared avenues for
further research are presented.

2 Model Development

The gstem dynamics modelling approach is used for the
modelling of the portity system.Reasonsdr this include

its ability to include a wide breadth of potential feedback
loops and effects in the model, its limited computational
requirements facilitating experimentation and testing, and its
strengths in explaining observed model behavior due to its
explicit causal structure.

Rather than developing an urban model from scratch,
Forresterb6s Urban Dynamics
base for the modelling effogivenits ability to model urban
developmentin response tgrocesses endogenous to the
urban gstem and its modest data needs. The latter factor is
particularly advantageous when modelling in a developing
country context, where data availability may be poor.

mo

Other reasons include arguments that the model is
appropriate for representing a developing country city
(Saeed, 1994), its ability to facilitate the impacts of different
assumptions and interventions on model behavior, and its
potentialability to functon as a sounding board to strategic

ersatigns ..on ,,,Sustainable port expansion with
gk)éarfolaéeﬁrsﬁ(&g \\/]\{ 1973; Alfeld, 1995unningham,
Hermans, and Slinger, 2014)

Conceptualizing the model presents a threefold

challenge:

1) Adding model structurefer port infrastructure, road
transport infrastructure, and green space
encroachment

2) Adapting model structure to represethe urban

developmentof a developing country city (i.e
informal settlement, econory

Adaping existing model parameters to local (&)
conditions (e.g. housing densities, birth rates)

3)

The modelling effort is grounded in scientific literature
on the relevant topics, and on knowledge obtained in a
participatory stakeholder engagement setting to extract
local priorities and values reghing sustainable podity
development (Slinger et al., 2017).

Figure 1 depicts a boundary diagram of the model,
showing how various concepts are represented in the
model.

Excluded

Service Energy and

Exogenous utilities

sector

Climate
change

Economic
environment

Endogenous

Congestion

Housing

Green space

Indust
v encroachment

Land use
Informal
settlement

Road
transport

Employment

Informal
employment
Port
infrastructure

automation
Technological
advancement

Political

stabili
disaggregation ability
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Figurel. Boundary diagram of the final Tema Dynamics model

showing endogenougxogenous and excluded factors
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(Appendix D.)
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Figure 2. System diagram of the research problem, showing model elements, extéaa@rs, relevant stakeholders and a selection of model outcomes of interest

estates were built that have since degraded to slum status
(UNCHS (HABITAT), 2003). Tema is an appropriate case
study with its industrial character and substngort
prominence (Apeaning and Thollander, 2013; Ducruet and
Lee, 2006). Green space is modeled to represent Sakumo
and Chemu lagoons, (former) wetland estuaries, the first of

capacity,

infrastructure supply/demand pecsipe

(Brebbia, 2007; Shuo, 1999; European Conference of
Ministers of Transport, 2007), demarcating the problem to
focus on urban road transport only. Urban road demand is
generated by port freight, population and industry in the
urban system, and modelédsed on growth factors as to

limit data needs and model complexity.

Port infrastructure capacity and throughput are modeled
on an aggregate scale and affect the city through road

which is a RAMSAR site of ecological importance (Kangeri,
fortcoming; Appiah ad Yankson, 2012). Both experience
the threat of pollution and urban encroachment.

To make the model robust to potential data availability
issues, transport congestion is modeled from a macro
demand, and direct and indirect employment from
construction and operati@nd an industry multiplier effect.

Informal settlement in the model results from a shortage
of formal housing construction, and houses both laborers
and underemployed, reflecting local settling behavior
(Owusu, 1991).

Several influential exogenous factorsave been
identified and included iascenario analysig-igure 2) Port
and industry automation reflect the impacts of

181



containerization on port direct employment and potential
impacts of technological advancements in industry on labor
(Rodrigue, Comtoisand Slack, 2017; World Bank, 2016).
The eonomicfactors included are economimpacts on
shipping volumes, infrastructure investments

and population car ownership rates. Climate change impacts
on the city comprise local flooding risk and increased}
urban migration (World Bank, 2017; Gomez et al., 2008;
Faist and Schade, 2013). The model is not spatially
disaggregated

The model has been specified in the simulation package
Vensim, based on Forrester (1970) and estimations of causal
relationsdrawn fromliterature.The final modécontains 27
stocks and some 220 variables in tokdbdel verification
tests havdeen performed based on tipgidelines laid out
by Sterman (2000), and model validation was done by
performing a full sensitivity analysiscomparing model
output with available historical data, and expert
consultation.

The model verification and validation process showed
that the model, despite some conceptual limitations owing to
the lack of spatial disaggregation, adequately models the
development of the city of Tema and the impacts resulting
from port infrastructure expansion.

3 Modelling results
3.1

The basic run describes urban development filling the
available land (Figure 3).

Basic run

20,000

15,000

10,000

5000

o .
1966

1981

1996 2011 2026

Time (Year)

2041 2056

Figure3. Cumulative land use. (1) Green space, (2) available land,
(3) road infrastructure, (4) industry, (5) informal settlement, (6)
formal housing

As urban area land pressures mount, green space is
encroached upon (Figure 4). To compensate for the lack of
spatal disaggregation, a proximity effect is included to
represent green space proximity to urban cemétences
on settlement.

3.2 Port expansion impacts on informal settlement,
congestion and green space encroachment

Following the proposed 2015 port expansion, port
throughput may triple from 2015 values, if it rises to the new
port capacity. This will significantly add to the demand for
urban road infrastructure: congestion levels are seen to rise
dramatically, up to 8%, if no measures are taken to divert
cargo transportation away from the urban road system
(Figure 4).

road congestion

.225

12\1 /‘\1 ,
2
17
15 LNB \ 1’2/\ N 2
1}J 1 — —1 =5 o L
4y [ ~,
075 p ]

0
&
1966 1976 1986 1996 2006 2016 2026 2036 2046 2056 206¢
Time (Year)
road congestion : no 2015 port expansiot —1 —1 —1 —1 —1 —1 —1
road congestion : 2015 pOrt @XPaNSIQ2 =2 «ww e ww v e )

Figure 4. Simulated road congestion levels over time without (1) and with (2)
2015 port expansion

However, this increase results both from pditect
impacts, and from indirect effects of increased industry and
population growth. The progressive throughput growth
means that the simulated congestion increase lasts nearly a
quarter of the model run time horizon of 100 years, despite
increased invements in road infrastructure. The lack of
spatial detail in the model however precludes the modelling
of localized bottlenecks, which likely results in an
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underestimation of actual congestion levels.
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Figure 5. Accelerated green space encroachment aft@t® port expansion

@

While green space encroachment is sped up with port
infrastructure investments, eventually all pemMban green
space is encroached uporboth scenarios (Figure 5).

3.3

Simulation shows that progsive port and industry
automation can have significant impact on the city socio
economic climate. While mostly affecting labdass
residents, the urban population polarizes and inequality is
increased.

Port city developmental patterns

Impacts of different modes of port expansion agtdeat on
the portcity system are explored.

Port capacity
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Figure 6. Port capacity for modular port expansion (1) vs. actual 2015 port

expansion schemé2) over time

Modular port expansion (Figure 6) has both beneficial and
detrimental effects on the pasity compared to a single

larger expansion. The stimulating effect on local industry is
more spread out over time, leading to a longer lasting
impulse for the local economy. However, congestion is
increased dramatically even though the total expansion
amount isultimately the same for both situations. Green

space is also adversely affected on the longer term,
indicating increased land pressure arising from paced port
development. In scenarios of economic growth this can lead
to serious congestion in the longnefFigure 7).
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Figure7. Congestion resulting from modular port expansion (1) vs. 2015 port
expansion (2)

As the city profits from a dosed increase of port negative
externalities, it can more readily develop (Figure 8).
Subsequent port capacity expams are then met with
saious land scarcity constraints, as the city has claimed port
city land areaConversely, in a single, larger port expansion
scenario, the port claims the space first, and congestion is
reduced partly by a stifling of the city poptibn and
industrial development.
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Figure 8. Radarchart of relative changes per model outcome of interest
between 2015 port expansion and modular port expansion for 2017, 2027,
2047

From the perspective of a port it is better to expand
dramatically and stifle urban development, claim
infrastructure and port space before land is taken for other
(urban) developmental needs and developments. From the
perspective of the padity, a lesgapid port development is
preferred.
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This relates back to the theory of port city evolution by
Ducruet and Lee (2006), which sought to describe port city
evolution patterns over timebased on port and city
characteristics (Figur@).

By expanding the port so dramatically at one time (2015),
Port of Tema might have set out the path of development for
the portcity of Tema. If port throughput indeed rises to port
capacity, urban develommt may increasingly suffer from

the negative externalities and developmental constraints. In
that case the city might be
for Accra and the port hinterland (Figure 10), at the cost of
its own socieeconomic development. Theg t woul d
the city for its labor and road infrastructure. This parasitic
effect would be even greater if port operations are
automated, reducing port employment of local workers. This
may further threaten the pc
(Ircha,2012; Adams et al., 2009; Dooms, 2014).

®
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Figure 10. Port city evolution: a question of dominar
(Adapted from Ducruet and Lee, 2006)

Interventions that reduce port negative externalities might
mean the difference between that scenario, aneiistence
as a more balanced city.

3.4 Exploring and evaluating strategies for sustainable
urban development

The model and its structure have been used to systematically
generate potential interventions on the joity system.
Systems thinking and archetypes, and sensitivity analysis
results were then appliedto look for highleverage,
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systematic solutions to the externalities of port expansion
such as congestion and green space encroachment.

Promising approachesgere simulatednd evaluated for
effectiveness and robustness. Model results show how
interventions aiming at reducing traffic congestion are
relatively ineffective as improvements are offset by
increased migration and industrial activity, in ternsirgg
road demandHowever, they allow the urban system to
function at a highedevelopmentatlensity and economic
level.

Interestingly, moving port freight by rail is only partly
effective in reducing congestion in the city. While it reduces
the need for road investments esially on the short term by
relieving congestion, later in the model run subsequent
increases of port freight add additional congestion to the
now lockedin urban transportation network and more
densely developecity.
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Figure 11.. Road congestion ovéme for increased port freight by rail (1) vs.
the reference run (2)

Combining port road demand reducing interventions
with interventions that target per capita road use, such as
public transportation or the stimulating of bicycle use, do
have a lasting ductive effect on congestio@ffering an
alternative to road use to both urban residents and port
freight transportation seems to facilitate sustainable port and
city co-existence.

Green space encroachment proves more difficult to
control. Model structure suggests two approaches 1) limiting
urban growth and 2) enforcing a minimum size by
conservation. Simulation shows how zoning area restrictions
have little beneficial impacts on gne space, while harming

the portcity sociceconomically. The possibility of informal
housing renders such policies ineffective.

Active green space protecti®effective however. This
intervention may be difficult to achieve in developing
countries, whth often experience resource constraints and
political interference circumventing regulations. However,
if those constraints can be lifted, simulation shows it may
conserve greenspac@350 Ha) with little detrimental
impact on the pottity system populdion reduction would
be less than 5% and New enterprise stock reduction would
be less than 6% averaged over the model run in all modelled
scenarios.

The city would be slightly smaller, with the stock of new
enterprises peaking only 3% lower than in thi&enence
scenario, and would only be marginally worse off socio
economically. This effect is robust to uncertainty regarding
external factors.

Green space conservation is significant especially in
scenarios of economic growth: averaged over the model run
green space area would increase at least 250%, with a
maximum of 600% in scenarios with a favourable economic
environment and automation.
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Figurel2. Stock of New enterprises over time, with green space conservation
(1350 Ha) (1), and in the reference rud)(

Simulation of slum housing interventions proposed by
Forrester in his original Urban Dynamics study (1970) show
that these are not effective in developing country context.
Rather than reducing the population of underemployed in
the city and acting assmurce of urban renewal, demolition
of 6slum estatesd6 in Tema
constructed for workers that has dilapidated) is shown to
lead to an increase of informal settlement. Similarly,-low
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income housing programs (200 housing units/yjttle to
reduce informal settlement: a less than 5% reduction is
simulated, owing to increased influx of rutaban
migrants. The best solution seems to be to empower
residents to finance formal housing: a 25% increase in
worker housing construction wiglilead to a 28% decline

in informally settled/population ratio.

Modelling shows interventions may be combined to
beneficial effect. A combination of the most effective
interventions aimed at reducing port externalities show that
improvements can be madethe porcity system without
adverse longerm impactsKigure 13)
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Figure 13. Combined intervention relative impacts in 2017, 2027 and 2047
4 Conclusions

Model use its ability to simulate the effects of port
expansion on the pecity system. The explicit causal
structure of the model facilitates the identification of
potential interventions for sustainable poity
development.

The portcity system follevs a developmental pattern
that is a variation of logistic growth in a resource
constrained environment, with the urban land area being the
limiting resource.Port infrastructure investments tend to
trigger the system to behave more dynamically, attracting
more industrial development and migration to the city based
on increased employment opportunities. This accelerates
the encroachment of Tema on its green space by ca. 10%.

Green space acts as a buffer for the city to expand into,
postponing the actual nstraining of the po#tity system

until green space is consumed as well, and growth
stagnates. Simulation shows green spacevisntually
completely encroached upon unless it is actively protected.
The possibility of informal housing renders housing and
industrial zoning policies less effective for this.
Conservation of green space is shown to have limited
consequences for the paity sociceconomic climate, but
may be difficult to achieve due to resource constraints, the
influence of traditional authdres and potential political
interference.

The possibility of informal settlement around the city
renders policies that involve the demolition of (formal)
slum estates ineffective, as evicted people settle informally.
Refurbishment of slum estates, inciagstheir socie
economic status, would have a similar little impact, due to
a Owaterbed effecto6: wlassl e
families in the city, up to 20% increase of underemployed
is observed. However, refurbishment of slum estates
becomes mar effective when land area is filled.

Scenario analysis shows how the city of Tema might
become o6l ocked6 in a state
for example triggered by port expansion. As informal
housing rapidly claims available urban land, less is
available for formal and industrial housing developments,
stagnating urban growth. Increasing the capacity of
residents to finance formal housing may relieve this
situation.

Assessing different modes of port expansion reveals a
key finding for porcity devdopment patterns. The
question of portity development revolves around the
notion who claims the most land the first: the port or the
city. If port development holds back or takes a dosed
approach, urban activities benefit and claim the available
land. Sibsequent port development is then met by serious
constraints regarding transport infrastructure construction
limitations, due to increased urban developments in the
land.

From the perspective of a port it is better to expand
dramatically and stifle urbandevelopment, claim
infrastructure and port space before land is taken for other
(urban) developmental needs and developments. From the
perspective of the podity, a less rapid port development is
preferred, although negative externalites may be more
pronounced on the long term as options to mitigate road
congestion may be more (spgosonstrained at that point.

These findings connect to theory on paity evolution
which categorizes podities by respective urban and port
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prominence. It suggests thabrtcity evolution is not
merely something that happens organically, but is actively
decided by certain stakeholders in the it system.
More concretely, pottity evolution may be (partly) the
result of investment decisions by international shipping
lines and terminal operators, who thereby increase port
intermediacy and prominence which may in turn stifle
urban development through externalities.

If port prominence is claimed like it is right now in
Tema, investments by private parties may dictate th
development of African potities by constraining their
urban development. Port authorities are torn between a
responsibility for and pressures from their local
communities on the one side, and the commercial
requirements of terminal operators regardirihe
exploitation of their port on the other. Active mitigation of
port externalities with lastingly effective interventions may
allow for sustainable African podty development that
benefits both parties.

In general, both port expansion and port edtoan be a
source for urban renewal for a African port cities that have
reached a phase of stagnation. Port expansion could provide
a stimulus to the local economy, increasing industrial
developments, but land area scarcity and port negative
externalitiesmean that such an economic improvement
would be shortived unless externalities are actively
mitigated. Port retreat, while leading to short term loss of
direct employment, may be a source of more lasting urban
renewal when port negative externalitieduee their
constraining effect on the city.

The model has been proven useful in simulating
developing country poitity development challenges and
port infrastructure expansion impacts, and in the generation
of highleverage interventions. It shows how teys
dynamics can be effectively used in a relatively getar
environment, to model the development of the city of Tema
and its port and evaluate interventions for sustainable port
city development in an African context.

While its level of aggregation migreclude its use as an
urban planning or prediction tool, it may be used as part of
the port planning process to convey to key stakeholders a
systems perspective and understanding of -gityrt
development dynamics. The relative complexity and high
level of aggregation of the model however suggest that a
strategy needs to be designed for this.

5 Recommendations

Recommendations for further research include the
application of the model to other developing country port
cities to evaluate external validity of model results and
causal relations, and the applicability of the model to other
port cities. Suggestions amade for model adaptations that
could be relevant in other port cities, such as port land use
impacts, which were not a priority in Tema.

Further research is proposed on the use of the model as
a boundary object in strategic conversation, combining
principles from group model building and network
management and process design. An alternative approach
may be the conversion of the simulation model into a
serious game of port city development, facilitating
discussion and the evaluation of interventions fat-piby
sustainable development amongst stakeholders.
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