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E X E C U T I V E S U M M A R Y

The novel coronavirus epidemic (also known as COVID-19) has spread across the globe,
infecting millions of people and taking the lives of over 4 million people. From 8 billion
people worldwide, an approximate 80 million people are refugees or other forcibly dis-
placed people. As a result of ongoing political conflicts, violations and discrimination,
these people were forced to leave their home countries and are one of the most vulnera-
ble populations in the world [UNHCR, 2021a].

Although every person can be infected by COVID-19, gaps between the rich and the
poor have widened since the World Health Organization (WHO) declared COVID-19 as
a global pandemic. As one of the poorest, refugees do not only face the health-related
challenges, but are also faced with economic and social challenges which are linked to
the pandemic [Goolsbee and Syverson, 2021]. Since the start of COVID-19, economies
and health systems were highly pressured, and for many children education was limited
for months. For underdeveloped countries, which host over 80% of the total population
of refugees, these disruptions were most significantly visible [UNHCR, 2021a]. One of
the main priorities for these countries is to make up for the losses which were caused by
the devastating impact of COVID-19. This requires the provision of adequate assistance
on health, economic and social related challenges.

One of the biggest refugee populations in the world are the Rohingya refugees in
Bangladesh. Driven by many different conflicts over the past decades, up to 1 mil-
lion Rohingyas are now hosted in refugee camps. Here, the Bangladesh Government in
cooperation with different humanitarian aid organizations work on several projects in
order to provide the vulnerable Rohingyas with humanitarian aid assistance [UNHCR,
2020a]. But apart from their high reliance on external aid, Rohingyas have also become
more active in creating livelihood-generating activities by themselves, many times in
close cooperation with host communities. Over the past decades, small economies have
emerged inside and around the camp settlements. Here, both populations have raised
small businesses, trade goods at local markets and lend services to each other. As a
result, living conditions for both the Rohingyas and host communities have improved:
income-security has improved, access to water, food and other essentials is more stabi-
lized and self-reliance has grown [Filipski et al., 2020].

However, COVID-19 has posed new challenges on the Rohingya population. Namely,
several contact reducing measures were implemented by the Government of Bangladesh,
such as (partial) lockdowns and in-camp movement restrictions [IDC, 2020]. Although
these measures are proven to be an effective policy instrument to limit contacts between
people, and therefore controlling the spread of COVID-19 [Grauer et al., 2020], they also
cut off all economic dependencies among Rohingyas and with host communities. As
a result, sources of daily income-generation were limited for months causing a growth
in their reliance on external aid for the first time in years [Kamal et al., 2020; Bukuluki
et al., 2020].

This shows, the high vulnerability of Rohingya refugees can be highlighted through
different dimensions. Health-wise, implementing far-reaching measures for minimiz-
ing risks of getting infected by COVID-19 might be effective. But keeping the camps
in isolation for months, other challenges emerge regarding economic problems, mental
health and education. This shows the highly complex nature of an effective response to
COVID-19 in the Rohingya refugee camps. After months of traditional measures and
the development of undesirable side effects of these, vaccines can be a more long-term
solution for an effective COVID-19 response in the Rohingya refugee camps, as differ-
ent COVID-19 vaccines have reached their final stage of development and some are even
distributed.
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Vaccines offer a faster opportunity to slow down the spread of COVID-19 [Grauer et al.,
2020], and the Government of Bangladesh has published a first draft of their Vaccina-
tion Program. At the time of writing, just over 2% of the Bangladesh population is
vaccinated, and the Bangladesh Government can play a key role to protect Rohingyas
by including them in their vaccination program [UNHCR, 2021a]. But at the same time,
Bangladesh suffers from high vaccine scarcity and delivery problems, which is not ex-
pected to change in the upcoming months. In order to deal with vaccine scarcity, the
government needs to decide on whom to prioritize for available vaccines. This is a
complex task, as decision-making on vaccine allocation not only depends on vaccine
availability, but also ethical factors should be weighed.

To support and improve the COVID-19 response in Rohingya camps, this research aims
at comparing different COVID-19 vaccine allocation strategies which can be applied to
the Rohingya population. Here, not only health-related risks are considered for an effec-
tive response, but also economic values which serve as a source of livelihood generation.
To do so, a main research question is formulated which guides this research: What vac-
cine allocation strategies can be identified as an effective trade-off between allowing
individual interactions and controlling COVID-19 infections in an open-system refugee
camp settlement?

In order to answer this question, a system is defined which is an integration of four con-
cepts: (1) refugee-host interactions in an open-system refugee camp, (2) limited camp
openness, (3) vaccine allocation and (4) COVID-19 transmissions. Through a literature
review on these concepts and by conducting several interviews with experts on humani-
tarian assistance operations in the Rohingya refugee camps, these concepts were studied
and translated into a model. This model describes an open-system refugee camp: on a daily
basis, Rohingyas interact other Rohingyas and with host communities at shared facili-
ties such as a bigger market, in-camp shops and other more informal meeting-points.
These interactions serve as a source of income or livelihood-generation, but also risk the
transmissions of COVID-19. Transmissions are reason for the Bangladesh Government to
implement limited camp openness, which is referred to as the limiting of people’s inter-
actions in the open-system trough different types of lockdowns. As a more long-term
solution for balancing livelihood-generating opportunities and controlling the number
of COVID-19 infections, vaccine allocation strategies are analyzed: (1) the Elderly first and
(2) Children first strategy prioritize elderly or children respectively. The (3) Equalizing
strategy creates equal access to vaccines for everyone. The (4) Bangladesh only strategy
is applied to explore the effect of excluding Rohingyas from the vaccination program.
And the (5) Transmission group strategy, which prioritizes age-groups with a high risk of
transmitting COVID-19.

These concepts and their dynamics are applied to a case study, which is one of the
sub-blocks of the Nayapara RC Rohingya Refugee Camp in the Cox’s Bazar region of
Bangladesh. Through this case study, an Agent-based Modelling (ABM) model was con-
structed. With this model, it was aimed to explore, analyse, compare and interpret the
effects of the five vaccine allocation strategies in combination with variations of differ-
ent types of lockdowns, variations in limited capacity for in-camp facilities and different
types of individual refugee behavior. With the outcomes following from this model, it
is not aimed to propose a single best solution. Rather, the aim of this research is to gain
insights on the dynamics between concepts and under what conditions an effective strat-
egy can be formulated in context of a Rohingya refugee camp. This means, this research
and its outcomes are exploratory by nature.

To generate insights from the model, experiments were set-up and simulated in vari-
ous simulation runs. Experiments were performed in four categories: for testing (1) a
base case model, (2) the effect of implementing limited camp openness (3) the effect of
the five vaccine allocation strategies and (4) combined effects of both non-vaccine and
vaccine related measures. The first category is used to get an better understanding of
the model, where and how infections are most likely to occur and what role the influx
of host communities plays here. The second and third categories are use measure the



effectiveness for better controlling and reduce infections on one hand and to maximize
interactive freedom between refugees and host communities on the other. With the last
category, it is studied if limited camp openness and different vaccine allocation strate-
gies can be more effective when both are combined.

These experiments lead to several insights which can be used by decision-makers in the
COVID-19 Response of the Rohingya camps, which have lead to five general conclusions:
Firstly, the influx of host communities of significant influence for triggering a COVID-
19 outbreak in the refugee camp. From the moment a case is registered here and no
measures are imposed, a large outbreak is a likely result. However, the host community
does not significantly influence the speed and scale of the spread. A second insight ex-
plains the speedy spread infections in the open camp: an important cause of infections
is found to be on locations with high concentrations of refugees and host communities.
Over 80% of infections were measured at the vicinity market and the seven in-camp
markets. Here, young adults are most significantly infected, as these are most active in
the camp. An approximate 7.7% of all infections results in an severe/critical infection,
which is highest for older adults and elderly. Thirdly, limited camp openness can best
be imposed in a dynamic way, based on the assessment of weekly infections. From a
perspective of controlling the epidemic spread, this can be as effective as an uncondi-
tional lockdown, but can still maintain a 60% of refugee-host interactions, compared to
only 20% for an unconditional lockdown. A fourth conclusion relates to the effective-
ness of vaccine allocation strategies. To control and reduce total infections in general, it
is most effective to prioritize elderly (> 60 years) or transmission groups (young adults,
18-40 years). This is due to the fact that for these strategies a high share of highly sus-
ceptible (elderly) and highly transmitting (young adults) are vaccinated. Vaccinating
children or creating equal access for vaccines is less effective, as the share of highly
susceptible, non-vaccinated age-group remains too high. Lastly, excluding Rohingyas
from the vaccination program is ineffective, as it still causes a large outbreak inside the
camp. Furthermore, to reduce health-related risks, it is most effective to prioritize el-
derly. In this age-group, the largest share (60%) of severely and critically symptomatic
infection is registered. To improve economic benefits expressed in maximizing refugee-
host interactions, it is most effective to prioritize transmission groups (young and older
adults). Especially when vaccinated refugees and host communities are always allowed
at markets, the last strategy is really effective. However, this effectiveness is significantly
lower if vaccinated individuals can still be infectious to others. Here, the prioritization
of transmission groups is most sensitive, as the share of vaccinated age-groups with a
high-risk transmission profile is high and the share of high-risk vulnerability people is
also high.

This leads to the last and fifth conclusion, which is used as a basis for answering the
main research question. Namely, an important insight from the analyses is the im-
plicit trade-off between the Elderly first and Transmission group strategies, which are
in general most effective to control COVID-19 infections (see figure 0.1). The benefits
for prioritizing of transmission groups are mainly economic, as this strategy allows for
8% more refugee-host interactions. This is a significant difference, given the fact that
any disruption of income or livelihood generation heavily impacts both refugees and
host communities. However, the number of severe and critical cases for this strategy
are more than three times higher for this strategy compared to the Elderly first strat-
egy (EF strategy). It shows the complex nature and ethical task of deciding on an alloca-
tion strategy. Picking the ”right” vaccine allocation strategy is not possible, as shown by
this trade-off. This research does not aim to propose an answer for this weighing these
ethically conflicting objectives between strategies. Rather, the trade-off is marked, quan-
tified and can therefore be used for more effective decision-making when formulating
an allocation strategy for COVID-19 vaccinations.

Also, these conclusions should not be interpreted in isolation. For the interpretation of
the model outcomes, two general implications should be kept in mind. The first implica-
tion relates to the many assumptions which were made to create a feasible model. These
assumptions were sometimes unavoidable, as information on certain concepts was in-
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Figure 0.1: The main trade-off for an effective strategy for refugee-host interactions & severe/-
critical infections

complete or not available. For example, academic literature on COVID-19 grows every
day, but is still limited. Therefore, some assumptions were based on estimations, edu-
cated guesses by experts or derived from secondary sources. Also, assumptions were
made to grasp the sub-concepts into a feasible model, for which conceptual mechanisms
were simplified. This was needed, as scoping down to higher levels of detail would have
significantly increased the computing power of the model. A second implication relates
to the high level of context-dependency of the system of study. As many concepts
were simplified, and not every contextual aspect of a Rohingya refugee camp could
be captured into one model, one should keep in mind these contextual factors. This
was highlighted by validating the model, which points out a high theoretical validity
of the model outcomes when comparing these with other studies, but a lower validity
when putting the outcomes in a real-world perspective. For example, Rohingyas were
assumed to be fully willing to receive vaccines, which is highly dependent on contextual
factors, such as trust and access to information on vaccine. As factors as such could were
not all captured in the model, these implications should be kept in mind for real-world
policy implementation.

But overall, the outcomes of this model are judged to be valuable for both real-world
application and contribution to the academic world. For example, the outcomes can
be used by decision-makers (such as the Technical Advisory Committee on Immunization of
Rohingyas) on the roll-out of the COVID-19 vaccination program in the Rohingya camps.
In the academic world, the outcomes can be used as additional insights on two branches
of literature which relate to effective refugee camp response operations and to the vaccine sup-
ply chain. As this research combines both, an extra link is created between two branches
of literature.

Lastly, some recommendations for further research were identified. This is mainly con-
centrated around extending the model on vaccination and transmission-specific char-
acteristics. The model can be further extended by studying the effect of the need of
multiple vaccines per individual, losing immunity over longer periods of time, over dif-
ferent levels of vaccine efficacy or by studying the effect of vaccine allocation strategies
over more specific predefined sub-groups. Also, it is recommended to build forth on
this research by further discovering scenario spaces. Due to a lack of time and highly
computational model, experiments could not be run over a broad range of parameter
ranges. With more insights on the solution spaces of this model, more robust con-
clusions can be drawn which would further improve decision-making on an effective
COVID-19 response in Rohingya camps.
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1 I N T R O D U C T I O N

1.1 problem introduction

1.1.1 Background: The COVID-19 Outbreak

As for many of us, 2020 was a year overshadowed by the outbreak of COVID-19. COVID-
19, an infectious virus which was first registered in December 2019, resulted in a global
outbreak [Wu et al., 2020]. On March 11 2020, the WHO officially declared the spread of
COVID-19 as a pandemic. At the time of writing, COVID-19 has cost almost two million
lives in 191 different countries [John Hopkins University, 2021].

In an early stage, national authorities all around the world introduced different types
measures, such as lockdowns, social-distancing rules, wearing mask regulations or com-
pulsory stay-at-home isolation for sick people. In this way, social contacts were limited
to reduce the risk of COVID-19 transmissions. In general, these measures proved to
be highly effective for reducing the number of contagions [Hsiang et al., 2020] and pro-
tecting vulnerable people and healthcare systems [Fowler et al., 2020]. However, also
new challenges have emerged regarding the social and economic impact of COVID-19

[of Sciences, 2020; Goolsbee and Syverson, 2021].

1.1.2 The Rohingya Refugee Camps in Bangladesh

These challenges are most significant in particular for poor, vulnerable people who live
in refugee camps [Wright et al., 2020; Beech and Hubbard, 2020]. One highly vulnerable
group are the Rohingya refugees [Beech and Hubbard, 2020]. The Rohingyas are a Mus-
lim minority from Myanmar, of which many were forced to flee their home country as
a result of being a target of political conflicts, violations and other human right disrup-
tions of the Myanmar regime [UNHCR, 2020d]. Since 2017, around 1 million Rohingyas
are hosted in refugee camps in Bangladesh, which is one of the largest and most densely
populated refugee camps in the world [UNHCR, 2020d]. In these camps, Rohingyas live
in overcrowded shelters, sometimes hosting up to seven people in a single shelter. With
only half of the Rohingyas to have access to proper and clean drinking water, food, san-
itation and healthcare facilities, the vulnerability of the Rohingya refugees is high and
their dependence on external aid is significant [ACAPS, 2020; UNHCR, 2020e; Alam
et al., 2019; UNHCR, 2021].

1.1.3 Rohingya Refugees & Host Communities Benefit from Interacting with Each
Other

Despite their high vulnerability, one can also notice small progress has been booked in
the last decades. Stimulated by different projects, initiated by humanitarian aid organi-
zations and the Government of Bangladesh, more opportunities have been created for
refugees to participate in livelihood-generating activities and to become more self-reliant
[Buheji et al., 2020; UNHCR, 2020a,c]. A small fraction of the Rohinyas (approximately
50.000) is allowed to leave and enter the camp, and inside and along it borders different
(informal) economic activities have emerged [Filipski et al., 2020].

An illustrative example of these improvements is the increased growth of cooperation
between Rohingya refugees and host community people from Bangladesh. As a re-
sult of growing interactions between both populations, small economies have emerged.
These (mostly informal) economic structures centre inside and around the refugee camp

1
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boundaries, where some sort of goods-production, exploitation of commercial networks
or use of capital can be recognized. In the camps, trading centres and local markets
exist, where both refugees and people from host communities buy and sell their goods
[Werker, 2007; Rosenbach et al., 2018]. As a result, both Rohingya refugees and host
communities have become less dependent on external aid as they reap the benefits from
their economic cooperation, with an improvement of livelihoods as a result [Alloush
et al., 2017; Hsan et al., 2019].

1.1.4 COVID-19 Threatens Livelihood-generating Refugee-Host Interactions

But since the outbreak of COVID-19, this livelihood-generating progress is under pres-
sure. As from the moment when the first COVID-19 case was discovered in the Rohingya
camps in May 2020, many of the aforementioned social measures were introduced by
the Bangladesh Government, which impacted the cooperative developments. To limit
interactions between Rohingyas and host communities as a source of potential COVID-
19 transmission, a strict lockdown was imposed for the camp and fences were built
around the camp boundaries IDC [2020]. The impact of this was far-reaching, as even
the influx of essential workers and goods into the camps were limited in the initial
months of the outbreak [Dempster et al., 2020]. And next to this strictly regulated camp
lockdown, social measures were imposed inside the camp, such as cross-camp travel
restrictions, shut-downs of local markets and refugees being forced to stay inside their
shelters Godin [2020]; Vonen et al. [2020]; Dempster et al. [2020].

As a result of the limited possibilities for Rohingyas and host communities to interact,
an increased growth of income insecurity is now determined in the camps. For example,
an estimated 3 out of 4 refugees have lost a significant part of their incomes as result
of contact-limiting lockdown-measures [Bukuluki et al., 2020]. This is problematic, as
for the Rohingya refugees and host communities who are already vulnerable, a drop
of income can reduce their ability to obtain essential resources such as food, water and
healthcare [Kamal et al., 2020; Bukuluki et al., 2020].

1.1.5 The Complex Nature of Balancing Health and Economic Related Factors for
Effective COVID-19 Response in Rohingya Camps

Whereas livelihood-generating activities are under pressure since COVID-19, control-
ling the spread of COVID-19 with contact-reducing measures is essential. As the Ro-
hingya camps are overcrowded, the transmission of an infectious virus is easy [Shokri
et al., 2020]. Two studies conclude, if no active contact-reducing measures are imposed,
a single infection in the Rohingya camps will most likely cause a bigger outbreak
[Hernandez-Suarez et al., 2020; Truelove et al., 2020]. And if the camps remain open,
a high chance of spillovers of infection from the the camp to the local population is
estimated [Gilman et al., 2020].

Although these measures in theory can be very effective for controlling the spread of
an infectious disease [Grauer et al., 2020], questions are raised on whether it is feasi-
ble if and for how long these measures can hold in context of the Rohingya camps.
Namely, the structural nature of refugee camps does not lend itself well for complying
with contact-reducing measures, as they are overcrowded and facilities for proper sani-
tation usually lack [Truelove et al., 2020]. Also, these measures require a disciplined and
structural change in behavior and living patterns of the refugees, which is practically
impossible in the camps [Alemi et al., 2020].

As COVID-19 seems to even further increase the Rohingya’s vulnerability, it is arguable
how long basic measures for preventing the transmission of COVID-19 can hold. On
one hand, high compliance to stick with the rules by a large share of a population
is needed to control the spread of COVID-19 inside and out of the Rohingya camps
[Wright et al., 2020; Lewnard and Lo, 2020]. On the other hand, these measures in-
crease the economic vulnerability of refugees, affecting their willingness to comply with
these measures Wright et al. [2020]; Dempster et al. [2020]. This is backed with grow-
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ing research which concludes people living in poor conditions are less likely to comply
to COVID-19 rules. In many cases, the economic consequences weigh of COVID-19

restricting measures weight higher than health-related consequences from individual’s
perspectives [Wright et al., 2020].

This sheds the light on the thin line between factors which balance the livelihoods of
refugees like the Rohingyas. Taking away risks to prevent the spread of a potentially
deadly virus causes news problems for people living on the edge of survival. There-
fore, a more balanced solution for protecting both health and economic-related values
is needed in case of the Rohingya refugees.

1.1.6 The Bangladesh Vaccination Program as a Potential Long-term Solution

As a long-term solution, many authorities point towards the opportunities of vaccines
[Bartovic et al., 2021]. Vaccines offer a faster way to create group immunity and slow
down the spread of COVID-19 [Grauer et al., 2020]. In January 2021, the WHO released
the COVID-19 Vaccines Global Access (COVAX) initiative and corresponding National
Deployment and Vaccination Plan for COVID-19 Vaccines (NDVP), which serve as a
guidance for rolling out vaccine programmes in low- and middle income countries
[World Health Organization, 2021; WHO, 2020a]. This advice was followed up by the
Government of Bangladesh, which published the ”Operational Guidelines for COVID-19
Vaccination for Forcibly Displaced Myanmar Nationals” (i.e. the Rohingyas) in May 2021.
In this document, the initial Vaccination Program for COVID-19 vaccines was presented
for Bangladesh, including the Rohingyas. By including the Rohingyas in the Bangladesh
NDVP the Government aims to anticipate on the availability of vaccines delivered through
the COVAX program.

However, at the time of writing this research, vaccines are yet to be delivered in Bangladesh.
Guided by high levels of scarcity, an allocation problem exists on whom to prioritize for
the first batches of vaccines. Many many countries, like Bangladesh, these prioritization
strategies are focus on reducing the health-related consequences of COVID-19 [World
Health Organization, 2021]. To do so, the Bangladesh Government has decided to prior-
itize elderly, as this age-group is most vulnerable.

But it can be argued whether this allocation prioritization strategy is effective in context
of the Rohingyas. Namely, the Rohingya population is relatively young, with only 5% of
its population above 60 year of age [Lopez-Pena et al., 2020] and relatively low numbers
of deaths related to COVID-19 were registered. Potentially, an alternative prioritization
might be more effective. For example, it could be more efficient to prioritize Rohingyas
who have a higher risk of transmitting COVID-19 to others as are more interactive with
others. Prioritizing these groups can be beneficial as well, as their interactions reflect
their economic value which helps to sustains their families.

1.2 research gap & question
In this research, different vaccine allocation strategies are studied and analysed in con-
text of an open-system refugee camp. An open-system refugee camp refers to interac-
tions which take place between refugees and host communities outside the camp envi-
ronment. Vaccine allocation refers the the decision on whom to prioritize for vaccines
which availability is insufficient to cover a whole population. Both topics were studied
with an extensive literature review (see chapter 2), which highlighted several impor-
tant knowledge gaps. The overarching research gap which is identified and researched
in this research are the dynamics between an open-system refugee camp with refugee-
host interactions and COVID-19 infections following these interactions. Furthermore, it
is studied if different types of camp openness in combination with vaccine allocation
strategies can be balancing mechanism for controlling these infections. Up to the writ-
ers knowledge, no studies focus on these dynamics. However, several studies point
towards the relevance of an academic view on these dynamics, for several reasons. A
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broad branch of literature has studied the increased importance of interactions between
refugees and host communities, as these have improved livelihoods for both. For exam-
ple, Werker [2007] presented a framework for such an open-system refugee camp and
how governmental policies can improve its economic system as a result of opening its
borders. The most up-to-date research found on the benefits of such an open-system
was conducted by Filipski et al. [2020], who presented a qualitative improvement of
incomes for refugees as a result of interactions with the host communities. However,
none of these studies focus on the (temporarily) opening/closing of such a system and
the impact this has on the economic refugee-host interactions. This is a first research
gap addressed in this study: since the outbreak of COVID-19 , refugee camps were tem-
porarily closed and interactions between refugees and host communities were cut-off.
This research aims to focus on how to release the burden of these limited interactions,
with vaccines as a long-term solution. As COVID-19 vaccines are scarce, special focus
is set on how to allocate these vaccines effectively. This leads to the second research
gap, which relates to studies on vaccine allocation. Duijzer et al. [2018] presents an
overview of most recognized studies on vaccine allocation, but none of these studies
focus on open-system refugee camps. Open-system refugee camps are unique, as de-
mographic characteristics of a refugee population can be completely different from the
host community. This creates different dynamics, as refugee camps can relatively easily
be opened and closed physically. This research focuses on the influence of a (limited)
influx of host communities on the potential cause of a COVID-19 outbreak in a refugee
camp, which is not studied earlier. A third research gap which is found and guiding
this research is the nonexistence of studies which focus on the application of vaccines
as a measure for controlling COVID-19 outbreaks in a refugee camp. Different studies
have been conducted on the implementation of non-pharmaceutical measures such as
social distancing, wearing masks or quarantining and its effect on controlling infections
(e.g.Truelove et al. [2020] or Hernandez-Suarez et al. [2020]). However, these studies
also point towards the low effectiveness of these measures in real-life, as social distanc-
ing is hard in refugee camps. This research aims to focus on a combination of different
types of camp openness regulation (for contact-reduction) and vaccines. Both are as-
sumed to reduce the speed of an COVID-19 outbreak and reduce absolute infections
and therefore make it possible to reopen the camp earlier. Here, an economic approach
is chosen which is uncommon in the field of the vaccine supply chain Duijzer et al.
[2018]. Namely, most studies focus on the minimizing of health-related risks from an in-
fectious virus when comparing vaccine allocation strategies. In this research, a balance
for minimizing risks for health and economic values is combined.

Based on the problem introduction from previous section and the identified knowledge
gap presented above, the aim of this research is to give an answer to the following
research question: What vaccine allocation strategies can be identified as an effective trade-
off between allowing individual interactions and controlling COVID-19 infections in an open-
system refugee camp settlement?

1.3 research objectives

With this research question, a slightly different approach is chosen for comparing differ-
ent strategies on the allocation of COVID-19 vaccines. Namely, a high share of literature
on effective vaccine allocation focuses on minimizing health-related risks (such as mor-
tality and morbidity rates and pressure on hospitalization and healthcare facilities). In
this research, it is explored whether it can be effective to value economic factors more
equally to health-related factors when deciding on whom to prioritize for the available
vaccines. By comparing different vaccine allocation strategies in context of a refugee
camp, it is determined whether vaccine allocation strategies can be effective for finding
a trade-off between the allowing of interactive freedom (representing economic value)
whilst reducing COVID-19 infection (representing health-based value).

For finding this trade-off, the dynamics between four different concepts are studied.
These concepts are:
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• Sub-concept 1: Interactions in an open-system refugee camp

• Sub-concept 2: Restricting COVID-19 measures

• Sub-concept 3: COVID-19 vaccine allocation strategies

• Sub-concept 4: A COVID-19 transmission model

An open system refugee camp refers to the aforementioned possibility of interactions be-
tween refugees and host communities, as a source of income or livelihood-generation.
As a result of interactions, COVID-19 transmissions can be a result. Transmissions are rea-
son for the Government to implement restricting COVID-19 measures, which is referred
to as the limiting of people’s interactions in the open-system. As a more long-term so-
lution for balancing livelihood-generating opportunities and controlling the number of
COVID-19 infections, vaccine allocation strategies are analyzed. To measure the effect of
both measures and vaccine allocation strategies, a COVID-19 transmission model is used
to measure the spread of COVID-19 and if this allows for more interactions in the open
system. These sub-concepts are further explicated and defined in chapter 2).

To study the dynamics between these sub-concepts and to find a trade-off for balancing
economic and health-related values, two main Key Performance Indicators (KPI)s are
chosen to measure the effect of different dynamics:

• KPI 1: Refugee-host interactions

• KPI 2: COVID-19 infections

Refugee-host interactions refer to the interactions between refugees and host communi-
ties, and are chosen a factor which represents livelihood-generation for both populations.
Therefore, this KPI reflects the economic-based value. COVID-19 infections refer are a
potential result of these interactions, and reflect the health-based value in this research.
In chapter 4, these KPIs are further discussed.

1.4 societal relevance of this research
This research is societal relevant for different reasons. As the negative impact of COVID-
19 on refugee camps seems inevitable, the key focus is how to make up for the losses.
These losses can be expressed in many ways, which in this research is expressed to be the
limited economic freedom of Rohingya refugees and host communities. In this way, this
research build forth on a global strategy on improving Refugee Livelihoods and Economic
Inclusion was set-up by the United Nations High Commissioner for Refugees (UNHCR).
COVID-19 sets extra pressure on this goal, as it is expected to have a big impact on
refugee’s economic vulnerability. Therefore, research is needed which supports effective
COVID-19 responses with more economic focus. As this research seeks for solution to
balance economic freedom to interact with reducing COVID-19 infections, this research
can contribute to a more effective response through both economic and health-related
values.

A second societal contribution relates to the practical implementation of the WHO COVAX
program, which aims to create ”global equitable access to COVID-19 vaccines” [WHO,
2020a]. As different COVID-19 vaccine allocation strategies are researched in context
of refugee camps, an implicit goal of this research is to include refugees in vaccination
programs. Creating equitable access to vaccines is important, as it is in line with every-
one’s right to healthcare regardless any religious, racial, cultural matter, according to
the Human Rights Watch [HRW, 2021].

The importance of this study is also reflected by how it can contribute to achieving
the Sustainable Development Goals (SDGs). The SDGs, which need to be achieved in
2030 [United Nations, 2016], play a central role for decision-makers setting-up national
policies and development strategies [Moyer and Hedden, 2020]. According to Moyer
and Hedden [2020], COVID-19 will have a major impact on achieving the first four SDGs
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for vulnerable minorities in developing countries, which are respectively (1) No Poverty,
(2) Zero Hunger, (3) Good Health and Well-being & (4) Quality of Education. On top of
that, at least 12 of the 17 SDGs will be negatively influenced by the (in)direct impact of
COVID-19, according to the United Nations (UN).

1.5 scientific contribution of this research
Next to the societal relevance of this study, this research also represents scientific value.
As mention in the research gap, no studies can be found which study different COVID-
19 vaccine allocation strategies in context of refugee camps. Therefore, this research
adds value to two branches of literature, relating to literature on logistics in the vaccine
supply chain and literature on effective COVID-19 responses in refugee camps.

The vaccine supply chain has been studied extensively, as stated and reviewed by Dui-
jzer et al. [2018]. Vaccine allocation is one of its core elements, and should be judged a
very important element in decision-making, especially when vaccines are scarce [Duijzer
et al., 2018]. On top of that, vaccine allocation is judged the only ’unique’ element of
the vaccine supply chain when comparing with other supply chains [Duijzer et al., 2018;
Dasaklis et al., 2012]. Therefore, the need for up-to-date and context specific insights on
this vaccine allocation process is an important insight for supported decision-making.

Secondly, this research adds value to scientific research on COVID-19 responses in
refugee camps, related to the dynamics between the four concepts which were intro-
duced. As will be introduced in chapter 2, various literature studies exist which high-
light one or two of these concepts. However, up to the writers knowledge, no literature
exists on the balancing effect of vaccine allocation strategies, COVID-19 transmissions,
and movement-restricting measures in an open-system refugee camp environment. By
studying the dynamics between these concepts, a new light is shed on the branch of lit-
erature which supports decision-making in refugee camp environments in combinations
with infectious diseases and epidemics.

1.6 outline research
This research is structured by ten chapters. In chapter 2, a literature review is presented
on relating topics which were introduced earlier this chapter. From this, a research gap
is identified and defined, which serves as an academic basis to conduct this research. As
a first step to demarcate the boundaries of this research, chapter 3 presents a research
design. Chapter 4 then presents a conceptualization and formalization of different sub-
concepts as derived from the literature review, and integrated into one system which is
used for study. These concepts are translated to a model for analysis, presented in 5. In
chapter 6, the experiments which have been carried in this research are introduced. The
outcomes of these experiments are presented in chapter 7. In chapter 8, model outcomes
are validated and interpreted. In chapter 9, outcomes are discussed and reflected upon.
Lastly, chapter 10 draws conclusions, related to the sub-questions and main research
question for this research.



2 L I T E R AT U R E R E V I E W

Chapter 2 presents a literature review on four sub-concepts, to give an answer of the
first and second sub-questions of this research: Sub-question 1: What drives interac-
tions in an open-system refugee camp settlement, influenced by restricting COVID-19

measures? Sub-question 2: How can different vaccine allocation strategies be defined in
context of a refugee camp settlement? This literature review is structured trough three
main sections in which the introduced sub-concepts are discussed. As a starting point,
a search plan in presented in section 2.1. In section 2.2, literature on sub-concept 1 (an
open-system refugee camp) and sub-concept 2 (on restricting COVID-19 measures) is
reviewed. In section 2.3, a literature review is presented on sub-concept 3 (vaccine allo-
cation) and on sub-concept 4 (transmission models). In 2.4, the literature is synthesized
and explained how it is used in this research. Lastly, section 2.5 concludes.

2.1 search plan
To study the above mentioned subjects, the following search plan has been conducted.
For the refugee camp interactions, the keywords ’refugee camp’, ’host community’ and
’interaction’ were used initially, to study several academic papers from Google Scholar
and Scopus. Here, a main assumption was refugees interact with host communities on
economic and social grounds. With new insights from this general search on interactions
in refugee camps, a more specific search was done on social, economic and cultural
interactions between refugees and host communities. For this, the keywords ’economic
interaction’, ’social interaction’ and ’cultural interaction’ were studied more specifically
in combination with ’refugee camp’ and ’host community’. For the impact of COVID-
19 and other epidemics on these interactions, academic papers published from 2020

were studied, using the key words ’COVID-19’, ’epidemic’, ’refugee camp’, ’lockdown’
and ’movement’. Additional insights were gained through snowball sampling. For
vaccine allocation strategies, the keywords ’vaccine allocation’, ’strategy’, ’COVID-19’
and ’epidemic’ were used. From this search, 26 academic papers were selected and
studied, of which 9 covered the COVID-19 epidemic. An overview of these papers is
presented later in this chapter, and can be found in table 2.1.

2.2 interactions & covid-19 measures in open-system
refugee camps (concept 1 & 2)

This section discusses literature which is used to answer sub-question 1 in this research.
To do so, literature is studied on relating concepts to this question: section 2.2.1 explains
literature on refugee-host interaction in an open-system refugee camp. Section 2.2.2 ex-
plains how COVID-19 measures have influenced these interactions and how this affects
individual behavior of refugees. Later in this chapter, the insights from this review are
translated to how these are used in context of the Rohingya camps.

2.2.1 Refugee-Host Interactions in Refugee Camps

Definition & theory

In different refugee camp contexts, various interactions between refugees and people
from the host community can be recognized. UNHCR describes refugee-host interactions
as the social & economic interactions which take place between refugees and host com-
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munities, both inside and outside refugee camps [UNHCR, 2011], and are considered
an important factor in the integration of refugees with local communities in long-term
refugee camps. Refugee-host interactions happen when refugees, people from host com-
munities, goods and capital leave and enter the camps [Alloush et al., 2017], and is a re-
sult of both population’s attempts to fulfill the potential opportunities of increasing their
welfare and livelihoods [Agblorti, 2006; Whitaker, 1999; Zakaria and Shanmugaratnam,
2003]. Successful integration of refugees with host communities depends un several fac-
tors, such as whether refugees live inside the camps or in host communities themselves,
the negative or positive economic impact refugees have on the host communities and
ethnic differences [Bakewell, 2002; Porter et al., 2008].

Azad and Jasmin [2013] explain refugee-host interactions as a process which takes place
on three different levels: legal, social and cultural & economic interactions. Legal in-
teraction occurs when refugees are granted legal rights to move freely, for example by
receiving official refugee status. Social interaction is the participation of refugees in the
social life of host communities [Azad and Jasmin, 2013]. Economic interactions happen
when refugees participate in local economies in hosting country. These interactions ben-
efit the refugees, as they can become more self-reliant, less dependent on humanitarian
aid and they contribute to improve local economies [Azad and Jasmin, 2013; Cavaglieri,
2008].

The focus of this research lies on economic interactions, leaving legal and social interac-
tions aside. Namely, economic interactions are best to describe the interactions between
the Rohingyas and host communities in Bangladesh. Studies by Filipski et al. [2020] and
Rosenbach et al. [2018] conclude economic interactions between Rohingyas and the host
community are significantly predominant over social interactions. This is in line with
studies concluding no social integrating progress has been booked for years between
Rohingyas and Bangladeshi (e.g. see Jerin et al. [2019], Ullah [2011]). Legal interactions
do exist in Rohingya refugee camps, but these can be expressed as economic interac-
tions: around 50.000 refugees have a legal refugee status, which gives these Rohingyas
permission to leave the camp and seek for employment. According to a recent survey
by Filipski et al. [2020], these legal refugees use their status only for things which can
be translated directly to economic transactions: refugees with legal status mainly go out
of the camp boundaries to work.

For economic interactions, it is further specified by whom, where and how these take
place. An broad range of literature focuses on why refugee-host interactions exist, which
is not in scope of this study. Namely, the focus is set on how interactions in refugee
camps can lead to COVID-19 infections (the link between interactions and COVID-19 is
discussed more briefly in section 2.2.2).

Rohingya Camp Economies Drive Economic Refugee-Host Interactions

To understand how economic refugee-host interactions happen in a refugee camp, the
economic activities must be understood as a basis. Namely, economic interactions are
a result of economic activities which emerge inside and around refugee camps [Werker,
2007; Alloush et al., 2017; Betts et al., 2014]. Literature refers to this as refugee camp
economies (e.g. Werker [2007], Betts et al. [2014]) or the economic life (e.g. Alloush et al.
[2017]) inside and around refugee camps.

Refugee camp economic have created strong economic dependencies between refugees
and host communities, addressed by studies on different refugee camp economies [Al-
loush et al., 2017]. These studies conclude both refugees and host communities reap
the benefits from their interactions as in many cases the economic conditions have im-
proved [Taylor et al., 2016]. For example, Omata and Kaplan [2013] studied refugee-host
interactions on local markets in Uganda, recognizing extensive engagement patterns be-
tween host- communities and refugees. The study concludes refugees participate in
local economies extensively, which is a result of social networks bringing them together.
Betts et al. [2019] studied the same phenomenon in Kenya, concluding interaction be-
tween host communities and refugees exist between retailers and consumers. Here,
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refugees actively consume from local Kenyans, boosting consumption in general. Al-
loush et al. [2017] concludes refugee’s inclusion in local markets raised consumption for
both refugees and local people by 25%. Studies by Filipski et al. [2020] and Rosenbach
et al. [2018] studied interactions between Rohingya refugees and the local Bangladesh
communities, concluding extensive interactions between these groups over a wide range
of economic activities.

Economic interactions are a result of four driving factors as named by Filipski et al.
[2020]:

1. Type of economic activities

2. Location of economic activities

3. Ratio of refugees-host communities

4. Type of interaction

Types: Various types of economic activities can be recognized inside and around refugee
camp settlement. Refugees and host communities work together, by trading, selling or
buying each others products, offering their (labouring) services and setting-up small
business enterprises. For example, types of economic activities recognized in and
around the Rohingya camp settlements are retail trading, offering food or transport
services and agricultural laboring.

Locations & ratio refugee-host community: The economic activities are executed by
refugees and host communities through (informal) economic networks, which concen-
trate on (small) markets or in trading centres and with different compositions of in-
volved actors [Werker, 2007; Betts et al., 2014; Alloush et al., 2017]. In general, economic
activities exist on three types of places: inside the camps, on camp boundaries and in
local communities [Taylor et al., 2016]. Inside camp settlements, trading centres and
camp markets are the usual place where refugees meet each other and the local peo-
ple to trade, buy and sell goods [Werker, 2007; Interview 1, 2021]. Here, main actors
who participate in these markets are the refugees themselves, and a smaller number of
local people if they are allowed to enter the camp site [Werker, 2007]. On camp bound-
aries, vicinity markets exist. These are market zones which are located on camp borders,
where local roads meet the camp areas. In vicinity markets, the ratio of refugees and lo-
cal communities participating on the market is usually much more mixed [Filipski et al.,
2020; Rosenbach et al., 2018]). Outside the camps, refugees also participate in economic
structures. The refugees, if they are not restricted by legal or physical boundaries, par-
ticipate in local markets or work in shops, agricultural labouring or offer other services,
together with host communities. The host community is usually more predominant
here [Werker, 2007; Alloush et al., 2017].

Types of interactions: As a result of the above mentioned types of economic activities on
different locations with different refugee-host rations, four types of interactions follow:
customer interactions (customers buying goods in a shop), market interactions (markets
selling food and other goods), credit market interactions (exchange of credits between
buyers and sellers) and labouring interactions (working in a shop as an employee) [Fil-
ipski et al., 2020; Rosenbach et al., 2018].

2.2.2 Restricting COVID-19 Measures for Camp Openness

After the start of the spread of COVID-19, daily lives of people all around the world
changed WHO [2020b]. A main factor reducing the number of interactions between peo-
ple globally, were the contact-reducing measures introduced by governments all around
the globe [Grauer et al., 2020]. In the Rohingya refugee camps, lockdown measures
and restricting movements were introduced [IDC, 2020]. These measures lead to com-
plete isolation of the camps, with severe socioeconomic consequences [Grauer et al.,
2020; Anwar et al., 2020; Buheji et al., 2020]. These measures are discussed here, with a
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stressed importance on the perspective of refugees who need to comply with these mea-
sures. Namely, compliance is an important factor on the effectiveness of these measures
[Grauer et al., 2020].

Lockdown Measures & Movement Restrictions

Different studies have been carried out on the impact of socially excluding measures,
which are effective in case of an epidemic [Pellecchia et al., 2015]. Two effective so-
cial measures for COVID-19 transmission prevention are lockdowns and restrictions in
movements. These measures are effective for controlling a virus, but have a severe eco-
nomic consequence [Grauer et al., 2020]. In relation to lockdowns and restrictions in
movements, different studies point towards the socioeconomic problems which occur
for individuals, as a result of social and economic isolation. Firstly, social isolation trig-
gers psychological problems, such as anxiety, stress and violence [Pellecchia et al., 2015;
Jeong et al., 2016]. Fear for the disease at issue has an enforcing effect on psychological
problems [Brooks et al., 2020]. Secondly, economic isolation leads to losses of income
security and accessibility of essential goods and services [Singh and Singh, 2020]. This
socioeconomic impact has also been studied in research on COVID-19 in refugee camps.
As a result of camp settlement lockdowns and movement restrictions between different
refugee camp blocks [Anwar et al., 2020], socioeconomic problems have grown. For
example, in many refugee camps COVID-19 lead to an increased dependency on basic
needs, such as water, food and healthcare [Kamal et al., 2020].

In Bangladesh, the Rohingya population suffers from exclusion and relatively high iso-
lation. This was exacerbated by the camp lockdown and movement restrictions between
camp blocks following from COVID-19, imposed by the Government of Bangladesh in
March 2020. The camp sites are already relatively isolated, which grew in the months
after COVID-19: in March 2020, the Rohingyas were prohibited to leave the camp sites
[Sakamoto et al., 2020]. But after cases started rising, their freedom of mobility was fur-
ther decreased: authorities started building fences around the camp to prevent refugees
from going out in May 2020 [Islam and Yunus, 2020; IDC, 2020]. Consequently, socioe-
conomic conditions decreased.

Socially worsened conditions are mainly reflected by an increased sense of fear for
COVID-19, an increased sense of uncertainty regarding the future and the increased
violence inside the camp settlements, as concluded by El-Khatib et al. [2020]. Econom-
ically, conditions are problematic due to an increase of economic exclusion for the Ro-
hingyas. For example, Rohingya’s incomes dropped by 80% and more than 60% of
the Rohingyas became inactive for income-generating activities since COVID-19 started
[Sakamoto et al., 2020; Bodrud-Doza et al., 2020]. Also, as local in-camp markets for
trading fresh food and other essential products were forced to close, dependency on ex-
ternal aid grew [Snowdon, 2020]: essential goods (such as agricultural inputs, water and
food) could not enter the camp sites anymore [Islam and Yunus, 2020]. Shammi et al.
[2020] concludes most important factors which indicate the socioeconomic impact for
Rohingyas in Bangladesh: the perceived risk of community transmission, accessibility
of essential services, the coordinative power of the government and their transparency
and the availability of financial aid relief for the low-income population. A needs as-
sessment on the Rohingyas in Bangladesh by UNHCR concludes the accessibility and
availability of primary needs inside refugee camps has decreased: COVID-19 lead to
an increased need for food & water, financial resources, shelters and income-generating
activities [UNHCR, 2020b]. This assessment is supported by research of Kluge et al.
[2020], concluding big shortages and lack of quality of food and water supplies.

Compliance to COVID-19 Measures in Refugee Camps

Lockdown measures and movement restrictions imply a top-down structure for the
COVID-19 response in refugee camps. However, an important factor relating to the im-
pact of COVID-19 in refugee camps is their autonomy and individual behavior [Bodrud-
Doza et al., 2020]. Considering individual behavior of refugees is desirable for two
main reasons: firstly, emergency responses in refugee camps have shifted to a bottom-
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up approach in the last decades. Response coordinators do so, by including refugees
and making them an important part of the decision-making process [Easton-Calabria,
2015]. Secondly, as top-down responses in refugee camps usually work less effective in
practice. Namely, a big number of refugees inside refugee camps have no legal refugee
status and participate in informal structures [Filipski et al., 2020].

In case of an infectious virus, the effectiveness of the response highly relies on individ-
ual behavior related to compliance to measures. Only when measures are complied to
by a large number of people, an infectious virus can be controlled [Hsiang et al., 2020;
Anderson et al., 2020]. However, compliance to COVID-19 measures is economically
costly and requires a structural behavioral change by individuals [Goolsbee and Syver-
son, 2021]. Especially for individuals in refugee camps, where socioeconomic conditions
got worse, this is problematic, as living conditions are not in favor of contact reducing
measures [Truelove et al., 2020].

Different studies have been carried out studying what factors influence individuals will-
ingness to comply to the measures which were introduced by COVID-19. Chan et al.
[2020] conclude individuals with higher confidence in healthcare systems show higher
compliance to COVID-19 measures. Barrios et al. [2021] conclude the availability of
social capital increases voluntary compliance. Brodeur et al. [2020] finds social trust is
an important factor for reducing movements of individuals. Wright et al. [2020] finds a
positive correlation between incomes and compliance to staying-at-home measures.

In refugee camps during the COVID-19 outbreak, all these factors studied in literature
are not in favor of compliance to COVID-19 measures: in many refugee camps, health-
care systems lack proper facilities and capacity [Truelove et al., 2020]. Also, social capital
is barely available in refugee camps and the dependency on external cash provisions is
high [Dempster et al., 2020]. Social trust is also very low: Buheji et al. [2020] observe how
refugees face increased social fear and higher income uncertainty. Kamal et al. [2020]
observes higher levels of criminality & violence, economic stress and mental health
problems, as a result of lower incomes and shortages of essential resources Kamal et al.
[2020]. And as discussed in previous section, refugees face severe income-generating
problems.

2.3 vaccine allocation & transmission models (con-
cept 3 & 4)

This section discusses literature which is used to answer sub-question 2 in this research.
To answer this question, vaccine allocation is studied first with literature on reactive
vaccine allocation (section 2.3.1) and decision-making for high vaccine scarcity (section
2.3.2). These sections serve as a starting point for a literature review on vaccine allo-
cation strategies and different approaches, as presented in section 2.3.3. This academic
overview is supplemented with practical insights from countries including refugees in
the vaccine programmes. To analyse different vaccine allocation strategies, an overview
of models is presented in section 2.3.4.

2.3.1 Reactive Vaccine Allocation

In refugee camps, refugees interact with each other and with the host communities
[Azad and Jasmin, 2013]. However, these interactions were limited by lockdowns and
movement restrictions, with severe socioeconomic consequences [Buheji et al., 2020]. To
relief the burdens for individuals, experts point towards COVID-19 vaccines as a long-
term solution [Helbing et al., 2010]. Here, an important role for response coordinators is
to develop effective vaccine allocation programs. Effective vaccination programs reduce
chances of local outbreaks of COVID-19 inside and outside refugee camps [Talukder,
2021; Gaynor, 2021]. Also, more interactive freedom for both refugees and host commu-
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nities can be allowed [Mukumbang, 2020; UNHCR, 2020c].

National governments, supported by the WHO Immunization and Vaccine Develop-
ment (IVD) and humanitarian organizations, are working on their NDVP. The NDVP is
a supporting document for low & middle income countries, guiding the preparedness
for allocating doses of COVID-19 vaccines when they become available [World Health
Organization, 2021]. To operationalize vaccine allocation for this study, it is defined first.
Duijzer et al. [2018] defines vaccine allocation as the process of deciding whom to vac-
cinate first. Here, response coordinators need to focus on the prioritization of specific
sub-groups for receiving a vaccine, which is a common problem when vaccines are not
available for a whole population [Tuite et al., 2010]. For example, one can prioritize
vulnerable, high-risk sub-groups who face highest risks for their health. Or one can
prioritize high transmitting sub-groups, covering the people contributing most to the
spread of a virus [Duijzer et al., 2018].

Vaccination allocation programs can be categorized as either reactive preventive vacci-
nations: reactive vaccinations takes place in case insufficient vaccines are available. This
happens in case of an unexpected, sudden outbreak of an infectious virus or disease,
such as Influenza or COVID-19 [Duijzer et al., 2018; Duan et al., 2020]. Reactive vaccina-
tions are the opposite of preventive vaccinations, which are distributed to people before
an infectious disease occurs, such as malaria or tuberculosis [Duijzer et al., 2018].

2.3.2 Vaccine Allocation Decision-Making with Scarce Resources

Before distributing vaccines, vaccine allocation is an important task for decision-makers,
such as governments and public health organizations. As vaccines are usually scarce
in developing countries [Kochhar et al., 2013], these countries are faced with allocation
problems in the emergency response. Here, decision-makers focus on analyzing what
people should be prioritized and how this can change over time, which is a complex
and ethical task [Duijzer et al., 2018]. This complexity is reflected by an ethical trade-off
between effectiveness and equal allocation, which can be conflicting objectives: unequal
allocation of vaccines (e.g. only prioritizing elderly) can be really effective (e.g. caus-
ing decreasing death-rates) [Keeling and Shattock, 2012]. Another complicating factor
where conflicting objectives occur is when vaccines are allocated by multiple decision-
makers with overlapping decision-making authority [Duijzer et al., 2018]. An example
of this which is frequently recognized on context of scarce vaccine availability is global
actors calling for re-allocation of vaccines, to anticipate on an emergency in another
country [Mamani et al., 2013]. Other complicating factors for vaccine allocation with
scarce resources, especially in developing countries are its large logistical challenges
[Barbera et al., 2001; Aaby et al., 2006], the high levels and broad ranges of particulari-
ties of vulnerable people and the multidisciplinary nature for epidemic control [Dasaklis
et al., 2012].

As around 85% of refugees worldwide live in developing countries, which are strug-
gling to access sufficient COVID-19 vaccines, scarcity of vaccines is a prevalent issue in
refugee camps [Talukder, 2021; Sharma et al., 2020]. Therefore, this research sets focus
on scarcity of vaccines, to anticipate on the complex issues related to vaccine alloca-
tion problems in a refugee context. To do so, scarce supply of COVID-19 vaccines is
considered an important input factor for different vaccine allocation strategies.

2.3.3 Vaccine Allocation Strategy Approaches

Previous section concluded vaccine allocation is driven by vaccine scarcity, which is
the case for COVID-19. In literature, different studies on both COVID-19 and previous
unexpected epidemics have been carried out using different approaches on vaccine allo-
cation problems with scarce vaccines. An overview of these studies and approaches is
presented in table 2.1.
These approaches not only depend on vaccine availability, but also on the process of
assessing whom to prioritize for these vaccines, with what goal and in which context
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Table 2.1: Literature review on scarce vaccine allocation in unexpected epidemics
Approach Focus Approach Study Epidemic Scarce Vaccines? Use of SEIR1 Model?

Geographic
Regions-based

Matrajt et al. [2013]
Keeling and Shattock [2012]
Araz et al. [2012]
Wu et al. [2007]
Grauer et al. [2020]
Thul and Powell [2021]

Influenza
-

Influenza
Influenza
COVID-19

COVID-19

x

x
x
x
x

x
x
x
x
x
x

Community/household-based

Tanner et al. [2008]
Ball and Lyne [2006]
Ball et al. [2004]
Ball and Lyne [2002]
Becker and Starczak [1997]

Various
-
-
-
-

x
x
x
x
x

Demographic
Age-based

Dalgıç et al. [2017]
Goldstein et al. [2012]
Mylius et al. [2008]
Wallinga et al. [2010]
Patel et al. [2005]
Hogan et al. [2020]
Matrajt et al. [2020]
Farrell et al. [2020]
Buckner et al. [2020]
Bubar et al. [2021]
Chapman et al. [2021]

Influenza
Influenza
Influenza
Influenza
Influenza
COVID-19

COVID-19

COVID-19

COVID-19

COVID-19

COVID-19

x
x
x
x
x
x
x
x
x
x
x

x
x
x
x

x
x

x
x
x

Transmission-based

Lam et al. [2015]
Matrajt and Longini Jr [2010]
Dushoff et al. [2007]
Foy et al. [2021]
Hogan et al. [2020]
Thul and Powell [2021]

Various
Influenza
Influenza
COVID-19

COVID-19

COVID-19

x
x
x
x
x

x
x
x
x
x

[Duijzer et al., 2018; Dasaklis et al., 2012]. Two general vaccine allocation strategy ap-
proaches exist:

1. A geography-based allocation strategy approach

2. A demography-based allocation strategy approach

Geography-based Vaccine Allocation Approach

A geography-based allocation strategy focuses on allocating vaccines over different ge-
ographical regions [Duijzer et al., 2018]. Here, different studies have been carried out
in two main streams. Firstly, vaccine allocation over different regions. These studies
conclude the prioritizing of certain regions over other regions can have positive effects
on the spread of an epidemic, especially for smaller populations and high vaccination
coverage as concluded by Grauer et al. [2020] on COVID-19 and Araz et al. [2012] on
Influenza. Thul and Powell [2021] conclude region-based vaccination allocation is ef-
fective, but only when the number of current infections can be validated accurately.
Secondly, vaccine allocation over households and/or communities. These studies con-
clude a so-called equalizing strategy works effective, a strategy which ”leaves equal num-
bers of susceptible individuals in each household” [Keeling and Ross, 2015, p.7]. Up the the
writers knowledge, no research has yet been published on the household or community-
oriented approach in context of COVID-19.

Demography-based Vaccine Allocation Approach

A demography-based strategy focuses on allocation of vaccines over demographic char-
acteristics of people. Different from geography-based strategies, this strategy allows for
studying interactions between subgroups and rank their vulnerability or contribution
to transmissions [Duijzer et al., 2018]. Different studies have been carried out on this
approach (see table 2.1), focusing on: vaccine allocation over age-groups, concluding
the prioritization of young people (children) is most effective in early stages of an epi-
demic as children contribute most to transmission; vaccine allocation over high-risk vs.
high transmission sub-groups, concluding high-transmission groups (such as children
and young people) should be given priority as well in early stages of an epidemic. In
epidemics with a high level prevalence (i.e. prevalence is referred to as the number of
current cases in a population in a given time period), priority should be given to high-
risk sub-groups [Wallinga et al., 2010]. An important difference with the geographical
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approach is the type of interactions between subgroups. When considering a geography-
based allocation strategy, virus transmissions between different sub-groups is a lower
risk than for a demography-based allocation strategy [Duijzer et al., 2018].

This approach is popular for studies on COVID-19. Matrajt et al. [2020] studied age-
based vaccine strategies based on vaccine effectiveness, concluding high-risk sub-groups
should be prioritized with ineffective vaccines. In contrast, young people should be pri-
oritized for effective vaccines, as they contribute most to transmissions. Foy et al. [2021]
studied vaccine allocation strategies on mortality and morbidity rates in India, through
an age-based (i.e. demography-based) model. The paper concludes prioritizing the el-
derly reduced deaths the most. Factor related to vaccines increasing effectiveness of
different strategies are the effectiveness of vaccines, the target coverage and speed of dis-
tributing vaccines. Non-pharmaceutical measures (e.g. wearing face masks and social-
distancing) also had a positive effect. Thul and Powell [2021] focused on transmission
sub-groups in highly dense areas, concluding decision-making was most efficient for
containing the spread of COVID-19. Hogan et al. [2020] studied both, concluding the ef-
fectiveness of age and transmission-based approaches depend on availability of vaccines:
with limited doses (covering up to 20% of a population), an age-based prioritization of
high-risk sub-groups is most optimal, but targeting transmission sub-groups is more
effective for larger vaccine supplies. Buckner et al. [2020] studied different age-based
strategies for minimal deaths, losses of life years and infections. The study concludes
the prioritization of the elderly and healthcare workers works most effective for these
three different policy objectives. Bubar et al. [2021] studied two age-based strategies,
concluding prioritization of people between 20-50 years is most effective for minimizing
COVID-19 incidences and prioritizing people above 60 years old minimized mortality
and death-rates. Chapman et al. [2021] studied demography-based strategies on prior-
itizing elderly and essential workers, concluding this is most effective for minimizing
deaths and disability-adjusted life years. A more general conclusion is the prioritiza-
tion through an age-based approach is most effective compared to other demographic
approaches.

Choosing an Approach: Current Practices of COVID-19 Vaccine Allocation

From the studies, it can be concluded both approaches have positive results for control-
ling the spread of an unexpected epidemic. To chose an approach for COVID-19, the
context of a vaccine allocation problem study is highly important [Privett and Gonsalvez,
2014]. This context, other than the dichotomy between demographic and geographic
characteristics, depends on factors like as vaccine availability, the speed of delivery,
characteristics of a type of vaccine and the current state of an epidemic (like its socioe-
conomic impact or current level of immunity) [World Health Organization et al., 2020].
From the literature review (see section ??, it can be concluded a demography-based ap-
proach is most popular for studies on COVID-19 vaccine allocation studies. However,
none of these studies have been carried out in context of refugee camps. Therefore, ele-
ments from both approaches have been used from other studies in this research. Some
insights can also be gained from current practices of COVID-19 vaccine allocation pro-
grams, by studying different frameworks and NDVP’s of countries including refugees in
their vaccination program. At the time of writing, Jordan (700.000 refugees), Lebanon
(2.1 million refugees & migrant workers) and Bangladesh (1 million refugees) have com-
mitted to include refugees, by making use of the Strategic Advisory Group of Experts
on Immunization (SAGE) Values Framework. Up to the writers knowledge, the Gov-
ernment of Lebanon and Bangladesh have publicly included refugees in their official
vaccination prioritization plans: the Lebanon NDVP NCC [2021] and the Operational
Guidelines for COVID-19 Vaccination for Forcibly Displaced Myanmar Nationals, as a part of
the Bangladesh NDVP [Government of Bangladesh et al., 2021].

Current Practice in Lebanon

In the Lebanon NDVP, lead by the Lebanon Ministry of Public Health and UN agen-
cies, the aim is to reach a high level of immunity (i.e. 60-85% of the total population
vaccinated). Here, the aim is to prioritize people in an inclusive and non-discriminatory
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manner [NCC, 2021], by including both citizens from Lebanon and non-citizens, such
as refugees. When reviewing their vaccination allocation strategy, a combination of an
age-based and transmission-based prioritization approach can be recognized: in initial
stages, healthcare workers are given priority. In later phases, elderly (> 65 years), older
adults with comorbidities (55-64 years), older adults (55-64 years), young people with
comorbidities (16-54 years). With this approach, the Government of Lebanon prioritizes
health-related objectives (minimizing mortality and morbidity-rates). In later phases,
prioritization will be focused on socioeconomic-related objectives. A full prioritization
schedule can be found in appendix C.2 [NCC, 2021].

Current Practice in Bangladesh

In the Bangladesh NDVP, lead by the Bangladesh Ministry of Health and Family Welfare,
the aim is to vaccinate at least 80% of the Rohingya population. When reviewing their
vaccination allocation strategy, an age-based prioritization approach is applied on both
Bangladeshi and the Rohingya refugees, over different phases: Phase 1 covers stage A
& B: stage A covers healthcare workers (> 18 years) and elderly (> 40 years). Stage B
covers adults (18-39 years). In phase 2, young people (< 18 years) are prioritized. Phase
3 considers pregnant women. A full prioritization schedule can be found in appendix
C.3 [Government of Bangladesh et al., 2021].

2.3.4 Transmission Models for Analysing Vaccine Allocation Strategies

Simulation Models for Studying Vaccine Allocation Strategies

To measure the effectiveness of different vaccine allocation strategy approaches, decision-
makers make use of different epidemic models. Here, simulation models are most com-
mon [Duijzer et al., 2018]. Simulation models can be used to study the impact of differ-
ent allocation strategies for a specific epidemic. This research applies makes use of an
Agent-Based Modelling Simulation (ABMS), which is a popular simulation method for
studying vaccine allocation strategies [Dalgıç et al., 2017] and can be effective decision-
making or policy-making tools [Dalgıç et al., 2017; Ajelli et al., 2010]. A strength of
simulation models is its ability to capture realistic characteristics of both a disease and
its transmission and a population. Therefore, simulation models suit for modelling a
valid, real-world system of the spread of an epidemic with specific contextual character-
istics [Duijzer et al., 2018], like a refugee camp. This is needed, as section 2.3.3 already
highlighted the importance of contextual characteristics in studying different vaccine al-
location approaches. Chapter 4 goes into deeper detail on how this ABMS conceptualized
for this research.

SEIR Transmission Model

To model the transmissions of COVID-19 in a refugee camp, a SEIR Transmission model
can be applied. Traditional SEIR models2 are a popular structure for modelling the
transmission of a disease Biswas et al. [2014]. The structure covers different states, in
which people are susceptible (S) to, exposed (E) to, infected (I) by or recovered (R) from
an infectious disease [Li and Muldowney, 1995]. To include vaccines in this transmission
model, Foy et al. [2021] proposes an extended SEIR model, as presented in figure 2.1.
This model is described the structure of an transmission model of an infectious disease,
covering different infection stages. Derived from the traditional SEIR model, the infected
stage (I) is replaced by an asymptomatic (A) and symptomatic (I) infection stage. Aslo,
a stage of isolation (Q), death (D) and being vaccinated (V) are added. Therefore, this
research covers six infection stages (i.e. S, E, A, I, Q, R) and three stages influencing
infections (i.e. Q, D, V). By extending the traditional SEIR model accordingly, vaccination
allocation strategies can be studied [Foy et al., 2021].

2 or similar, such as a more simplified SIR model [Ball and Lyne, 2006] or a more detailed SEAIQR model
Foy et al. [2021]
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Figure 2.1: An epidemic model for COVID-19 transmissions [Foy et al., 2021, p.433]

2.4 synthesis on how literature is used

Insights from this literature review are used to academically ground this research. From
the research gap which was identified in this literature review (as introduced in chapter
1.2), four sub-concepts come forwards which are further conceptualised and integrated
in following chapters, to study their dynamics. Next sections explain how these con-
cepts are used in this research. These concepts are more specifically introduced and
conceptualised in chapter 4.

2.4.1 Concept 1: Interactions in an Open-system refugee camp in this research

As explained in section 2.2.1, refugee-host interactions can be studied through four
factors. In this research, the interactions between refugees and host communities are
studied with a specific focus on the location of the interaction (factor 2) and the ratio of
refugee-host communities (factor 3). Namely, these two factors allow for studying the
link between their interactions and the spread of COVID-19 inside and around refugee
camp settlements. The type of economic activity (factor 1) and the additional type of
interaction (factor 4) do not influence COVID-19 contagions, so these factors are left out
of scope. How factor 3 & 2 influence COVID-19 contagions is explained in next section.

2.4.2 Concept 2: Restricting COVID-19 measures in this research

The impact of restricting COVID-19 measures, as discussed in section 2.2.2, implicitly
reduce the number of refugee-host interactions, triggered by two things. On one hand,
lockdown-restrictions affect the openness of the refugee camp and in-camp facilities, and
therefore refugee-host interactions. On the other hand, movement restrictions inside the
camp and compliance to measures affects interactions among refugees themselves. In
this research, camp openness which decides the possibility of refugee-host interaction is
reflected by different levels of lockdown-measures: (1) an unconditional lockdown, (2) a
conditional lockdown and (3) no lockdown. These lockdowns also guide the openness
of in-camp facilities which can be controlled by the Bangladesh Government (i.e.the
vicinity market). For other, more informal and uncontrollable measures inside the camp,
formal regulations are practically infeasible. Therefore, a factor of individual compliance
to live-up with behavioral rules are considered: (1) complying to stay-at-home when
being sick and (2) comply to only visit public places in being vaccinated.

2.4.3 Concept 3: Vaccine Allocation in this research

To measure the effect of different vaccine allocation strategies, elements from the liter-
ature review and practical insights on vaccine allocation in refugee contexts are used.
A first important element is vaccine scarcity, which is used as a basis for the number of
vaccines which can be allocated at a certain point in time. A second element which is
applied is the interval of vaccine deliveries, which defines when different vaccine batches
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arrive to be allocated. Lastly, a vaccine allocation mechanism is applied from litera-
ture which defines the different vaccine allocation strategies. For this, demographic
age-based elements from the Rohingya and Bangladesh populations are used to define
prioritization groups, as they have different demographic characteristics [Bhatia et al.,
2018]. Four age-based sub-groups are defined: children (< 18 years), young adults
(18-40 years), older adults (40-60 years) and elderly (> 60 years).

2.4.4 Concept 4: A COVID-19 transmission model in this research

For each age group, different infection stages are defined through an extended SEIR-
model structure: in this research, individuals from both the refugee and host community
population are assumed to be susceptible to a COVID-19 infection (S). After becoming
exposed to COVID-19 (E), an individual stays asymptomatic (A) or symptomatic (I) to
the infection. It is assumed individuals who become symptomatic isolate (Q) themselves.
In isolation, an individual either recovers (R) or dies (D). In case of being vaccinated (V),
individual’s chance of becoming infected (A or I) by COVID-19 is lower. However, two
realistic scenarios are considered regarding vaccinated individuals: vaccinated people
being 1) able or 2) unable to infect others. Both scenarios are still unclear [Peiris and
Leung, 2020a].

2.5 conclusion
In this chapter, four sub-concepts were studied in an extensive literature review. To
do so, studies on relating topics were consulted, supplemented with practical insights
from policy documents on the COVID-19 responses in refugee camps. An open-system
refugee camp with interactions between refugees and host communities was researched,
which can be defined by social, legal or economic interactions between both populations,
inside or outside refugee camps. This research builds forth on economic interactions, as
these are most frequently recognized in context of the Rohingya camps. Also, the im-
pact of COVID-19 and following measures were researched. Here, it was concluded
refugees have become even more vulnerable, caused by lockdown measures, in-camp
movement restrictions and the practical implications of compliance with measures in
refugee camps. To release the burden of contact reducing measures, vaccines and vac-
cine allocation were researched. Summarized from this, most influential factors for
effective vaccine allocation relate to vaccine scarcity, an allocation strategy approach and
what objective is considered to be reached with the prioritizing of people. In chapter 3, a
research design is presented as a first step to translate insights to a system of study for
this research.





3 R E S E A R C H D E S I G N

Chapter 3 presents a research design for answering the main research question. This
research question is structured by raising six sub-questions, as presented in section 3.1.
To answer these research questions, a research starting point is presented in section
3.2. Furthermore, the research approach is presented in section 3.3. Lastly, a research
methodology in line with the formulated approach is described in section 3.4.

3.1 main research question & sub-questions
This research answers to the following main research question: What vaccine allocation
strategies can be identified as an effective trade-off between allowing individual interactions and
controlling COVID-19 infections in an open-system refugee camp settlement?

To answer this question, six sub-questions are set-up:

• Question 1: What drives interactions in an open-system refugee camp settlement,
influenced by restricting COVID-19 measures?

• Question 2: How can different vaccine allocation strategies be defined in context
of a refugee camp settlement?

• Question 3: How can interactions in an open-system refugee camp settlement,
vaccine allocation strategies and being vaccinated to COVID-19 be conceptualized
and formalized in line with an existing infectious disease (SEIR) model?

• Question 4: How can this formalised concept be integrated with an existing agent-
based model on COVID-19 infections in refugee camp settlements?

• Question 5: How can the dynamics between COVID-19 infections in an open-
system refugee camp settlement and vaccine allocation strategies be explained
with an agent-based experimental simulation study?

• Question 6: How can the outcomes of this study be translated to an effective
strategy for COVID-19 vaccine allocation in a refugee camp?

3.2 a research starting point
As a starting point for answering these questions, an existing model for the spread of
COVID-19 in a refugee camp is used on which this research builds forth, constructed
by Nering Bögel [2020]1. This model reflects a stylistic, isolated refugee camp environ-
ment, in which refugees interact with other refugees. Here, refugees visit food collec-
tion points and water, sanitation and healthcare facilities. By concentrating in these
areas, interactions take place, potentially resulting in a COVID-19 transmissions. In
this model, COVID-19 transmissions are modeled through an extended version of the
SEIR-structure (as introduced in chapter 2), as infections (I) are further defined through
asymptomatic infections (A) and symptomatic infections (I). Other characteristics of
this model are related to COVID-19 measures, such as movement restrictions, usage of
face-masks and compliance to stay-at-home measures. This model is used as a starting

1 This model can be found on https://github.com/MeykeNB/Covid-19-in-refugee-camps
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point for this research. To build forth on this model and apply the different concepts
as introduced in previous chapters, three general adjustments are made to the model:
First adjustment: add camp openness - A first adjustment is to add a component to
the model to create openness of the camp blocks, by adding a host community popula-
tion which can visit the camp environment. This adjustment sets the basis for allowing
refugee-host interactions, which reflects camp openness as introduced in section 2.2.
Second adjustment: extend epidemic model with vaccinations - A second adjustment
is to extend the transmission model with factors which allow the studying of different
vaccine allocation strategies. For this, elements from a study by Foy et al. [2021] are used
as a theoretical basis (see figure 2.1). The study presents a conceptual basis of a SEIR-
model, including being vaccinated. To compare different vaccine allocation strategies
in this research, this adjustment allows for the introduction of vaccines as an ’infection
stage’. Third adjustment: translate to case study context - A last adjustment is to trans-
late the existing model to a context of the Rohingya refugee camp settlements. As the
existing model is stylistic, it is not applicable to a specific context. However, to study
the effectiveness of different vaccine allocation strategies, context is a highly important
factor [Privett and Gonsalvez, 2014]. For example, to study the effectiveness of vaccine
allocation strategies, demographic characteristics of both Rohingyas and Bangladeshi
can influence the COVID-19 transmitting process. Section 3.3.1 goes into more detail on
the case study and in chapter 4 more context-dependent elements relating to the case
study are introduced.

3.3 research approach
To conduct this research, two research approaches are chosen: the analysis of a case
study and the application of ABM. Both approaches are explained in this section.

3.3.1 A Case Study: The Rohingya Nayapara Refugee Camp

Relating to the third adjustment on the existing model, a fraction of one of the Ro-
hingya camps in Bangladesh is selected as a case study. Case studies are a useful tool
to bring theoretical concepts into practice, and can be used to develop a model of a
real-world system [Van Dam et al., 2012]. To study a real-world open-system refugee
camp with refugee-host interactions happening here, a case study is used for creating
a context-specific model which is feasible for analysis. Context-specific factors are im-
portant to create valuable insights which can be applied to the context of the Rohingya
camps. This context-dependency for effective decision-making was highlighted earlier,
and a case study allows to translate context-specific mechanisms which represent the
Rohingya refugee camps in Bangladesh.

However, as the Rohingya camps host up to 1 million people, it is not feasible to study
the entire system. It is unfeasible to construct and efficiently analyse a model which
covers the full size of the Rohingya camps, so some criteria are set-up with the aim to
pick a smaller fraction of the Rohingya camps which represent their population and on
which the concepts can apply which demarcate the scope of this research. A case study
is selected through the following criteria and availability of up-to-date data on:

• Clear geographical boundaries of the camp site

• Interactions between refugees and hosting community

• An existing market & other facilities both population interact

• Separate living areas for refugees and host communities

Firstly, geographical boundaries allow for physical identification of a system. Secondly,
interactions between refugees and host communities need to be allowed in this system,
as this reflects the open-system refugee camp. To study their interactions, information
is needed on where these interactions happen (i.e.where shared facilities locate, such as
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markets or in-camp shops). Separate living areas allow for studying the effect of lock-
downs and movement restrictions between both populations.

According to these selection criteria, a sub-block of the Nayapara Refugee Camp (RC)
has been selected as a case study (see figure 3.1). Nayapara RC is one of the Rohingya
Refugee camps in the Bangladesh Cox’s Bazar Region, and locates close to host com-
munities from Bangladesh. The camp can be sub-divided in different sub-blocks, which
define its smallest administrative sub-units (as defined by UNHCR). One of these sub-
blocks is studied, where around 900 Rohingyas are estimated to live. Sharing a shelter
with their family members, the people here form a small community, headed by com-
munity leaders (called mahjis).

This sub-block has been selected as it characteristics meet with the selection criteria de-
scribed earlier: the Nayapara camp block’s geographical boundaries are clearly defined
and is located close to the host communities. Along the road of this camp, a big market
is located, which is the main basis of interactions between these Rohingyas with the
host communities. Also, inside the camp various economic activities exist [Rosenbach
et al., 2018]. This indicates intensive interactions between Rohingyas and Bangladeshi,
both inside and along the borders of the camp. However, the two populations still live
separately, which is needed to study the effect of a lockdown imposed for the camp.

Figure 3.1: The Southern Nayapara RC Blocks

Case Study Data & Information Sources

In general, data on this case study is obtained from different sources. An overview of
data & information sources is presented below:

• Literature is studied on the economic structures in and around the Rohingya set-
tlements. Here, two scientific papers are used.

– Filipski et al. [2020] gathered survey data on 326 local businesses in and out-
side the Kutupalong region. The paper presents information on the economic
interactions between Rohingyas and the host community of Bangladesh, their
demographic characteristics, the economic activities and insights on income-
generating performance.

– Bhatia et al. [2018] gathered survey data on primary needs of Rohingyas who
have recently arrived in Bangladesh (which is needed for this case study as the
X camp settlement hosts recently arrived refugees). This paper also discusses
needs of the host community households.
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• Open source data was consulted on the Rohingya refugees in Bangladesh. An
overview of these data sources:

– HDX presents data on needs for both Rohingyas and Host Communities and
population data per camp settlement

– UNHCR data presents a Joint Multi Sector Needs Assessment for the Rohingyas
before and after COVID-19. From this, data on reduced income-generating
needs is obtained

– The Government of Bangladesh presents data on local markets and mobility
between refugee camp settlements and host communities

• Interviews were conducted to validate and fill information gaps, with experts on
the Rohingya refugees in Bangladesh. Here, three experts were interviewed with a
background at UNHCR. Information obtained from these interviews can be found
in appendix B.

3.3.2 An Agent-Based Modelling Approach

This research uses an ABM-approach for defining and decomposing the system of study.
ABM allows for studying interactions and behavior of different entities, which are sim-
plified versions of ’things’ representing the ’real world’ [Van Dam et al., 2012]. In
this research, these ’things’ are elements from the sub-concepts as discussed in chap-
ter, translated to the context of the Rohingyas. In other words, the physical things in
the open-system refugee camp environment are modeled which reflect the real world
observations derived from the case study. In ABM, elements are modeled through three
core anatomies: agents, an environment and time [Van Dam et al., 2012].

Agents can represent different entities, ranging from individual human beings to rep-
resentations of groups, organizations or nations [Van Dam et al., 2012]. Agents show
certain goal-oriented behavior [Jennings, 2000], which is an aggregation of the agent’s ac-
tions and internal structure [Van Dam et al., 2012]. This research distinguishes between
two types of actors: refugees and people from host communities. Both actors have a set
of daily activities, which are their basis for interacting with other individuals. Refugees
live inside the boundaries of refugee camp environment, and follow their individual
activity schedule. People from host communities also have a daily activity schedule,
which expresses in entering the camp environment on a daily basis. Based on different
levels of camp openness and influenced by their state of health, host community people
(cannot) visit the camp.

Agents are in interaction with the environment, which is the external physical and non-
physical space in which agents perform their behavior. The environment contains infor-
mation and a structure. The information agents obtain from the environment changes
their internal state, making these agents perform certain actions. The structure of the
environment defines an agent’s situation in relation to other agents, in networks and
over space [Van Dam et al., 2012]. This research distinguishes between two types of
environments: a physical camp environment and a non-physical environment. The
physical camp environment defines in which geographical space refugees and people
from host communities interact with each other. For example, the physical environment
is reflected by shelter sites, main roads crossing the camp site, an entry point of the
camps and places where people interact. The non-physical environment defines all in-
formation which structures the behavior of refugees and host community people, such
as information on camp openness, in-camp movement restrictions and the prioritization
of vaccines. For example, visitors are not allowed to enter the camp in case of a lock-
down, which influences the host communities decision/ability to enter the camp.

A last anatomy for is time. ABM uses discrete time steps, triggering the interactions
among agents and with their environment [Van Dam et al., 2012]. In this research, four
time resolutions are used: minutes, hours, days and weeks. Specific times through these
three dimensions trigger the moment on which agents decide to execute an activity. For
example, refugees fulfill their needs by going to a local market at a specific time of
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the day. As time steps are triggered per minute, this research uses an operational time
scale, which allows for decision-support on operational levels [Van Dam et al., 2012].
This time frame is chosen as it most validly represents a infectious virus transmission
process. Namely, a transmission of COVID-19 from one individual to another individual
depends on how long a susceptible interacts with an infectious person. For COVID-19,
interaction with an infected individual for longer than 15 minutes is considered enough
for an infection [Chu et al., 2020].

3.4 research methodology

3.4.1 A Step-based methodology for a Complete ABM Study

As a methodology for conducting this research, the case study & ABM approach are
applied through a step-based modeling approach as proposed by Van Dam et al. [2012,
p.98]. They propose 10 steps to conduct an ABM study, which are as follows: (1) Problem
formulation and actor identification, (2) System identification and decomposition, (3)
Concept formalisation, (4) Model formalisation, (5) Software implementation, (6) Model
verification, (7) Experimentation, (8) Data analysis, (9) Model validation and (10) Model
use. These steps are used to structure the methodology for answering each sub-question.
In figure 3.2, an overview of the visual summary of the structure and time path for this
research is shown. In the next section, each a methodology for each sub-question is
explained and linked to these steps. Also, the figure guides the general structure of this
report in general. With all these steps followed, a complete and structured basis is set
for this study. For a more detailed version for this research plan, see appendices A.1
and A.2.

Figure 3.2: Research Flow Diagram & Time Schedule

3.4.2 Methodologies for sub-questions

Trough the ABM-structured steps, each sub-question is answered as follows:
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Sub-question 1: What drives interactions in an open-system refugee camp settlement,
influenced by restricting COVID-19 measures?

To answer the first research question, a combination of literature studies and expert inter-
views are conducted. The interactions between refugees and host communities are first
researched in literature without the context of COVID-19. Different academic papers
are studied on refugee-host interactions, with a focus on why and how refugees interact
with the host community. This is done on two levels: firstly, a general search is done,
for different refugee camp contexts. In this way, a broad understanding on refugee-host
interactions is created. Secondly, literature on refugee-host interactions are studied with
a specific focus on the Rohingya refugees in Bangladesh. By combining both levels of lit-
erature, an academic basis is created for understanding the refugee-host interactions in
line with the case study on the Rohingya refugees. A second branch of literature is then
studied on the impact of COVID-19 in refugee camps, and how it affects the refugee-
host interactions. Again, a general literature study is performed first. Then, specific
literature on the Rohingya refugees is studied. Taking general refugee-host interactions
as a basis, literature is studied on the following subjects: 1) the effect of the spread
of COVID-19 and following restricting measures on the freedom/ability to interact, 2)
the following shifts in needs and vulnerability of individuals and 3) how individuals
behave as a reaction to these restrictions In this way, it is studied how interactions were
influenced by COVID-19 from a bottom-up, refugee perspective. To finalize the answer
to this research question, expert interviews are conducted. Experts are interviewed with
experience on the Rohingya refugee camps. The information derived from these inter-
views is used to validate the answer formulated with literature, and to fill missing gaps
which cannot be answered or found in literature. By answering this question, a basis
is created for conceptualizing and formalizing refugee-host interactions and how these
are influenced by COVID-19 and its following measures, from a refugee perspective. In
the ABM-structure, this covers the first part of step 1 & 2.

Sub-question 2: How can different vaccine allocation strategies be defined in context of
a refugee camp settlement?

To answer the second research question, a combination of literature studies, desk re-
views and expert interviews are conducted. Literature on vaccine allocation is studied in
general first, with a focus on the following subjects: 1) a definition of vaccine allocation,
2) existing models for vaccine allocation, 3) vaccine allocation strategies and 4) its factors
describing the performance of a particular strategy. Here, a general understanding is
created on vaccine allocation and what academic research has been performed on this
topic. This gives a general basis of vaccine allocation from an academic perspective. This
is needed, as current literature does not discuss vaccine allocation strategies which can
be applied explicitly on refugee camp contexts. With this theoretical and academic foun-
dation, vaccine allocation strategies are studied for a refugee camp context. Here, a com-
bination of literature studies and desk research is performed. Literature is studied on
vaccination programs in refugee camp contexts from other epidemics which happened
prior to COVID-19 and for COVID-19 when available. Desk research is performed on
vaccine allocation as a part of COVID-19 response programs, raised by national govern-
ments and other mandated organizations. For example, the vaccine allocation strategy
of the Bangladesh Government is studied through official policy documents. Also, vac-
cination allocation programs in developing countries are studied through documents
of officially mandated organizations, like the UNHCR & WHO. When different vaccine
allocation strategies are formulated through the above described research methodology,
they are finalized and validated with expert interviews. For this, experts with knowl-
edge on vaccinations programs in the Rohingya camp settlements are consulted. By
answering this question, a basis is created for conceptualizing and formalizing different
vaccine allocation strategies which can be applied on a refugee camp, from a perspec-
tive on the COVID-19 response coordinator. In the ABM-structure, this covers the first
second of step 1 & 2.
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Sub-question 3: How can refugee-host interactions in an open-system refugee camp settle-
ment, vaccine allocation strategies and being vaccinated to COVID-19 bet conceptualized
and formalized in line with an existing infectious disease (SEIR) model?

To answer the third research question, refugee-host interactions and vaccine allocation
strategies need to be conceptualized first. As this research builds forth on an existing
model for the spread of COVID-19 in a refugee camp, these concepts are constructed
correspondingly to this model. To do so, a first step is to conceptualize each sub-concept
separately: a sub-concept is defined for refugee-host interactions, for vaccine allocations
strategies and for the spread of COVID-19. Each sub-concept is conceptualized by defin-
ing the inner relations and the ABM-structured anatomies. Inner relations describe how
the different factors within the sub-concept relate and behave, which is done by con-
structing several flow and causal relation diagrams. Both can be used to conceptualize
and communicate cause-effect relationships between different sub-systems or factors
[Bala et al., 2017]. ABM-structured anatomies structure each factor in the sub-systems,
as either an agent or as a part of the external environment. For each factor, proper-
ties, actions and relations are defined with the use of a Unified Modeling Language
(UML) diagram. In these diagrams it is possible to structure objects into a modeling
language [Dobing and Parsons, 2008]. When each sub-concept is conceptualized, an in-
tegrated sub-system is created as an aggregation of these ABM-structured sub-systems.
Again, UML is used here to visualize the integrated concept of refugee-host interac-
tions, different vaccine allocation strategies and the spread of COVID-19 in a refugee
camp. Secondly, the conceptual model is formalized. Here, the integrated concept will
be made context-specific, i.e. by defining context-specific information for each agent
(and their behavior and relationships) and the environment in which they operate. To
quantify each conceptual component in the model, data and information from the case
study is used. This data is obtained from desk research, data-sources and literature on
the case study camp settlements. In the ABM-structure, this covers step 4. By answer-
ing this research question, a formalized concept is constructed, describing refugee-host
interactions, the influence of COVID-19 and different vaccine allocation strategies. By
formalizing this concept with information from the case study on the Rohingya refugee
camp settlements, this sets a basis for creating a context-specific model. The complete
answer to this research question covers step 3 & 4 in the ABM-structure.

Sub-question 4: How can this fomalized concept be integrated with an existing agent-
based model on COVID-19 infections in refugee camp settlements?

For answering the fourth research question, the formalized concept is translated and
implemented into an ABM-supported language and verified afterwards. Firstly, this is
done by creating a narrative story for the model and by formulating this into a pseudo
code. The narrative story is a first step of translating the formalized concept from the
previous step into a computational model. Here, a story is created for each agent and the
environment, how agent behave and when they changes their behavior. The story nar-
rative will be based on the temporal structure of the existing model which this research
builds forth on: time is structured by minutes. This means, a narrative is constructed
for each minute on the day where something happens inside the model. For example:
when an individual wakes up, when that individual goes to a local market and how
long it takes to get infected by COVID-19. In this way, a time-specific model is created
giving best insights in the infection processes for refugees. Secondly, pseudo-coding is
used to translate this narrative into the programming language, but yet in a comprehen-
sive way: pseudo-coding is the last step before translating the model into Netlogo, a
computer-based program for ABM implementations. After the model is implemented
in Netlogo, it is verified. Model verification is done to check if all model structures per-
form according to the modeler’s ideas. For verification, at first single agents and their
behavior are tested through single-agent testing. After, the model behavior is verified by
studying interactions between agents and the environment through Interaction testing
in a minimal model. The model is ready for its use by completing this sub-question. By
doing so, it covers step 5 & 6 in the ABM-structure.
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Sub-question 5: How can the dynamics between COVID-19 infections in an open-system
refugee camp settlement and vaccine allocation strategies be explained with an agent-
based experimental simulation study?

To answer this question, three main activities are performed: 1) the design and execution
of an experimentation design, 2) data analysis and 3) model validation. Firstly, an exper-
imentation design is created. This design consists of different hypotheses, formulated
from the expected results of policy measures relating to vaccine allocation strategies. For
example, a hypothesis is formulated as follows: “Vaccinating most vulnerable people
first will lead to most effective reduction of COVID-19 contagions”. Next to the formu-
lation of these hypotheses, a time frame is chosen for the experiment. This time frame
is chosen based on how long the model needs to run minimally, to be able to study how
COVID-19 infections take place. For example, it considers the minimal time to become
exposed to -, be infectious to others and to recover from COVID-19. As a third part
of this experimentation design, different scenarios are set-up. Scenarios allow for test-
ing different hypotheses in different real-world conditions. To execute each experiment,
several input parameters are selected and used to run the model. For this, a random
value for each parameter is chosen to replicate runs in the model over different inputs.
Secondly, the model results from the experiments are analysed with data analysis. To
compare outcomes of different experiments, the model outcomes are first studied with-
out applying a vaccine allocation strategy. This creates a basis for comparing different
strategies, which is done by visualizing and identifying patterns in model outcomes and
by interpreting these from the perspective of refugees and the emergency coordinator.
After the basis outcomes of the model are clear, the experimental design is applied on
the model. For each experiment, different hypotheses are tested and the outcomes from
the model are interpreted. Here, a special focus is set on data analysis regarding: data
exploring, visualizing patterns and interpreting and explaining these results. Thirdly,
model validation is done as a final step for this question. The outcomes of each experi-
ment will be presented to experts which were initially interviewed for sub-question 1-2.
Also, the outcomes of different vaccine allocation strategies will be compared to compa-
rable analyses of other vaccine allocation programs. For this, literature studies will be
used. With a valid model, general conclusions can be derived from the model results.
The model is ready for its use by completing this sub-question. By doing so, it covers
step 7, 8 & 9 in the ABM-structure.

Sub-question 6: How can the outcomes of this study be translated to an effective strategy
for COVID-19 vaccine allocation in a refugee camp?

To answer this question last sub-question, the outcomes from previous sub-question are
interpreted and explained. Here, the general aim is to translate the outcomes of the
experiments into decision-making information, which can be used by the emergency
response operator. This means, for different vaccine allocation strategies, the model out-
comes are summarized, explained and ranked. Also, a critical reflection on each experi-
ment is presented as an offset to the strategies which have been studied. By answering
this question, a full set of vaccine allocation strategies are studied and interpreted from
the model and translated to informative decision-making advice. By doing so, it covers
step 10 in the ABM-structure.

3.5 conclusion
In this chapter, a research design was formulated. Based on six sub-question covering
the main research question, a starting point was explained for this research. An existing
model for the spread of COVID-19 is used, which is adjusted/expanded for (1) camp
openness, (2) a vaccine allocation mechanism and (3) the Rohingya Refugee camp con-
text. The research which structures this approach is agent-based modeling, which is a
discrete model which allows for studying individual behavior of refugees in an refugee
camp environment. To construct the agent-based model with a contextual link to the
Rohingya refugees, data and information from one of the sub-blocks of the Nayapara
Rohingya Refugee camp are used. Lastly, a methodology was proposed for constructing,
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analysing and using the model. Here, 10 steps for an ABM study are set as a structural
guidance for a complete and meaningful research. In chapter 4, a first step for model
construction is made as this chapter is dedicated to translating the insights from the
literature review to an integrated and formalized concept.





4 C O N C E P T F O R M A L I S AT I O N

Chapter 4 gives an answer to sub-question 3 of this research: How can interactions in
an open-system refugee camp settlement, vaccine allocation strategies and being vaccinated to
COVID-19 be conceptualized and formalized in line with an existing infectious disease (SEIR)
model? First, a basis for conceptualization and formalization is explained in section 4.1.
Secondly, the research question is broken down into different sub-concepts, which are
conceptualized and formalized separately in section 4.2. Next, these sub-concepts are
integrated to one formalized concept in section 4.3. The chapter ends with an overview
of model assumptions in section 4.6 and a conclusion in section 4.7.

4.1 system identification & decomposition
”Systems are not actual entities, as such, but are idealisations or abstractions of a part of the real
world” [Van Dam et al., 2012, p.17]. An abstraction of the system of study is depicted in
figure 4.1. The figure shows an Unified Modeling Language (UML)-based representation
of this system, covering the four main concepts which together aggregate to the open-
system refugee camp.

Figure 4.1: An open-system refugee camp, influenced by COVID-19 and vaccine allocation

The system is describes agents (Rohingya refugees & host communities), and the physi-
cal (the open-system refugee camp) and non-physical environment (i.e. COVID-19 mea-
sures & vaccine allocation strategies) in which these agents interact inside the refugee
camp. As both populations live in separate areas, the interactions between the two
happens on locations where they mix. The refugee camp is defined as the physical envi-
ronment, where COVID-19 transmission happen as a result of interactions. This links to
the non-physical environment, which is a structure of government-lead COVID-19 mea-
sures and COVID-19 vaccine allocation. COVID-19 measures result in the level openness
of the camp itself and of markets here, as a means to reduce interactions. Vaccine al-
location serves as a potential balancing mechanism: the allocation of vaccines can have
a negative effect on the number of COVID-19 infections which happen on interactive
spots in the camp environment.

29
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4.2 conceptualization & formalization of sub-concepts
”Systems always consist of multiple components, usually guided by the structure of a system”
[Van Dam et al., 2012, p.17]. Sub-concept are conceptualized and formalized as a first
step for constructing a model of the demarcated system. To do so, an ontology has been
developed for several sub-concepts. An ontology can be defined as a combination of a
conceptualizing and formalizing [Gruber, 1993], and are typical for case studies using
ABM [Van Dam et al., 2012]. Through the ABM core anatomies, introduced in chapter 3.3,
sub-concepts are further specified as either an agent (or an agent’s specific behavior or
interaction with other agents) or as the environment (both physically or non-physically,
containing the information absorbed by or structure demarcating the behavioral space
of agents) [Van Dam et al., 2012].

4.2.1 Concept I: Conceptualization of refugee-host interactions in an open-system
refugee camp

Part I: Refugee-host interactions

As in this research the aim is to use an COVID-19 transmission model, refugee-host
interactions have been conceptualized based on other studies which used an SEIR trans-
mission model in combination with an ABM model. A number of these studies con-
ceptualize interactions as an agent’s execution of daily activities or other daily routines
(e.g. Hailegiorgis and Crooks [2012], Crooks and Hailegiorgis [2014], Rajabi et al. [2016]).
In this research, daily activity schedules serve as a concept for agent behavior and in-
teraction, of which a flowchart concept can be found in appendix D.1.1. This concept
represents time-based flows of activities executed by individual agents on a daily basis:
when an agent wakes up, different activities follow, based on an agent’s population and
age. Each activity represents a location and moment where Rohingyas interact with
Bangladeshi or with other Rohingyas. Based on insights from expert interviews who
work in the Rohingya camps and supplemented with insights from literature, an sum-
mary of a Rohingya activity schedule is made.

Daily activities of Rohingya refugees
Rohingyas are active during the day. In the morning, Rohingya children below 14

years old go to Temporary Learning Centres (TLCs), which are in-camp education cen-
tres. Also, mosques are used for education for children [Interview 1, 2021; Interview
2, 2021]. Whereas children go to school in the morning, the older people from both
the Rohingya & Bangladesh population visit a mosque. Mosques serve as a location
where both Rohingyas and Bangladeshi practice their religion on a daily basis. As 90%
of the Bangladeshi and all Rohingyas are Muslim [Population of the World, 2021; Mo-
hajan, 2018], mosques are considered the main basis of religious practices inside and
around the camps. Inside the refugee camps, a mosque exists for each sub-block in-
side a block. Also, some bigger mosques exist outside the camp boundaries, which are
usually bigger and more mixed between the two populations [Interview 2, 2021]. After
a morning pray, the elderly usually return home or go to a local market, where they
socialize and charge their phones. Rohingya adults and children visit markets as well,
but are also busy to generate the essentials for their households: they collect water and
food at sanitation/water taps and food collection points. Thereafter, Rohingya adults
and Bangladeshi go to local markets, where they interact by trading, selling small things
or socialize as well. These interactions are really informal, and shops and markets do
not have predefined spots. In the end, the main reason for elderly to visit markets and
in-camp facilities is to socialize, whereas adults and children go here to sustain the liveli-
hoods of their families [Filipski et al., 2020]. At the end of the day, all Rohingyas go back
to their shelters and host communities are demanded to leave the camp site. Not many
more interactions happen until the next day: due to a lack of electricity, camp sites are
barely illuminated. Therefore, most of the people stay home.

From these activities, an activity schedule has been defined for both populations. Here,
the main focus is set on the refugee-host interactions and where these take place. As many
different types of other interactions happen, which would make the model quite compu-



4.2 conceptualization & formalization of sub-concepts 31

tational, interactions are conceptualized by three different types: in-camp interactions
among Rohingyas, in-camp refugee-host interactions and refugee-host interactions at
the vicinity market. In-camp interactions among Rohingyas represent all interactions
which relate to the daily execution of things outside shelters, such as collection of water,
food, visiting sanitation facilities and religious buildings. An activity left out of scope
from this model is visiting a healthcare facility. As this research focuses on transmis-
sions of COVID-19, it is assumed healthcare facilities are no source of causing transmis-
sions, but rather a treatment facility for individuals who are already infected. In-camp
refugee-host interactions relate to all in-camp interactions between the Rohingya and
host community population. These concentrate at small, mostly in-camp markets or
at meeting-points along the roads. Refugee-host interactions at the vicinity market
are interactions which happen at the bigger vicinity market, which locates on the camp
boundaries along the main road of the camp.

Locations of these in-camp facilities are conceptualised by indicating their location and
capacity: the location indicates where people interact and the capacity regulates how
many people interact at one place. Locations of facilities were derived from Ahmed et al.
[2020], who presents an overview of the infrastructural division of public places in the
Rohingya refugee camp settlements. Also, a map by Humanitarian Response [2017] is
used, which was depicted earlier in figure 3.1.

Part II: An Open-system refugee camp

Agents are active inside a physical environment, which is the concept of the open-system
in which interaction happen. To structure this environment, physical elements are stud-
ied from the Nayapara refugee camp: the physical structure of the refugee camp envi-
ronment with different activity locations, shared facilities and shelters. These elements
are depicted in the physical environment conceptualization in figure 4.2.

Figure 4.2: UML-based Physical Environment

Physical camp environment: Nayapara RC is located in the Teknaf district of Cox’s
Bazar, and borders the host community living areas. The area is densely populated,
with over 22.000 refugees (in 4435 households) [HDX Data, 2021]. The area splits in
different blocks and sub-blocks as administrative units. As introduced earlier in chapter
3.3.1, one of the sub-blocks has been chosen for studying. This sub-block is shown in
figure 4.3 and is the general conceptual basis for the physical open camp environment.
Entry point of the camp: Before COVID-19, no physical boundaries existed around
Nayapara RC. However, the Bangladesh government strictly controls the entrance of
outsiders into the camp, with gates and military checkpoints Farzana [2016]. These bor-
der controls of the Rohingya refugee camps was tightened even more since May 2020,
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Figure 4.3: The Nayapara Block B as a conceptual basis for the physical open-system camp en-
vironment

as the government raised physical borders around the refugee camps for controlling
the spread of COVID-19 [IDC, 2020]. To conceptualize the openness of Nayapara RC,
an entry point is used as a formal entrance for Bangladeshi to of the camp site local
Bangladeshi to enter the camp. Here, to cover different levels of camp openness/strict-
ness of camp lockdowns, these entry points allow a number of host community people
inside the camp boundaries. For example, in case of a strict lockdown no one is officially
allowed to enter the camp sites.

Activity destination: Three important factors to study the interplay between interac-
tions and COVID-19 infections are the location of interaction, the time of spending here
and the number of individuals at this location. For the latter, a distinction is made be-
tween Rohingyas and Bangladeshi, by defining a ratio of visitors to a certain location.
Namely, markets along borders of Rohingya refugee camps are much more mixed than
in-camp markets, covering an average 12% and 50% ratio of Bangladeshi visitors respec-
tively [Filipski et al., 2020]. For the locations of these interactions, different locations are
determined where these interactions take place. For this, data is used on the general
camp infrastructure from three sources: data from HDX Data [2018] and Humanitarian
Response [2017] give insights in the general camp infrastructure and its facilities. Open
source data from Rohingya Camp Map [2018] gives insights in public facilities (see fig-
ure 4.3).

Households & shelters: A last element used to conceptualize the physical environment
is a refugee household, who live inside shelters. Shelter households are used to repre-
sent the Rohingya population inside the refugee camps. A shelter defines the living area
of a household/Rohingya family, which all have a daily schedule as introduced in 4.1.
For each household, a specific demographic composition and size is defined, based on
current data on households inside Rohingya refugee camps in Bangladesh. This is ex-
plained more briefly in the next section. To create interaction among individuals, an ac-
tivity schedule is determined for each household. For each activity, individual refugees
are then created to execute this activity by moving towards an activity destination.

4.2.2 Concept I: Formalization of refugee-host interactions in an open-system refugee
camp

Part I: Refugee-host interactions

The interactions between individual agents in the Rohingya refugee camps are based
on daily activity schedules, which happen in the general infrastructure of the camp.
Interactions happen as a result of spending time together at locations, where agents go
based on their daily activity schedules. These activities have been scoped to three types
of activities:
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1. In-camp interaction among Rohingyas (i.e. visiting food & water points, schools,
and mosques)

2. In-camp refugee-host interactions (i.e. visiting small in-camp markets & informal
meeting at the streets)

3. Refugee-host interactions at the vicinity market (i.e. the bigger market along the
camp boundary)

Based on these interactions, an activity schedule has been developed for each household,
as shown in table 4.1.

Table 4.1: Daily activity schedules for interactions between Rohingya refugees between them-
selves and with host communities

Types of activity Location Time Frequency Duration

Wake up Shelter 8am Daily -

Refugee-
refugee
interactions

Go to school In camp facility 9am Daily 1-2 h
Visit a mosque In camp facility 8-9am Daily 15-30 min.
Collect water & sanitize In camp facility 9-10am Daily 5-10 min.
Collect food In camp facility 10-12am Weekly 1h

Refugee-
host
interactions

Go to a vicinity market Vicinity market 12am-4pm Daily 1-2h
Go to in-camp market In-camp markets 12am-4pm Daily 15min.
Go home Shelter 4-5pm Daily -

These activity schedules were derived from the three expert interviews on the Rohingyas
(see appendix B). Some of the activities or mechanisms behind it have been simplified:
for children, schools are considered important educative centres, but are sometimes
hosted in mosques. Also, marketplaces are assumed to host all economic interactions
between individuals. In context of the Rohingya camp, these economic interactions
are a result of various types of businesses [Filipski et al., 2020; Rosenbach et al., 2018].
However, as this research focuses on COVID-19 infections as a result of interactions,
economic interactions are simplified and assumed to only happen in markets. Lastly,
Rohingyas are assumed to execute their daily habits inside the camp borders. In reality,
some Rohingyas are allowed to go out of the camp boundaries, but these proportions are
relatively small: only an estimated 5% has a legal status to leave the camps [Rosenbach
et al., 2018] and other refugees have no access to work or property outside the camps
[Yesmin, 2016; Zetter and Ruaudel, 2016]. Therefore, economic interactions outside the
camps are left out of scope for simplicity. Lastly, as multiple locations of the same
activity can exist (e.g. there are multiple markets, schools, mosques, etc.), the choice for
one of these activities is based on distance or on a social-mixing matrix. For schools,
mosques, water & food points and isolation centres, the closest facility of that type is
chosen. For example, children choose to go to school most closely to their shelter.

Table 4.2: Mixing patterns between Rohingyas and Bangladeshi in-camp markets vs. on vicinity
markets, based on estimations by Filipski et al. [2020]

In-camp markets Vicinity market

Rohingyas 49% 51%
Bangladeshi 12% 88%

For market visiting, a social mixing matrix is guiding individual’s destination (see table
4.2). In this way, social mixing is represented between Rohingyas and Bangladeshi,
based on estimations by Filipski et al. [2020].

Part II: An Open-system refugee camp

To formalize the physical camp environment and different activity destinations inside
the Nayapara B Block, two physical maps of the camp infrastructure have been studied
from Rohingya Camp Map [2018] and Humanitarian Response [2017]. These maps con-
tain accurate and up to date information about different types, frequencies and locations
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of facilities and market centres inside the Nayapara B block. An overview of this is pre-
sented in table 4.3. To formalize shelters and households, data from HDX Data [2018]
and a study on household compositions by [Bhatia et al., 2018] are studied. Rohingya
households are characterized by a household composition, which in this research is char-
acterized by age and size: a household consists of children, younger adults, older adults
and elderly. Each household is assumed to host 5, 6 or 7 individuals, adapted from
data from Lopez-Pena et al. [2020] who conclude a median of six household members
in Rohingya shelters. Table 4.4 shows an overview of these data.

Table 4.3: Formalization of type & number of facilities in the Nayapara RC Block B

Facility location Frequency

In-camp markets 7

Vicinity market 1

Mosques 3

Water taps 55

Schools 4

Food collecting points 1

Table 4.4: Formalization of estimated population size & household composition in the Nayapara
RC Block B

Rohingyas Bangladeshi

Population 950 280

Shelters 148 -
Median household (hh) size 6 5

Children per hh <18 y 65% 50%
Young adults per hh 20-40 y 20% 25%
Older adults per hh 40-60 y 10% 20%
Elderly per hh >60 y 5% 5%

4.2.3 Concept II: Conceptualization of Camp Openness

Three types of camp openness are conceptualised, which limit interactions in the open-
system camp environment:

• An unconditional lockdown (strictly limited camp openness)

• A conditional lockdown (medium limited camp openness)

• No lockdown (no limitations for camp openness)

These types of lockdowns were adapted from Silva et al. [2020], and are translated to a
concept of camp openness for both the camp’s borders and its facilities & markets. Naya-
para RC is strictly controlled by checkpoints and entry points, to regulate entrances of
people into the camp. If the camp closes its borders, host communities are (partially)
kept out of the camp. Also, in-camp facilities can close. In this case, both refugees and
host communities are (partially) not allowed here. When no lockdown is imposed, no
restrictions on interactions between refugees and host communities are implemented.
This means, the camp borders are not closed and both refugees and host communities
have access to all the facilities and markets in the camp. For a full lockdown, host com-
munities are kept out of the camp and the big market inside the camp is closed. This
market is assumed to be able to close by the government, as it is relatively demarcated
and regulated by the Bangladesh Government Interview 2 [2021]; for other in-camp facil-
ities, no restrictions are imposed. Namely, as using these facilities is on highly informal
basis, regulating these interactions is practically impossible [Interview 2, 2021]. For a
conditional lockdown, restrictions are implemented after COVID-19 infections exceed a
certain threshold. The latter was the case in the Rohingya camps after the strict lock-
down ended in August 2020 and public facilities such as markets and mosques were
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accessible for both Rohingyas and Bangladeshi, but for limited numbers of visitors [In-
terview 1, 2021; Interview 2, 2021].

The three levels of lockdowns are used as concepts which represent the government’s
decisions to limit the number of contacts between people, which reduces the number
of COVID-19 transmissions. By imposing these restricting measures, a first category is
applied for host country policies in refugee camp contexts, adapted from Werker [2007]’s
framework on a structure of a refugee camp. Namely, this framework addresses re-
stricting and benefiting policies: limited camp openness is categorized as the first type,
whereas the allocation of vaccines is categorized a benefiting policy. Both types of poli-
cies are conceptualized through a flow diagramming method, of which the final concept
can be found in appendix D.1.2.

Next to camp openness regulated top-down, individual behavior of refugees is used as
a concept representing the compliance to stick to camp openness regulation. As in-camp
regulation of contacts is hard, a factor of non-compliance is used as a potential risk of
individuals not complying to two types of compliance:

1. Compliance to only visit a market if vaccinated

2. Compliance to stay-at-home if infected

The first type of compliance relate to accessibility of facilities which is based on an
individual’s vaccination status. If an individual is not vaccinated and non-compliant, a
facility is still visited. The second rule relates to stay at home when being infected by
COVID-19. Here, it is assumed refugees can follow up with this rule if they know they
are infected. Here, symptomatic infections are assumed to be be known as a COVID-19

infection by individuals, due to having symptoms. The third rule relates to wearing
a mask in public, i.e.when leaving the shelter. Here, it is assumed wearing a mask in
public reduces the chance of transmitting an infection.

4.2.4 Concept II: Formalization of restricting COVID-19 measures

Restricting policies related to camp openness has been conceptualized as either no lock-
down, a conditional lockdown or a full lockdown. The three different levels of restric-
tions define if and if so how many people can visit the camp facilities, as formalized in
table 4.5.

Table 4.5: Formalization of camp openness & in-camp facility capacities, based on three types
of lockdowns

Type Lockdown Openness for: Vicinity market In-camp markets In-camp facilities

Rohingyas Capacity 100% Capacity 100% Capacity 100%
No Lockdown

Host community Capacity 100% Capacity 100% Do not visit

Rohingyas Capacity Limited Capacity 100% Capacity 100%
Conditional

Host community Capacity Limited Capacity Limited Do not visit

Rohingyas Capacity 0% Capacity 100% Capacity 100%
Unconditional

Host community Capacity 0% Capacity 0% Do not visit

In case of no lockdown, host communities are free to enter the camp site and Rohingyas
and host communities are free to visit all facilities. In case of a conditional lockdown,
the camp is open for limited numbers of visited, ranging from 10% to 90% compared.
In case of a full lockdown, the camp is closed for the host community. Also, the big-
ger market is closed for visiting. This means, only interactions which are informal and
uneasy to regulate happen. The selection of a restricting measure for camp openness,
which is done by the Bangladesh Government, is based on two approaches: a static and
a dynamic approach. For the static approach, one of the three types of lockdowns yields
during the studying of the model. Here, a restricting measure for camp openness is
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defined for 90 days. In case of a dynamic approach, the government varies with differ-
ent types of lockdowns as a dynamic interplay of measures and COVID-19 infections.
Here, a basic reproduction number R0 is used as a threshold to determine the type of
lockdown, which is reassessed by the government on a weekly basis. The reproduction
number is a straightforward and broadly applied concept for the justification of policy
interventions related to COVID-19 [Linka et al., 2020; Fauci et al., 2020]. This number
tells how many new infections are caused by a single infected individual, as captured
in equation 4.1:

R0 =
Rweeki

Rweeki−1
(4.1)

Every week, an assessment is carried out by the Bangladesh Government on the basic
reproduction number, which is used to determine the type of lockdown which will
be imposed. Below, the default thresholds of R0 are shown as used for this research.
These are applied from Liu et al. [2020], but is should be mentioned the selection of R0
thresholds is contextual and subjective [Liu et al., 2020].

• R0 < 1.0: no lockdown
No capacity for vicinity market, camp fully open for host community

• R0 1.0-1.5: conditional lockdown
Varying capacity for vicinity market, camp partially closed for host community

• R0 > 1.5: unconditional lockdown
Vicinity market closed, camp fully closed for host community

Lastly, to formalize the concept of compliance, it is determined for each household
whether they are compliant or not for stay-at-home rules or wearing-mask rules. Whether
a household is compliant or not is based on the current state of lockdown. If no lock-
down is imposed, households are assumed to have lower compliance (approximately
30% of all households) than for a conditional (50%) or unconditional (80%) lockdown.
Here, it is assumed compliance is associated with social fear, which is assumed to grow
if more measures are implemented, as adopted from Jørgensen et al. [2021].

4.2.5 Concept III: Conceptualization of vaccine allocation

In line with Werker’s 2007 twofold typology of restricting and benefiting policies which
can be applied by governments in a refugee context, benefiting policies are related to
the allocation of vaccines. Here, vaccines serve as a benefiting factor for camp openness,
as less infections are a result and the camp can remain open for longer. To conceptu-
alize vaccine allocation, six general main elements are defined: (1) vaccine availability,
(2) delivery of vaccine in different batches, (4) vaccine efficacy, (5) vaccine infectiousness
and (6) the vaccine allocation approach. This concept can be viewed in appendix D.1.3.
Starting with vaccine availability, which is conceptualized by ranging over different
numbers of available vaccines. Here, expected numbers of vaccines derived from the
Bangladesh’s NDVP are used as a baseline: see appendix C.3. Here, it is assumed the
availability of one vaccine can be injected to one individual, with a 90% or 100% efficacy
rate. An efficacy of 90% means 10% of vaccinated individuals can still be infectious to
others, and is chosen to be a relatively valid value in context of vaccines in Bangladesh.
Namely, about 80% of 240 million ordered vaccines in Bangladesh have efficacy-rates
over 90%. Vaccines are assumed to arrive through 3 delivery batches, with intervals of
30 days. This assumption is also based on the Bangladesh NDVP, which defines different
phases on numbers of expected vaccines. Here, the aim is to vaccinate a minimum of
80% of the Bangladesh population, which is applied to this concept as well. Vaccines are
assumed to be allocated immediately after arrival, for which full willingness is assumed
to get vaccinated by the Rohingya population. This willingness is out of scope in this
research, as it is considered part of vaccine distribution, which is another phase in the
vaccine supply chain, according to Duijzer et al. [2018].
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Vaccines are allocated based on different vaccine allocation strategies. These strategies
are based on the Bangladesh Government’s choice of vaccine prioritization and on vac-
cine availability. Vaccine availability is an important factor linking to decision-making
with scare vaccines, as introduced in chapter 2.3.2. Vaccine allocation is conceptualized
as a mechanism of allocating the number of vaccines over individuals, based on their
age-group or the level of their risk transmission profile. Age-groups guide the prioritiza-
tion strategies which link to age-based demographic approaches. Transmission profiles
link to transmission-based approaches, which is defined by the force of infection and
the level of activeness by an individuals to interact with others. The force of infection
depends on age, and is the rate to infect others when infected. The activeness of individ-
uals in their share of the total population who interacts with others. Here, elderly and
to some extent children are assumed not to be as active as adults. Section 4.5 goes into
further detail on the vaccine allocation strategies which are compared in this research.

4.2.6 Concept III: Formalization of vaccine allocation

The concept of vaccine allocation is formalized by defining how many vaccines will
be allocated (which reflects vaccine scarcity), when (reflecting the delivery of vaccine
batches) and by the determination to whom vaccines will be distributed (which reflects
the prioritization vaccines). To determine how many vaccines will be available, a default
number of available vaccines is selected based on data from the Bangladesh NDVP (also
see appendix C.3). In this vaccine allocation program, a total amount of 694.236 vaccines
is scheduled to be available for Rohingyas over three batches. The fraction needed for
the Nayapara Camp B block is estimated based on the total population of Rohingyas
and the population of study. Table 4.6 shows an overview of the default amount of
vaccines.

Table 4.6: Formalization of vaccine scarcity

Batch 1 Batch 2 Batch 3 Total

Delivery day Day 1 Day 30 Day 60 90 Days
Cum vaccine coverage 15% 47% 80% 80%
Expected vaccines Rohingyas
(total camp, 861,545 people)

129.698 272.070 292.468 694.236

Expected vaccines Rohingyas
(Nayapara B, ∼950 people):

143 300 322 766

Expected vaccines Host Community
(275 people)

41 86 93 221

For formalizing vaccine allocation strategies, three main factors are used to create and
shape the allocation strategy: age, a transmission profile and a population (see ta-
ble 4.7). Through ages-based profiles, prioritization of different age-groups is formal-
ized. Through a transmission profile, it is possible to prioritize groups with the highest
chance of transmitting COVID-19 to another person. With differences between two sub-
populations, it is studied what the effect is of excluding the Rohingya refugees from the
COVID-19 vaccination program.

Table 4.7: Formalization of vaccine prioritization groups, defined by age, transmission profile or
population

Age-group Transmission profile Population

Children Low risk of transmission Rohingyas
Young adults High risk of transmission Rohingyas & Bangladeshi
Older adults High risk of transmission Rohingyas & Bangladeshi
Elderly Low risk of transmission Rohingyas & Bangladeshi
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4.2.7 Concept IV: Conceptualization of a COVID-19 transmission model

As a result of interactions in the refugee camp, COVID-19 infections happen inside the
camp. These COVID-19 infections are conceptualized trough an transmission model, of
which an existing epidemic model was introduced in section 3.2. Based on the general
structure of this model, a conceptualized mechanism of COVID-19 transmissions be-
tween individuals which is used for this research is explained here, for which a separate
concept can be found in section D.1.4.

As an input for this transmission model, both the interactions between individuals and
demography-based characteristics are important factors. Demographic differences be-
tween agents differ from an agent’s sub-population (i.e.Rohingya or Bangladeshi) and
age (i.e. children, young adults, old adults and elderly). Here, it is important not to con-
fuse the three age-groups related to activity schedules as introduced in section 4.2.2: four
age-groups are studies for COVID-19 transmissions, as differentiating over four groups
gives better insights in the age-based vaccine strategies. For example, the chance of de-
veloping an symptomatic infection from COVID-19 is significantly different ranging over
these age-groups Davies et al. [2020]. Regarding differences between sub-populations,
a clear difference between Rohingyas and Bangladeshi exists regarding the chance of
dying from COVID-19: case facility rates for Rohingyas against Bangladeshi is almost
twice as high [Hub, 2021].

Secondly, for different agents it is determined whether they are vaccinated or not. This
determination depends on the vaccination strategy, and means a vaccinated agent is pro-
tected. Here, for simplicity, it is assumed agents are protected immediately after being
vaccinated, rather than growing immunity over a time span of 7 days [Garcia-Beltran
et al., 2021]. For example, a vaccination strategy implies all elderly are prioritized for
vaccination. In case sufficient vaccines for all elderly are available, all elderly will be
protected for a COVID-19 infection. The concept of vaccine strategies is discussed more
briefly in section 4.2.1.

Based on the two inputs, non-vaccinated, susceptible individuals can be exposed (E) to
other agents who are infectious, with a chance of getting infected. Here, agents can
become asymptomatic (A) or symptomatic (I) or asymptomatic and being vaccinated
(Av). For this last stage, agents are vaccinated but still infectious to others. This has been
studied, as current research on COVID-19 vaccines do not clearly show non-vaccinated
individuals can be infected by vaccinated individuals Peiris and Leung [2020b]. Agents
with symptomatic infections are assumed to know they have COVID-19, making them
decide to isolate themselves from other agents. However, as concluded in chapter 2,
compliance to measures (e.g. staying at home) is low in poor areas, such as refugee
camps. Therefore, a factor of compliance is determined for individuals, which makes
them comply to isolate or not. For asymptomatic infections, it is assumed agents have
no risk of dying (D) from COVID-19. Therefore, only symptomatic agents can die with
a certain chance; others recover (R).

4.2.8 Concept IV: Formalization of a COVID-19 transmission model

To formalize the COVID-19 transmission concept, this research follows some of the or
simplified equations as proposed by Foy et al. [2021]. The equations aggregate to a
transmission model, using a total population (N) with susceptible individuals with an
age group i and a sub-population j. Following the transmission stages of a susceptible
population Sij, the transmission model progress as follows:

N = S + E + I + A + Av + V + R− D (4.2)

Equations which are used for each of these stages can be found in appendix D.2.1.
These equations are based on the following model parameters. β1 describes the force of
infection. This parameter controls the rate of the spread (i.e. the probability of a trans-
mission between susceptible and infectious individuals). In this research, different forces
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of infection are considered for different age-groups and sub-population, based on esti-
mations of Davies et al. [2020] (see appendix D.2.2). σ, ω and γ are rates used to progress
between different disease transmission stages, and are derived from generally available
data on incubation times, post-isolation recovery (i.e. for symptomatic infections) time
and recovery times in general (for asymptomatic infections). p describes the probabil-
ity of becoming symptomatic after an exposure to COVID-19. To determine p, which
is also age-based specific, data is used from a research by Mannan et al. [2021], show-
ing the ratio of asymptomatic versus symptomatic individuals in Bangladesh. Here,
Rohingyas face far less symptomatic infections from COVID-19, as Lopez-Pena et al.
[2020] concludes only 24% of the Rohingya population shows symptoms (such as fever,
dry coughs or fatigue). δ is used as a death-rate, which is based on data from Hub [2021]
on both Rohingyas and host communities. Based on the vaccine allocation strategy, M
number of vaccines are allocated to individuals, with an effectiveness of vaccines of ε.
Lastly, β2 is set to 1 if vaccinated individuals are still infectious to others. All parameters
and sources to formalize these parameters with relevant data are shown in table 4.8.

Table 4.8: Average formalized transmission model parameters for Rohingya & Bangladeshi pop-
ulation

Parameter Meaning Rohingya Bangladeshi Unit Source

β1 Infection force age-based age-based rate Davies et al. [2020]
1/σ Incubation time 5.2 5.2 days Lauer et al. [2020]
1/ω Post-isolation rec. time 16.4 16.4 days Bi et al. [2020]
1/γ Recovery time 6 6 days Bi et al. [2020]
p Rate of symptomatic inf. age-based age-based rate Mannan et al. [2021]
δ Death-rate 0.022 0.011 rate Hub [2021]
M Available vaccine doses Variable Variable doses -
ε Vaccine effectiveness Variable Variable rate -
β2 Infectious if vaccinated [1,0] [1,0] binary -

4.3 system integration
Systems differ from unorganised heaps, which also have multiple components, by the fact that
the elements are interdependent and interact [Van Dam et al., 2012, p.17]. These inter depen-
dencies and interactions between the sub-concepts are conceptualized and formalized
to an integrated system. To do so, the sub-concept’s general links are explained and a
general structure of the integrated concept is presented. To make this concept operable
for an ABM, it has been formalized in line with the case study. In this section, some
sub-concepts are presented as a simplified version. Appendix D presents all these more
detailed.

4.3.1 Conceptualization of integrated sub-concepts

A concept of the integrated system can be found in figure 4.4, created through a flowchart
structure. Flowcharts are diagrammatic tools for representing processes or flows in a
system. The integrated system consists of the four main sub-concepts from section 4.2.
Together, the integrated system consists of four parts:

1. Sub-concept 1: Interactions in an open-system refugee camp

2. Sub-concept 2: Camp openness

3. Sub-concept 3: COVID-19 vaccine allocation strategies

4. Sub-concept 4: A COVID-19 transmission model

Daily interactions in an open system refugee camp and COVID-19 transmissions (con-
cept 1 & 4), are linked through a positive feedback mechanism. This mechanism works
as follows. A day starts when refugee households wake up. At that moment, these
households determine a shared daily schedule and their health condition: in case this
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Figure 4.4: Integrated concept of system sub-concepts

health condition is good (i.e. nobody in the household has COVID-19), individual agents
leave the household to execute activities where they interact with others. For example,
children go to school, and the elderly go pray in a mosque. These interactions serve as a
first link to cause COVID-19 transmissions: when individuals are exposed to another in-
fected individual, they can become infected. Here, demographic characteristics such as
age and a health-profile influence the development of a symptomatic or asymptomatic
infection.

The second link, going back from the transmission model to daily interactions, relates
to individual compliance isolation when a household is infected. It is assumed individ-
uals know about themselves to be infected with COVID-19 in case of a symptomatic
infection. When an individual decision not to comply and not to go into isolation, they
follow their daily activity schedules. Here, the second link exists, going back from the
transmission component to the daily interaction components, but here a higher share
infectious individuals interact with susceptible individuals. This is an enforcing feed-
back loop, as more infectious individuals will interact with others in case of low levels
of compliance, with more COVID-19 infections as a result.
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Furthermore, two links go from the response coordinator’s perspective to influence the
interactions among individuals inside the camp with restricting measures (concept 2)
and to influence the number of infections with vaccine allocation strategies (concept 3).
The third link is a one-way influencing relation from the camp openness component,
affecting the number of host community people entering the camp. The government
regulates the entry points of the camp site, on three levels of strictness. These levels of
strictness are based on the number of COVID-19 cases inside the camp: if cases rise, the
government decides to introduce a lockdown measure, isolating the camp and keeping
out the hosting community. The effect of this is less interactions happening inside the
camp. As interactions serve as a measure for gaining livelihoods, this means the life
conditions of the people inside the camps decrease.

The fourth link describes the mechanism of vaccine allocation on the COVID-19 trans-
mission process. When individuals are vaccinated for COVID-19, their infectiousness
decreases. Different vaccine allocation approaches can be chosen, based on demographic
characteristics of individuals and on different levels of COVID-19 infections. Based on
the approach, individuals are vaccinated, meaning these individuals are excluded from
the transmission process. In that case, less infections will happen inside the camp, lower-
ing the chance of the government closing down the camp through lockdowns measures.

4.3.2 Formalization of integrated environment

As a last step for translating the integrated system into a model, it is formalized. With
this, the aim is to translate and formalize the integrated concept from previous section,
by explicitly defining and operationalizing each concept of analysis. In this way, a fully
integrated and context-specific conceptual model is created in line with both the theo-
retical basis of this study and the practical context of the case study. This last step of
formalization of the integrated model adds value to this research, as it lowers the level
of ambiguity of the model and creates more context dependency related to the domain
of study [Van Dam et al., 2012]. More practically, this last step of formalizing allows
to set a basis for a conceptual model of the Nayapara refugee camp case study and the
model concept which fits the context of this.

A high-over, UML-based formalization of this formalized model is depicted in figure 5.1.
This formalized concept contains the ABM-structured core elements which have been
translated to construct a model of analysis (further discussed in chapter 5). It shows
several physical and non-physical elements (agents and objects) of the model, their inner
states and actions and the environment in which these elements exist. For example, in-
dividuals from the figure reflect both Rohingya refugees and Bangladeshi. Individuals
from both groups have overlapping properties, such as age, a daily destination and have
COVID-19-specific characteristics. Based on their properties (such as their destination),
these individuals carry out certain actions (such as executing an destination-based ac-
tivity). A more complete overview of this integrated formalized concept is discussed in
D.2.5.

4.4 model key performance indicators

To study the behavior of the system from previous sections, two main KPIs have been
chosen: the first KPI measures the number of COVID-19 infections in the open system
refugee camp environment. The second KPI measures the number of interactions among
refugees and with host communities. By conducting experiments with the model, it
is analyzed how both of these KPIs develop over time and be influenced by different
vaccine allocation strategies. Here, it is the aim to explore how these strategies influ-
ence the dynamics between creating economic freedom (measured in interactions) whilst
keeping health secure (measured in COVID-19 infections). By doing so, the earlier named
trade-off between both these KPIs is researched.
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Figure 4.5: UML-based formalization of the integrated concept

4.4.1 KPI 1 Infections

COVID-19 infections are studied by measuring the number of individuals who are in-
fected by COVID-19. Getting infected is caused by a susceptible individuals, who is
exposed to an infectious person and gets infected after a certain incubation time. From
the moment an individual reaches the stage of being symptomatic or asymptomatic,
a COVID-19 infection is measured. By measuring COVID-19 infections, a KPI is de-
fined which measures the potential balancing mechanism for allowing more interactive
freedom (measured with interactions, see section 4.4.2). Being infected with COVID-19

is assumed to be a result of not being immune for COVID-19, which applies to non-
vaccinated individuals or recovered individuals who have become re-infectious. There-
fore, this KPI allows for studying the effect of different vaccine allocation strategies, as
these reduce the group of infectious people and therefore the potential spread of COVID-
19 through the refugee camp.

COVID-19 infections are a common measure for comparing vaccine allocation strategies
in other literature. For example, Foy et al. [2021] and Matrajt et al. [2020] measure the
effect of different strategies on the number of infections. Tuite et al. [2021] measures
COVID-19 infections as the adverted relative benefiting effect of vaccinating, relative
to not vaccinating. Examples of other KPIs which are used in literature relating to the
impact of vaccines and COVID-19 are metrics such as deaths or mortality rates, morbid-
ity rates or pressure on hospitality and availability of healthcare workers/facilities (e.g.



4.5 vaccine allocation strategies 43

[Matrajt et al., 2020]). Also, the KPI of COVID-19 infections can be further explicated by
differentiating between asymptomatic and symptomatic infections (or for symptomatic
infections even further differentiated over normal, severe and critical infections, as by
Shim [2021]).

However, as the main aim of this study is to research the trade-off between health and
economic values, it is chosen not to differentiate over many KPIs which reflect only
health-based metrics. Measuring COVID-19 infections as a first KPI is assumed to be
a good metric for determining effective allocation strategies, as it sufficiently reflects
health-based factors which can be set as a trade-off for interactive freedom. Lastly, for
measuring COVID-19 infections, a last assumption which is made relates to the com-
plete knowledge on the number of infections. This assumption implies the government
has accurate information on COVID-19 cases which are registered in the camp. This
assumption is made for simplicity, and is reflected upon in chapter 9.

4.4.2 KPI 2 Interactions

Interactions are studied by measuring the number of visits by individuals at mixed or
shared facilities and locations. An individual is measured to ’interact’ with others by
deciding to visit one of the public places, such as a mosque, market or a school. One
could argue the definition of a real interaction, but it is assumed visiting a public spot
in the refugee camp environment is in favour of an individuals livelihood. Therefore, a
visitation to one of these livelihood-generating activity destinations is measured as an
interaction. Preferably, the number of interactions by both refugees and host communi-
ties is as high as possible for livelihood-generating activities.

This KPI is not selected randomly. Other studies mention interactions as a good measure
for livelihood-generation in refugee camp contexts. For example, [Porter et al., 2008,
p.1] mentions ”The reported experiences of camp residents and of the people with whom they
interact in their efforts to make a living (...) illustrate the complex interplay between personal
networks, livelihoods and broader relations between refugee and host population”. Alix-Garcia
et al. [2018] uses interactions as a measure for economic activity between refugees and
host communities in Kenya. Agblorti and Awusabo-Asare [2011] names interactions be-
tween refugees and host communities as a factor for peaceful coexistence and economic
development. Werker [2007] mentions interactions as an important source of market
outcomes in refugee camp economies, such as income. Many other studies use interac-
tions as a measure for economic activity and/or livelihood generation. These are not
discussed here, but are for example Montclos and Kagwanja [2000], Jacobsen [2002] or
Oka [2011].

To formalize interaction in this study, a formalization of interactions by Alix-Garcia et al.
[2018] is used. They define an interaction as the inflow of a refugee/individual from a
host community into a certain area. In this research, this is expressed as the visitation
of one individual to a place which is not their home/shelter.

4.5 vaccine allocation strategies
The effects of five vaccine allocation strategies are measured an compared. These strate-
gies are set-up through the demography-based approach and are formulated by weigh-
ing two criteria:

• The strategy is feasible to implement in a refugee camp context

• The strategy is likely to be considered by a decision-maker in the Rohingya camp
context

For the first criteria, it is assumed the feasibility of implementing a vaccine allocation
strategy reduces if differentiating over too many different prioritization groups. This is
due to the fact that in refugee camps, registration and regulation is relatively complex,
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given the scale of the refugee camp and the level of emergency the people are in [Oh,
2017]. Differentiating over too many prioritization groups will be a complex, adminis-
trative task which is not desirable or feasible for implementation. This challenge was
addressed in vaccination programs prior to COVID-19, by Jalloh et al. [2019]. To account
for this administrative barrier, strategies are defined by four age-groups, two types of
transmission profiles or their population. For the second criteria, it is researched how
likely the initial vaccine allocation program in Bangladesh can be modified to a new
strategy. Namely, an initial allocation program exists (see Government of Bangladesh
et al. [2021]) but has no academic or informed-based support. It is accounted for the fact
a flexible change in this program is more desirable than proposing a highly complex
and new strategy.

Table 4.9 summarizes the formalized concepts of each of the strategies as discussed in
next sections. To formalize these strategies, data is used from table 4.6.

Table 4.9: Vaccine allocation strategies as explored in this research

Allocation strategy: Academic approach: Prioritization order:

1. Elderly first Age-based Elderly, old adults, young adults, children
2. Children first Age-based Children, young adults, old adults, elderly
3. Equalizing Geography-based Equal prioritization
4. Bangladesh only Geography-based See elderly first, only host communities
5. Transmission group Transmission-based Young adults, old adults, children, elderly

4.5.1 Strategy 1: Elderly first vaccine allocation strategy

The EF strategy prioritizes elderly people. This strategy is adapted from the current
Bangladesh NDVP, which defines the elderly as people over 40 years of age in context
of the Rohingyas. In this research, elderly are categorized by their age of 60 or older.
Following age-groups through this strategy are old adults (40-60 years), young adults
(18-40 years) and children under 18 years. Based on the expected availability of vaccines
and the expected number of batches, the allocation mechanism for this strategy is shown
in figure 4.6. Concepts for other strategies can be found in appendix D.4.

Figure 4.6: A formalized concept for the vaccine allocation mechanism for the EF strategy
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4.5.2 Strategy 2: Children first vaccine allocation strategy

The Children first strategy (CF strategy) prioritizes children. This strategy is set-up to ex-
plore if vaccinating children first is an effective strategy, as children are predominantly
representative in the Rohingya population and are an active age-group. Although the
force of transmission from child-to-child and from child-to-adult is relatively low com-
pared to other age-groups, their activeness and large size make children a potential risk
for transmission to older people. When transmitted from child to their parents, these
can then further transmit the infection to others. To prevent this, vaccinating children
can be an effective strategy, which is derived from [Duijzer et al., 2018]. A successful
vaccination campaign which prioritzed children prior to the outbreak of COVID-19, was
during the diphtheria outbreak in the Rohingya camps, in 2017. This success was due
to the fact that children have highest contact rates with other children, increasing the
chance of transmission. This was mostly compensated by vaccinating children below 15

first [Rahman and Islam, 2019].

4.5.3 Strategy 3: Equalizing vaccine allocation strategy

The Equalizing strategy (EQ strategy) does prioritize, as every individual has equal access
to vaccines. This strategy is a derivative of region-based vaccine allocation, which means
vaccines are allocated evenly over predefined groups within a population where infec-
tions are high. These groups can be a household or a community, which is applicable
to a refugee camp context [Duijzer et al., 2018]. In practice, this strategy would impli-
cate a certain proportion of each household or community gets vaccinated, lowering the
chance of infections here [Ball and Lyne, 2002]. In this research, these households are
conceptualised as shelters, and for each of these shelters vaccines are allocated evenly
among its inhabitants. This strategy is studied for two reasons: firstly, it allows for
exploring whether an even proportion of vaccinated individuals in each shelter is an
effective way of reducing infections. Secondly, the EQ strategy is relatively easy to im-
plement, due to its simplicity for not differentiating over many sub-groups within a
population [Duijzer et al., 2018]. Therefore, the strategy is judged to have a relative low
administrative nature in combination with significant effectiveness for reducing infec-
tions (see chapter 2.3.3). This can be valuable in a refugee camp context, as response
coordinators need to deal with low administrative possibilities.

4.5.4 Strategy 4: Bangladesh only vaccine allocation strategy

The BO strategy excludes the Rohingya population from the vaccine program (i.e.only
host communities are vaccinated). This strategy can be linked to vaccine allocation
problems with multiple interests: in literature, this applies to a context of multiple
decision-makers who have to decide on vaccine allocation separately but with overlap-
ping interests [Duijzer et al., 2018]. For example, governments from two bordering
countries with people crossing these borders where one country has access to vaccines
and the other does not can decide to balance their vaccine stockpiles. If not shared,
the country without vaccines can be a potential source of infections, risking spillovers
from outside. In this research, this principle is translated to the Rohingya population
as one ’country’, and the host community at the other. Although one decision-maker
formally decided on the vaccine program in Bangladesh (i.e.the national government),
there are some indications the Rohingyas will not or very late be included in the vaccina-
tion program. For example, UNHCR in an early stage expressed its worries if and when
the Rohingyas will (sufficiently) be included in the vaccine programmes in practice UN-
HCR [2021b]. This is now backed by a report from the Human Rights Initiative, which
stresses none of the Rohingyas has received a vaccine in June 2021, whereas vaccination
programmes for the local population started in April 2021 [Global COVID-19 Consor-
tium, 2021]. This implicates, although the Rohingyas are theoretically included in the
vaccination program in Bangladesh, it is questionable they will be in practice as well.
Linking to the example from the two countries with unequal access to vaccines, this
strategy explores the effect of excluding Rohingyas from the vaccine program, which
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from an academic viewpoint is not desirable, but in context of the Rohingyas is not
unimaginable.

4.5.5 Strategy 5: Transmission group vaccine allocation strategy

The Transmission group strategy (TG strategy) prioritizes individuals with a high risk
of transmitting COVID-19 to others. In this research, active groups are mainly adults,
followed by children and elderly. Adults go out of their shelters more than others,
and therefore have the most livelihood-generating activeness in the camp. This means,
individuals with high risk transmitting profiles might be a threat from a health-based
approach, they also represent most economic value. In a refugee camp context with a
relative small group of elderly (who face most health-related risks from COVID-19), this
strategy is used to explore if vaccinating high-risk transmission groups first can create
more economic freedom whilst reducing infections. Here, health-related factors are not
put aside for weighing the effectiveness of the strategy (as elderly are vaccinated late),
as some studies point out the prioritization of transmitting groups will also benefit the
vulnerable and elderly (e.g.Yamin and Gavious [2013]).

4.6 model assumptions & simplifications
Every system description must contain an explicit definition of what is in the system and what is
outside it [Van Dam et al., 2012, p.18]. The explicit definitions and conceptual elements
of the system of study as discussed in this chapter are based on several assumptions and
simplifications. The core assumptions and simplifications in this research are summed
up below, as they give a more in-depth understanding of the model. This list with a
more complete explanation can be found in appendix D.3.

4.7 conclusion
In this chapter, a formalized concept of an open-system refugee camp is created. In
this system, four sub-concepts are integrated: (1) the interactions between Rohingyas
themselves and with the host community in this open-system, (2) COVID-19 measures,
(3) vaccine allocation and (4) a COVID-19 transmission model. These sub-concepts were
linked and integrated, to study the effect of five vaccine allocation strategies which were
also conceptualized: an (1) Elderly first, Children first, Equalizing, Bangladesh only and
Transmission group strategy. These strategies prioritize different sub-groups within the
Rohingya and Bangladesh population, based on their age, transmission profile or sub-
population. The main objective this chapter has covered is to set a conceptual basis for
creating a model which can be analysed. To do so, several several assumptions were
made to capture these concepts into a model which is feasible for analysis, which were
discussed as well. In chapter 5, this formalized concept is translated to a model.
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I M P L E M E N TAT I O N

Chapter 5 gives an answer to sub-question 4 of this research: How can this formalised
concept be integrated with an existing agent-based model on COVID-19 infections in refugee
camp settlements? To create a model from the formalized concept which was introduced
in chapter 4, this chapter presents how a model has been constructed. To do so, the
modelling software is introduced in section 5.1. Then, a description of the model is
presented in section 5.2. Section 5.3 discusses techniques which are applied to verify
(parts of) the model. Lastly, section 5.4 concludes.

5.1 modelling software

The model has been developed in the ABM modeling language Netlogo, developed by Uri
Wilensky. Netlogo is used as it offers a practical simulating language for agent-based
models an approach to simulation in which the system under investigation is repre-
sented, as it is a popular tool in the academic world of agent-based modeling. It makes
use of an interactive and visualized interface, and is a useful tool for the development of
ABM models [Van Dam et al., 2012]. The created model which is used for this research
can be found here:

https://github.com/felixwilbrink/thesis.git

5.2 model description

5.2.1 Model Interface

The model interface displays the open system refugee camp environment, in context
of the case study environment. In the interface, the Rohingya Nayapara RC environ-
ment is shown with shelters, hosting Rohingya households, and the host community
site with local Bangladeshi. Both populations interact with each other according to their
individual schedules, at shared, in-camp facilities and the vicinity market. In this way,
the model is a simplified representation of the demarcated area which was shown pre-
viously, in figure 3.1.

The number of interactions which take place in the camp environment is tracked and
visualized on the right hand side. In the first and third graph on the right, current and
cumulative interactions are tracked. From these interactions, COVID-19 infections can
be a result. When susceptible individuals meet an infectious person, they can become
infected. From that moment, the disease progression of sick individuals is updated and
visualized in the second and fourth model plots on the right.

Both infections and interactions are influenced by different model parameters, which
can be adjusted on the left side. These parameters (see 5.2.3) define both restricting
COVID-19 measures and vaccine allocation strategies, influencing and influenced by
the individual behavior of agents inside the model. For example, camp openness is de-
termined based on the weekly growth of infections, and limits the number of entrances
at the camp and the capacity of the big market. Then, vaccines have a positive effect, as
less COVID-19 infections are expected and the camp can open its borders for longer.
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Figure 5.1: Model Interface

5.2.2 Model structure

To create this model, a model narrative and pseudo-code have been used. With the
model narrative, the behavior of the agents inside the models is captured into a story,
which describes which agents do what, with whom and when they do it [Van Dam et al.,
2012]. With the pseudo code, the last step is set for translating the model narrative to
Netlogo code, which is the modelling software used for this research. In this model, the
four main concepts as integrated in chapter 4 are captured. These concepts are formu-
lated in a sequential structure, which is the modeling structure of Netlogo. This means,
the code which has been used to reflect these concepts describes how the model behaves
for each step in time. In each step, the model runs over lines of code which are read
in sequential order, where information from previous lines is used as input. In this
way, each step in time is influences by changes in the previous step. For example, a
refugee first assesses her health status (i.e.the refugee assesses whether she is healthy
or infected), then decides, based on this status, if she is compliant to behave according
to the rules which correspond to this health status (e.g. decide to stay-at-home when
infected). An example of risking COVID-19 is presented below. Two other examples can
be found in appendix E.1.

Example Model Narrative: risking COVID-19 at shared facilities
When individual agents leave their shelter (Rohingyas) or enter the camp (host com-
munities), each agent carries a health-status: susceptible, exposed, (a)symptomatic, re-
covered or vaccinated. This health status determines whether an agents forms a risk
for others (when they are (a)symptomatic), or can get infected by someone who is in-
fected (when susceptible or recovered but re-infectious). A susceptible individual risks
an infection when an infectious person is in a 1.5 meter distance, and the longer some-
one stays in that distance, the higher chance will be this person gets infected. After 15

minutes of spending time within 1.5 meter distance, the healthy person gets infected
at all times. Up to that time, a growing risk to be infected depends on the following
demographic factors: the force of infection, the age-group and the population of the healthy
individual. Also, the force of infection depends on whether the healthy person wears a
face-mask for further protection.

In appendix E.1, the complete model narrative and pseudo code can be found.
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Algorithm 5.1: Risking to get infected with COVID-19 at a shared location
Input: Susceptible or re-infectious individual that is not vaccinated
Output: Health-status: susceptible→ exposed

1 while At least 1 infectious person in-radius 1.5 meter: do
2 Set time-with-infectious-person + 5 time-with-infectious-person < 15

minutes set a-chance-to-get infected random-float (1)
3 let transmission-force [an age & population-dependent rate]

a-chance-to-get-infected < transmission-force x
time-with-infectious-personbecome exposed to COVID-19 stay healthy

5.2.3 Model parameters

The model structure is based on several model parameters, of which some cannot be
formalized with high levels of certainty. The exploratory nature of this study implies
that the parameters which describe the sub-concepts and their integration in the model
can not be expressed by a single value. Other parameters vary as these represent policies
which are tested in the model, for which different parameter values can be used. The
most uncertain parameters in the model are presented in table 5.1.

Table 5.1: Parametrisation of the model

Sub-concept Parameter Value range Units

Open-system
refugee camp

Rohingya pop. 140-145 # Shelters

Host community pop. 250-300 # People
# in-camp facilities 80-90 $ Facilities
# in-camp shops 14-17 # Shops
Spending time facilities 5 min - 2,5 h Minutes/hours
Frequency of visiting
facilities

1-3 # Visits/household

COVID-19
measures

Lockdown No/cond./uncond. Lockdown type

Camp capacity 0-100% # of people
Facility capacity 0-100% # of people

Mask compliance 0-100%
Compliant # households/
total # households

Stay-at-home compliance 0-100%
Compliant # households/
total # households

R0 threshold 0.85-1.5
Infections week n/
infections week (n-1)

Vaccine allocation Numbers of vaccines 60-140% Available vaccines
Numbers of batches 3-5 Deliveries
Batch delivery day 2-3 once per x months
Allocation strategy 1-5 See table 4.9

COVID-19
transmission

Mask-effect 0.4-0.6 rate

Force of infection 0.05-0.82 age-specific rate
Re-infection time 100-1440 days
Symptomatic rate 0.7-0.95 population-specific rate
Death rate 0.011-0.022 population-specific rate
Incubation time 4-6 days
Recovery time 4-7 days

5.2.4 Running the model

Running the model, a time period of 90 days is studied. When setting up and running,
each time step consists of 5 minutes representing the real world. This combination of
low granularity and long time frame is chosen, as then the process of infections can be
studied on one hand, and the effect of different batches of vaccines being allocated to
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the population on the other hand. Namely, COVID-19 infections are a result of close
interaction among agents and the chance of getting infected increases in short time peri-
ods of only 15 minutes. The arrival of new vaccines is with intervals of months, which
is the reason a 90 day time frame is chosen. In 90 days, or 3 months, the arrival of three
different batches of vaccines can be studied and its effect over time can be measured. In
this way, the model considers the fact of vaccine scarcity.

When running the model, sequential steps are carried out for each moment in time.
Here, both global variables and the properties of individual agents need to be tracked.
This means, in each step model parameters and agent-specific properties are updated
and set as new input for a next step carried out in the model. This makes the code com-
putationally intensive to run, in combination with the low resolution and long running-
time of the model. To make the model less computational, some adjustments are made
to the model:

• Time runs, but agents are only directed to carry out activities during the day (8am-
6pm). In this way, running during the night becomes less computational as agent-
specific loops are set off.

• Agents in the model are represented by shelter-agents, which house their house-
hold members. Only if one of its household members becomes active (e.g. visiting
the market), a new agents is hatched from the household and is active until re-
turning back home. Then, only the agent’s properties are added to the household,
and the individual agents ”dies”. In this way, the number of agents in the model
remains relatively low compared to the population size which is studied.

5.3 model verification
Verification checks that all relevant entities and relationships from the conceptual model have
been translated into the computational model correctly [Van Dam et al., 2012, p.98]. During
the process of constructing the model, several iterative rounds of verification techniques
were applied. Verification of mechanisms, processes and structures in the model is an
essential part of modelling, as it raises its credibility and correct representation of the
concepts which have been defined previously [Thacker et al., 2004]. Relating to this
research, verifying the modeling concepts is done to make sure the four sub-concepts
are implemented into a model as intended. By doing so, a well-verified model raises the
decision-making power of the model.

To verify different (sub-)processes in the model, four verification techniques were used,
adapted from Van Dam et al. [2012]: (1) recording and tracking agent behavior, (2) single-
agent testing, (3) interaction testing a minimal model and (4) multi-agent testing. An
example of these techniques and how these are applied can be found in appendix E.3.
This overview is not complete, but creates an idea of how the model has been verified;
more verification checks were carried out during the process of modelling, but these are
not mentioned as these checks were relatively small and therefore considered to be part
of the modeling process.

5.4 conclusion
This chapter presented the formalization and implementation of the conceptual model
into a model which was used for analysis. To do so, Netlogo was used as a model-
ing software for ABM. Through the interactive model interface, a model is constructed
with the use of a model narrative and the development of pseudo code. This pseudo
code is translated through several model parameters, which define the four integrated
sub-concepts. To check whether these concepts were modeled as intended, several veri-
fication techniques were applied.

In chapter 6, experiments are introduced for this model.
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Chapter 6 presents the experimental setup which has been used to analyse the system of
study. Performing different experiments with the model allows to study the emergent
patterns and behavior which result from it [Van Dam et al., 2012]. Therefore, this chapter
sets the basis for answering sub-question 5 in this research: How can the dynamics between
refugee-host interactions, the spread of COVID-19 and vaccine allocation strategies be explained
with an agent-based model? With experiments it is aimed to study these dynamics, in
relation to different policies and with the model. To do so, section 6.1 presents the
experimental design. Section 6.2 then discusses the execution of experiments. Lastly, a
conclusion is drawn from this chapter in section 6.3.

6.1 experimental design
The goal of the experiments is to study the dynamics between refugee-host interactions,
the spread of COVID-19 and vaccine allocation strategies. To do so, a two-level and
three-level fractional factorial design is applied, derived from Wu and Hamada [2011].
Two or three-level designs are a common tool of experimentation for models with over
approximately seven variables, and are a less time-consuming way of experimenting
with a model [Wu and Hamada, 2011].

6.1.1 Hypothesis-driven experiments

Through this experimenting design, experiments were defined through a set of two
types of hypotheses as derived from Van Dam et al. [2012]: a type 1 and a type 2 hypoth-
esis. A type 1 hypothesis can be used to experiment with a model with settings which
are expected to be closely linked to a real-world context. In this research, this type of
hypothesis is used to get a better understanding on the single effects of different policies
and model structures in the model. For example, the single effect of different vaccine
allocation strategies are measured using this type of hypothesis. A type 2 hypothesis
is more exploratory, as the phenomenon of studies does not clearly match a real-world
context. In this research, type 2 hypothesis are used to study model behavior which ex-
plores the dynamics between vaccine allocation strategies, infections and refugee-host
interactions. Here, no specific hypothesis is formulated, but the exploratory nature of
the fifth research question in combination with the insights from type 1 hypotheses are
used as a basis for these experiments. In this way, different vaccine allocation strategies
can be compared and interpreted by the discovering of scenario spaces. In appendix F.4,
an overview of these hypotheses can be found.

6.1.2 General experimenting structure

Through the experimental design and for each hypothesis, parameters are selected and
varied with based on their expected influence on both KPIs. Three three types of experi-
ments are carried out:

1. A base case experiment

2. Experiments for testing the single effects of limited camp openness and vaccine
allocation strategies

3. Experiments on which combinations of limited camp openness and vaccine alloca-
tion strategies are applied
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The base case model is used for setting a basis for the maximum numbers of infections
and interactions if no restricting or benefiting policies are active in the camp environ-
ment. Also, insights are gained on the number and types of infections which happen in
that case, and how many and what types of interactions cause these infections. In this
way, the outcomes following from this base case serve as a benchmark for comparing
the effect of different policies later on. For the second type of experiments, the effects
of different types of camp openness (influencing interactions) and vaccine allocation
strategies (influencing infections) in isolation are measured. In these experiments, the
influence of different policy measures can be measured and compared with others: a
relative effect of each measure can be concluded and the model structure and outcomes
are better understood. The third type of experiments are used to find the trade-offs
for infections and interactions, as was aimed in this research. By combining (temporal)
restricting measures and applying different vaccine allocation strategies, the dynamics
between different (types of) interactions and their following (types of) infections are
studied.

6.1.3 Model Experimenting Parameters

To conduct these experiments, variations for different parameters are used. The gen-
eral model parameters which are used were introduced earlier in table 5.1. Based on
the hypothesis-driven experimental design, model parameters were selected based on
their expected influence on the main KPIs in this research. The initial settings of these
experiments can be found in appendix F.2.

6.2 execution of experiments

6.2.1 Temporal boundary for experiments

For each run in all experiments, a temporal boundary is defined for 90 days. This tempo-
ral boundary matches the maximum expected time in which the model behavior is and
can be studied. As the model of study has a relatively high level of detail (single time
steps in the model match 5 minutes of real-world representation), a temporal boundary
is defined up to 3 months (or 90 days). Namely, during the modeling creation and the
verification of the model, this time frame was found to be right for studying the main
KPIs of study. Table F.1 in appendix presents these temporal settings.

6.2.2 Selected number of runs

To generate meaningful insights from the model, model parameters are run over a grid
of parameters which are not fully certain. Therefore, each experiment is carried out over
a minimum of 100 and maximum of 1000 simulation runs to create reliable results. For
experiments with little variations in parameter values 100 runs are performed, where for
other experiments 1000 runs are performed. Experiments with little numbers of runs
are selected based on their relatively low variations in parameter values, whereas for
experiments with higher number of parameter variations more runs are needed to cover
a reliable scenario space Van Dam et al. [2012].

6.3 conclusion
Chapter 6 presented a setup for conducting experiments with the model of study. For
each experiment, a hypothesis is formulated which serves as a basis for carrying out
three types of experiments: a base case experiment, experiments testing policies in iso-
lation and experiments testing policies in combination. In chapter 7, the model results
for these experiments are presented.
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Chapter 7 presents the analysis of data which has followed from the model experiments
described in previous chapter. Data analysis is an iterative process of exploring, visu-
alising and interpretation of data [Van Dam et al., 2012]. By doing so, the analysis of
these data is done for answering sub-question 5 in this research: How can the dynamics
between refugee-host interactions, the spread of COVID-19 and vaccine allocation strategies be
explained with an agent-based model? This chapter starts by explaining the methodology
of analyzing in section 7.1. Then, model results are discussed for a base case model
(section 7.2), different types of camp openness (section 7.3) and different vaccine allo-
cations strategies are compared (section 7.4). Based on previous model results, more
specific model results are presented for a combination of vaccine allocation strategies
and different types of camp openness (section 7.5). Lastly, section 7.6 concludes.

7.1 methodology of analysis
To interpret the outcomes of each experiment, the main KPIs serve as a main basis for
analysis. This analysis is done trough two approaches: by studying patterns of data
and by studying outcomes of data. By studying patterns, insights are gained about the
parameter space of the model.

Table 7.1: Two approaches for analysing the outcomes of model experiments

Analysis approach KPI1: COVID-19 Infections KPI2: Refugee-host interactions

Pattern analysis Number of infections over time Number of interactions over time

Outcome analysis
Cumulative nr. of infections
after 3 months

Cumulative nr. of interactions
after 3 months

The number of infections is studied by analyzing its pattern, which highlights when
infections are most likely to occur at specific moments in time. This pattern gives an
indication about the speed in which COVID-19 is spreading among both the Rohingyas
and the host community people: different infection curves can develop and can be un-
derstood by studying its development. For its final outcome, the cumulative number of
infections is measured. With the cumulative number of infections, an indication is cre-
ated on the total infection coverage of the total population. By studying the pattern of
interactions, insights can be gained on how camp openness influences both the current
number of interactions and following infections from those interactions. The total num-
ber of interactions is used to compare different vaccine allocation strategies and to find
a trade-off between these interactions and infections. To interpret both model patterns
and outcomes, a base case model is used for a comparison.

7.2 results base case
Model results for the base case experiment are depicted in figure 7.1. In this base case
model, no restrictions on interactions were imposed (the camp and its facilities camp
remained open at any time) and no vaccines were allocated.
For the development of infections (see figure 7.1a), the model results show the number of
cumulative infections will exceed 1.000 individuals, which shows most likely everyone
will be infected in 90 days. Here, individuals are assumed to be become re-infectious,
which explains the relatively high number of infected people. Most people become

53
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(a) (Effect host community on) infections (b) Infections per interaction at type of location

(c) Infections per age-group (d) Infections per type of infection

Figure 7.1: Model results for base case model (500 runs)

infected in the initial 30 days of the 90 days of study. In this time period, up to 60%
of all infections happen which reveals the potential speed in which COVID-19 spreads
among the populations. Here, the effect of the influx of host communities shows to be an
important factor for triggering an outbreak: a scenario without any Rohingya infected
but with infected host communities entering the camp shows to have the same effect
on the total number of infections, although with a small delay (figure 7.1a). This can
be explained by studying where infections happen and among whom: figure 7.1b shows
the highest share of infections is caused at the vicinity markets, which is also most
frequently visited by host communities. From the interactions here, most infections
cover the high-risk transmission age-groups young (47%) and older (26%) adults, which
represent only 35% of the population. Children (21%) and elderly (6%) are infected
the least (see figure 7.1c). Lastly, figure 7.1d shows the types of infections which occur:
most infections are asymptomatic (48%) or moderately symptomatic (44%). The share
of severe (7%) and critically symptomatic infections (0.7%) is relatively low but not
insignificant.

7.3 testing model parameters for camp openness

To better control (different types of) infections, several experiments were carried out for
camp openness. Camp openness is varied with from high strictness (i.e.by closing the
camp and in-camp facilities completely) to different types of conditional camp openness
or openness of specific facilities (such as markets). Camp openness is applied both
static and dynamic over 90 days, whereas dynamic camp openness is defined as the
opening/closing of the camp and its facilities based on the evaluation of R0.

7.3.1 Effect of Static of Camp Openness

Three types of lockdowns and four more specific conditional lockdowns for were im-
plemented. In case of an unconditional lockdown, the camp is fully closed for the host
community and the vicinity market is fully closed for refugees. For the a conditional
lockdown, movement restricting measures are conditionally raised based on capacity
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and the level of strictness. The model outcomes for these lockdown-effects are shown in
figures 7.2.

(a) Cumulative interactions (b) Cumulative interactions

Figure 7.2: Single effect of 3 types of lockdowns on the number of infections & interactions (300

runs)

From these experiments, two main insights from these results are discussed and used for
further analysis of camp openness restrictions. Firstly, limited camp openness for any
type has a strong effect on reducing infections. This effect is positive and non-linear: a
reduction of interactions causes a stronger reduction of infections (as further analysed in
appendix G.1.1). Through a static approach, a stricter implementation of camp openness
is effective for reducing infections. A second insight relates to the infection trajectory,
which shows a more balanced development infection in the initial 30 days. An interest-
ing difference here is the slower spread of infections if children are always free to go to
school. This is due to their lower susceptibility compared to other age-groups.

7.3.2 Effect of Dynamic Camp Openness

Static lockdowns are effective for reducing infections, but come with low interactive free-
dom. To find effective trade-offs between infections and interactions, an experiment was
carried out which tests for a dynamic regulation of camp openness based on evaluation
of R0. With this, a weekly R0 is determined and based on predefined thresholds (see
section 4.2.4) a more/less strict lockdown is imposed. The model results are depicted in
figure 7.3 and further analysis of this experiment can be found in appendix G.1.2.

(a) Infections with R0 evaluation (b) Infections vs. interactions

Figure 7.3: Number of interactions for dynamic camp openness, based on reproduction number
R0 for the number of infections (300 and 400 runs)

The results of dynamic camp openness show two mention-worthy outcomes. Firstly, a
dynamic regulation of camp openness has a significant impact on further reducing in-
fections in the initial 30 days of study. Namely, the infection trajectory becomes more
balanced in this period (see figure 7.3a), which indicates a higher control over a large
outbreak in that period. Different levels of strictness were measured for R0 evaluation
(see appendix G.1.2), but this did not show a significant result. Secondly, the total
number of infections can be significantly reduced, whilst keeping a high number of
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interactions possible. Namely, the reduction of infections is 55% for dynamic camp
openness compared to an reduction of 15% for a conditional lockdown, whilst a dy-
namic camp openness allows for significantly more interactive freedom (80%) can be
maintained compared to as static conditional lockdown (65%). Here, percentual reduc-
tions of interactions are compared to a fully open camp. This is illustrated in figure
7.3b, which shows a regression line for average interactions versus infections for a static
and dynamic camp openness regulation. These regression line address the first effective
trade-off for infections and interactions, with an improvement of reduced infections per
interaction by approximately 62%.

7.3.3 Sub-conclusion: Effect of Camp Openness

It can be concluded from previous sections the imposing of different types of lockdowns
or other movement restricting measures reduces infections significantly (see figure 7.4).
For a static camp openness regulation, infections can be further decreased but with
implications for interactive freedom. This interactive freedom can be guaranteed more
when applying dynamic regulation of camp openness. Here, a first effective trade-off
for infections and interactions exists, as more interactive freedom can be created whilst
keeping infections constant. Therefore, when next sections focus on the analyses with a
dynamic implementation of camp openness.

Figure 7.4: Differences between static & dynamic lockdowns for refugee-host interactions at
both types of markets (average model results based on 400 model runs)

7.4 testing model parameters for vaccine alloca-
tion strategies

As an off-set against movement restrictions for limited camp openness, vaccine alloca-
tion strategies are applied. Vaccines are allocated through five prioritization strategies,
further vary over its 1) availability (scarcity), 2) efficacy and 3) infectiousness. Vaccine
availability is varied over a range of 40% below and above its baseline. Vaccine efficacy
is analysed for 100% and 90%. Vaccine infectiousness indicates the infectiousness of
vaccinated and infected individuals.

7.4.1 Comparing Strategies on Infections, Uncertainty & Scarcity Sensitivity

When applying different allocation strategies, different infection trajectories and solu-
tion spaces can be witnessed. When comparing these trajectories and total numbers of
infections which results from these (see figure 7.5), most important differences with the
base case model relate to the total infections, its trajectory and its uncertainty space. The
application of vaccines (with 100% efficacy) results in a significantly lower number of
infections, but with higher outcome uncertainty. The bandwidths indicate the standard
deviation for infections, indicating an average error margin for distributing vaccines of
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approximately 110 infections. This is relatively high on a population of approximately
1100 individuals, and shows a relative high range of possible infections following from
each strategy. Although outcomes of each strategy are relatively uncertain, each strategy
is significantly effective for reducing the total number of infections compared to the base
case. Within the whole solution space a reduction of infections compared to the base
case can be guaranteed for each strategy. The main reason for this is the slower spread
of infections in the initial 30 days.

(a) Base case (b) Elderly First (c) Children first

(d) Equalizing (e) Bangladesh only (f ) Transmission group

Figure 7.5: Comparing vaccine allocation strategies & uncertainty space for the: (a) base case
(no vaccines) and (b-f) five allocation strategies (600 runs)

Comparing the strategies, two main differences exist. Firstly, strategies differ in effec-
tiveness for reducing infections. The application of an EF strategy or TG strategy are most
effective, resulting in an reduction of infections by 65% and 63% respectively, followed
by prioritizing children (45%), equal access to vaccines (34%) and not vaccinating Ro-
hingyas (23%). Here, infections are averaged over 100 runs per strategy. Secondly, the
strategies differ in their sensitivity to vaccine scarcity. When increasing vaccine avail-
ability, only the EF strategy & TG strategy become significantly more effective. For the
other strategies this effect is less visible (see appendix G.2), which is due to the fact
these strategies include the lowest share of vaccinated individuals with a high force of
infection. This is further discussed in chapter 8.

7.4.2 Comparing Strategies on Infections per Age-group

As different age-groups have age-specific characteristics for the development of COVID-
19 , vaccine allocation strategies can be compared for age. Figure 7.6 shows the division
of infections over four age-groups, both percentual and absolute.

Comparing the strategies, some interesting insights follow of which three are discussed.
Firstly, there is a trade-off between the EF strategy and TG strategy strategies when for
age-based reduction of infections for young-adults (18-40 years) and children (< 18

years): the TG strategy is effective for reducing infections among young adults, which
can be compensated by the EF strategy which is equally effective for reducing infections
amongst children. The latter conclusion seems paradoxical as it results from prioritizing
elderly, but can be explained by the fact that the share of infected children is relatively
low and the high-risk transmission groups are vaccinated. This is also the reason why
the CF strategy is relatetively less effective, as figure 7.6b shows a lower effectiveness for
reducing infections every age group. Namely, when children with low infectiousness
are vaccinated first, the infection trajectory for other age-groups can still develop, which
results in smaller effectiveness in this strategy. The same holds for the EQ strategy: al-
though age-groups are equally vaccinated, the drop of infections for elderly and adults
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(a) Absolute Infections (b) Percentual decrease

Figure 7.6: Infections per age-group for five vaccine allocation strategies: (a) absolute differences
per age group compared to base case & (b) percentual decrease of infections per age-
group (average model results based on 100 model runs)

is higher as these age-groups are more susceptible for an infection. A benefit for the
EQ strategy is its relative low share of infections amongst young adults, but this effect is
the same for the Transmission strategy. Secondly, the EF strategy (-53%) and TG strategy
(-42%) are most effective for reducing absolute numbers of infections for elderly. Both
strategies show the strongest reduction in this age-group, which is a high-risk group
regarding health-related issues. Other strategies are less effective, which in combination
with their lower effectiveness in general are less desirable. Also, both strategies show
most effective reduction of infections in the adult age-group (18-60 years), which rep-
resent most economic value. Thirdly, the EQ strategy and BO strategy have littlest effect
compared to the other strategies. Both relatively and in an absolute sense, these strate-
gies are ineffective: as can be derived from figure 7.6a, the share of young and older
adults infected is high, which indicates insufficient individuals are vaccinated with high
risks of transmission. The difference here is the EQ strategy does not reach a sufficient
share of the population with a high-risk of transmission, whereas the BO strategy lack
sufficient vaccines distributed over the population.

7.4.3 Comparing Strategies on Types of Infections & Vaccine Infectiousness

The strategies also differ over four different types of infections. Here, two scenarios are
measured for vaccine efficacy and vaccine infectiousness: an efficacy of 100% excluding
infectiousness versus 90% including infectiousness. Starting with the effect of vaccines
excluding infectiousness, a reduction of infections for every type of infection can be
registered compared to a base model. Here, symptomatic infections are most signifi-
cantly reduced by the EF strategy (-68%); the relative effectiveness is comparable for the
TG strategy is comparable, but asymptomatic infections (-52%) are reduced instead. See
figure 7.7a.

When vaccinated individuals are infectious, results are different comparing strategies
to the base case and to other strategies. Vaccinated individuals who are infectious to
others result in an average 16% higher infection rate. This difference is most significant
for the TG strategy and EF strategy, as can be derived from figure 7.7c. Infections for the
BO strategy is relatively unaffected, as infections are only 6% higher. To understand this
difference, two factors play a main role: the risk of transmission and the absolute num-
ber of vaccines allocated. A low absolute number of vaccines allocated also reduces the
relative chance of being infected by an infectious vaccinated individual. This means,
vaccine-infectiousness is most strong in the last 60 days. Here, the percentage of vacci-
nated people is highest, which can be illustrated with an example. The BO strategy has a
significant low share of vaccinated people (74% less compared to when Rohingyas are
included), which explains the low sensitivity of this strategy to vaccine infectiousness.
This is illustrated by studying the infection trajectories for both strategies in figures G.3g
& G.6g. The second reason relates to the risk of transmission. If the share of infectious
& vaccinated individuals is high for sub-groups with a high risk of transmission, infec-
tions develop faster. In this research, the risk of transmission is determined based on
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age: younger adults are most active inside the camp. Therefore, the relative effectiveness
for vaccine infectiousness can best be understood by studying the relative increase of in-
fections per age-group (see figure 7.7d). This figure shows to pitfalls of the TG strategy,
EF strategy and CF strategy, as higher percentages of infection occur in non-vaccinated age-
groups. For example, the prioritizing of Transmission groups (younger adults) strongly
increases infections among older adults (24%) and elderly (37%).

(a) Excl. infectiousness (b) Incl. infectiousness

(c) Relative difference (d) Infected age-groups

Figure 7.7: Types of infections for the base case and 5 allocation strategies, excl. vs incl. vaccine
infectiousness (vaccine efficacy 90%, average model results for 200 runs per strategy)

7.5 dynamics between camp openness & vaccine al-
location strategies

Based on the insights from previous sections, a fourth round of experiments is carried
out with a focus on enforcing trade-offs between infections and interactions. Here, ex-
periments are carried out with a focus on dynamic camp openness for the four types
of conditional lockdowns, giving vaccinated individuals more interactive freedom and
how vaccine allocation strategies affect these. The aim here is to study whether this
sets a more effective trade-off for (types of) infections and interactions. Lastly, as the
absolute reduction of infections for the EQ strategy and BO strategy is relatively low, these
strategies are not further analysed.

7.5.1 Interactive Freedom for Vaccinated Refugees

The isolated effect of allowing only vaccinated individuals at shared facilities was mea-
sured and is shown in figure 7.8. The experiment shows how the allowing of vacci-
nated individuals can not only significantly reduce infections (as showin in figure 7.8b),
but can also effectively allow for more interactive freedom. This is shown in figure
7.8a, which shows the number of infections as a result of rule-compliant individuals
(i.e.which only leave their shelter when being compliant and vaccinated). Next sections
build forth on the approach of lending more interactive freedom to vaccinated individ-
uals.
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(a) Infection trajectory (b) Infections per interaction

Figure 7.8: Relative effect of only allowing (compliant) vaccinated individuals at shared loca-
tions (180 runs)

7.5.2 General trade-off: Implementation of dynamic lockdowns & allocating vaccines

An experiment was carried out combining a dynamic implementation of lockdowns in
combination with the implementation of the three strategies (see table F.6 for parameter
set-up). Here, based on weekly infections the camp is opened and closed for visitors
and in-camp markets are closed for non-vaccinated individuals. The result of this exper-
iment is shown in figure 7.9 (see appendix G.4 for other strategies).

(a) Dynamic Camp Open. (b) Combined (c) Infections vs interactions

Figure 7.9: Pattern analysis for combined parameter effects on cumulative infections for: (a) Dy-
namic Camp Openness (no vaccines), (b) Dynamic Camp Openness & the EF strategy
& (c) infections vs. interactions for this combination (600 runs)

The results shows a significantly stronger effect for a combined application of dynamic
camp openness and vaccines. The application of vaccines further reduces infections in
the initial 30 days of infections, but also creates more interactive freedom: compared
to an unconditional, static lockdown the reduction of infections is 89% (EF strategy), 87%
(TG strategy) 82% (CF strategy), 75% (EQ strategy) and 65% (BO strategy) and 47% (no strat-
egy). The main benefits for this combination is reflected in the initial 30 days. Here,
a large outbreak is prevented and no strict lockdowns have to be imposed. Vaccines
have a significant effect on this reduction, as is further analysed in appendix G.5. The
main insight from this experiment is the finding of a first trade-off for infections and
interactions: combining camp openness restrictions and vaccines (trough any strategy),
significant infections can be reduced for the a constant level interactive freedom. In
next sections, more specific types of dynamic camp openness are tested for different
strategies. Here, camp openness is defined trough 2 lenses: an economic lens and a
health-based lens as an offset. These are conducted to test whether the relative effective-
ness of different strategies can be improved.

7.5.3 Specific trade-off for increasing economic interactions

A last round of experiments was carried out with an economic approach, and is com-
pared with a health-focused approach. Trough an economic approach, it was tested
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whether economic interactions can be increased when allowing vaccinated people at the
markets. Here, focus is set on increasing interactions at in-camp markets and at the
vicinity market, for younger adults. Also, the effect of allowing host communities in the
camp is measured. To compare the strategies, a light is shed on these outcomes through
an health-focused lens (i.e.minimizing infections). A summary of these experiments is
shown in figure 7.10. For a complete overview of these results, see appendix G.5.

Figure 7.10: Model results for always allowing vaccinated people & host communities for maxi-
mizing economic activity (average model results from 400 runs)

The results show that economic interactions can significantly be increased if vaccinated
people are allowed markets at all times. On average, a 27% more interactions can be
allowed at the markets, which can be raised by 35% if host communities are allowed
into the camp. This is significant both in relative matters and in absolute interactions:
economic interactions can on average be raised by 108 or 204 interactions per house-
hold over 90 days, respectively including or excluding host communities from markets.
Comparing the strategies, economic interactions can most significantly be increased if
young adults are prioritized for vaccines through the TG strategy. On average, this strat-
egy raises interactions over 75%, or even more than doubled (114%) if host communities
are allowed. Other strategies also create more economic freedom, but this effect less
strong.

However, allowing more interactions shows to also increase infections. Including vac-
cinated individuals shows the reduction of severe and critical infections is significantly
lower for each strategy, considering the potential infectiousness of vaccinated individu-
als and for vaccine efficacy of 90%. On average, allowing for more economic freedom
causes an increase of 22% and 50% severe/critical infections, respectively excluding or
including host communities. The increase of infections is highest at the vicinity market,
which is more frequently visited by host communities. Comparing the strategies, the
relative reduction of severe/critical infections is relatively low for the TG strategy and
CF strategy: more than double compared to the EF strategy. This can be explained as the
share of high-risk age-groups remain non-vaccinated.

The these results show the main trade-off for creating more economic freedom is the
increase of severe/critical infections as a pitfall. On one hand, allowing more economic
freedom for vaccinated people and host communities can most effectively be created
when applying the TG strategy (figure 7.11a). However, this strategy is less effective for
reducing severe and critical infections (see figure 7.11b). As an offset, a last experiment
was carried out to reduce this effect by studying the relative decrease of severe/critical
infections for keeping elderly at home. Here, the idea was to test if a limited camp
openness measure for a high-risk age-group can also effectively reduce severe/critical
infections, which is the case as shown in figures 7.11c & 7.11d.
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(a) Interactions markets (b) Severe/critical infections

(c) Keep elderly home (d) Infections per age

Figure 7.11: Relative reduction of four types of infections for: (a) closing markets & (b) keeping
elderly home (average model results from 400 runs)

7.6 conclusion
Chapter 7 presented the model results from the experiments which were carried out in
this study, and gave an answer to sub-question 5 in this research: How can the dynamics
between refugee-host interactions, the spread of COVID-19 and vaccine allocation strategies be
explained with an agent-based model? To do so, four types of experiments were carried
out: for studying a (a) base case, the single effect of (b) camp openness regulation, and
(c) different vaccine allocation strategies and (d) the dynamics between these. Model
results can be summarized as follows. The base case shows a fast outbreak of infections,
which mostly concentrated in the initial 30 days. The influence of host community peo-
ple bringing in the virus here is crucial. In case of an outbreak, the largest share of
the population covers highly transmitting young adults (47%), followed by older adults
(26%), children (21%) and elderly (6%). Resulting from their infections, a small fraction
of the population (7,7%) faces a severe or critical infection.

Both the implementation of limited camp openness and vaccines can reduce these in-
fections. Limited camp openness is most effective when applied through a dynamic
approach: when opening/closing the camp based on infection-rates, infections per in-
teraction can further be reduced by 44% compared to a static approach. The application
of vaccines is even more effective. Here, it is most effective to reduce infections per inter-
action by applying the EF strategy (-55%) or TG strategy (-53%), followed by the CF strategy
(-45%), EQ strategy (-34%) and BO strategy (-23%). The main reason for the effectiveness of
the first two strategies is their larger share of vaccinated (protected) age-groups with a
high-risk transmission profile (i.e. adults). However, this effect is significantly smaller
when vaccinated individuals are still infectious to others. Other important differences
between strategies relate to types of infections and infected age-groups. To control and
reduce total infections in general, it is most effective to prioritize elderly (> 60 years)
or transmission groups (young adults, 18-40 years). Vaccinating children first, creating
equal access for vaccines or excluding Rohingyas from the vaccination program is less
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effective.

Building forth on most effective strategies, it is most effective to prioritize elderly from
a health-based perspective. In this age-group, the largest share (60%) of severely and
critically symptomatic infection is registered. To improve economic benefits expressed
in maximizing refugee-host interactions, it is most effective to prioritize transmission
groups (young and older adults), especially when vaccinated refugees and host com-
munities are always allowed at markets. This effectiveness is lower if vaccinated indi-
viduals can still be infectious to others, as the share of vaccinated age-groups with a
high-risk transmission profile is high and the share of high-risk vulnerability people is
also high. An important conclusion is the implicit trade-off between the Elderly first and
Transmission group strategies, which are in general most effective to control COVID-19

infections. The benefits for of the TG strategy are mainly economic, as this strategy al-
lows for 8% more refugee-host interactions. However, the number of severe and critical
cases for this strategy are more than three times higher for this strategy compared to
the EF strategy.

Lastly, vaccine allocation strategies and camp openness are implemented in combination.
Regardless the prioritization strategy, infections can on average be further decreased
by 32%. Through an economic lens (focusing on maximizing interactions at markets
for young adults), the TG strategy can create more economic freedom. Here, allowing
vaccinated people at any time can stimulate the interactions at markets by 75% and can
be more than doubled if also host communities can be allowed. The consequence here
is a higher share of severe/critically symptomatic infections. In chapter 8, these model
results are further analyzed and interpreted for policy advise.





8 VA L I DAT I O N & I N T E R P R E TAT I O N O F
M O D E L O U TC O M E S

In chapter 8, the model results from previous chapter are validated an interpreted. In
this way, an answer is formulated to the last sub-question of this research: How can the
outcomes of this study be translated to an effective strategy for COVID-19 vaccine allocation in
a refugee camp? This chapter starts with a validation of the model outcomes in section
8.1. Then, model outcomes for the base case are interpreted in section 8.2, followed
by the interpretation of camp openness regulation and vaccine allocation strategies in
section 8.3 and 8.4. In section 8.6, results and their interpretation are put into a broader
context of real-world application for the Rohingyas. All sections are summarized and
concluded in section 8.7.

8.1 model validation
Model validation answers to the question whether the model results are representative
to the real-world phenomenons of study. Three techniques are used to check the validity
of the model, which assess whether the outcomes of this model can be translated into
valuable, useful and meaningful insights for real-world decision-making: a sensitivity
analysis, a literature comparison and validation by expert interviews.

8.1.1 Sensitivity Analysis

A first type of model validation which has been performed is a sensitivity analysis.
With a sensitivity analysis, complex dynamics in ABM models can better be understood
[Ligmann-Zielinska et al., 2014] and the effect of parameters based on critical assump-
tions can be tested for robustness or sensitivity [Leamer, 1983]. This is valuable for
this research, as in the base model several parameters exist which were not varied with
during the model runs but were based on assumptions or estimations from secondary
research or data sources. These parameters are the force of transmission, symptomatic-rate,
contact-rate, time of being sick, re-infectious time and the level of non-compliance (i.e.for stay-
at-home when sick or not being vaccinated). These parameters were chosen, as these
were not varied with in the base model. However, as they are expected to influence
the infection & interaction trajectory, it is tested how sensible the model is for these
parameters. To do so, two experiments were performed and compared with 500 simu-
lations each. In the first experiment, the base model was run using the five parameters
with their original values. In the second experiment, these parameters were varied over
a range of 0%-50% added to their original value (see table F.7), leaving other model
parameters fixed (see table F.2). Results are shown in figure 8.1. From this, it can be
concluded a higher sensitivity is measured for the infection trajectory if the sensitivity
parameters are increased. Interactions are insignificantly affected, which indicates a rela-
tively insensitive behavior of refugees to interact, regardless the factor of infected people.

To understand the increased effect on infections, figure 8.2 shows correlations of three
types of infections and three places of infections. From this, it can be concluded four
parameters have significant influence. Regarding cumulative numbers of infections, an
increased level of non-compliance and a high force of infection cause an increase of
infections. The force of infection mainly stimulates symptomatic infections, which is also
concluded in other studies. For example, Davies et al. [2021] stated age-adjusted forces
of transmissions for COVID-19 are estimated over a 43-82% range. In this research, age
and force of transmission were also linked. Secondly, the rates of symptomatic infections
shows to be insensitive to create more infections. This is not in line with other studies,

65



66 validation & interpretation of model outcomes

(a) Trajectory of infections (b) Trajectory of interactions

Figure 8.1: Sensitivity Analysis: trajectory of infection & interactions (1000 runs)

which conclude a higher infectiousness for symptomatic individuals (e.g. Swan et al.
[2021]), which was not assumed in this research. A more important factor here is the
contact rate, which indicates the high sensitivity of more infections if more interactions
are allowed in the model. Here, infections at the markets are most sensitive. Lastly, the
level of non-compliance shows to be a sensitive factor for raising the infection trajectory.
This means, an important factor deciding the number of interactions is the individual
choice of refugees to live up with the rules of isolation. This was concluded earlier
for vaccinated individuals in 7.5.1, but also yields for compliance to stay-at-home when
being infected (further analysed in appendix G.3.2).

Figure 8.2: Sensitivity Analysis for five uncertain model parameters (1000 runs)

From this sensitivity analysis, it can be concluded the model is relatively sensitive to the
number of interactions. In other words, individual’s choice to leave their shelter is not
affected by the current state of COVID-19 infections. For the trajectory of infections, a
higher sensitivity is measured which implicates a lower robustness of the model results
regarding this KPI.

8.1.2 Validation by Comparing Literature Studies & Current Practices

A second type of model validation is the comparison of the model results with outcomes
of other studies an current practices on related topics. With this, higher validity of
the model outcomes are concluded if a similar conclusion is drawn in another study
[Van Dam et al., 2012], even if these studies have a different formulated goal [Xu et al.,
2003]. Academic literature has been studied on the following topics: (a) the spread
of COVID-19 in context of the Rohingya refugee camps, (b) the effectiveness of camp
openness measures in other refugee camps and (c) results and conclusions about vaccine
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allocation strategies in other studies which are comparable to the context of Rohingya
camps.

Literature comparison on the Spread COVID-19 in Refugee Camps

Up to the writers knowledge, two studies focused on the spread of COVID-19 in a
refugee camp. Hernandez-Suarez et al. [2020] focused on the Za’atari refugee camp in
Jordan, and researched the COVID-19 trajectory here, influenced by non-pharmacheutical
meaures with a SIR model (which is a simpler version of the SEASR-model which is
used this study). Hernandez-Suarez et al. estimates an approximate 95% of the Za’atari
refugee camp will be infected, but with low mortality coverage (0.02%). This is similar
for this study, as an estimated 110% of the population will be infected. This difference
can be explained as the model in this study also considers re-infection as an important
factor. Also, mortality rates are comparable and with the same line of reasoning: both
refugee camps are characterized by relatively young populations (for both populations,
60% is younger than 20 years Hernandez-Suarez et al. [2020]; Lopez-Pena et al. [2020]).
Where this study performs similar as well, is the estimated speed of COVID-19’s spread.
Hernandez-Suarez et al. [2020] estimates, 75% of the total population will be infected
within 8 weeks, without any policy interventions, which is the exact estimation of this
study within that period. However, when studying the COVID-19 Dashboard in Cox’s
Bazar, this might be an overestimation, as registered numbers of COVID-19 cases are
lower.

A second study by Truelove et al. [2020] estimated the COVID-19 trajectory for 600.000

Rohingyas (see figure 8.3c. In this study, a SEIR-model was applied as well, and
concluded ”a large-scale outbreak is likely after a single introduction of the virus into the
camp” [Truelove et al., 2020, p.1], with an approximate 98% infection coverage within
12 months. This is similar to the conclusion in this study (see figure 8.3a), although the
speed of spread might be overestimated in this research (as this was concluded for the
period of 3 months). A last validation for the COVID-19 trajectory, is the simple com-
parison of theoretical outcomes of a SEIR model by He et al. [2020] with the outcomes
of this model applied to the Rohingya cases (see 8.3a and 8.3b). To make this compari-
son, 50 runs were performed in the model without re-infections. As can be seen in the
figures, both trajectories are comparable.

Comparison of non-vaccine related COVID-19 measures in refugee camps

For the base model, several effects were tested as these were assumed to affect the
progress of COVID-19’s spread in the Nayapara RC camp. Here, two factors were as-
sumed to have an effect: (a) bottom-up decisions by refugees to comply with isolation
rules (relating to health and vaccination status) and (b) governmental top-down camp
openness regulation. Relating the first factor, this research is comparable to other studies
which also stress the importance of home isolation to better control infections. Bullock
et al. [2021] estimates a small reduction of infections if people with mild symptoms stay
home, but a stronger effect if symptomatic individuals isolate. In this research, this
difference was not made. As asymptomatic individuals are assumed as infectious as
symptomatic individuals, this study might overestimate the effect of compliance for iso-
lation for asymptomatic individuals. Secondly, a relatively high level of compliance was
used in the model. This is not in line with insights from Wright et al. [2020], concluding
a significantly lower level of compliance for poorer people. As Rohingya refugees are
among the poorest, this might be an overestimation. However, from expert interviews
it was concluded Rohingya refugees the level of compliance to stay home in case of
an infection is high. This indicates the outcomes for this study regarding stay-at-home
compliance is representative, although cannot be validated with an academic study.

Relating the second factor, the effect of lockdown measures is validated. For this, the ef-
fect of a full/unconditional lockdown in Bangladesh as researched by Islam et al. [2020]
and the effect of partially allowing for more capacity at shared facilities as researched
by Bullock et al. [2021] (in this study: a conditional lockdown) were compared with
this study, as shown in figure 8.4. The outcomes of other studies indicate a similar ef-
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(a) Nayapara RC Block B
(this study)

(b) Infection progression COVID-19

(by [He et al., 2020])

(c) 600.000 Rohingyas
(by [Truelove et al., 2020])

Figure 8.3: A case study and theoretically-based comparison of the trajectories using a SEIR
infection model: (a) for this study, (b) for theoretical outcomes & (c) for estimated
outcomes by Truelove et al. [2020]

fect of different types of lockdowns. The effect of a 90-day lockdown has an effect of
an 85% reduction of COVID-19 cases, estimated by [Islam et al., 2020], compared with
an approximate 75% reduction for the static, unconditional lockdown for this study.
These results implicate a valid representation. The effect of a conditional lockdown
is compared with Bullock et al. [2021]’s estimated effect of reopening learning centres
inside the camps versus a full lockdown with all shared facilities closed (as indicated
in the right and left graph respectively, in figure 8.4c). The figure indicates the partial
reopening of shared facilities will triple the number of infections, which is similar for
conditionally allowing 50% more hosting communities in this study, reducing infections
by approximately 350%.

Whether these results are valid is still hard to state with high certainty, as contexts
differ: generalizing a reseach by Islam et al. [2020] for Bangladesh to the context of the
Rohingyas and the comparison of partially opening the camp for host communities and
reopening learning centres is arguable. However, both studies show a good indication
for the effect of a(n) (un)conditional lockdown, which is a valuable conclusion for stating
the validity of this research.

Vaccine allocation strategies

Lastly, outcomes of other studies on vaccine allocation strategies are used to validate
the outcomes of this study. Foy et al. [2021] studied the effect of age-based vaccine
allocation in India, which can be compared to the Rohingya context as both studies con-
sider highly populated areas. In their studies, some conclusion are similar to this study.
A first similar conclusion is the importance of other, non-pharmaceutical measures in
combination with vaccines for a maximum effect to reduce infections (see figure G.16).
A second similarity of both studies is the importance of a ’fast roll-out’ of vaccines
[Foy et al., 2021] and the conclusion in this study the main that the greatest benefits of
vaccinations are gained in the initial 30 days. Foy et al. [2021] concludes the differences
between prioritization strategies are less significant if vaccines are efficiently distributed.
This also yields in this study, as illustrated in figure 8.5: faster vaccination (blue lines)
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(a) Cumulative infections (this study)
(b) Infection progression full lockdown

(by [Islam et al., 2020])

(c) Infection progression conditional lockdown
(by [Bullock et al., 2021])

Figure 8.4: Validation of the effect of a(n) (un)conditional lockdown on infections: (a) Nayapara
RC Block B (this study), (b) for a full lockdown, measured for Bangladesh (by Islam
et al. [2020]) and (c) the effect of reopened learning centres in the Rohingya camps

shows little difference between the strategies compared to slow vaccination (red lines).

(a) Elderly first (b) Children first (c) Bangladesh only

Figure 8.5: Smaller difference between vaccine allocation strategies for a faster roll-out of vac-
cines shown for the: (a) best (EF strategy), (b) medium (CF strategy) and (c) worst per-
forming allocation strategies (BO strategy)

Regarding the differences between vaccine allocation strategies, several studies are com-
pared. A first similarity is the conclusion by Gupta and Morain [2021] and Shim [2021],
who conclude vaccine allocation which focuses on reducing morbidity and mortality
rates is most effective when prioritizing elderly above 50, whereas economic benefits
are highest if transmission groups are prioritized. This is similar to model results in this
research, as severe/critical infections can be reduced most effectively if elderly above
60 years are vaccinated and for stimulating economic interactions, vaccinating transmis-
sion groups is more effective. The latter conclusion was also drawn by Foy et al. [2021],
concluding the prioritizing of young adults (20-40 years) is most effective for reducing
infections in India. This corresponds with the outcomes in this research, as prioritizing
young adults was categorized as an effective strategy. Also, similar to this study, is the
conclusion by Gupta and Morain [2021] that the EQ strategy is a less effective strategy for
controlling the spread of COVID-19. However, Duijzer et al. [2018] concludes an equal
access could be effective for reducing infections at home (i.e.as relatively a higher share
of household members are vaccinated). This could not be assessed in this research, as
no infections at home were assumed. For the validation of the ineffectiveness of vacci-
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nating the Bangladesh population only, which strategy performed relatively ineffective,
no literature can be found which can be used for validation of this strategy. However,
Tuite et al. [2010] researched the effectiveness of fixed vs. flexible vaccine allocation
strategies, where flexible allocation implied to reformulate a prioritization strategy if
infections raise in other age-groups or geographical areas. The latter conclusion is also
drawn by an evaluation of geography-based allocation strategies (see section 2.3.1). As
the BO strategy excludes a the Rohingyas as a source of transmission, the same conclu-
sion can be drawn as the effectiveness of this study performed low on both lowering
infections and creating more economic freedom.

8.1.3 Expert Validation

A last type of model validation is performed through discussing model results with
experts. To do so, an expert was interviewed with semi-structured questions and dis-
cussions about the model outcomes. Here, main focus was set on the likeliness of
real-world representation of these results in context of the Rohingyas, and to discover
potential over or underestimations of the results. From this expert interview, the main
validation could take place for the base model. Namely, no clear indications can be
given on the current practices related to the vaccines delivered at the time of writing
this report. A summary of this expert validation can be found in appendix B.4. From
expert validation, model outcomes were validated for the effect of: dynamic camp open-
ness, the difference between a conditional vs. an unconditional lockdown expressed in
the number of following infections, wearing mask compliance and stay-at-home compli-
ance and for the number of interactions in the camp.

Starting with most accurate, valid outcomes of these discussions, it can be concluded
both compliance to wearing masks and stay-at-home when sick are valid representa-
tions of the Rohingya camps. Firstly, several fieldwork observations by the expert and
colleagues pointed out mask wearing compliance is low in the camp (estimated < 30%),
which represents the low effectiveness of masks as concluded in this study validly. Sec-
ondly, stay-at-home isolation is a more effective measure and compliance to also live
according to this measure was intended in this study. These insights understate the
validity of the little effect of wearing masks and high effect of staying home. Another
valid model structure is the assessment of camp openness on a weekly basis. According
to the expert, new measures imposed in the Rohingya camps is based on weekly infec-
tion rates, as done in the model for this study as well. Initially, this weekly assessment
was assumed based on weak indications, but is validated with more strength after the
interview.

A less valid component in the model is the differences in the infection trajectory esti-
mated for an unconditional versus a conditional lockdown. According to the expert,
no real ’unconditional’ lockdown exists in context of the Rohingyas, as controlling peo-
ple’s movement is really hard in practice. Therefore, variations with different levels of
conditional lockdowns sets a more valid representation of reality, which is a conflicting
conclusion with the validation in section 8.1.2. Another less valid representation is the
frequency of interaction at the bigger market, which was assumed on once every two
days by each individual in the camp environment. However, in reality visiting markets
is done more frequently. The expert estimates a daily visiting of the bigger market
would be more valid. This implicates an underestimation on the number of infections
in this study, as more frequent interactions also potentially lead to a faster spread of
COVID-19 cases.

Overall, based on the expert interview, it can be concluded not every model component
is a clear representation of reality in the Rohingya context. However, as also stressed by
in the expert interviews, one should keep in mind the high level of uncertainty which
is always a limitation for research in the Rohingya camps. Namely, many things go
unnoticed or happen in informal settings. Also, research in context of COVID-19 which
is needed for a validation check is hard, as doing research inside the camp environment
was not possible for long.
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8.2 interpretation of base case

From the analysis of the base case model, some first insights were gained on the dy-
namics between infections and interactions in an open-system camp environment. A
first insight from the base case model relates to the infection trajectory and the role of
the host community influencing this. Results show a good indication of how COVID-19

develops in context of the Rohingya camps, and how the interactions with host com-
munities can cause an outbreak of infections which is potentially large enough to infect
everyone in the camp environment. Starting from at least one infection, regardless this
is a refugee or someone from host communities, infections raise rapidly. Here, the out-
break is mainly concentrated around the first 30 days of the total period of 90 days. In
this time, the number of infections reaches a tipping point, after which the growth of
infections slows down. This is due to the fact that so many individuals get infected,
recovered people form their own group immunity. This statement is based on model
outcomes as shown in figure 7.1a, indicating over an infection coverage which reaches
over a 100% of the total population in 90 days. These results can be interpreted as a
baseline for the number of infections which could happen, in a situation no measures
are imposed an individual refugees have little to no knowledge on measures for self-
prevention and show the stressed importance of infection-reducing measures.

A second insight from the base case model relates to understanding how these infections
happen and what role refugee-host interactions play here. The main source of infections
was measured at the vicinity market (49%), followed by in-camp markets (38%) and
in-camp facilities (14%). These model results can be interpreted in two ways: firstly, it
can be concluded the number of facilities is an important factor guiding the chance to
meet an infected person. In-camp facilities are most frequently visited by Rohingyas
(80% of all Rohingya interactions), but a lower chance to get infected is registered. As
the vicinity market concentrates around one location, there is a fairer chance of meeting
someone here and therefore also is a higher source of infections. Secondly, the the role
of the host community bringing in infections to the camp can be explained. Namely, in-
camp facilities and the vicinity market are visited equally by Rohingyas, but infections
are higher at the vicinity market. This is due to the higher numbers of host community
people which enter the vicinity market (88%) and their relatively low participation at
in-camp markets (12%).

A third insight relates to infections per age-group, which were mostly registered among
younger adults and older adults. This stresses the assumption of their high-risk trans-
mission profile, as their relative infection coverage is higher than for children and elderly.
Covering only 35% of the total population, these age groups cover an approximate 73%
of all infections. This is significantly more than for children, covering 60% of the popula-
tion but only 21% of all infections. This also helps to explain the high share of infections
at markets, as adult people are most represented here.

A last insight relates to the potential seriousness of a large outbreak from a health-based
perspective. Studying the relative share of severe and symptomatic infections, an av-
erage 8% of the people . This is a worrying implication, stressing the importance of
controlling the infection trajectory and limiting any type of interaction, especially when
the outbreak is speedy. To illustrate that for further interpretation, on a population of
1 million Rohingyas an approximate 7.000 people would require medical assistance due
to a severely symptomatic infection and 1.000 would be in need of being hospitalized.

Overall, the base case model gives a good indication what would happen if an open-
system refugee camp is not regulated by any restrictions. The model shows what could
happen as a result of thousands of social and economic interactions between the refugees
and host communities both inside and outside the market. As the growth of infections
and its share of severe/critically symptomatic infections is high, the urgent need for
controlling infections is stressed. In the next sections, the (combined) role of camp
openness restrictions and vaccines is discussed.
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8.3 interpretation of camp openness regulation

As a first step towards better control over the COVID-19 outbreak in the open-system,
several experiments were performed with limited camp openness. With limited camp
openness, (parts of) the camp environment were closed or partially limited in capacity.
Here, three types of camp openness were considered: an unconditional lockdown, a
conditional lockdown or no lockdown. For an unconditional lockdown, the camp was
fully isolated from the host community and the vicinity market was closed for refugees.
For a conditional lockdown, the host community would be partially allowed in the
camp and the vicinity market would open with limited capacity. For the interpretation
of these experiments, the main approach is to highlight the benefits and implications of
this reduction in interactions from a health and economic perspective.

8.3.1 Interpretation of Static Implementation of Limited Camp Openness

A first round of experiments tested the effect of static implementation of lockdowns.
Here, the total lockdown would hold on for the total 90 days. To interpret its effect, it is
discussed if (partially) closing the camp for people from host communities and its facili-
ties is a good measure to control COVID-19 infections in an open-system refugee camp.
The outcomes of limiting camp openness showed a significant effect on both interactions
and infections. Firstly, a limited camp openness can be interpreted a highly effective
way to control infections. In an open-system, the highest control can be reached with
far-reaching limitations on contacts among people and by closing facilities with usually
high concentrations of people (i.e.trough an unconditional lockdown). Conditionally
lowering capacities for host communities and in-camp facilities would still result in a
relative high share of infected people (80%). Therefore, from a health-based perspective,
it it relatively most effective to fully limit interactions between refugees and host com-
munities and to close the vicinity market. At the vicinity market most interactions occur
for both populations and with highest concentrations of people. Therefore, this location
is judged to be a likely source of infections and are therefore a potential source of an
outbreak.

However, the downside of this static implementation is highlighted from an economic
perspective. Closing the camp environment for host communities causes a halving of
the total number of interactions inside the camp. This on itself was an expected out-
come, but putting its effect in a broader context highlights some interesting things.
Starting with the fact interactions drop by half, a loss of around half of the different
economic activities among the two populations is caused. Inside boundaries of the
camp and at bigger markets, an approximate 12% and 51% of the total interactions is
represented by the participation of host communities. This means, the effect of sticking
to an unconditional lockdown could in practice mean to have a very negative effect on
economic flourishing activities both population cooperatively work in, suppressing in-
come or livelihood-generating activities. To illustrate that, Filipski et al. [2020] estimates
a yearly revenue of 6.000 US dollars for enterprises at the vicinity markets in the Ro-
hingya camps, which in case of an unconditional lockdown for 90 days would drop by
2.000 dollars.

In general, these results imply a weak effect of an unconditional lockdown when focus-
ing on balancing the desired trade-off between infections and (economic) interactions.
In other words, a static application of a strict lockdown is effective for reducing infec-
tions in the open-system and can be valuable for reducing the risks of spill-overs of
transmissions from outside the camp or oppositely. However, this is for high economic
costs, as the valuable interactions between refugees and host communities are cut-off.
On longer terms, this poses a threat for livelihood-generating activities, which could
have far-reaching consequences for the well-being of the Rohingya population.
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8.3.2 Interpretation of Dynamic Implementation of Limited Camp Openness

A more balanced way of controlling COVID-19 infections but also sustaining a degree
of economic interactions between both populations can be introduced by applying a
dynamic implementation of camp openness. From the model results, it was concluded
the effectiveness of a dynamic lockdown is as effective for reducing interactions, but can
create 60% more economic interactions between refugees and host communities (see
table 8.1).

Table 8.1: Effect of static vs. dynamic lockdown

Economic interactions Infections

Rohingyas Host community Reduction Absolute Reduction
Open camp 15.751 6.752 - 1181 -
Unc. lockdown 12.601 5.132 80% 248 80%
Cond. lockdown 7088 3038 45% 992 16%
Dynamic lockdown 12600,8 5401,6 20% 259 81%

The most important take-away from these model outcomes is the fact that allowing inter-
actions of refugees and host communities can be possible in times where little infections
occur. This means, if the camp opens and closes more frequently based on current infec-
tions, the impact on limited refugee-host interactions in the camp environment can sig-
nificantly be reduced. Here, infections can still be controlled and reduced, which makes
this type of camp openness a desirable solution from a health and economic perspective.
An important practical implication for the interpretation of these results is the fact that
this type of camp openness implementation demands a strict and well-informed control
over current infection numbers. This requires frequent testing and monitoring of cur-
rent infections, which is a intensive task in overcrowded camp. Whether this is feasible
is out of the scope of this research. Nevertheless, the model results show a first effective
step for protecting the interactions between refugees and host communities. Based on
static lockdowns, no balance exist for controlling infections and economic interactions,
but the dynamic approach clearly shows the potential to better protect the refugee camp
economy, resulting from the interactions between refugees and host communities at the
economic spots in the camp environment.

8.4 interpretation vaccine allocation strategies
Five different vaccine allocation strategies were experimented with, with the goal to
set a balancing trade-off effect for infections and interactions in the open-system refugee
camp environment. Vaccines usually are a more long-term solution for controlling the
spread of an infectious disease, as it sets a basis for long-term group immunity [Grauer
et al., 2020]. In this section, the interpretation of implementing different vaccine strate-
gies is given by interpreting the effectiveness of each strategy. The interpretation of
effectiveness is determined by weighing three factors which relate to controlling the
COVID-19 trajectory in the open camp: (1) keeping control over total infections, (2) re-
ducing health-related risks by lowering severe/critical infections and (3) interpreting the
sensitivity for each strategy to vaccine infectiousness. A summary of the results guiding
this interpretation is presented in figure 8.6.

8.4.1 Effective Strategies for Controlling COVID-19 Infections in an Open-system
Camp

To better control infections inside the camp environment, strategies are compared on
their effectiveness on reducing COVID-19 infections. Here, a lower speed of spread
and a lower cumulative number of infections as a result of vaccine prioritization is con-
sidered desirable, as it is assumed to reflect two benefits. Firstly, lower speed of the
development of infections reduces the chance of large outbreaks and therefore lowers
the risk of health-related needs for medical assistance (if large shares of a population are
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Figure 8.6: Comparing five vaccine allocation strategies on three factors: refugee-host interac-
tions, total infections, severe/critical infections & sensitivity to vaccine infectiousness

infected with symptomatic implications)[Duijzer et al., 2018]. In an open-system refugee
camp, this is even more important: inside refugee camps, medical assistance is relatively
underdeveloped, and large outbreaks are undesirable. The fact an open-system is stud-
ied, reflects the desirability of controlling absolute infections as large outbreaks can
cause spillovers to outside. In studies on vaccine supply chains, this is mainly stated for
risks of spillovers from one country to another [Duijzer et al., 2018]. This can be scaled
to an open-system refugee camp, which risks to be a source of an epidemic outbreak to
the host community or reversed.

From the model results, the most effective way of controlling infections can be obtained
by prioritizing either elderly or transmission groups. As depicted in figure 8.7a & 8.7b,
the main difference between these two strategies and other strategies is reflected by its
highest reduction of infections in the initial 30 days. Also, cumulative infections can be
lowered significantly compared to other studies.

(a) Elderly first (b) Transmission group (c) Equalizing

Figure 8.7: Interpretation of controlling infections per strategy

The main reason for the differences between the strategies is interpreted by stressing
the importance of two factors. Firstly, an important factor is the level of availability of
vaccines. This was illustrated by model results for the BO strategy, which excluded Ro-
hingyas from the vaccination program. Here, the low share of vaccinated refugees on
the total population in the open-system camp resulted in a high number of infections
and an outbreak inside the camp. From a perspective of ’controlling infections’ in com-
bination with the context of an open-system refugee camp, this strategy is interpreted
undesirable. But also other strategies show the importance of sufficient vaccine avail-
ability. When measuring the sensibility of vaccines, an stronger increased control over
infections can be measured for a linear increase of vaccines. This can be derived from
the different levels of vaccine availability, as shown in figure 8.7.

The second factor deciding effective control over infections in the open-system is related
to the factors susceptibility and risk of transmission. The first factor determines the level
of susceptibility to an infectious disease when being exposed to an infected person. In
this study, an increased susceptibility was assumed for elderly. The risk of transmission
determines the chance of getting infected by or infect other individuals, due to relative
high levels of interactions. In this research, this was assumed to yield for adults and
children. For both prioritizing elderly (reducing the share of susceptible age-groups)
or transmission groups (reducing the share of high-risk transmission age-groups) are
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effective as these two factors are most prevalent compared to others. The CF strategy is
relatively effective as well, but its difference can be explained by the fact children have
a lower susceptibility to getting infected. The EQ strategy is not effective, as the equal
division of vaccinated individuals per age-group causes an under-representation of age-
group with a high level of susceptibility (see figure 8.7c).

8.4.2 Effective Strategies for Reducing Health-related Risks for Severe & Critical
Infections

From a health-based perspective, strategies are compared on their effectiveness on re-
ducing severe and critically symptomatic infections. Here, a lower share of severe and
critical infections is interpreted as a valid counter-argument for judging vaccine alloca-
tion strategies on their effectiveness for increasing economic freedom (as discussed in
section 8.5.2). Namely, the minimizing of is the conventional aim of effective vaccine
allocation strategies Duijzer et al. [2018], and is the most frequently chosen strategy for
COVID-19 responses in countries worldwide Matrajt et al. [2020].

To minimize the risks of severe and critical infections, prioritizing elderly is most ef-
fective. This is not a surprising result in general, as minimizing health-related risks is
closely linked with prioritizing high-risk groups, which are usually elderly. In this re-
search, age-groups elderly and older adults were assumed to have a significantly higher
rate of symptomatic infections. This explains why the prioritization of elderly (>60 years,
followed by older adults (40-60 years), is most effective for reducing severe and critical
infections (see red line in figure 8.8).

Figure 8.8: Comparing five vaccine allocation strategies on severe & critical infections and infec-
tiousness

A more interesting interpretation through a health-based perspective is the increased
difference for the TG strategy and CF strategy if vaccinated individuals are infections (when
comparing the red and orange line). Both strategies show to be significantly sensitive to
vaccine infectiousness, resulting in a significant higher share of severe/critically infected
people. For this, the main reason can be explained by interpreting two factors: the share
of vaccinated, high-risk transmission groups (adults & children) and (2) the share of non-
vaccinated, high-risk vulnerability groups (elderly). Vaccinating transmission groups
and children results in an under-representation of vaccinated high-risk elderly, which
are still susceptible and more likely to face a severe/critical infection. This risk is further
increased if transmission groups are vaccinated first, as their activeness in the camp is
high and they can still be infectious. This shows an important difference between the
EF strategy and the TG strategy which are both equally effective for total infections, but
not for reducing severe and critical infections if vaccines are not high in efficacy. In the
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model, efficacy of 90% was used, but as vaccine efficacy for COVID-19 vaccines differs
per type of vaccine, this could be an implication of the TG strategy.

8.5 interpretation of dynamics between camp open-
ness & vaccine allocation strategies

The goal of this research is to analyse what strategies exist for an effective trade-off
for allowing more refugee-host interactions in an open-system refugee camp on one
hand, but controlling COVID-19 infections on the other. In previous sections, both the
implementation of camp openness regulation and the allocation of vaccines were inter-
preted effective strategies in separation. Here, dynamic camp openness by evaluating
the current state of infections can be effective, but an implication is its lack of long-term
feasibility if economic conditions worsen as a result of limited (economic) interactions.
If available, vaccines can be used for the long-term and both types of measures can have
a stronger combined effect.

8.5.1 An effective strategy for controlling infections by combining vaccines & limited
camp openness

To strengthen the effectiveness of the balancing infections and interactions, results from
chapter 7 showed a combined implementation of camp openness regulation and vac-
cine allocation further allow for more interactive freedom. Translating these results to
a broader context, it means an effective strategy for protecting refugee-host interactions
and controlling COVID-19 infections can best be reached when refugee-host interactions
are tolerated in times of low numbers of infections. Here, the model indicates a lower
chance of an outbreak, for which the total costs of staying home would not compensate
covering the risks of the refugees by keeping everyone home. If infections are low, more
interactive freedom can be tolerated while sustaining a guaranteed level of safety. This
risk is lowest in combination with higher shares of people vaccinated. In the initial 30

days, only 15% (batch 1) of the people is vaccinated and infection still grow. However,
after second batch covering 45% of the people, infections hardly grow. Especially after
this phase, more freedom can be allowed.

In general, two main advantages are recognized of combining dynamic camp openness
and vaccines. Firstly, from a health-based perspective, further control over the COVID-
19 outbreak can be achieved (see figure 8.9a). The main difference compared to not
vaccinating is the significantly lower speed of spread in the initial 30 days. This is
promising, as the base case predicts a potentially large outbreak in this period of time,
which can be managed even for low vaccine availability. This is valuable, as from a
health-coordinator’s perspective controlling the outbreak is really important: for the
refugee’s health, but also for the risks of spillovers of infections to outside risking the
host community’s health. Secondly, the combination of vaccines and dynamic camp
openness indicates to offer a solution for allowing more public activities. The model
outcomes in figure 8.9b show that total infections (for every strategy) are lower, and
go hand in hand with sustaining a degree of interactive freedom. From an economic
perspective, this is desirable: as infections are controllable, essential public facilities such
as markets, schools, mosques and socializing hot-spots can be opened earlier.

8.5.2 An effective strategy for increased refugee-host interactions with an economic
focus

The relatively straight-forward and effective combination of dynamic camp openness
and vaccines paves the way for interpreting model result through an economic lens.
Also, the real benefits from each vaccine allocation strategy were not exploited yet, but
do offer an interesting trade-off for allowing more economic freedom. A last model
analysis focused on analysing if refugee-host interactions could be more explicitly al-
lowed at the markets, influenced by different vaccine allocation strategies. Here, the
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(a) Reduction of infections (b) Increased interactive freedom

Figure 8.9: Comparing three vaccine allocation strategies in combination with dynamic camp
openness: (a) shows the reduction of infections for the Elderly first strategy, (b)
shows the reduction of infections per strategy and the cumulative interactions by
Rohingyas & host communities

guiding principle was to always allow vaccinated individuals at markets, and compare
the strategies on maximizing refugee-host interactions and controlling infections.

For maximizing refugee-host interactions, prioritizing transmission groups is most ef-
fective, both including or excluding the host communities (see figure 8.10. Compared to
other strategies, this strategy is really effective as the age-groups most actively involved
at markets are prioritized for vaccines: adults. From a pure economic perspective, this
could be a solution for most effectively sustaining the interactions between refugees and
host communities. However, an important implication of implementing this strategy is
its relatively high number of severe & critical infections and is most sensitive to vaccine
infectiousness. As low-risk age-groups are vaccinated first, high-risk age-groups remain
unprotected, which is reflected by symptomatic infections which are almost three times
higher compared to vaccinating elderly first. Especially when the host community is
allowed in the camp, this increase is significant and is an important risk which need to
be considered. This can be explained by the fact the share of vaccinated people who
can still infect others are also most active inside the camp. The more interactions are
allowed between refugees and host communities, the higher this risk becomes.

This shows the main trade-off for an effective strategy for allowing refugee-host in-
teractions and controlling COVID-19 infections: prioritizing transmission groups and
opening the camp for host communities can allow for more interactive freedom, which
protects the refugees and host communities from an economic perspective. However, a
certain level of serious infections happening as a result should be accepted. An alter-
native is the prioritization of elderly. This strategy is significantly more beneficial from
a health-based perspective, but does not meet the potential of creating most economic
freedom.

To narrow the gap for this trade-off between health and economic focused dilemma, an
effective strategy is to lower the risks of getting infected for high-risk people (i.e.elderly).
In chapter 7.5.3, model results showed further limiting interactive freedom for elderly
could reduce the impact of prioritizing transmission groups and allow more economic
freedom at markets, as severe and critical infections among elderly are significantly
lower. Interpreting this in a broader perspective, this model result shows a more hybrid
strategy is possible of combining camp openness and vaccine prioritization can be ap-
plied, if both these align in line with their goal. For example, camp openness restrictions
do not necessarily have to apply to anyone, but can also be more specified to age-groups.
When facilities and the camp stimulates staying-home regulation for high-risk individu-
als, these facilities can still remain open for transmission groups. Here, camp openness
regulation would take away part of the pitfalls of an effective strategy for allowing eco-
nomic interactions, as it compensates is risks from a health-based perspective.
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(a) Host community not allowed (b) Vaccinated host community allowed

Figure 8.10: Comparing three vaccine allocation strategies in combination with dynamic camp
openness: (a) shows the reduction of infections for the Elderly first strategy, (b)
shows the reduction of infections per strategy and the cumulative interactions by
Rohingyas & host communities

8.6 application of model outcomes to real world
rohingya context

In previous sections, several (sub)strategies were proposed which follow from insights
of the model. However, these results should not be interpreted in isolation, as camp
openness regulation and the choice for a vaccine allocation strategy can depend on sev-
eral contextual choices and/or dependencies. In order to translate the outcomes of this
study to a context which is applicable for the Rohingya refugee camps, a more in-depth
contextual description and following interpretation is given in this section. Also, to in-
terpret the outcomes from this study, the exploratory nature of this research is stressed
which implicates no ’single best’ solution exists in case of vaccination programmes and
in context of the Rohingyas.

8.6.1 Considering Refugee Behavior for Deciding on Effective Policies

Starting with the the individual behavior of the Rohingyas, it was concluded a positive
effect was measured when individual refugees were stimulated to comply with staying-
home when being sick and to letting vaccinated household members go to the local
markets. But in context of the Rohingyas, one can not simply state or measure compli-
ance or other desired behavior. Many of the things going on inside the refugee camp go
unnoticed, as the camp sites are big, (over)crowded and people here live unregistered
and go unnoticed for official regulation [Filipski et al., 2020]. Also, a complex factor is
the fact not all Rohingyas inside the camps are in favour of being helped with protective
measures in context of the governmental COVID-19 response in the camps. This was for
example noticed when concluding low willingness to wearing masks, isolate and wash
hands more frequently inside the camps after a few months [Government of Bangladesh
et al., 2021]. In different studies focusing on how to help the Rohingyas by raising their
knowledge about how to become more resilient to hazards and threats conclude the
implementation of simple policy interventions is not a simple task, especially related
to changes in their structural behavior. As stated by [Bullock et al., 2021, p.14]: ”the
language of the primary beneficiaries (the Rohingya) does not have a written script”. It implies
the steering of the Rohingya’s desired behavior, which usually demands a broadly sup-
ported effort by the people, can be a hard task.

Different branches of literature on the Rohingyas in Bangladesh state the stimulation
of desired behavior of Rohingya refugees is hard, for different reasons. For example,
Tay et al. [2019] names the ongoing mental challenges which Rohingyas face as a rea-
son. Due to their backgrounds which is characterized by structural conflicts, demanding
things from the Rohingyas is not an easy accomplishment for humanitarian aid workers.
Also, communication with the Rohingyas by humanitarian aid workers is a structural
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problem, with means reaching out with help is not always effective. And these com-
plexities were is even further increased since COVID-19 started. During the pandemic,
many Rohingyas were faced with exacerbated problems, expressed in many different
natures [Islam and Yunus, 2020].

The complex nature of the implementation of policies which relate to a demanded
change in the behavior of individuals should be an important factor when weighing
a strategy to coordinate the COVID-19 response inside the Rohingya camps. In the
paragraphs described above, it becomes evident that demanding things from a refugee
population, especially when it considers their individual freedom, should be carefully
weighed. The people cannot be simply demanded to isolate in case of getting sick, espe-
cially when their needs are dependent on other things which do not necessarily relate
to COVID-19. Also, it stresses the importance of a more long-term solution which can
release the burden of social measures, structural exclusion of the camps and limited
freedom to sustain a living. This long-term solution is related to the introduction of
vaccines, which is discussed more briefly in section 8.6.3

8.6.2 Contextual complexity of coordinating camp openness regulation

A second more contextual interpretation relates to dynamic camp regulation, which was
concluded to have a positive effect on the number of infections. By the (partially) limit-
ing of contacts between Rohingyas and host communities and lowering shared facility
capacities, a desired drop of infections was registered. However, also the practical reg-
ulation of camp openness and regulations of capacities at shared facilities inside the
camps is not easy as well. Regarding the limited capacities of facilities inside the camps,
no strict rules exist and practical implementation is not very effective as stated during
the expert discussions during the model validation. For example, the limiting of num-
bers of people at shared facilities is really hard to control, except for for formal facilities
such as mosques. ”We can only tell the Rohingyas to come to food collection points in small
groups. Here, Rohingyas would listen and keep their distance, but on the way back home they
would cluster again, with all their friends and families”, as one of the experts mentioned
during these conversations.

And also controlling camp openness is shown to be hard. Since the outbreak of the pan-
demic, the Bangladesh Government built fences around the Rohingya camp boundaries,
as a means to control the number of in and outgoing contacts between the Rohingyas
and host communities [IDC, 2020]. Next to that, formal check-points were raised at
camp entrances and existing check-points were guarded more strictly. But when really
comparing these intended measures to regulate camp openness to its practice in reality,
not a one-on-one translation from these intentions to reality can be recognized. From
discussions with different experts, the camp fences were built, but not strictly controlled.
Also, entering and leaving the camp environment was not as strict, except during the
strict lockdown which was imposed in May 2020. During that time, refugee-host inter-
actions were estimated to be cut by around 80%, but since that time mobility almost
came back to normal [Ullah et al., 2020]. This is due to the fact regulation of movements
from outside to and out of the camp environment is not easy to strictly regulate. And
this effect is increased by the fact for many Rohingyas the benefits of staying home do
not anymore outweigh the costs of risking to get infected by COVID-19. Last months,
the measures stimulating the limiting of people’s contacts with others lost effectiveness,
which is due to the fact other risks than COVID-19 are lurking their existence, such
as hunger a lack of livelihood-generating resources or other basic services [Ullah et al.,
2020; Islam and Yunus, 2020; Banik et al., 2020].

These above described paragraphs imply the effectiveness of camp openness regulation
depends on either a more strict control or a further extension of building fences around
the camps to block undesired movements of people entering and leaving the camp. But
it is the question whether this is a desirable direction, both valued ethically and if it is
a feasible thing to accomplish. Maintaining intensive control in the camps is hard, and
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financial and man-power based factors also play an important role.

Therefore, also the regulation of camp openness and the structural lowering of move-
ments of people and their interactions in and around the Rohingya camps seems like a
solution which is only preservable on relative short terms. For example, this can already
be illustrated by comparing the growth of infections in June 2020 (after which a strict
lockdown was imposed for the camps) and for June 2021 (in which the camp is partially
open for visitors) in figure 8.11. As the figure and the above described paragraphs in-
dicate, also a more long-term and contextual solution is demanded when studying the
practical implications for limiting camp openness.

Figure 8.11: Total cases registered in Bangladesh & in the Rohingya camps (2020/06 - 2021/06)

8.6.3 Complex coordination demands for vaccines as a long-term solution

Although the stimulation of health-related behavior and the implementation of contact-
reducing policy measures seem effective for the prevention of COVID-19 transmissions,
previous sections highlight the complexity of realizing this in context of the Rohingya
camps. Not only does it require a structural change of behavior by the Rohingyas in
already extremely hard conditions, it is also the question how long policies and changes
in structural behavior can be maintained. But with the rapid development of COVID-
19 vaccines are now a faster and more long-term solution can now be offered, which
can reduce the pressure on the living conditions of the Rohingyas. As discussed briefly
throughout this research, different vaccine allocation strategies showed to have a desired
effect on creating more freedom to interaction whilst keeping the numbers of infections
low. Also, the inclusion of Rohingyas in the vaccine allocation strategy in Bangladesh
seems inevitable based on these criteria for both the Rohingyas themselves as for the
hosting communities. But for the implementation of a vaccine allocation strategy as
well, more contextual insights are needed.

When purely studying the outcomes in this research, it seems most obvious to pick the
EF strategy or TG strategy, depending on the intention to either minimize health-related
complications or create maximum economic freedom. However, deciding on a vaccine
allocation strategy is also a more complex task than simply weighing its effectiveness
expressed in interactions and infections. Namely, picking a vaccine allocation strategy
is not only a matter of weighing different trade-off between infections and refugee-host
interactions. In general, the nature of allocation problems for scarce vaccines such as for
COVID-19 is the crucial ethical values which need to be considered and the following
dilemmas between conflicting objectives [Keeling and Shattock, 2012]. In this study, eco-
nomic values were considered an important aspect of vaccine allocation strategies, as
its effectiveness was partially expressed as an economic outcome of interactive freedom
for both Rohingyas and host communities. However, one could argue to always priori-
tize a health-focused perspective, as this is ethically the most right thing to do, and are
also the fundamental basis of economic protection as stated by Duijzer et al. [2018]. In
this research, these ethical values were not considered unimportant, but the aim was to
shed a light on the economic opportunities which come with different vaccine allocation
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strategies.

Also, vaccine allocation strategies should be valued in a broad context. Namely, vac-
cine allocation takes part of a total vaccine supply chain, and cannot be considered
apart. Other factors which should be kept in mind choosing a vaccine allocation strat-
egy are characteristics like its effectiveness per doses, the frequency of injecting the
people for effective vaccination, the possibilities to reach out to the people intended to
vaccinate and the willingness of people to get vaccinated [Duijzer et al., 2018; Chopra
and Meindl, 2007]. To illustrate this in line with the Rohingyas, previous vaccination pro-
grams showed it was hard to socially mobilize Rohingyas through vaccine campaigns
during the 2017–2018 diphtheria outbreak, for religious reasons and influenced by mis-
trust, misleading information and safety concerns [Jalloh et al., 2020]. Also during this
COVID-19 crisis, cultural factors play a role influencing the Rohingya’s decisions. For
example, elderly Rohingyas tend to have bigger concerns with the injection of multiple
vaccines for religious reason, which could complicate a vaccine allocation strategy such
as the EF strategy.

The paragraphs as described above raise the question on how to then interpret the re-
sults from this study. Here, is it most important to consider two main things when
translating the outcomes of this study into practice: (a) by keeping in mind the context-
related factors as described above and (b) the exploratory nature of this research. Re-
garding point (b), it should be clear it is not intended to propose a single best solution
for a vaccine allocation strategy. Namely, the model which was used in this research
exists of different parameters, of which some have broad parameter spaces. Therefore,
parameter spaces which follow from the analyses do not lend well for offering an single
best or optimal solution. What the outcomes do show is a good indication of how the
model of study performs: what vaccines allocation strategies have a higher effectiveness
overall, related to the main KPIs and how these balance each other.

8.7 conclusion
Chapter 8 presented a model validation and an interpretation of the model outcomes.
For model validation, a sensitivity analysis, literature comparison and an expert inter-
view were carried out. The sensitivity analysis showed the model of study is mainly
sensitive to the average force of transmission and the time of being sick, which is mainly
affecting the number of infections. The number of interactions was a more robust com-
ponent in the model under the variation of these sensitivity parameters. From the lit-
erature comparison, it could be concluded a valid COVID-19 transmission model was
implemented, but with a potential overestimation of the number of infections. Based
on other studies on non-vaccine-related topics, outcomes of this study indicate a high
validity for the effect of wearing mask and stay-at-home compliance. Regarding camp
openness, considering an unconditional lockdown was a valid theoretical choice (based
on other studies with similar results), but less valid for real-world comparison as con-
cluded from expert interviews. For vaccine allocation strategies, a high validity was con-
cluded for the two well-performing strategies which prioritize elderly and transmission
groups over other groups. For other strategies, outcomes were more conflicting with
other research. Model results from previous chapters were interpreted as well. From
these model outcomes, it can be concluded the most effective measures for creating a
balance between infections and refugee-host interactions are to implement a combina-
tion of vaccine and non-vaccine related measures and other incentives triggering lower
infections. Here, dynamic camp openness regulation, stimulate stay-at-home measures
for infected individuals and prioritization of elderly (starting with elderly people and
ending with children) or transmission groups (older adults first from 40-60 years, then
younger adults from 18-40 years, with elderly above 60 years and children under 18

years in later stages) show most promising results. However, a main take away is to also
consider contextual variables other than model results, as the implementation of these
measures is highly contextual for the Rohingya camps.





9 D I S C U S S I O N

In chapter 9, the model and its outcomes, validity and interpretation are discussed. In
section 9.1, a discussion on the model sub-concepts and the integrated model concept
and their underlying assumptions and simplifications is given. Section 9.2 discusses the
validity and the outcomes of this study, which result from the model. Here, the model
validity is reflected upon and what implications exist for the interpretation of results
and translating these to the context of the Rohingyas. Lastly, section 9.4 concludes.

9.1 discussion of model sub-concepts, simplifica-
tions & assumptions

For the construction of the model and its underlying concept, several assumptions and
simplifications were made. For each sub-concept and its formalization, arguable choices
were made which could have had an effect on the model and its results. To reflect upon
this, a selection of assumptions and simplifications which are made to create these sub-
concepts and the integrated concepts and the following implications and limitations are
discussed.

9.1.1 Limitations for Sub-concept 1: refugee-host interactions

Refugee-host interactions were conceptualized and formalized by determining daily ac-
tivity schedules for each Rohingya household and each individual from host communi-
ties. Driven by these daily schedules, interactions were a result at three types of places:
in-camp facilities, in-camp markets and the vicinity market. But differentiating these
interactions over only three types of activities is not a realistic representation of the
Rohingya context: in practice, Rohingyas visit various places, such as learning centres,
schools, mosques, water & food facilities and social zones. The implication of only as-
suming three types of activities is the fact that different risks of infections at different
places are only depending on how long one spends here, not on other characteristics
such as a facility specific contact rate or whether an facility only allows limited numbers
of people or not. For example, a difference which is not measured in this study is the
fact learning centres are more strictly regulated than visiting one of the water & sanita-
tion facilities.

The choice to only model three types of activities was made for decreasing the compu-
tational power which was needed for the model to run. In making this choice, it was
the main aim to keep ratios of Rohingyas and Bangladeshi visiting certain places intact,
as this was the main intention on how to model the transmission process between Ro-
hingyas and the host communities entering the camp environment. As this ratio was
still intact by only considering two types of interactive activities, the main focus of this
study was not affected by this choice. Also, different lengths of duration when visiting
shared facilities were used, which represent differences among spending times for dif-
ferent activities.

A second implication regarding the simplified concept for refugee-host interactions re-
lates to the fact shared facilities are assumed to concentrate around geographical spaces.
This is true for food & water collection points, but is not true when considering the
practical process of visiting in-camp markets. Visiting in-camp markets is not only the
process of interaction in small, static shops. In the Rohingya camps, a lot of trading and
dynamic, temporary facilities are created every day. This means, interactions in practice
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are much more geographically spread, especially informal interactions between the Ro-
hingyas and Bangladeshi. In the model, an implication this assumption therefore holds
is a potential overestimation of the numbers of infections at in-camp facilities.

A third limitation regarding this concept is the fact it assumes no contacts among people
at home. In and around the shelters, Rohingyas usually interact with their neighbours,
which also sets a potential basis for infections. However, this model only assumed the
risk of getting infected at home by a sick household member. Regarding this assump-
tion, a potential underestimation of infections at home is expected.

A fourth and last limitation in this sub-concept is the assumption of interactions as a
result of Rohingyas meeting other Rohingyas from their sub-block in the Nayapara RC
environment or by meeting a local Bangladeshi. But in practice, camp boundaries are
vague and differences between sub-blocks are only formal. As no data on cross-camp
movements can be obtained and validated, it is hard to estimate social mixing patterns
among Rohingyas from different sub-blocks. However, an isolated structure of the infras-
tructure for each sub-block is not a valid assumption, which indicates more cross-camp
interactions. Therefore, the number of interactions might be a limited representation of
reality, which potentially lead to an underestimation of the number of infections among
Rohingyas. This underestimation is aimed to be compensated with random infections,
which are assumed to happen on a daily basis as well.

9.1.2 Limitations for Sub-concept 2: COVID-19 transmissions

Regarding the COVID-19 transmission model, three main assumed were arguable.
A first assumption which is considered a potential lack of this research is the indiffer-

ence of infectiousness of individuals with different types of infections. In this research,
asymptomatic and severely individuals were assumed to be equally infectious to suscep-
tible people. However, several studies point towards the fact that symptomatic infections
are more infectious to others. For example, infecting others is more likely as a result of
coughing & sneezing, as was concluded by Stadnytskyi et al. [2021]. The implication
for this assumption can be translated to two shortcomings in this research: it under-
estimates the infection-trajectory if no vaccines are applied. Namely, a higher share of
people is infected with symptomatic consequences. Furthermore, it overestimates infec-
tiousness of vaccinated individuals. Namely, vaccinated individuals can still be infected,
but always results in an asymptomatic infection. Therefore, following the insights from
Stadnytskyi et al. [2021]’s research, infections from vaccinated people would be less sig-
nificant.

Furthermore, the process of both risking and getting infected was simplified in this re-
search. Here, an increasing chance of getting infected was assumed for spending a
longer time with an infected person up to 15 minutes, which after 15 minutes would
result in an insurmountable infection. Although this time-based and aforementioned
demography-based factors influencing the transmission process can be validated with
existing literature, other factors are left out of scope. For example, gender-specific
transmission processes differ [Metelmann et al., 2021], indoor and outdoor transmis-
sion processes or most likely different [Habeebullah et al., 2021], face-to-face contacts
increase the chance of transmission [Chen et al., 2021] and symptomatic infections are
also contribute more to infecting others [Vermund and Pitzer, 2021]. These assumed
simplifications of the transmission process do not necessarily mean an implication for
this research, but could still be an influencing factor in combination with studying the
effectiveness of vaccines. This is discussed in section 9.1.3 more briefly.

A last critical assumption for the COVID-19 transmission process is its assumption of
re-infectiousness. In the model, a minimum time of becoming re-infectious was set to 2

months, but according to literature this is an uncertain and therefore weak assumption.
In most recent studies, which could not be consulted at the time of constructing the
model, a minimum of three, six and seven months is estimated by Torres et al. [2020],
Stokel-Walker [2021] and West et al. [2021] respectively. In the model, a two month
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period is an underestimation, which might have had lead to an overestimation of infec-
tions.

9.1.3 Limitations for Sub-concept 3: Vaccine Allocation Strategies

Five vaccine allocation strategies were tested, which prioritized the allocation of vac-
cines over different age-groups. Although differentiation over age-groups is a common
allocation approach [Duijzer et al., 2018], it holds some practical implications related to
COVID-19. First of all, many COVID-19 vaccine allocation strategies firstly prioritize
healthcare and other essential workers. For example, this was initiated in the first ver-
sion of the Bangladesh NDVP (see appendix C.3). This was not included in the model,
which potentially overestimates the number of vaccines available for the first priority
group in the first batch of vaccines: the number of healthcare & essential workers in the
Rohingya camps is estimated to represent 10% of the total Rohingya population in the
camps. On the other hand, it is questionable whether the fraction of healthcare workers
receiving a first vaccines is big enough to influence this result which was also concluded
for the relatively small group of elderly (representing 5%) in the camp.

A second simplification which potentially influences model results relates to the total
vaccine supply chain, which consists of the four inter-related phases: (1) production,
(2) characteristics, (3) allocation and (4) distribution of the vaccines [Duijzer et al., 2018].
Here, only phase 3 was explicitly modeled, but phase 1, 2 and 4 were simplified: produc-
tion of vaccines was not mentioned, and only one injection was assumed to be effective
for 90% efficacy. These assumptions are arguable, as no currently developed vaccine
meets these criteria. Namely, most of COVID-19 vaccines request a double injection
over multiple weeks, which potentially lead to an overestimation of vaccine effective-
ness. Namely, if the number of vaccines per person needed would double (for two
injections), vaccine availability would face far more scarcity. Regarding phase 4, the
assumption of immediate distribution of vaccines after they become available is not a
likely scenario. As the infrastructure and geographical structure of the Rohingya camp
do not always lend themselves well for setting up efficient health-care facilities Jeffries
et al. [2021], it is more accurate to consider at least some days of delay in the delivery of
vaccines.

A last significant assumption which is expected to limit some of the model results is the
assumption of 100% show-up for vaccines by Rohingyas and Bangladeshi. Although
no current literature can approve the fact this assumption can be fully ruled out, there
are some indications which point towards challenges in increasing the willingness to
get vaccinated in Bangladesh and in the Rohingya camps. For example, McGowan et al.
[2020] sums up most important factors in context of the Rohingyas which hold many
Rohingyas back from making use of testing facilities: high levels of fear, the belief that
COVID-19 does not exist, the belief that God will prevent them from getting infected
and not getting permission by a family member. Although these factors do not need
to be necessarily true for getting a vaccine, these factors indicate a 100% show-up is an
overestimation in this research, overestimating the absolute effectiveness of the vaccine
allocation strategies in general.

9.1.4 Limitations for Sub-concept 4: Camp Openness Regulation

Camp openness regulation was based on the assumption of evaluation of the basic repro-
duction number R0, a non-forecasting indication of the infection growth. Considering
R0 is not a implication for evaluating an infectious disease, but it is a very simplified
version of the effective reproduction number Rε, which also makes use of forecasting
and estimates the likeliness of future infections [Mahase, 2020].

Although it is not clearly indicated what method is used to impose movement restricting
measures inside the Rohingya camps, the evaluation of R0 is most evident. Namely, the
number of growing infections were used to also increase strictness of in-camp facility
capacities, according to the experts in discussions. However, what the evaluation of R0
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still implies is the assumption of having full knowledge on current infection numbers.
In other words, the assumption implies full testing capacity is available and is used.
Although testing has increased in the last months, the assumption of full knowledge on
infected individuals is unlikely. For this, the indicators for not wanting to get tested
named in previous section are main reasons. Another reason is the fact asymptomatic
infections can go unnoticed by people, who then not even consider testing. Therefore, R0
evaluation might have had a more effective influence on reducing infections by opening
and closing the camp. Namely, the model assumed a high R0 was the main factor
to close the camp from visitors. As discussed in this paragraph, this R0 might be an
insufficiently valid representation of reality.

9.1.5 Limitations for the Integrated Model Concept

The integrated model concept which is a combination of the four sub-concepts was also
based on some arguable assumptions and simplifications. One of the most arguable
simplifications of this integrated concept is the assumption of the fact interacting with
others causes livelihood-generation for individuals. This means, it is assumed the only
source of livelihood generation is achievable when refugees leaving their tent by attend-
ing or visiting public facilities such as the vicinity market and the in-camp facilities.
This assumption was made to simplify the mechanism of both livelihood-generating ac-
tivities and setting a basis for a transmission model which is activated when individuals
interact. However, this might not be a completely valid representation of the big set
of options for refugees to generate and gather live saving essentials. For example, Ro-
hingyas are very community-oriented. As every sub-block is lead by so-called Mahjis, it
is not unrealistic the people cooperate with each other more to generate sufficient levels
of livelihoods, but at the same time limiting their contacts with others.

A second more general limitation which relates to the integrated concept is the simpli-
fied link of being compliant to measures by individuals and other concepts in the model.
Compliance is assumed to be a result from knowing to be infected and the willingness to
comply. However, willingness to comply was modeled as a random factor, which in real-
ity is a much more complex mechanism. For example, increased social fear as a result of
tightened rules and measures or decreased social fear as a result of higher numbers of
vaccinated people are likely factors to also influence the willingness to comply. Another
factor could be the number of days not having visited the markets for accessing food or
water could be an influencing factor for levels of compliance.

These arguments show the links between the four integrated concepts are a simple
representation of reality, which potentially affects the model outcomes in this study. In
general, these implications reflect the complexity of fully covering all important aspects
which can be recognized as important contextual and valid structures of a refugee camp.
The fact not every model structure is modeled without implications does not imply the
model is not useful. However, context-specific model structures and simplifications
discussed in this section should be carefully weighed by decision-makers.

9.1.6 Limitations for Model Resolution & Experimental Design

Besides limitations reflected in conceptual choices, also some limitations exist regard-
ing the model resolution, both defined over time and space. Regarding the resolution
of time, a limitation of the model is the fact both high-resolution mechanisms were
combined with low resolution mechanisms. For example, a high resolution mechanism
which is studied is the transmission process of infections, which are measured every 5

minutes as a minimal time step in this model. To study relatively long-term effects of
vaccines, 90 days are studied which is a more low resolution level over time. The im-
plication for this study this combination entails is the fact the model is computationally
intensive. Therefore, in combination with a lack of time to perform this study, running
various different experiments was limited. Therefore, an important implication for this
research is the potential non-researched scenario space, which might lead to an under-
estimation of potential insights which back the model outcomes. To generate robust
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outcomes from a model, many different model runs are needed and should be varied
with over large parameter grids. Due to a lack of time and the model’s intensive compu-
tational demands, this could not fully be achieved. Running experiments was based on
two and three-level fractional experimentation designs, whereas a Latin Hypercube Sam-
pling or Monte Carlo design for experimentation would have increased the knowledge of
total solution spaces for different vaccine allocation strategies and for other parameters
in the model [Van Dam et al., 2012; Wu and Hamada, 2011]. To cover a higher solution
space, a different program could have been used to generate more model results. The
model was run in Netlogo, but more advanced languages for running ABM models ex-
ist, such as MESA which can be used to more efficiently run and analyse these models
trough modular components.

A second limitation which follows from the implication from previous paragraph, is the
fact some mechanisms had to be simplified to reduce the computational power of the
model. For example, various types of interactions were aggregated to two types of inter-
actions: in-camp interactions and interactions at the vicinity market. This was reflected
upon earlier in section 9.1.1. But what it means, is some value on high resolution mech-
anisms in the model was lost during the modeling process and it is a subjective matter
whether it is desirable both resolutions are chosen in this research as also insights are
gained on both ends of the temporal spectrum which is used in this study.

Regarding geographical resolution, a main limitation in this research is reflected by the
fact only a fraction of the Nayapara RC camp has been picked for modeling (see figure
3.1). To create high resolution in the model by studying individual refugees and their
shelters, ABM does not lend itself well for the modeling of many individual agents which
can make the model too computationally intensive. The more practical implication of
only studying a smaller fraction of the Nayapara RC camp environment, is the implicit
assumption of a fully isolated geographical environment. Namely, the only interactions
were modeled between Rohingyas living in this area and the host communities they
interact with. But in reality, much more interactions are likely to happen with people
from outside the defined geographical area of study.

9.2 discussion of model outcomes & validity

In chapter 8, model outcomes were validated and interpreted. To reflect on this valida-
tion and to translate this judgement into practical advises in this study, the strengths
and limitations are discussed here based on the validation process. Here, it should be
mentioned these judgements are subjective and arguable. The main aim of this section
is to set a basis for further judgement by decision-makers on the validity and therefore
applicability of the model outcomes in this research.

9.2.1 Judgement on validation-based strengths of this study

With different validation methods, some strengths came forward for this study which
are judged as a valid representation of the real-world system which was studied. One
of these strengths which raises the validity of this study is its similarities with other
studies on related topics. For example, the conclusion from the sensitivity analysis was
similar with other studies on different sensitive model parameters. This means, parts of
the model structure in this research are designed similar to other studies with the same
focus, and therefore perform similar model behavior which raises the confidence of the
model outcomes in this study. Also, when comparing the model outcomes with liter-
ature studies on related topics, outcomes can be judged valuable. For example, other
studies on COVID-19 and its spread in contexts of refugee camps show the same tra-
jectory over time and with similar outcomes. A second strong similarity is importance
of a combined implementation of non-pharmaceutical measures with vaccine-related
measures. Measures and effects which were studied related to vaccines and to other
measures were judged similarly like other studies, such as the importance of staying-

https://mesa.readthedocs.io/en/master/
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home compliance, dynamic camp openness regulations and fast vaccine roll-outs.

As model outcomes can be compared with other academic literature, this study is judged
to have a relatively strong validity for theoretical studying and estimating of certain
model structures and policy measures. This means, the exploratory outcomes of the
model outcomes are relatively insightful from a theoretical viewpoint. Whether model
outcomes are also insightful more practically, is discussed in next section.

9.2.2 Judgement on validation-based limitations of this study

Some model outcomes could not (easily) be classified a valid representation of reality.
What this study mainly lacks validity, is translating highly contextual characteristics to
model components which can produce meaningful insights which reflect the Rohingya
camp context reality. Namely, a main conclusion which was drawn from discussion with
experts was the fact some components of the model are hard to validate. For example,
estimating the different numbers, types and the duration of refugee-host interactions
and validly integrating these into the model is not easy to validate. Reflecting on this
uncertainty, more different experiments could have been conducted with variations in
refugee-host interactions over the named characteristics. Namely, this could give more
insights in the scenario-space of infections resulting from these interactions. Another
contextual limitation as derived from the validation process, is the influence of camp
openness on the number of interactions and therefore its influence on infections. Three
types of lockdowns were considered a driving factor for interactions, but discussions
with expert pointed out the ineffectiveness of regulating people’s movements inside the
Rohingya camps. Based on these insights, a clear gap exists between the intention of
policy measures, rules and desired behavior of individuals on one hand, and its prac-
tical application to reality. Therefore, a first judgement regarding the validity of this
model is the fact it is of a more theoretical basis. To implement insights from this study,
one should also really consider other, contextual factors which have not been included
in this study.

A second, more obvious judgement on the validity of this study links to its exploratory
nature. This study dives into a knowledge gap which focuses on the dynamics be-
tween relatively new and non-researched topics, namely vaccine allocation strategies,
infections and refugee-host interactions in an open-system refugee camp. For both ex-
pert validation and literature comparisons as validating methods it was only possible to
consult and compare insights from experts and other literature on related topics sepa-
rately. The validation of these integrated dynamics is hard and sometimes not possible.
For example, a well-known validation technique is historic replay, which is a valida-
tion methods where historical trends on related topics are studied. As COVID-19 is a
relatively new topic, using validation techniques as such was not possible, which still
leaves a significant interpretative space on the interpretation and robustness of the dy-
namics between the three topics. On the other hand, not being able to fully validate
these non-researched dynamics on relatively new topics does add value to the scientific
contribution. This scientific contribution is discussed more detailed in the next chapter.

9.3 discussion on real-world application & imple-
mentation of model outcomes

Previous sections highlighted several limitations and judgements on the conceptual
model, assumptions on which this model was created and the validity of the outcomes
generated by this model. Here, most general conclusions which were drawn stressed
the fact both the model structure and its outcomes were a simplified and mostly theo-
retical basis of the real-world context of the Rohingyas. To construct the model, many
assumptions and simplifications were made to capture complex sub-concepts of study.
And the complexity of these sub-concepts was increased even further as these were com-
bined. This combination of sub-concepts allowed for studying the dynamics between
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these, which performed the insights as discussed. But the combination of these sub-
concepts also implies outcomes in this study are highly subjective for interpretation. As
the model was constructed with many different variables, relatively new (combinations
of) concepts and are aimed to represent a highly contextual system, the outcomes in this
study should not be interpreted as ’single best’ solutions. This means, this study does
not advise to implement the ’elderly first’ strategy for example, as it performs best on
creating a trade-off for the most interactive freedom whilst keeping low infections. Also,
it does not advice to provide a set of different measures which is found to be a most
effective combination to reach the same trade-off. As context-dependency was judged
a very important factor for effective coordination of the COVID-19 response in the Ro-
hingya camps, which could not all be captured in one model, this study does not claim
to provide highly valid and applicable real-world solutions.

But what this study does show, is a good indication of several effects which were mea-
sured. Due to the exploratory nature of the model, insights on the direction and weight
of these effects can be used to judge a final implementation of a policy in real-world ap-
plication to the case of the Rohingyas. To give an example, one of the model outcomes
indicated a positive relation between the combination of non-vaccine and vaccine-related
measures and behavior. Namely, staying-home measures and a dynamic policy for camp
openness in combination with the introduction of vaccines showed most positive effects
on the KPIs infections and refugee-host interactions. Here, one could not simply state the ’el-
derly first’ strategy is more effective than the ’Bangladesh only’ strategy because as after
a period of 90 days infections were 45% lower with the same number of interactions. But
what can be stated is the significant difference which can be recognized between the two
strategies. As various model simulations were performed to measure different effects, it
is possible to give an indication between the statistical differences between two or more
effects. This allows for comparing different strategies with each other, and judge them
on their desired direction, which is still a subjective, ethical task for a decision-maker.

Overall, model outcomes in this study can be used as an academic support for real-world
application in context of the Rohingyas and the COVID-19 response. As introduced in
chapter 1, the Government of Bangladesh raised a document with initial operational
guidelines on their COVID-19 vaccination program in Bangladesh. Although these
guidelines suggest to include the Rohingya population in their vaccine programmes,
and several guidelines are set-up for the allocation of vaccines in Bangladesh, this study
creates an academic basis to support these guidelines. For example, to include the Ro-
hingya population in the national vaccination program is supported by insights from
this study, as exclusion of Rohingyas in the vaccination programs showed significant
different results compared to including them. This study also gives room to reconsider
decisions which were made to create the operational guidelines. As the delivery and al-
location of vaccines in Bangladesh is characterized by different challenges and hurdles,
academic insights like from this study can be used to change and further improve the
vaccination programmes.

9.4 conclusion

This chapter discussed and reflected upon the model which was used in this research
and the outcomes which were generated. Firstly, the limitations for sub-concepts and
their integration to construct this model were discussed, based on several model assump-
tions and simplifications. Also, limitations were discussed for choices made deciding
on the model’s resolution on both time and space. Secondly, model outcomes were
discussed, based on the validation in chapter 8. Here, a judgement was given on the
strengths and limitations of these outcomes. Thirdly, insights from previous sections
were used to discuss the real-world application of the model outcomes and apply these
to the context of the Rohingyas.

The main limitations in this study as addressed in this chapter are:
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• Related to different sub-concepts, is the high number of simplifications and as-
sumptions which were used to integrate and model these.

• Related to the integration of different sub-concepts is the simplification of links
between these concepts and complex mechanisms can be judged as oversimplified.

• The combination of high resolution and long-term focus on the total period of time
studied. As both are included in the model, computationally intensive processes
needed to be simplified and are therefore less accurate.

• Related to this study’s validity is the inability to validate (the combined effect of)
relatively new and non-researched concepts.

• Related to the real-world application of model outcomes is the inability of the
model to capture all aspects of the highly contextual case study of the Rohingyas.

General strengths of this study are:

• High validity when comparing model results with other studies.

• A high level of resolution for complex mechanisms in combination with a relatively
long period of studying, which allows for studying short and longer-term effects.

• An academic support of decision-making on the COVID-19 vaccine response in
Bangladesh, with a specific focus on the Rohingyas.



10 C O N C L U S I O N S & R E C O M M E N DAT I O N S

In chapter 10, the research questions are answered with the findings from this research.
Firstly, the sub-questions which were analysed and answered in section 10.1. Secondly,
the main research question is answered in section 10.2. With these answers, recom-
mendations to improve the COVID-19 response in context of the Rohingya refugees in
Bangladesh is given in section 10.3. Thirdly, the scientific contribution of this research is
presented in section 10.4 and recommendations for further research in section 10.5.

10.1 answering the research sub-questions

10.1.1 Sub-question 1

What drives interactions in an open-system refugee camp settlement, influenced by restricting
COVID-19 measures?

Sub-question 1 was answered in chapter 2, with an extensive literature study, supple-
mented with insights from information from desk research and interviews with experts.
Here, the goal was to set a basis for grasping how, when and where interactions take
place between Rohingya refugees and host communities. Refugee-host interactions were
defined as the legal, social and economic interactions which take place between both a
refugee population and a host community population, in a refugee camp or outside its
boundaries. In this research, interactions are assumed a simplified basis for economic
activity, a source of income and livelihood-generation. Also, these interactions set the
main basis of contacts between individuals, which is used to study the spread of COVID-
19 in an open-system refugee camp.

Answering the first part of this sub-question, the main drivers of refugee-host interac-
tions can be characterized through a certain type and location of an interactive activity,
a ratio of refugees and host communities participating and a certain type of interaction. In
context of the Rohingyas, most frequent types and locations of economic activities are
informal interaction (such as trading, selling or small exchanges of services) which take
place roughly two locations: at vicinity markets and at smaller in-camp meeting-points.
The ratio of Rohingyas and host communities at vicinity markets is relatively equal (49-
51%), whereas Rohingyas are predominant at in-camp meeting-points (88-12%). Lastly,
a the type of interaction which is a mix of meeting each other for buying and selling,
going to markets and also a small fraction of labouring exchange can be concluded.

Regarding the second part of this sub-question, the influence of restricting COVID-19

measures was studied as a negative effect on the possibility or willingness to interact.
Restricting measures could be categorized in roughly two types: camp openness, in-camp
movement restrictions and (partial) shut-downs of in-camp facilities. Here, camp openness
was judged a factor to influence refugee-host interactions, as it isolated the camp. In-
camp movement restrictions were mainly linked to general rules inside the camp decid-
ing who could leave their shelters (i.e. everyone versus only vaccinated people). Shut-
downs of in-camp facilities were related to limited openness of in-camp facilities.

Lastly, willingness to interact was judged a factor related to compliance with the mea-
sures from previous paragraph. Here, compliance was defined as the willingness of an
individual to (not) comply to stay-at-home if infected, wear a mask in public or both.

91
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10.1.2 Sub-question 2

How can different vaccine allocation strategies be defined in context of a refugee camp settlement?

Sub-question 2 was answered with an extensive literature on vaccine allocation. Also, a
review of current practices of vaccine allocation initiatives in Bangladesh and Lebanon
was used. This question was answered in chapter ??, with the aim to create a theoreti-
cal basis for defining vaccine allocation strategies, and to translate these to a context of
the Rohingya refugee camps. Vaccine allocation strategies can be defined as a decision-
making process of deciding whom to vaccinate first. It was concluded, two main factors
drive this decision in context of COVID-19: the level of vaccine scarcity and the chosen
approach for picking an allocation strategy, guided by an objective.

Vaccine scarcity is high in Bangladesh, as vaccines are expected to arrive in three dif-
ferent batches throughout 2021. High levels of scarcity stress a careful weighing of an
approach for vaccine prioritization. Roughly, two approaches exist: (1) a geography-
based approach and (2) a demography-based approach. This research focused on the
latter approach, as geography-based allocation is judged to be effective for relatively
small and isolated systems [Duijzer et al., 2018]. This does not apply to the Rohingya
camps, which host many people and are a potential source of infection spillovers to
the hosting community or vice versa. A demography-based approach is judged most
feasible when prioritizing different age-groups. Namely, age is a relatively easy cate-
gorization of refugees; other categorizations are harder to estimate due to the chaotic
nature of the camp.

Through this approach, five vaccine allocation strategies were concluded: (1) an ’elderly
first’ strategy, (2) a ’children first’ strategy, (3) an ’equalizing’ strategy, (4) a ’Bangladesh
only’ strategy and a (5) ’transmission group’ strategy. In the first two strategies, either
elderly or children are prioritized, based on age. Prioritizing elderly can have positive
effects for reducing deadly infections and children are judged a potential source of in-
fection to their parents. Through the ’equalizing’ strategy, it is tested whether creating
equal access of vaccines is desirable, as it allows for judging whether it is effective to
distribute vaccines over households, rather than over age-groups. The ’Bangladesh only’
strategy highlights the effect of excluding the Rohingya refugees from the Bangladesh
vaccination program. Lastly, the ’transmission group’ strategy focuses on highly trans-
mitting groups, to see whether this affects the speed of spread.

10.1.3 Sub-question 3

How can interactions in an open-system refugee camp settlement, vaccine allocation strategies
and being vaccinated to COVID-19 be conceptualized and formalized in line with an existing
infectious disease (SEIR) model?

Sub-question 3 was answered by the construction and integration of four different con-
cepts. These concepts were selected from insights from the literature review on sub-
question 1 and 2, which were: (1) an open-system refugee camp, (2) a COVID-19 trans-
mission model, (3) COVID-19 vaccine allocation strategies and (4) restricting COVID-19

measures on camp openness.

The first concept describes a system of interactions between refugees and a host commu-
nity, applied to the Rohingya refugee camp context. These interactions were conceptual-
ized through a daily activity schedule, guiding the visiting of either an in-camp facility
or the vicinity market along the refugee camp boundaries. Here, an important simpli-
fication was the aggregation of all in-camp activities & interactions into one type of
activity. Most importantly, the ratio of refugees and host communities was determined
for each location, to represent the likeliness of interactions between the two populations.
As both usually meet at the vicinity market, for this place a higher chance of meeting an
individual from the Bangladesh host community was formalized. The second concept
builds forth on an existing epidemic (SEIR) model, which are used to model the trans-
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mission process of an infectious virus. A SEIR model differentiates between different
infection stages, namely for people who are susceptible, exposed, (a)symptomatically
infected, recovered or dead. To study the influence of COVID-19 vaccines, the infec-
tion stage vaccinated was integrated. Infection stages were assumed not to change from
susceptible to exposed in case of being vaccinated. The third concept vaccine allocation
strategies was introduced in the answering of sub-question 2. Five vaccine allocation
strategies were considered, which were conceptualized through the determination of
which individuals receive a vaccine and when. The receiving of a vaccine was based
on this allocation strategy, differentiating the Rohingya & host community populations
over age groups. Based on the availability of vaccines, allocation took place for these
priority groups. The fourth concept was introduced in the answering of sub-question
1. Camp openness was conceptualized by either fully closing, partially closing or fully
opening the camp. Also, camp openness for in-camp facilities was considered a factor,
which was conceptualized as the (partial) closing of the vicinity markets. Next to these
physical measures for limiting people’s movements in the camp, non-physical measures
were considered based on refugee compliance to stay home in case of being sick, wearing
masks and to keep non-vaccinated home as a household.

Through process diagramming and UML-based concepts and by reviewing existing data
on the Rohingya camps, an integrated concept was defined. This integrated concept
was used as a basis for grasping a conceptual model and serves as a basis for studying
the dynamics between the different sub-concepts.

10.1.4 Sub-question 4

How can this formalized concept be integrated with an existing agent-based model on COVID-19
infections in refugee camp settlements?

Sub-question 4 was answered by implementing the integrated concept into an existing
ABM model for the spread of COVID-19 in a refugee camp. The model was built in
Netlogo, an ABM supportive programming language. The goal was to combine elements
from the existing model, which was mainly stylistic, and to translate these and the new
concepts from sub-question 3 into the context of the Rohingya refugee camps. To do
so, three main adjustments were made in the existing model: (1) adding camp openness,
(2) extend the epidemic model with COVID-19 vaccines and (3) translate elements to
the case study context of the Rohingya refugee camps. The model was built with in an
interactive model interface, which can be used to visualize model outcomes. Running
the model is done in discrete time steps, and consists of model parameters which are
derived from the defined sub-concepts. To make sure every mechanism in the model
works as intended, different verification techniques were applied during the modeling.
In this model, a small fraction of the Nayapara RC Rohingya refugee camp is reflected.
The population of study is approximately 900 Rohingyas and 300 host community peo-
ple, who interact on a daily basis. Running the model will reflect these interactions and
following COVID-19 infections. To compare vaccine allocation strategies, one can select
a vaccine allocation strategy and the number of vaccines available.

10.1.5 Sub-question 5

How can the dynamics between COVID-19 infections in an open-system refugee camp settle-
ment and vaccine allocation strategies be explained with an agent-based experimental simulation
study?

Sub-question 5 was answered by the setup and execution of various model experiments
and by the identification, reporting and visualization of the results from these experi-
ments. The dynamics between infections and interactions can be influenced by different
types of limited camp openness and by the allocation of vaccines trough different strate-
gies. To conclude on their (shared) effectiveness, several mention-worthy factors were
found relating to both. Starting with the effect of limited camp openness on the dynam-
ics between interactions and infections, model results show three important insights
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deciding effective control over infections. The first two insights relate to the role of host
communities influencing the COVID-19 infections trajectory in an open-system camp.
Firstly, a clear insight is the fact that host communities can undoubtedly be a potential
source of an outbreak. Model results show if the camp is completely healthy, refugee-
host interactions with infected host communities can be the trigger for a large outbreak
in the camp covering over at least 90% of the refugee population. Secondly, model re-
sults do not show that influxes of host communities significantly determine the speed
of the outbreak. In general, an introduction of infections will lead to a large outbreak
which leads to a tipping point in 30 days and is large enough to cover the full refugee
population. This relates to the third insight, which explains the main reason for the fast
development of infections: an important cause of infections is found to be on locations
with high concentrations of people. In the open-system camp, it was found at least
infections are most likely to occur at the vicinity market (40%) and in-camp markets
(38%). Due to high concentrations of both refugees and host communities, the risk of an
outbreak is mainly concentrated here. Therefore, instead of keeping host communities
out of the camp, a more effective way to control infections in the open-system camp is to
implement dynamic camp openness based on the evaluation of weekly infections. The
opening/closing of the camp for host communities and its markets for both refugees
and host communities shows to be an effective measure for reducing infections, but
still maintaining a degree of interactive freedom. An advantage here is that refugee-
host interactions can still be tolerated by more than 60% compared to an unconditional
lockdown, whereas the speed of spread and total number of infections remains equally
controlled.

The implementation of vaccines also positively influences the dynamics between inter-
actions and infections. Five factors were found to be important for weighing the effec-
tiveness of different vaccine allocation strategies which define how vaccines are imple-
mented. The two most important factors here are the (1) average force of infection/suscep-
tibility and (2) average risk of transmission. Namely, these factors were found to be most
influential for reducing total infections, as both the prioritization of elderly (EF strategy)
or transmission groups (TG strategy) performed most effective on this criterion. Priori-
tizing elderly is effective, as a relatively large share of highly susceptible individuals
are vaccinated in an early stage. Prioritizing transmission groups is effective as a large
share of age-groups with a high risk transmission profile can be vaccinated. These fac-
tors also explain why the prioritization of children (CF strategy) and creating equal access
of vaccines is less effective: although children are over-represented in the population
(60%) and therefore cover a potential high risk of transmission, their contribution to
total infections is relatively low. Equal access of vaccines (through the EQ strategy) is less
effective as it results in an under-representation of either vaccinated transmission groups
or elderly, explaining their lower effectiveness compared to the EF strategy and TG strategy.

When comparing different strategies, three other factors are concluded important: (3)
the rate of symptomatic infections, (4) vaccine availability and (5) vaccine infectiousness. The
third factor decides a strategy’s effectiveness from a health-based perspective. For min-
imizing severe and critical infections, prioritizing high risk groups is most effective. In
this research, vaccinating elderly and older adults first is most effective here, as these
age-groups have the highest risk of a serious infection. Also, it explains the ineffective-
ness of the BO strategy, for the simple reason insufficient refugees are vaccinated. Both
factor 4 and 5 highlight the sensitivity/robustness of the strategies. Namely, a higher
vaccine availability stabilizes the effectiveness of each strategy, which is most robust for
the EF strategy and TG strategy. But when comparing these two strategies, an important
difference between the two is reflected when vaccine infectiousness is assumed. Namely,
prioritizing transmission groups results in a significant stronger increase of total infec-
tions compared to any other strategy. The main reason for this is the higher share of
infectious, vaccinated age-groups with a high-risk transmission profile, which in that
case reduces effectiveness of this strategy.

A last finding on the dynamics between infections and interactions is the fact that a com-
bined implementation of both camp openness restrictions and vaccines further increase
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the effective control over infections. Here, a significant degree of freedom to interact by
refugees and host communities can be maintained, especially when vaccinated people
can visit markets unconditionally. Several model experiments point out that total infec-
tions can on average be further reduced by 32%. By allowing vaccinated people, refugee-
host interactions can further increase by at least 10%. Here, the TG strategy creates most
interactive freedom, as this strategy covers highest share of vaccinated age-groups who
frequently visit markets. However, a pitfall of this strategy is reflected by its relative
high share of severe/critical infections. And when vaccinated individuals are infectious,
this difference is even further highlighted for this strategy. The alternative is to imple-
ment the EF strategy, which illustrates the main trade-off which follows from studying
the dynamics between infections, interactions. Namely, vaccinating elderly first would
result in significantly lower severe/critical infections (60%), but is less effective to allow
for economic activities between refugees and host communities (which is 8% less for
this strategy).

10.1.6 Sub-question 6

How can the outcomes of this study be translated to an effective strategy for COVID-19 vaccine
allocation in a refugee camp?

Sub-question 6 was answered by validating and interpreting model outcomes and trans-
late these to real-world advises in context of the COVID-19 Rohingya Response in
Bangladesh. Here, the aim is to not only consider these model outcomes and their in-
terpreted (un)desired effects, but to also put these into broader perspective. To translate
the conclusions which were drawn in previous section to an effective strategy, four main
factors were used to compare the effectiveness of each strategy: (1) keeping control over
total infections, (2) reducing risks of severe/critical infections, (3) sensitivity for vaccine
infectiousness and (4) maximize the tolerated number of refugee-host interactions.

In general, dynamic regulation of camp openness is judged an effective strategy to con-
trol infections, and it can sustain a 60% higher degree of economic freedom between
refugees and host communities compared to completely locking down the camp. There-
fore, this type of camp openness regulation is effective from both an economic and
health-based perspective. However, two general implications should be considered as
well, which are interpreted to influence the effectiveness of dynamic camp openness.
Firstly, regulating camp openness does not necessarily mean that behavior of refugees
inside the camp can be effectively managed. Other studies conclude the steering of
the behavior of Rohingya refugees is complex, and fully limiting camp openness is
physically a challenging task. Secondly, effective dynamic camp openness regulation is
dependent on frequent and intensive testing of COVID-19 cases. If not done properly,
the effectiveness of dynamic camp openness will likely be significantly lower.

The effectiveness of dynamic camp openness can be further improved in combination
with the implementation of vaccines. The vaccine allocation strategies which are most
in favour of these factors are the Elderly first and the Transmission group strategy, as
these can most effectively reduce infections and can allow for a higher level of toler-
ated refugee-host interactions. Other strategies were found to be less effective on these
factors. When deciding between the prioritization of elderly or transmission groups, a
trade-off on health and economic values should be weighed. From an economic point
of view, it is most effective to vaccinate highly transmitting young adults first. People
in this age-group are most active, and are therefore an effective target for giving highest
priority to revive the economic participation in economic activities. But from a health-
based point of view, it is more effective to prioritize elderly. Although elderly contribute
less to the economic activities, the health-related risks can most effectively be reduced
as the risk of severe and critical infections is highest for this age-group. This trade-off
is highlighted in particular if the prioritization of transmission groups is considered in
combination with always allowing vaccinated people at markets. Namely, this strategy
is found to be most sensitive to vaccine infectiousness, which risks to further increase
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severe/critical infections among non-vaccinated age-groups.

In general, it can be concluded that the selection of one of these strategies is an ethical
problem of weighing the economic losses/benefits versus the implications following
from health-related risks. This research does not propose a solution to this question, but
rather marks and quantifies this trade-off.

10.2 answering the main research question
Having answered each sub-question separately, an answer can be given to the main re-
search question. The main research question in this study was formulated: What vaccine
allocation strategies can be identified as an effective trade-off between allowing individual inter-
actions and controlling COVID-19 infections in an open-system refugee camp settlement?

The goal in this research was to study the dynamics between different vaccine allocation
strategies, COVID-19 infections and refugee-host interactions in the Rohingya camps
in Bangladesh and to find an effective trade-off which balances two KPIs: COVID-19

infections and refugee-host interactions. Refugee-host interactions are considered an
important source of livelihood-generation, from which both the Rohingya and the host
community populations reap the benefits from and takes away some of their dependen-
cies on external aid. COVID-19 infections are considered an important measure which
represents COVID-19’s threat to the Bangladesh health system, and are assumed to be
a result of refugee-host interactions. As reducing COVID-19 infections and allowing
more interactions between individuals are conflicting objectives, this research considers
COVID-19 vaccines as a more long-term solution for obtaining these objectives both.

To do so, the dynamics between four sub-concepts were studied: (1) an open-system
refugee camp, (2) a COVID-19 transmission model, (3) COVID-19 vaccine allocation
strategies and (4) restricting COVID-19 measures on camp openness. These concepts
were integrated and analysed with an ABM model, which lead to insights which can be
used for improved decision-making on the COVID-19 response in the Rohingya Camps.
For example, it can be used by the Government of Bangladesh and humanitarian aid
organizations who coordinate the COVID-19 Vaccine Program in Bangladesh.

Here, it is important to mention that this research does not aim to propose a single best
solution. This research does not use optimization techniques for finding the optimal
trade-offs between COVID-19 infections and refugee-host interactions. Nor does this
research claim to grasp and weigh all ethical values and contextual dependencies when
comparing the effectiveness of vaccine allocation strategies and studying the dynamics
between the aforementioned concepts. As the system of study consists of many differ-
ent parameters and concepts are simplified, outcomes in this study cope with levels of
uncertainty and are subjective for interpretation. However, insights from this research
should be interpreted based on their exploratory character. Namely, several effects of
single and combined model parameters were measured, which give a good indication
on the behavior of the system of study, the relations and dependencies between sub-
concepts and the influence of different restricting and benefiting policy measures.

The model outcomes an the interpretation of these outcomes have lead to the follow-
ing conclusion on an effective strategy to allow refugee-host interactions and control
COVID-19 infections in an open-system refugee camp. First of all, the open character
of a refugee camp with interactions between refugees and host communities should be
judged a significant source of triggering infections. However, it is not a solution to keep
out host communities from the camp environment to prevent an outbreak. Namely,
given the fact that complete isolation of the Rohingya camps is barely possible, an infec-
tion will likely be registered inside the camp. As the refugee camps are overcrowded,
an outbreak will still be likely as shown in the model results. Here, the influence of
the host communities of the scale of the outbreak is negligible. Rather, a combina-
tion of opening/closing the camp based on the evaluation of periodical infection-rates
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and a well-informed selection of a vaccine allocation strategy is concluded to be effec-
tive. This is beneficial from an economic and health-based perspective: it maximizes
the level of tolerated interactions between refugees and host communities and main-
tains a sufficient control over the infection trajectory in the open camp environment. To
maximize the effectiveness of this strategy, it is concluded that either elderly or trans-
mission groups should be prioritized; both maximize the reduction of infections, which
for other strategies were not found to be significantly less effective. The selection of
a strategy which prioritizes elderly or transmission groups is an ethical trade-off be-
tween economic and health-based losses/benefits. For maximizing tolerated numbers
of economic interactions between refugees and host communities, it is most effective
to prioritize transmission groups. For minimizing health-related risks for vulnerable
age-groups, the prioritization of elderly is more effective. This trade-off is illustrated in
figure 10.1.

Figure 10.1: The main trade-off for an effective strategy for refugee-host interactions & severe/-
critical infections

For translating these conclusions to an effective strategy which apply to the real-world
context of the Rohingya refugees, context-dependent factors and limitations of the model
should be considered as well. Based on model validations, model outcomes are judged
valid for supporting well-informed decision-making. Namely, model validation by com-
paring the results in this study with other studies indicated a strong theoretical validity.
Especially for the effects of different levels of camp openness strictness and the measur-
ing of stay-at-home, results were similar to other studies. Also, this research produces
similar results for different vaccine allocation strategies. As this theoretical comparison
indicates a high validity of the model results, the outcomes are judged to be a strong the-
oretical basis to support decision-making. Based on this judgement, many of the model
results can be used as a good indication for what would happen when implementing
different policies in line with the results as discussed for answering sub-question 5.

However, the chaotic nature of a refugee camp is concluded barrier for the feasibility of
implementing a strategy. Imposing limitations on the freedom of Rohingyas to interact
is hard, as it demands a structural change in their behavior. Also, the physical character-
istics of the open-system refugee camp do not lend themselves well for implementing
measures and for monitoring the effectiveness of the strategy. Also, from expert con-
sultation it could be concluded the model misses some contextual factors, which could
not all be captured in the model. For example, a factor which was not included in the
model was willingness to get vaccinated. From insights from expert interviews however,
this is an important factor. Apart from contextual implications, limitations exist on the
simplifications and assumptions and the resolution of the model. Simplifications were
made to grasp different sub-concepts in one model and to make it computationally less
intensive, which reduces the high context-specific nature of the system of study. Most
influencing limitations regarding this were judged as follows: (1) the low resolution
of different types of interactions between Rohingyas between themselves, potentially
underestimating the estimation of infections among Rohingyas; (2) The simplified con-
cept of risking a COVID-19 infection, which was only based on spending time with &
distance to infected others, whereas more factors play a role in transmissions; (3) The rel-
ative low resolution of differentiating age-groups for vaccine allocation strategies, which
indicates lower differences between the strategies; And (4) the overestimation of known
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infections inside the camp environment which was assumed to set camp openness. In
reality, known cases are lower. A last more general limitation relates to model resolution
of time and space. Time is modeled for 90 days, but with high resolution (time steps of
only 5 minutes), which makes the model computationally intensive. Therefore, robust-
ness of the model parameters was not fully discovered. Modeling space was done with
high resolution as well, with a potential underestimation of COVID-19 infections as a
result as only a fraction of the camp was modeled in isolation, leaving out interactions
with other Rohingyas.

10.3 recommendations to improve the covid-19 re-
sponse for rohingyas in bangladesh

The conclusions drawn in previous sections can be used by decision-makers on the
COVID-19 response for Rohingyas in Bangladesh. For example, insights can be used by
the Government of Bangladesh, who is the main coordinator of the Rohingya Refugee
response. Also, insights can be used by humanitarian aid organizations who coopera-
tively work with the Government of Bangladesh.

Since the outbreak of COVID-19, the Government’s Ministry of Health, together with
UNHCR and WHO, raised a Technical Advisory Committee on Immunization of Ro-
hingyas. This committee was raised to review and assess the potential challenges faced
in the roll-out of the vaccine program among the Rohingyas. Also, a Strategic Advisory
Group was raised, which was initiated to coordinate the practical implementation of
this program and in line with the NDVP. At the time of writing, vaccine programs are
starting up and the above described committees are set to meet each week. Here, it is
assessed what new insights are gained which can be used for adaption in the vaccine
programs. Results and insights from this research can be used as an academic, guiding
basis for more informed decision-making on the prioritization strategies for COVID-19

vaccines.

Based on the outcomes of this research, success for effective introduction and imple-
mentation of COVID-19 vaccines can be raised when considering a vaccine allocation
strategy which focuses on the prioritization of individuals which contribute most to the
transmission of COVID-19. A strategy as such has shown to be most effective for re-
ducing COVID-19 infections inside the Rohingya camp environment, and can therefore
most effectively ensure a more rapid reopening of the camp environment.

It is not recommended to distribute vaccines equally among individuals, or to exclude
Rohingyas from the vaccination program. Both these strategies show no effective reduc-
tion of infections, which is undesirable. Creating equal access of vaccines for everyone
can considered ethically fair, but does not reduce effective numbers of infections. Ex-
clusion of Rohingyas is judged an undesirable strategy for a practical and an ethical
reason: firstly, it does not effectively reduce COVID-19 infections, which raises the risk
of spill-overs of infections from the camp to outside. A second reason is that it is ethi-
cally irresponsible to exclude a population, based on their cultural background [HRW,
2021].

Lastly, a combination of vaccine and non-vaccine related measures is advised. Vaccines
have a significant influence on effectively reducing COVID-19 infections, but this effect
is enforced in combination with other, contact reducing measures. To increase the speed
of potentially reopening the Rohingya camp environment and bring life back to normal,
a maintaining of contact reducing measures is advised, especially for the initial times
of vaccine delivery. Namely, the first 30 days are most crucial for reducing COVID-19

infections, as the speed of spread in a refugee camp is high.

A final recommendation is not to judge the outcomes from this research in isolation. It is
advised to also consider contextual factors when weighing insights from this study for
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real-world implementation. Several studies point towards these context-dependencies,
and it is crucial to incorporate these. For example, a vaccine allocation strategy does not
stand alone for an effective response. For example, effective allocation of vaccines is also
dependent on a high willingness to get vaccinated by the population, which highlights
the importance of communication with the Rohingyas. Therefore, decision-making on
the picking of an allocation strategy can be improved if people are aware and eager to
get vaccinated.

10.4 scientific contribution of this research
Next to the societal relevance of this study, this research also represents scientific value.
As mention in the research gap, no studies can be found which study different COVID-
19 vaccine allocation strategies in context of refugee camps. Therefore, this research
adds value to two branches of literature, relating to literature on logistics in the vaccine
supply chain and literature on effective COVID-19 responses in refugee camps.

The vaccine supply chain has been studied extensively, as stated and reviewed by Dui-
jzer et al. [2018]. Vaccine allocation is one of its core elements, and should be judged a
very important element in decision-making, especially when vaccines are scarce [Duijzer
et al., 2018]. On top of that, vaccine allocation is judged the only ’unique’ element of
the vaccine supply chain when comparing with other supply chains [Duijzer et al., 2018;
Dasaklis et al., 2012]. Therefore, the need for up-to-date and context specific insights on
this vaccine allocation process is an important insight for supported decision-making.

Secondly, this research adds value to scientific research on COVID-19 responses in
refugee camps, related to the dynamics between the four concepts which were intro-
duced. As will be introduced in chapter 2, various literature studies exist which high-
light one or two of these concepts. However, up to the writers knowledge, no literature
exists on the balancing effect of vaccine allocation strategies, COVID-19 transmissions,
and movement-restricting measures in an open-system refugee camp environment. By
studying the dynamics between these concepts, a new light is shed on the branch of lit-
erature which supports decision-making in refugee camp environments in combinations
with infectious diseases and epidemics.

10.5 recommendations for further research
This research holds some interesting recommendations for further research. Namely,
some of the researched concepts still leave room for more practical or in-depth aca-
demic insights. Recommendations are categorised in two branches: (1) focusing on a
more in-depth analysis of concepts and (2) focusing on a more in-depth analysis of the
robustness of the model outcomes from this study.

For the first category, future research is needed which more explicitly analyses the dy-
namics between infections and interactions. In this research, infections were only mod-
eled as a result of chance of meeting someone infected and getting infected from that.
However, the dynamics between interactions and infections are far more complex. For
example, gender-specific transmission processes differ [Metelmann et al., 2021], indoor
and outdoor transmission processes or most likely different [Habeebullah et al., 2021],
face-to-face contacts increase the chance of transmission [Chen et al., 2021] and symp-
tomatic infections are also contribute more to infecting others [Vermund and Pitzer,
2021]. These factors are important for this research, as some markets in the open-system
are covered/indoor, and men are most frequent visitors of local markets. Also, this
study does not make use of social mixing matrices, which is frequently used for study-
ing epidemic spreads. For example, Foy et al. [2021] implements social-mixing matrices
for different ages, as age-groups are more likely to interact with themselves. In this way,
future research would for example allow to study if it is possible to let children always
go to school, as they cluster here only with their peers. A second recommendation
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is to study a more flexible application of different vaccine allocation strategies. Tuite
et al. [2010] found for the Influenza outbreak, a flexible policy to switch between differ-
ent strategies over time can be an effective strategy. In this research, a relatively static
strategy was applied, as the allocation of vaccines was only differentiated over available
batches. In future research, a dynamic applications of different strategies can be studied
as well. Furthermore, regarding the effectiveness of vaccine allocation strategies, future
research could differentiate further over different age-groups. As age-groups were used
to define prioritization groups, a more broad differentiation between age-groups can be
applied. Namely, Foy et al. [2021] and Shim [2021] both study ten age-groups, whereas
this research only considers four. Differentiating over more different age-groups allows
for more explicit modeling the transmission process (which differs over different ages).
One can further explicate transmission forces, symptomatic rates or different interaction
patterns over age. In this way, differences between strategies can come forward more
explicitly and raises a study’s relevancy for real-world application [Davies et al., 2020].

Regarding the second category is to further research the robustness of the model out-
comes from the model which is used for analysis. A main limitation of this study is the
fact that not the full scenario space over the range of model parameters has been discov-
ered. Namely, due to a lack of time and highly computational model, experiments could
not be run over a complete range of model parameter ranges. With more insights on the
solution spaces of this model, more robust conclusions can be drawn which would fur-
ther improve decision-making on an effective COVID-19 response in Rohingya camps.
For doing so, it is suggested to analyse the ABM model from this research with the EMA
Workbench. Exploratory Modeling and Analysis (EMA) is a research methodology which
allows for further analyzing complex systems with large scenario spaces [Bankes, 1993].
By applying the EMA, model results can be analysed and used for decision making
under deep uncertainty and robust decision-making.
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A R E S E A R C H P L A N N I N G

a.1 research flow diagram
A Research Flow Diagram is presented in figure A.1. This diagram is a visually summa-
rized the integration of the research approaches and methods defined in this chapter 3.
For each sub-question is shown what data is needed to answer this question, and how
this information is used to answer the following sub-question. In this way, the diagram
presents a structural and sequential research process flow. As a result, the main research
question can be answered in the final phase in the diagram.

a.2 time schedule
Figure A.2 presents a time schedule which has been followed to conduct this research.
This figure describes an step-wise overview on how this research will be conducted over
a six-month time period.
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Figure A.1: Research Flow Diagram



a.2 time schedule 115

Figure A.2: Time Schedule





B I N T E R V I E W S

Three interviews were conducted (from the 29th of March - the 1st of April 2021) with
experts from UNHCR, working on the Rohingya response in general and on the COVID-
19 response. To these interviewees, questions were asked in a semi-structured manner.
As a general basis for each interview, the interviewees were sent questions on three
topics, as presented in section B.1. They were allowed to answer these questions freely
and with the option to add things. Section B.2-B.4 present an overview of the insights
from these interviews per topic. These are used in this research for creating a more
defined context of the Rohingya camp settlements, the impact of COVID-19 and for
structuring and validating the model used for this research. For more information on
the background of the interviewees, who requested to remain anonymous, contact the
author of this research.

b.1 interview questions
• Topic 1: Daily lives of Rohingyas interacting with the host community

– Did the Rohingyas interact with the local Bangladeshi before COVID-19? If
yes, how, why and where do they do it roughly? And how many times per
week/day? An indication is enough.

– Is a Rohingya camp block/settlement open for other people? And do the
Rohingyas without official refugee status leave the camps?

– What does a normal day (without COVID-19) look like for a Rohingya refugee,
expressed in an activity schedule? (E.g.: what does an average Rohingya
refugee do when he/she wakes up until he/she goes to bed?)

– What is a normal living area for a refugee? Does he/she only live in a sub-
block and never leave it? Or do they live inside the camp blocks? Or do they
move constantly from their own blocks to other blocks?

• Topic 2: Impact of COVID-19 on refugee camps

– How did COVID-19 and the following measures affect the interactions be-
tween Rohingyas with other Rohingyas and between Rohingyas and the host
community?

– I read the Rohingya settlements were in lockdown for a time period of weeks.
How did that express in reality? Did they still leave the camps or did they
behave according to the rules?

– What changed physically/geographically to the camp settlements since COVID-
19 started, which limited the Rohingya’s ability to move inside their camp
blocks and out of the camp blocks?

• Topic 3: Vaccines in Rohingya refugee camps

– What’s your experience on other vaccines than COVID-19 vaccines for Ro-
hingyas?

– Do you consider COVID-19 vaccines an important factor in bringing back a
normal life in refugee camp settlements?

– As COVID-19 mostly harms older people and vulnerable people, the health-
related impact of COVID-19 will most likely be low. Do you think this affects
the vaccination strategy on whom to prioritize to vaccinate first?
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b.2 interview 1

b.2.1 Interview Details

• Date: 29th of March, 2021

• Name of interviewee: Anonymous, please contact author for verification

• Expertise: Senior Public Health Officer - Regional Bureau for Asia and Pacific

b.2.2 Topic 1: Interactions of Rohingyas and host communities

A. Main motives for interactions:

• Markets: Most of the interactions between Rohingyas and host communities hap-
pen in trading centres and the markets, inside and on boundaries of the camps.

– Here, people from the host community come in with supplies. An estimated
30% of the Rohingyas go to these markets, buying these goods from the host
community people, which they use or later on sell other Rohingyas.

– The further you go out of the camps, the less interactions takes place, for the
reason that more check points filter out informal refugees (with no status).

– On the markets, social interactions between the Rohingyas and host commu-
nities also centre around phone charging hubs. Here, both meet and discuss
the news.

– Work is available formally on the markets as traders from the host communi-
ties are allowed to set up businesses in the camps, to access livelihoods

• Health care facilities: people from the host community enter the camps if they
work in healthcare facilities in the camps. As the healthcare facilities are owned by
the government, this is where the formally working host communities can execute
a job

• Education: teachers at schools are also from host communities work formally.

• Religious: In mosques, they also meet both. The Maji & Imams have a great influ-
ence here to spread knowledge on the COVID-19 situation and on vaccines. In the
mosques, the people are mainly Rohingyas. But the Bangladeshi are also Muslim,
so the ones who live close also come here.

B. Openness of Rohingya camp sites:

• Nothing has embarked the camps, so everyone can go in and out without any
restrictions. However, still main entry point exists which are used as they are most
easy to use.

• Formally, there are limitations. But in practice, the limitations are zero.

• Rohingyas go out whenever they want to go out. There are no real restrictions.
But most of the Rohingyas will stay inside the camps.

• There are no fences around the camps, and the ones which were built in May 2020

after the first COVID-19 cases started were not finished.

C. Daily activities of Rohingyas & host communities

• Rohingyas and host communities wake up

• Rohingyas and host communities visit a mosque five times a day, for praying:
twice in the morning, once in the afternoon, twice in the night. There are several
mosques, for 150.000 Rohingyas, 1 mosque. Mosques are mostly man, no women.
90-95% of mosque visitors is men.
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• After that, the adults and elderly both go to the market areas (“It’s always packed”).
People are hanging around here on the streets for an estimated 3/4 hours. These
are big, open air markets.

• Children go to schools inside the camps but can have host community teachers.

D. Geographical living area of Rohingyas

• Interaction is quite communal, so they interact mainly through the sub-blocks and
on the places like marketplaces and trading centres.

• They can easily go out of their camp areas. Within camps, there are no real borders.
Only the Tekhnaf area is quite isolated, so here no interactions from that camp to
others takes place here. “From camp 1, they can go to a health-facility in camp
10.”

• They move around from sub-blocks to other sub-blocks

b.2.3 Topic 2: Impact COVID-19 on the Rohingya Camp Settlements

• The first lockdown was really strict, for both hosts and Rohingyas. It meant: intra-
camp movements were limited, camps were isolated and healthcare workers could
not go into the camps.

• They would not go to mosques for around 2/3 months

• They would not go to markets as they were close for around 2/3 months

• After the lockdown, inside the camps did not have a lot of restrictions. They were
still isolated from outside

• There is no social distancing in the Cox Bazar region anymore. Only in the initial
phase.

• After the first strict lockdown, the life returned back to normal as restricting mea-
sures were eased by two degrees:

– By an estimated 60%: with mosques opened for limited numbers of people
and markets open, but closed schools for kids

– By estimated 80%: with mosques opened for limited numbers of people and
markets open, but open schools for kids

• Most non-pharmaceutical measures which are proven to be most effective are wear-
ing face masks and using sanitation facilities

• Current situation in the camps: in the camp, no social distancing is done. Masks
are promoted, with approximately 30-40% compliance to wear it, mainly centred
around the health facilities. Schools open and close depending on the govern-
ment’s decisions. Mosques opened again.

• After the highest levels of fear were gone, most of the host community reached out
to the camps again.

• Prevalence is estimated around 60%, which is not published officially. There was
a high spread inside the camps, but they just didn’t have severe cases. A reason
for that is the fact demographic characteristics are different: the population is not
that old.

• Sometimes the Rohingyas hide their results, if this threatens their existence. At
some point, testing costed money, so testing lost its momentum.
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b.2.4 Topic 3: The Vaccination Strategy in Bangladesh

• Vaccine strategies for Bangladesh are constantly changing.

• The main strategy in Bangladesh follows the line of the generally (worldwide)
supported vaccine programs: first, healthcare workers are provided vaccines, then
other essential workers and the elderly.

• Inside the camps, people ¿ 40 years old are vaccinated first, which is done as
demographic differences exist and the population of the Rohingyas is younger.

– From March 2021, 130.000/150.000 vaccines (à 30% of the Rohingya popula-
tion) will be distributed over these people, which should be okay considering
healthcare capacities and deaths.

– 40 million doses are needed in Bld. 10 million were provided in the first batch,
of which 150.000 were reserved for the Rohingyas.

– Interviewee thinks will be 150.000 for the second batch, with intervals of
around 8 weeks

• Issues are still at stake with the supply of the vaccines. As there are issues, they
have shifted with the focus of the first batch to the local Bangladeshi.

• They receive AstraZeneca, CoviShield (from India)

• The first priority is health, as that also allows for more socioeconomic freedom in
the end, as the Government sees the health facilities are not out of capacity.

• Socioeconomic reasons are most important: markets can open up, normal life can
return back to normal more easy.

• A second reason is the Rohingyas are still considered to return back to Myanmar.
Vaccines can allow them to go back more easily.

b.3 interview 2

b.3.1 Interview Details

• Date: 31st of March, 2021

• Name of interviewee: Anonymous, please contact author for verification

• Expertise: Livelihoods Officer in Cox’s Bazar, Bangladesh

b.3.2 Topic 1: Interactions of Rohingyas and host communities

A. Main motives for interactions:

• An estimated 35-40% of the Rohingyas interact with the host community in gen-
eral.

• Markets: Most of the interactions between Rohingyas and host communities hap-
pen in the vicinity markets, on the camp boundaries

– Markets are big, shared places, located around the roads. For example, the
Kutupalong, Balukhali, Palongkhali market. Here, an estimated 10.000 people
visit a day, people staying an estimated time of 1 hour, and gender and age is
pretty mixed.

– After this, the Rohingyas sell products to other Rohingyas inside the camps

– Some Rohingyas have a small shops in front of their shelter. Here, no interac-
tion is recognized with the host community.
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• Volunteers from host communities go into the camps. These are 35.000 in total, of
which 20-25% is host community, and before COVID-19 15.000 vulunteers a day
would enter the camps on a daily basis. Since COVID-19, around 50% dropped.
Volunteers are:

– Health care workers inside the camps from the host community

– Teachers from the host community teachers come to schools.

– Other volunteers also come to the camps to work on different things.

– Here, an estimated 20% of 15.000 volunteers entering the camps on a daily
basis comes from the host community

– Religious: Both gather in mosques, as both populations are Muslim. Inside
camps, you have a mosque for each sub-block. Also, some mosques close to
the camps exist, where they mix with host communities. This is an estimated
20% Rohingyas. This depends on how far it is. Mosques are close to the big
markets

B. Openness of Rohingya camp sites:

• In agricultural peak seasons, Rohingyas leave to work in agriculture

• In the past, it was really easy to go in and out.

C. Daily activities of Rohingyas & host communities

• Rohingya:

– Early wake-up

– 8:00: First, they go out to reach for food

– 9:30-10: Men leave to work

– 9:30-10: Women go to women-friendly centres, where they can learn. During
COVID-19, children came along.

– 10:00: All people are in

– 15-16:00: Most of the people come back, and do not go out again. For working
people, they depend it on how much they have earned. Some women go out
to the women-friendly centre again.

– 17:30: Everyone back home, as it is dark and facilities close. Here, sometimes
crime happens.

• Host community:

– 8:30-9:00: People start entering the camp on a normal day

– 10:00: All people are in

– 15:00: First people start leaving

– 17:00: Most people leave

– 17:30: Everyone left, as they are obliged to leave at 5:30

D. Geographical living area of Rohingyas

• Camp boundaries are vague for the people in the camps.

• Blocks are named by a letter

• The Rohingyas go beyond the blocks, and sometimes also go to other camps.

• Every block has a mosque

• A block hosts around 2000 people on average.
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b.3.3 Topic 2: Impact COVID-19 on the Rohingya Camp Settlements

• On markets, interactions were cut by 50% on the big markets. This means, 5000

visitors on the markets, which are still mixed between host-communities and Ro-
hingyas.

• There are official entry points. Now, fences are built around the camps, not al-
lowing the people to go in or out easily. Host communities do not come into the
camps. These are restrictions introduced by the government. Interactions dropped
by an estimated 50%.

• When Rohingyas tell the officials they are leaving the camp for visiting a market,
they are sometimes allowed.

• Imams and Mahjis have an important role in communication

• Different measures were implemented with different impacts on interactions:

– Strict lockdown: in march 2020, host-refugee interaction was down by 80%
for 4 months. In general, refugee-refugee interactions dropped by 50%.

– Soft strict lockdown: After 4 months, host-refugee interaction was down for
30% after 3 or 4 months. Here, more activities were allowed like livelihood
activity (if wearing a face mask), shelter activities.

– Now, new restrictions are introduced, so host-refugee interactions are down
by 50-60% again. Refugee-refugee interactions are quite normal.

• Isolation: there were isolation centres raised after COVID-19 started. These can
host up to 6000 people. People were and are quite compliant to go here with
symptoms.

• Masks are mandatory, but not everyone wears it.

• Cases in the camps were quite low, but the reason for this is not really clear.

b.3.4 Topic 3: The Vaccination Strategy in Bangladesh

• Trust was very low in the beginning. After a week, it went up, but after 5 weeks
it went down again. Namely, AstraZeneca is from India, which is a conflicting
region for Bangladeshi.

• The program has not started yet. It was planned for the 27th of March, but
Bangladesh vaccine supplies are in a crisis now. Bangladesh receives 11 million
doses from COVAX.

• The reason to vaccinate people above 40 years old is based on the government,
noticing this group is most in need to be given priority.

• Also frontline workers are prioritized.

b.4 interview 3

b.4.1 Interview Details

• Date: 14th of June, 2021

• Name of interviewee: Anonymous, please contact author for verification

• Expertise: Healthcare worker & economist at Cox’s Bazar (Bangladesh) in the
Rohingya camps



b.4 interview 3 123

b.4.2 Topic 1: Validation of outcomes base model

• It is really hard to estimate the current number of infections inside the camp, which
is therefore hard to validate with data. In October, a zero-prevalence study will
come out which allows to further validate the number of currently infected people.

• One of the less valid parts of model is the frequency of visitations of household
members to the markets. As the people trade very small products, they will likely
visit markets more often.

• The division of an unconditional and a conditional lockdown is practically impos-
sible. According to the current practices in the camp, only a conditional lockdown
is imposed which can vary over time.

• Regarding the conditional lockdown, it is more likely infections will be lower in
practice, than for the estimation which is made in this study.

• A reason why your infection estimations could be compensated with the less valid
infections resulting from a conditional lockdown is the fact a lot of infections go
unregistered and are not known. This is due to limited (willingness of) testing

• Going to mosques is not inside, but mainly happens outside the mosque since
COVID-19 started. Therefore, your assumption of even infection forces for this
typical ’indoor’ activity is correct and a valid assumption.

• Compliance is not really easy to measure. Up to now, some measurements have
been done by random assessments in the camp, which showed low compliance for
younger people to wear a mask. In general, it is estimated below 40%.

• Compliance is higher for stay-at-home measures, which this research also indicates.
This is due to the fact isolation is mandatory in case of a positive COVID-19 test
result.

b.4.3 Topic 2: Validation of outcomes on vaccine allocation strategies

• The expert could not say much about the effectiveness of the delivery of vaccines
to the Rohingyas

• What he could say was, the first age-group is now vaccinated, which is the age-
group above 55 years.

• The main problem with the vaccines is vaccine scarcity. Vaccine scarcity is espe-
cially high since May 2021, since the supply of vaccines from India was blocked.





C VA C C I N E A L LO C AT I O N S T R AT E G I E S I N
OT H E R C O U N T R I E S

c.1 the who sage values framework

The WHO published the SAGE Values Framework for the equitable protection and promo-
tion of human well-being among all people of the world [World Health Organization et al.,
2020, p.4]. This framework is shown in figure C.1

Figure C.1: The WHO SAGE Values Framework [World Health Organization et al., 2020, p.4]

c.2 vaccine prioritization in lebanon

The Lebanon Ministry of Public Health (MOPH) published the estimated priority popula-
tions for COVID-19 vaccination in January 2021 in the Lebanon NDVP. This prioritization
strategy is shown in figure C.2.
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Figure C.2: Prioritization of COVID-19 vaccines in Lebanon [NCC, 2021, p.23]

c.3 vaccine prioritization of rohingya population
in bangladesh

The Government of Bangladesh has included the Rohingya refugee population in their
NDVP. Here, the aim is to include the Rohingyas with a health-related high-risk profile
first. Their prioritization strategy is shown in figure C.3.

Figure C.3: Prioritization of COVID-19 vaccines in Bangladesh [Government of Bangladesh et al.,
2021, p.14]



D C O N C E P T U A L I Z AT I O N &
F O R M A L I Z AT I O N

d.1 conceptualization

d.1.1 Concept I: Conceptualization of agent interactions (part I)

Figure D.1 shows the conceptualization of refugee-host interactions which is used in
this research.

Figure D.1: Agent behavior based on daily activities

d.1.2 Concept II: Conceptualization of restricting COVID-19 measures

Figure D.2 shows the conceptualization of the restricting COVID-19 measures which is
used in this research.
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Figure D.2: Sub-concept 2 for restricting COVID-19 measuress

d.1.3 Concept III: Conceptualization of vaccine allocation

Figure D.3 shows the conceptualization of the concept of vaccine allocation as it is used
in this research.

Figure D.3: Sub-concept of vaccine allocation mechanism



d.2 formalization 129

d.1.4 Concept IV: Conceptualization of a COVID-19 transmission model

Figure D.4 shows the conceptualization of the COVID-19 transmission model which is
used in this research.

Figure D.4: Sub-concept of an epidemic model for COVID-19 transmissions

d.2 formalization

d.2.1 Concept IV: Formalization of a COVID-19 transmission model

Equations for Flows of different Infection Stages

Equations as presented below are used to define different infection stages, to formalize
the COVID-19 transmission model.

∆Sij

∆t
= Rij − εM−

β1Sij

N
(D.1)

∆Eij

∆t
= −σEij +

β1Sij

N
(D.2)

∆Vij

∆t
= Rij + εM−

β2Sij

N
(D.3)

∆Aij

∆t
= (1− p)σEij − γAij (D.4)
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∆Avij

∆t
= σEij − γAvij (D.5)

∆Iij

∆t
= pσEij − αIij (D.6)

∆Qij

∆t
= αIij −ωQij (D.7)

∆Rij

∆t
= γAij + (1− δ)ωQij − Rij (D.8)

∆Dij

∆t
= δγQij (D.9)

d.2.2 Age-based infection forces for Rohingyas and Bangladeshi

β1 describes the force of infection. This parameter controls the rate of the spread (i.e.
the probability of a transmission between susceptible and infectious individuals). In
this research, different forces of infection are considered for different age-groups and
sub-population, based on estimations of Davies et al. [2020]. As no specific data exists
on the force of infections in Bangladesh, this research uses estimated data on age-based
susceptibility from 6 countries [Davies et al., 2020]. This data is translated to a force of
infection for the Bangladesh population. For Rohingyas, data from Hub [2021] indicates
a weaker infection force compared to the host communities: the number of positive
tests against the total number of tests is 9.1% against just 1.3% for Bangladeshi versus
Rohingyas respectively, in the period March 2020-April 2021. Therefore, infection forces
are estimated based on this difference.

Table D.1: Age-based force of infection of Bangladeshi with COVID-19 symptoms, based on
estimations by Davies et al. [2020]

Age β1 Combined age β1 (simplified)

0-9 0.4
Children (<18) 0.39

10-19 0.38

20-29 0.79

Young adults (20-40) 0.83

30-39 0.86

40-49 0.8
Older adults (40-60) 0.81

50-59 0.82

60-69 0.88

Elderly 0.81

>70 0.74

d.2.3 Age-based symptomatic rates for Rohingyas and Bangladeshi

To determine the age-based rate of symptomatic individuals for the two sub-populations,
data is used from a research by Mannan et al. [2021]. This data shows the number of ab-
solute and reported asymptomatic and symptomatic individuals in Bangladesh, with a
sample size of 1021 individuals. Based on these data, a ratio of symptomatic individuals
(as shown in table D.3) is calculated as a ratio of symptomatic individuals per age-group
against the total number of symptomatic and asymptomatic individuals per age group.

For Rohingyas, this symptomatic rate is different, as concluded by Lopez-Pena et al.
[2020]. In general, Rohingyas show symptoms such as fever, dry coughs or fatigue
by only 24% of known cases. Therefore, the estimated age-based symptomatic rate
for Rohingyas is based on a proportion of 24%, using the data from the Bangladesh
community.
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Table D.2: Estimated Age-based force of infection of Rohingyas with COVID-19 symptoms

Age β1 Combined age β1 (simplified)

0-9 0.4
Children (<18) 0.05

10-19 0.38

20-29 0.79

Young adults (20-40) 0.12

30-39 0.86

40-49 0.8
Older adults (40-60) 0.11

50-59 0.82

60-69 0.88

Elderly 0.11

>70 0.74

Table D.3: Age-based rate of Bangladeshi with COVID-19 symptoms [Mannan et al., 2021]

Age Symptomatic Combined age Symptomatic

0-9 0.56

Children (<18) 0.70

10-19 0.84

20-29 0.87

Young adults (20-40) 0.88

30-39 0.89

40-49 0.94

Older adults (40-60) 0.91

50-59 0.88

>60 0.95 Elderly 0.95

Table D.4: Estimated age-based rate of Rohingyas with COVID-19 symptoms

Age Symptomatic Combined age Symptomatic

0-9 0.14

Children (<18) 0.18

10-19 0.21

20-29 0.21

Young adults (20-40) 0.22

30-39 0.22

40-49 0.23

Older adults (40-60) 0.23

50-59 0.22

>60 0.23 Elderly 0.23

d.2.4 Concept I Formalization of the open-system refugee camp

In table D.5 and D.6, data is shown which is used for modeling demographic composi-
tions of both Rohingyas households and host community people.

Table D.5: Household composition Rohingyas [Bhatia et al., 2018; Rieger et al., 2020]

Household composition: Rohingyas Host communities

Median household size 6 5

Children (<18 years) 65% 50%
Young adults (20-40 years) 20% 25%
Older adults (40-60 years) 10% 20%
Elderly (>60 years) 5% 5%
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Table D.6: Household composition Rohingyas in Nayapara RC & host communities households
around Nayapara RC

Rohingyas Bangladeshi Source

Population 22.677 40.032 Humanitarian Response
Households 4306 8006 Humanitarian Response
Shelters 781 - HDX Data
Median household (hh) size 6 5 Lopez-Pena et al.
Children per hh <18 y 65% 50% Lopez-Pena et al.
Young adults per hh 20-40 y 20% 25% Lopez-Pena et al.
Older adults per hh 40-60 y 10% 20% Lopez-Pena et al.
Elderly per hh >60 y 5% 5% Lopez-Pena et al.

d.2.5 Formalization of integrated concept

Global model variables

Global variables range over global setup parameters, global variables and global re-
porters. Global setup parameters are initial settings for the model setup. Global vari-
ables are parameter values which can affect all agents. Global reporters comprise sums
of global variables.

Global setup parameters:

• Lockdown type. String, [”no lockdown”, ”conditional lockdown”, ”unconditional
lockdown”]. Determines the openness of the camp, allowing host communities to
enter the camp.

• Strictness of conditional lockdown. Integer [0-10]. Determines the number of
Bangladeshi who can enter the camp in case of a conditional lockdown.

• Initial infection rate. Integer, [0-100]. Determines the initially infected number
of individuals from the beginning of a model run, determined separately for both
Bangladeshi and Rohingyas.

• The vaccine allocation strategy. String, [e.g. ”Age-based strategy”]. Determines
the vaccine allocation strategy which will be used to vaccinate individuals.

• Available vaccines. Integer, [0-100]. Determines the availability of vaccines for
both populations.

Global variables:

• Time. The time represents the time of the day, triggering events in the model. Time
differentiates between minutes, hours and days.

• Initial number of Bangladeshi. Integer [> 0]. Determines the number of Bangladeshi
living in host community sites.

• Initial number of Rohingyas. Integer [> 0]. Determines the number of Rohingyas
living in the refugee camp site.

• Camp openness. String [”open”, ”partially open”, ”closed”]. Determines whether
(a number of) Bangladeshi can enter the camp sites.

• Currently available vaccines (per group). Integer, [0-*]. After starting the model,
vaccines are allocated until no more available vaccines exist. Here, depending
on a vaccine allocation strategy, vaccines are available for specific groups in each
population.

Global reporters:

• Count interactions. Integer [>= 0]. The number of people visiting a certain
activity destination.
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• Count Bangladeshi in camp. Integer [>= 0]. The number of Bangladeshi who
can enter the Rohingya camp.

• Count Rohingyas/Bangladeshi on vicinity markets. Integer [[>= 0]. The num-
ber of Rohingyas/Bangladeshi who have visited an in-camp or vicinity market.

• Count Rohingya children at school. Integer [[>= 0]. The number of Rohingya
children who have visited school.

Agent & patch variables

Agent & object variables are agent and object-specific variables. Therefore, agent/ob-
ject variables are parameter values which can affect only one specific agent or object.
Agents and objects are classified through certain actions and their properties. The fol-
lowing agents are considered

Rohingya refugee shelters have:

• A location myhome (integer, patch-here)

• A household (list)

• A sick household (list)

• A vaccinated household (list)

• A household size (integer)

• A representative leaving the house (an agent)

– A walker represents someone above 18 years leaving the house

– A child walker represents a child who goes to school

• An activity schedule:

– A time an activity (integer)

– A spending time for an activity (integer)

Both Rohingya individuals and Bangladeshi have:

• A destination for an activity (string)

• Age-group (string)

• Occupancy when left the house (string)

• A preference for an in-camp market or vicinity market (string)

• A queue time in the line of one of the facilities (integer)

• A COVID-19 infection (boolean)

• A current COVID-19 infection stage (string)

• A next COVID-19 infection stage (string)

• A time duration for an infection stage (integer)

• Compliance to stay-at-home (boolean)

• A vaccination status (boolean)

• An age-based transmission force for COVID-19 (float)

Rohingya individuals have:

• An individual level of compliance (integer)

Host community/Bangladeshi have:

• Host is in camp? (boolean)
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• Permission to enter the camp (boolean)

Patches have:

• A patch length (float)

• A queue distance (float)

In this research, Rohingyas are represented as households. Households are defined
as a clusters of refugees, living together [Bhatia et al., 2018]. Refugee shelter households
have:

• A household size

• A demographic household composition

• A location

• A number of individuals vaccinated

• A weekly activity schedule:

– A day when they visit a market

– A day when they visit food collecting points

• A daily activity schedule:

– A time when they visit a mosque

– A time when they visit a market

– A time when they go to water & sanitation

– A time when they go to a food-collection point

• An individual, leaving the shelter, who have:

– An activity destination

– A spending time at an destination

– An age

1. Age-specific disease transmission rates

– A transmission-profile related to activity

– A transmission-profile related to age

– A health-risk profile related to activity

– A health-risk profile related to age

– A vaccine effectiveness rate

– Compliance

– With a health-status

– With a know health-status

– With a health-status time

d.3 full list of model assumptions & simplifica-
tions

An complete overview of the model assumptions and simplifications is listed below. A
distinction for each sub-concept is made for structuring each assumption/simplification.

Assumptions & simplifications for agent interactions (sub-concept 1)

• Households range between 5 to 7 family members. In reality, household sizes
have a wider range, but for simplicity the median is chosen with for50% of other
households either 5 or 7 household members
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• A shelter increases livelihood by executing daily activities and interacting with
other people.

• Children visit markets as well.

• Household representatives visit markets once a week.

• An individual knows to be infected by COVID-19 if an symptomatic infection takes
place.

• No individual from the host community can enter the camp/market without per-
mission. Here, entry points of the camp are assumed to be guarded strictly and
no other entry points exist in the camp.

• In-camp facility visiting represents visiting a mosque, water point, food point,
sanitation facility or learning center

• Older people are assumed to execute daily interactions at the markets as well.
Derived from insights from the interviews, this is an important source of gaining
livelihood for elderly.

• Shelters define a daily activity schedule where only one of the household members
execute these activities.

• Interactions are conceptualized as the visitation of some public location. Other
interactions (e.g. meeting a neighbour around a refugee’s shelter) is not considered.

• The moving of agents to a new destination is simplified by not including travel
times. This is assumed for model simplicity: infections are assumed to be the result
of spending time in a concentrated area with big numbers of other individuals
around.

• No interactions take place during the nights.

Assumptions & simplifications for COVID-19 infection model (sub-concept 2)

• COVID-19 transmissions can happen from vaccinated people to susceptible people
for vaccine efficacy which is lower than 100%.

• Re-infection can take place for recovered people after 2 months

• Asymptomatic infections never result in deaths, only symptomatic infections do.

• If infected as a vaccinated individual, it will always result in a asymptomatic infec-
tion.

• External infections (representing infections from outside the population of study)
are simplified as the occurrence of a random-based infection of a certain house-
hold.

• COVID-19 infections happen by meeting other people inside 1.5 meter distance,
and infection chances increase over time. Spending time with someone close over
15 minutes always results in an infection.

• Healthcare facilities are left out of scope

Assumptions & simplifications for vaccine allocation strategies (sub-concept 3)

• Willingness to get vaccinated by individuals is assumed to be 100%.

• Vaccines are assumed to have an effectiveness-rate of 100% or 90% for simplicity.

• The number of vaccines for an individual is assumed not an important factor.

• Available vaccines are all distributed or according to the chosen allocation strategy.

Assumptions & simplifications for restricting measures (sub-concept 4)

• The government is assumed to have full knowledge on the number of COVID-19

infections to calculate the reproduction number.
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• For simplicity, the reproduction number is based on existing data only, no forecast-
ing techniques.

• The government decides on restricting measures based on the basic reproduction
number only.

d.4 formalized concepts for vaccine allocation strate-
gies

d.4.1 Concept of vaccine allocation mechanism for the ’children first’ strategy

Figure D.5 presents the formalized concept of the vaccine allocation mechanism for the
’children first’ strategy as it is used in this research.

Figure D.5: A formalized concept for the vaccine allocation mechanism for the ’children first’
strategy
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d.4.2 Concept of vaccine allocation mechanism for the ’equalizing’ strategy

Figure D.6 presents the formalized concept of the vaccine allocation mechanism for the
’equalizing’ strategy as it is used in this research.

Figure D.6: A formalized concept for the vaccine allocation mechanism for the ’children first’
strategy
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d.4.3 Concept of vaccine allocation mechanism for the ’Bangladesh only’ strategy

Figure D.7 presents the formalized concept of the vaccine allocation mechanism for the
’Bangladesh only’ strategy as it is used in this research.

Figure D.7: A formalized concept for the vaccine allocation mechanism for the ’Bangladesh only’
strategy
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d.4.4 Concept of vaccine allocation mechanism for the ’Transmission group’ strategy

Figure D.8 presents the formalized concept of the vaccine allocation mechanism for the
’Transmission group’ strategy as it is used in this research.

Figure D.8: A formalized concept for the vaccine allocation mechanism for the ’Transmission
group’ strategy





E M O D E L F O R M A L I S AT I O N &
I M P L E M E N TAT I O N

e.1 examples of model narrative
In this appendix, an example is presented of the model narrive which has been used to
create and formulate the model setup and parameter settings of the model.

e.1.1 Example 1: Model Set-up

At first, a visual camp environment is created in the ABM, representing the Nayapara
Refugee Camp environment. Within this environment, the agents are created and their
interactions happen inside this environment. As a first step, the physical environment is
created. With data on the Nayapara RC and by studying different infrastructural maps
of the camp environment, a number of shelters with according household compositions
and population sizes, facilities and a host community is initialized. The following steps
have been followed for this:

To set-up the model:

• Clear all variables. Now, all variables are cleared-up and ready for a new model
run.

• Reset time to zero. A new day and model running time a created.

• Create a new day by setting the Day? false

• Set-up the camp environment:

– Create a physical camp environment for both the Rohingya shelters, the host-
ing community and for activity locations. For this, three physical aspects are
created:

* Shelter places (space where Rohingya shelters are located)

* Host community places (space where host communities live, outside the
camp)

* Roads (spaces where the interactive activities take place)

– Create a number of interactive destinations based on data on these destina-
tions (see table 4.3). The location of these destinations is based on a simplified
representation of an infrastructural map of the Nayapara RC environment by
Humanitarian Response [2017] and Rohingya Camp Map [2018]. The interac-
tive destinations take place on roads.

• Set-up Rohingya shelters:

– Create shelters in the shelter place area, based on the population data of the
studied block (see table 4.4).

– Give each shelter a size, shape, color & location.

– Define the household composition of each shelter, by defining its size (i.e. the
number of Rohingyas living here) and its composition (i.e. a list of its family
members). These data were derived from data on household composition,
which can be found in table D.5. In the end, a household composition should
look like a list of household members (e.g. an ”elderly”, ”adult” and ”child”).

– Define the activity schedule of each shelter (see table 4.1). This activity sched-
ule represents the time of the day (represented as a tick) the household initi-
ates to execute this activity.
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– Set a specific chance of going to one of the vicinity market or to the smaller,
in-camp market. This is based on the mixing pattern matrix from table 4.2.

• Set-up the host community:

– Create the host community people, represented by individuals on the on host
community places, based on the population data and household composition
data (see table 4.4).

– Give each individual a size, shape, color & location.

– Define the host community’s age-category. This age-category gives an age to
each individual based on data from table D.5. Children are not defined, as
they do not go to school inside the camps and have no other specific reason
to enter the camps.

– Define the activity schedule of each host community individual (see table
4.1). This activity schedule entails the activities where host community people
enter the Rohingya camps if they want to.

– Set a specific chance of going to one of the vicinity market or to the smaller,
in-camp market. This is based on the mixing pattern matrix from table 4.2.

• Set-up refugee camp entry point:

– To create camp openness, an entry point is created for host communities to
enter the camps.

– This entry point is created on the border of the Rohingya camp sites and the
host community site, which is based on studying the infrastructural map of
the Nayapara RC environment by Humanitarian Response [2017].

– To model camp openness, the entry point has three different property values
for ”entry point openness”:

* ”open”: host communities can enter the camp freely under this condition

* ”partially open”: part of the host community can enter the camp freely
under this condition

* ”closed”: no one from the host community can enter the camp under this
condition

e.2 example 2: initiating an activity
The Rohingya population is conceptualized and modeled as a composition of shelter
households, as it lowers computational time. For each household, a list is created of
its members with children, young adults, older adults and elderly. But to model the
interactions outside these shelters, individuals must be created who execute the activity
and interact with others. These individuals have been modeled as walkers, members of
a certain household pointed out as the one executing a certain activity from a shelter’s
activity schedule. For example, a household can consist of a ”child”, ”adult” and ”elderly”.
In the morning, at a scheduled time of the day (see table 4.1), adults go to markets. In
case of the example, the adult is pointed out as the walker from this household, and
leaves the house in case it is healthy (or not compliant when infected). For the house-
hold this member is now at school for the given amount of time, where it interacts with
other people. At this time, this individual cannot be called for other activities, until the
adult has been called to return home.

The same process yields for other activities, from the activity list defined by each shelter.
To create this process inside the model, the example from above is modeled as follows:

To go to market

• Input for this process is a time-trigger, representing the moment adult go to the
market (called ”market-time”). For this, the clock is running (representing days,
hours and minutes). At 9am, adults need go to the market and a walker is created:
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• Calculate the number of Rohingyas inside the household

• If that number is larger than zero, a-walker is reported.

• To make a-walker represent all adults of this household, a new list is created of this
household containing its adults-members only. For this, a filter is applied filtering
out all ”adults”. It is then calculated how many children are represent in each
household, up to maximum of four adults.

• If there are adults in a certain household, each household shelter hatches this
number of adults. This means, a shelter hatches new agents with an individual
shape, color, age and destination. Its destination will be one of the market inside
the camps or the vicinity market.

• Based on these characteristics, this adult goes a market. The household updates
its number of individuals remaining at a shelter. As adults leave the shelter, only
older individuals remain.

e.3 examples of model verification

e.3.1 Example 1: Recording and Tracking Agent Behaviour

Recording and tracking agent behaviour covers the verification of different types of be-
havior of agents inside the model, by measuring certain indicators [Van Dam et al., 2012].
During the construction of the model, several types of behavior were implemented and
tracked for verification. Some important examples are:

Process: sending out someone out of a shelter to execute a daily activity, including the
knowledge to have someone sick or vaccinated at home.

• Expected behavior: different types of behavior were modeled regarding this pro-
cess: randomly sending out individuals were modeled (i.e. shelters not minding
sending out a sick person), sending out individuals only if a healthy person is avail-
able, always sending out someone who is vaccinated, and keeping individuals at
home who comply with stay-at-home rules in case of and infection.

• Verification: To verify this behavior, several checks were performed to track the
behavior of shelters sending out individuals. For this, tests were carried out with
shelters containing only sick/healthy/vaccinated people and shelters with mixes
of these. For each, it was verified whether a shelter sent out the right person, based
on the behavioral conditions that were set-up. For this, an indicators measuring
the number of vaccinated/sick/healthy people out of shelters was used.

e.3.2 Example 2: Recording and Single Agent Testing

Single Agent Testing covers the verification of behavior for one single agent [Van Dam
et al., 2012]. The example here shows how the disease progression for individuals has
been verified:

Process: disease progression of individuals

• Expected behavior: individuals with age and population-specific characteristics
have different progressions of COVID-19 infection stages. For example, children
are less likely to infect others than elderly. Also, symptomatic infections in the
Rohingya population were less likely than the Bangladesh population. Another
factor which was expected was the duration of an infection, for different disease
infection stages.

• Verification: To verify the progression of a COVID-19 infection, different checks
have been performed. To verify the difference of disease progressions over differ-
ent age-groups, two models of disease progression were analyzed over time in a
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model with one child and one elderly respectively. The same was done for two
models containing only one Rohingya and one Bangladeshi. Here, a verification
check was carried out by studying the development of an infection over time for
one agent.



F E X P E R I M E N T S

f.1 setup of time for experimentation

Table F.1 gives an overview of the other time-setups which have been used for each
simulation run:

Table F.1: Model time settings for 1 simulation run

Time parameter Number of ticks Real-world time

Minutes 1 5 minutes
Hours 12 60 minutes
Days 288 1 day
Total running time 25.920 90 days

f.2 experimenting model settings

f.2.1 Model settings for zero base case

Table F.2 presents the initial model settings for the zero base case experiment:

Table F.2: Base case model setup (200 runs)

Model parameter Parameter value

Lockdown-type No lockdown
Dynamic camp regulation No
Capacity vicinity market Unlimited
Sending behavior Random
Initial number of infections Rohingyas 1 infection
Initial number of infections Bangladeshi 1 infection
Wearing mask effectiveness Moderate
Compliance included? No
Rohingya population (shelters) 148

Host community population (people) 275

Visiting of markets once a day
Visiting of shops once a day
Visiting of in-camp facilities multiple times a day
Number of vaccines No vaccines

f.2.2 Model settings for single effects

Table F.3 presents the initial model settings for the experiments testing the single effect of
different types of limited camp openness. Table F.4 presents the initial model settings for
the experiments testing the single effect of different types of camp openness. Table F.5
presents the initial model settings for the experiments testing the single effect of different
types of vaccine allocation strategies. Table F.6 presents the initial model settings for the
experiments which combines camp openness with vaccine allocation strategies.
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Table F.3: Experimental design for analysing single effects of base case model parameters (600

runs)

Single Effect Experiment Two/three-level parameter value: Explanation

1) Camp openness
no lockdown
conditional lockdown
unconditional lockdown

Testing different types
of camp openness

2) Camp openness strictness
not strict R0

medium strict R0

very strict R0

Testing different types of
stricness for camp openness

3) Camp & vicinity market
capacity

10% allowance (very strict)
40% allowance (strict)
70% allowance (medium strict)
90% allowance (not strict)

Testing different capacities
of camp and vicinity market
entrances

4) ’Leaving shelter’ behavior
”sending out random”
”sending out healthy or vaccinated”

Testing different types of
behavior related to leaving
the shelter by individuals

5) Stay-at-home & wearing mask
compliance

no compliance at all
mask compliance
stay-at-home-compliance
both

Testing different types of
behavior related to stay-at-home
and mask-wearing compliance

Table F.4: Experimental design for camp openness regulation (200 runs per measure)

Camp Openness Explanation Variable openness

No lockdown No camp openness restrictions

Camp capacity 100%
Age capacity 100%

Location capacity 100%
Dynamic? yes/no

Unconditional lockdown No camp openness, markets closed

Camp capacity 100%
Age capacity 100%

Location capacity markets 0%
Capacity in-camp fac. 100%

Dynamic yes/no

Conditional lockdown Capacity-based closing of facilities

Camp capacity 30-70%
Age capacity 100%

Location capacity 30-70%
Dynamic? yes/no

Subtype conditional lockdown Closing markets

Camp capacity 0%
Age capacity 100%
Market capacity 0%
Dynamic? yes/no

Subtype conditional lockdown Closing for host community

Camp capacity 0%
Age capacity 100%

Market capacity 100%
Dynamic? yes/no

Subtype conditional lockdown Keeping elderly home

Camp capacity 0%
Age capacity 0% elderly

Market capacity 0%
Dynamic? yes/no

f.3 setup of sensitivity analysis
Table F.7 presents the variations in parameter settings for the sensitivity analysis.
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Table F.5: Experimental design for vaccine allocation strategies (300 runs per strategy)

Allocation strategy Explanation Variable vaccine availability

Age-based strategy,
Elderly first

Vaccines are distributed
up to capacity, prioritizing
the older people first

3 batches,
10%/15%/.../70% available,

90/100% efficacy,
incl/excl vacc. infectiousness

Age-based strategy,
Children first

Vaccines are distributed
up to capacity, prioritizing
the children first

3 batches,
10%/15%/.../70% available,

90/100% efficacy,
incl/excl vacc. infectiousness

Equalizing strategy
Vaccines are randomly
distributed

3 batches,
10%/15%/.../70% available,

90/100% efficacy,
incl/excl vacc. infectiousness

Elderly first,
only Bangladeshi

Vaccines are allocated over
the Bangladesh population
only, elderly first

3 batches,
10%/15%/.../70% available,

90/100% efficacy,
incl/excl vacc. infectiousness

Transmission group:
Young & Old ad.
only

Vaccines are distributed over
the most frequent inhabitants
of the camp first: young and
older adults

3 batches,
10%/15%/.../70% available,

90/100% efficacy,
incl/excl vacc. infectiousness

Table F.6: Combining restricting variables for interactions and infections with benefiting vaccine
allocation strategies (200 runs per measure)

Measure Variable min. Variable max

Dynamic camp openness? Low strictness High strictness
Capacity strictness Low capacity High capacity

Leaving shelter behavior ”Send out random”
”Send out healthy or
vaccinated if possible”

Compliance No compliance
Both mask &
stay-at-home compliance

Vaccine availability Low availability High availability

Table F.7: Sensitivity Analysis Experiment Setup (1000 runs)

Parameter for sensitivity analysis Min. value Max value Value range

time of being infected
by COVID-19

3 days 9 days +/-50%

mask-protection-rate 0.25 0.75 +/- 50%

force of transmission
age & population
dependent

age & population
dependent

+/-50%

symptomatic-rate
age & population
dependent

age & population
dependent

+/-50%

Re-infectious time
age & population
dependent

age & population
dependent

+/- 50%

f.4 hypotheses & explanation
With the use of type 1 hypotheses, different model parameter boundaries are defined,
which serve as scenario values. To setup realistic scenarios, the context of the Rohingya
refugee camps is studied and translated to match the parameters in the model (which
has been discussed in chapter 5). Below, an overview is presented of these hypotheses
and an explanation of each.

The following type 1 hypotheses have been tested regarding refugee behavior:

• Type 1 Hypothesis 1: Higher dedication of household shelters to only send out a vacci-
nated or healthy person out of their shelter lowers the chance of infections happening out-
side shelters. Here, it is expected if shelters are more commited to send out healthy
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or vaccinated household members, a lower chance of bringing back a COVID-19

infection after leaving a shelter is created.

• Type 1 Hypothesis 2: Higher levels of complying to stay-at-home when being sick pre-
vent others from being infected by sick individuals is expected to have a negative effect on
the number of infections happening inside and outside refugee shelters.

The following type 1 hypotheses have been tested regarding limited camp openness:

• Type 1 Hypothesis 3: Initial Hypothesis for this experiment: (Partially) closing
the camp and its facilities for people reduces infections. Here, it is tested what effect
different levels of (un)conditional lockdowns have on the number of infections and
interactions which happen in the open camp environment. Here, it is expected an
(un)conditional lockdown will reduce the number of infections inside the camp, as
host communities are prohibited from entering the camp.

• Type 1 Hypothesis 4: Low capacity of shared locations reduces interactions, causing
less COVID-19 infections. Here, is is tested what effect different levels of capacity-
based interactions have on the number of infections. It is expected if the capacity
of different activities (the camp and the vicinity market) is low, infections are less
likely to grow.

• Type 1 Hypothesis 5: A high level of strictness for the basic reproduction number R0
causes less interactions between refugees and host communities and therefore lowers the
chance of infections. Here, it is tested what effect different levels of governmental
strictness is for dynamic camp openness. Here, different reproduction number
thresholds are used to create different levels of outcomes. Here, it is expected
that a higher strictness of governmental appearances has a balancing effect on the
number of infections inside the camp if the camp is closed faster (with higher
strictness), with the camp opening for longer after as infections reduce.

The following type 1 hypotheses have been tested regarding the comparing of vaccine
allocation strategies:

• Type 1 Hypothesis 6: The prioritization of age-based sub-groups for COVID-19 vac-
cines is most effective for sub-groups with a high chance of interacting with other individu-
als. Here, it is assumed age-based sub-groups who have a higher chance of leaving
their shelter also get more in contact with others and therefore have a higher share
of being infected. In the Rohingya camp environment, these sub-groups are mainly
young and older adults (18-60 years).

• Type 2 Hypothesis 7: The prioritization of both sub-populations (both Rohingyas and
host community Bangladeshi) is most beneficial for reducing the number of infections, as
both sub-populations interact. Here, it is expected both sub-groups meeting con-
tribute to the infections, and therefore leaving out one of these groups would be
undesirable.

The following type 1 hypotheses have been tested regarding the scarcity of vaccines:

• Type 1 Hypothesis 8: When distributing vaccines up to 70% of the total population,
no more infections occur and the camp can reopen its borders unconditionally. Here, it
is expeced if group immunity (based on recovered and vaccinated individuals)
reaches 70%, the reproduction number does not exceed above 1 anymore (i.e. the
spread of COVID-19 will drop to zero).

• Type 1 Hypothesis 9: The delivering of COVID-19 vaccines over three batches which
result in 80% coverage for the total population contributes to stop the spread of COVID-
19 within that time. Here, this hypothesis is based on the same argumentation as
for type 1 hypothesis 8. Furthermore, it sketches the real-world expectations of
delivering COVID-19 vaccines to both the Rohingyas and Bangladeshi over three
batches over time.
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g.1 single effect of camp openness restrictions:
researching correlation

In this section, model results are presented for the five vaccine allocation strategies
which are analysed in isolation. These results are discussed in section 7.4.

g.1.1 Effect of varying camp & market capacity

Initial Hypothesis for this experiment: Lowering the capacity of shared locations reduces
interactions, causing less infections.

An effect measured is the variation of different capacities for host communities to enter
the camp and for both populations to enter the vicinity market. Here, four types of cam-
p/vicinity market capacity strictness are considered: not strict, medium strict, strict and
very strict, respectively leaving room for 70, 50, 30 and 10% of the interactions compared
to a fully open camp. For this experiment, results are shown in figure G.1.

(a) Outcomes: number of infections (b) Pattern: number of infections

(c) Outcomes: number of interactions (d) Pattern: number of interactions

Figure G.1: Number of infections for different levels of camp entrance capacity: (a) number of
infections, (b) number of infections, (c) outcomes: of number of interactions & (d)
pattern: number of interactions.

Just as for the effect of dynamic camp openness, the effect of partially opening the camp
is mainly reflected by the total number of infected people after 90 days, the speed in
which COVID-19 spreads in the initial phase of the model. Namely, for different levels
of camp/vicinity market capacities, the total number of infections drop by 17-55% com-
pared to the base model. Also, the trajectory of the number of infections becomes more
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spread over time as the level of camp/vicinity market capacity increases. Just as for an
unconditional lockdown, leaving room for only 10% of the number of people to enter
the camp or visit the vicinity market, leads to a significantly slower spread in the first
30 days.

The latter statement is highlighted when reviewing the limiting the number of inter-
actions which follow from this experiments. When studying the outcomes of the four
boxplots in figure G.1a and G.1c, one can see the effect of reducing the number of in-
teractions in a linear manner is a non-linear decline for the number of infections in line
with these interaction reductions.

g.1.2 Dynamic Effect of Camp Openness

Figure G.2 shows the effect of implying different levels of lockdowns based on the
weekly evaluation of R0, for different levels of strictness. Figure G.2c & G.2d show
the effect of dynamic opening/closing the markets and camp environment for visitors.
It shows how the implementation of vaccines has a significant reduction on infections,
which therefore allows the camp to be open more often, with more interactions as a
result.

(a) Total Infections

(b) Total interactions

(c) base case (no vaccines) (d) Elderly first strategy

Figure G.2: Number of interactions for dynamic camp openness, based on reproduction number
R0 for the: (a) number of infections & (b) number of interactions



g.2 single effects of vaccine allocation strategies 151

g.2 single effects of vaccine allocation strategies
In this section, model results are presented for the five vaccine allocation strategies
which are analysed in isolation. These results are discussed in section 7.4.

g.2.1 Elderly first Allocation Strategy

(a) Cum. infections (base case) (b) Cum. infections

(c) Cum. infections (base case) (d) Incl. vacc. infectiousness

(e) Type of infection (base case) (f ) Excl. vacc. infectiousness

(g) Incl. vacc. infectiousness (h) Sensitivity to vaccine scarcity

Figure G.3: Model results for comparing base case model with the Elderly first vaccine allocation
strategy
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g.2.2 Children first allocation Allocation Strategy

(a) Cum. infections (base case) (b) Cum. infections

(c) Cum. infections (base case) (d) Cum. infections

(e) Type of infection (base case) (f ) Excl. vacc. infectiousness

(g) Incl. vacc. infectiousness (h) Sensitivity to vaccine scarcity

Figure G.4: Model results for comparing base case model with the Children first vaccine alloca-
tion strategy
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g.2.3 Equalizing Allocation Strategy

(a) Cum. infections (base case) (b) Cum. infections

(c) Cum. infections (base case) (d) Cum. infections

(e) Type of infection (base case) (f ) Excl. vacc. infectiousness

(g) Incl. vacc. infectiousness (h) Sensitivity to vaccine scarcity

Figure G.5: Model results for comparing base case model with the Equalizing vaccine allocation
strategy
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g.2.4 Bangladesh only Allocation Strategy

(a) Cum. infections (base case) (b) Cum. infections

(c) Cum. infections (base case) (d) Cum. infections

(e) Type of infection (base case) (f ) Excl. vacc. infectiousness

(g) Incl. vacc. infectiousness (h) Sensitivity to vaccine scarcity

Figure G.6: Model results for comparing base case model with the Bangladesh only vaccine
allocation strategy
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g.2.5 ’Transmission group only’ Allocation Strategy

(a) Cum. infections (base case) (b) Cum. infections

(c) Cum. infections (base case) (d) Cum. infections

(e) Type of infection (base case) (f ) Excl. vacc. infectiousness

(g) Incl. vacc. infectiousness (h) Sensitivity to vaccine scarcity

Figure G.7: Model results for comparing base case model with the Transmission group vaccine
allocation strategy
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g.2.6 Sensitivity to vaccine efficacy

Figure G.8 shows the sensitivity of infections for different levels of vaccine efficacy.
Based on this analysis, an non-linear negative correlation between efficacy and infec-
tions is concludes.

Figure G.8: Sensitivity of vaccine efficacy

g.3 model results for trade-offs: dynamics between
camp openness & vaccine allocation strategies

g.3.1 Effect of ”Leaving shelter behavior” rules

An effect measured is the introduction of ’leaving shelter behavior’ rules. Here, house-
hold members decide whom to send out of their shelters, based on their health condition
and the rule related to this. Two types of behavior are studied: sending out random indi-
viduals (i.e.no rules) or sending out healthy or vaccinated people if possible. For the second
type of behavior, it is assumed individuals with symptoms always know to be infected
and a fraction of 10% of individuals who remain asymptomatic knows (of which this frac-
tion represents being tested with a positive outcome). The results for this experiment
are shown in figure G.9.

(a) (b)

Figure G.9: Number of infections & interactions for sending random individuals vs. healthy if
available: (a) line plot of number of infections & (b) line plot of number of infections.

g.3.2 Effect of Compliance to Behavioral Rules

Initial Hypothesis for this experiment: Higher levels of complying to stay-at-home when
being sick or wearing a mask to prevent others from being infected by sick individuals is expected
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to have a negative effect on the number of infections happening.

An effect measured is individual’s compliance to staying home and/or wearing a mask
in public, to reduce the risk of others getting infected by sick people. Compliance is
determined in the same manner as for ’leaving shelter behavior’: symptomatic and a
fraction of asymptomatic individuals know to be sick, and therefore can be compliant
or not. To measure its single effect, both types of compliance are measured separately.
Also, the effects of not including and both including stay-at-home & wearing mask
compliance are measured. Results are shown in figure G.10.

(a) (b)

Figure G.10: Single effect of different types of compliance on: (a) infections & (b) interactions.

g.3.3 ’Elderly first’ allocation Allocation Strategy

(a) Outcomes: Cum. infections (base case) (b) Outcomes: Cum. infections

(c) Pattern: Cum. infections (d) Pattern: Cum. infections

Figure G.11: COVID-19 infections: Boxplots for comparing the KPI’s for the (a & c) base case &
(b & d) the ’Elderly first’ allocation Allocation Strategy.
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(a) Outcomes: Cum. infections (base case) (b) Outcomes: Cum. infections

(c) Pattern: Cum. infections (d) Pattern: Cum. infections

Figure G.12: COVID-19 infections: Boxplots for comparing the KPI’s for the (a & c) base case &
(b & d) the ’Children first’ allocation Allocation Strategy.

g.3.4 ’Children first’ allocation Allocation Strategy

g.3.5 ’Equalizing’ Allocation Strategy

(a) Outcomes: Cum. infections (base case) (b) Outcomes: Cum. infections

(c) Pattern: Cum. infections (d) Pattern: Cum. infections

Figure G.13: COVID-19 infections: Boxplots for comparing the KPI’s for the (a & c) base case &
(b & d) the ’Equalizing’ Allocation Strategy.
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g.3.6 Bangladesh only Allocation Strategy

(a) Outcomes: Cum. infections (base case) (b) Outcomes: Cum. infections

(c) Pattern: Cum. infections (d) Pattern: Cum. infections

Figure G.14: COVID-19 infections: Boxplots for comparing the KPI’s for the (a & c) base case &
(b & d) the ’Equalizing’ Allocation Strategy.

g.3.7 ’Transmission group only’ Allocation Strategy

(a) Outcomes: Cum. infections (base case) (b) Outcomes: Cum. infections

(c) Pattern: Cum. infections (d) Pattern: Cum. infections

Figure G.15: COVID-19 infections: Boxplots for comparing the KPI’s for the (a & c) base case &
(b & d) the ’Transmission group only’ Allocation Strategy.
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g.4 analysis on dynamics between camp openness &
vaccine allocation strategies

Figure G.16 shows the cumulative number of infections for combined parameter testing.

(a) base case (no vaccines) (b) Elderly first strategy

(c) Children first strategy (d) Equalizing strategy

(e) Bangladesh only strategy (f ) Transmission group strategy

Figure G.16: Pattern analysis for combined parameter effects on cumulative infections of the:
(a) base case (no vaccines), (b) Elderly first strategy, (c) Children first strategy, (d)
Equalizing strategy, (e) Bangladesh only strategy & (f) Transmission group strategy
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Figure G.17 shows the cumulative number of interactions for combined parameter test-
ing.

(a) base case (no vaccines) (b) Elderly first strategy

(c) Children first strategy (d) Equalizing strategy

(e) Bangladesh only strategy (f ) Transmission group strategy

Figure G.17: Pattern analysis for combined parameter effects on cumulative infections of the:
(a) base case (no vaccines), (b) Elderly first strategy, (c) Children first strategy, (d)
Equalizing strategy, (e) Bangladesh only strategy & (f) Transmission group strategy
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Figure G.18 shows the trade-offs between infections and interactions for five strategies.

(a) base case (no vaccines) (b) Elderly first strategy

(c) Children first strategy (d) Equalizing strategy

(e) Bangladesh only strategy (f ) Transmission group strategy

Figure G.18: Pattern analysis for combined parameter effects for different vaccine allocation
strategies on cumulative infections & interactions for the: (a) base case (no vac-
cines), (b) Elderly first strategy, (c) Children first strategy, (d) Equalizing strategy,
(e) Bangladesh only strategy & (f) Transmission group strategy
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Figure G.19 shows the correlations for infections and interactions for 5 strategies.

(a) base case (no vaccines) (b) Elderly first strategy

(c) Children first strategy (d) Equalizing strategy

(e) Bangladesh only strategy (f ) Transmission group strategy

Figure G.19: Correlations between vaccines, interactions & infections for the: (a) base case (no
vaccines), (b) Elderly first strategy, (c) Children first strategy, (d) Equalizing strat-
egy, (e) Bangladesh only strategy & (f) Transmission group strategy

The results for each strategy are compared. Based on every correlation, a performance
rank is created which shows the ’best-to-worst’ performing vaccine allocation strategies
on the dynamics between vaccines, interactions and infections. See table G.1.
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Table G.1: Ranked vaccine allocation strategies on balancing interactions and COVID-19 infec-
tions

Correlations for vaccines with infections & interactions

Rank Vaccine allocation strategy Infections Interactions
1. Elderly first strategy -0.56 0.57

2. Transmission group strategy -0.56 0.57

3. Children first strategy -0.52 0.50

4. Equalizing strategy -0.50 0.47

5. Bangladesh only strategy -0.53 0.29

g.5 analysis on dynamics between camp openness &
vaccine allocation strategies (economic focus)

g.5.1 Single effect of limited camp openness for host community & elderly

Figure ?? shows the analysis of closing camp for host community & keeping elderly
home: figure G.20a shows the model results for infections and interactions if host com-
munities are not allowed in the camp. Figure G.20b shows the same analysis, but for
keeping elderly away from economic activities. These results are based on model out-
comes as shown in figure G.21 and G.21. Figure G.23 shows relative effects of combined
vaccine allocation strategies & dynamic camp openness.

g.5.2 Analysis of allowing vaccinated people at the markets, including and excluding
host communities

Table G.2 presents average model results for the effect of allowing vaccinated individuals
to interact, including and excluding host communities. Here, vaccinated individuals are
assumed to be infectious and a vaccine efficacy of 90%. These results are summarized
in figures G.24a-G.24d and figure G.25.
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(a) Comparing three vaccine allocation strategies for closing camp for host community, vaccinated always
allowed to enter

(b) Comparing three vaccine allocation strategies for keeping elderly home for 30 days, vaccinated always
allowed to enter
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(a) Total infections (elderly first) (b) Severe/critical infections (elderly first)

(c) Total infections (children first)
(d) Severe/critical infections (children

first)

(e) Total infections (transmission group) (f ) Severe/critical infections (transm. GR.)

Figure G.21: [Trade-off effect between infections (left) or severe/critical infections (right) and
interactions for keeping elderly home for 30 days, allow vaccinated
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(a) Total infections (elderly first) (b) Severe/critical infections (elderly first)

(c) Total infections (children first) (d) Severe/critical infections (children first)

(e) Total infections (transmission group) (f ) Severe/critical infections (transm. GR.)

Figure G.22: [Trade-off effect between infections (left) or severe/critical infections (right) and
interactions for closing markets completely vs. for only 30 days)
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Figure G.23: Overview of model results for four types of dynamic camp openness in combina-
tion with three vaccine allocation strategies
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(a) Severe & critical infections (b) Young adults

(c) Vicinity market (d) In-camp markets

Figure G.24: Comparing strategies for dynamic market openness, unlimited access for vacci-
nated individuals & effect of including the host community: (a) for type of infec-
tion and interactions (b) among younger adults and at (c) the vicinity market and
the (d) in-camp markets
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Figure G.25: Model results for always allowing vaccinated people & host communities for max-
imizing economic activity (600 runs)
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Table G.3: Model results for always allowing vaccinated people & host communities for maxi-
mizing interactions at markets

Strategy
Sev./crit.
infections

%
Market
interactions

%

Vaccinated allowed,
excl. host comm.

EF 18 120% 25203 112%
CF 55 160% 31729 141%
TG 45 149% 39605 176%

Vaccinated allowed,
incl. host comm.

EF 26 128% 29479 131%
CF 65 171% 34430 153%
TG 53 158% 48156 214%

Base case (100%) 92 100% 22503 100%
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