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Abstract

Cold chain systems are vital for preserving vaccines and other temperature-sensitive medicines, but
in fragile, resource-constrained, and crisis-affected settings, they remain highly vulnerable to power
instability, damaged infrastructure, and extreme climates. Existing modeling approaches commonly
capture supply flows but overlook the interaction of thermal, logistical, and behavioral stressors that
influence real-world resilience.

This study introduces a hybrid simulation framework that integrates physics-based refrigeration
dynamics, power variability, logistics processes, agent behavior, stochastic disruptions, and temperature-
dependent spoilage evaluation. The framework was applied to four illustrative contexts: Gaza conflict-
affected setting, Sudan rural conflict-affected setting, Nepal highlands setting, and Haiti post-earthquake
setting.

Results reproduced realistic vulnerability patterns. Clinics consistently emerged as the weakest
nodes, with larger temperature fluctuations and frequent downtime, while depots and warehouses
maintained relative stability. Power instability was the dominant driver of thermal risk across all settings,
overshadowing transport or behavioral factors. Interventions that improved grid stability or overall
infrastructure reduced temperature excursions and downtime by up to 60%, whereas isolated equipment
upgrades frequently had minimal or negative effects due to higher power consumption.

The results showed that cold chain resilience emerged from the interaction of environmental,
infrastructural, and behavioral factors rather than equipment performance alone. The framework
provides a flexible tool for stress-testing interventions and supports evidence-based and context-specific
strategies to safeguard equitable access to essential medicines in vulnerable settings.

Keywords: Cold chain resilience, Humanitarian logistics, Hybrid simulation, Power reliability,
Vaccine cold storage

1 INTRODUCTION

Cold chain systems are a critical component of global public health, ensuring the safe storage and
distribution of temperature-sensitive medical products like vaccines, insulin, and biologics [1, 2].
Yet nearly 1 billion people worldwide rely on health facilities with no or unreliable electricity,
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and in sub-Saharan Africa only 40% of facilities have reliable power [3, 4]. This energy gap
directly threatens vaccine refrigeration, as well as oxygen concentrators and laboratory services.
The World Health Organization (WHO) estimates that most routine Expanded Programme
on Immunization (EPI) vaccines must be stored at 2-8°C, with only a few exceptions such as
controlled temperature chain (CTC)-approved vaccines or ultra-cold mRNA products. When
refrigeration fails, entire shipments may be lost [5-7], which disrupts immunization campaigns
and wastes scarce health resources.

Global estimates of vaccine wastage vary widely, with WHO planning norms indicating
5-10% opened-vial wastage for preserved liquid vaccines and 30-50% for lyophilized multi-dose
vaccines in routine immunization programmes [8]. Cold-chain failures are a common contributor
to this loss. WHO reported that in 2011 alone, breakdowns in the cold chain across five countries
led to the loss of approximately 2.8 million doses [9]. The consequences extend beyond numbers;
lost doses mean missed vaccination courses and reduced protection in vulnerable populations
[10-12]. For example, spoilage of 300,000 measles-rubella doses (two-dose schedule) could
deprive 150,000 children of full protection. Failures also occur in high-income countries. In
Ontario, Canada, a single clinic refrigerator malfunction in 2021 resulted in US $132,891.50 in
spoiled vaccines, with system-wide losses estimated at over US $3 million annually [13, 14].

In fragile and crisis-affected settings, cold chain failures are especially acute. In April 2023,
nationwide power outages amid conflict in Sudan ruined the national stock of insulin alongside
vaccine reserves [15-17]. In 2019, health officials in Aden, Yemen, reported recurring vaccine
spoilage due to electricity cut-offs [18]. In late 2021, authorities in Papua New Guinea halted
the use of COVID-19 vaccine vials after excessive heat exposure during transport rendered
them unusable [19]. In Gaza, the power situation deteriorated from an average of 13 blackout
hours/day in early 2023 to a full electricity blackout from 11 October 2023, forcing hospitals
onto scarce generator fuel and directly imperiling cold-chain equipment [20-22]. Beyond crises,
national electrification remains uneven; a study by Mohammed et al. [23] reported that in
2022, only 49% of Sudan’s rural population had electricity access, compared with 84% in urban
areas, and conflict-related damage to power assets further undermines reliable energy for health
services.

Environmental conditions compound these risks [24, 25]. Gaza regularly experiences
summer highs around 30°C, with heatwaves exceeding 40°C [26, 27]. Sudan frequently records
temperatures around 40°C during hot seasons, testing the limits of insulation and passive
cooling [28]. By contrast, the Nepal Highlands face large daily swings, with warm days near
20-35°C in valleys but near-freezing nights at higher altitudes [29]. While Haiti averages 27-30°C
with warm, humid nights, which compounds risks during disaster-induced outages [30].

Maintaining cold chain integrity in such contexts requires both systemic resilience and
equipment performance. Energy reliability is often low, transport routes may be disrupted
by damaged infrastructure or insecurity, and operational errors introduce additional risks. In
these environments, failures rarely stem from a single weakness but from interactions among
environmental, infrastructural, and human stressors [31-33].

A substantial body of research has addressed vaccine distribution and supply chain design, in
particular through optimization and discrete-event simulation platforms such as HERMES, which
were applied to redesign national and subnational EPI networks in settings like Mozambique
and Niger [34-36]. These models capture stock flows, service coverage, and cost trade-offs under
new vaccine introductions, and more recent COVID-19-era work has extended optimization



to account for evolving demand, multimodal delivery, and equity in distribution [37-39]. In
parallel, agent-based models (ABM) have been used to explore humanitarian logistics problems
such as warehouse siting, demand dynamics, and material convergence [40, 41], while resilience
frameworks from WHO, UNICEF, and the broader supply chain literature provide conceptual
tools for assessing capabilities and vulnerabilities [9, 42—45]. Similarly, stability models have
predicted vaccine potency loss under temperature excursions using kinetic and statistical
degradation approaches, including Arrhenius-based methods, accelerated predictive stability
models, and mean kinetic temperature evaluations [46—48].

Despite this progress, thermal risk is generally oversimplified. Cold chain losses are
often represented as fixed wastage rates or generic perishability [49], rather than modeled as
outcomes of temperature excursions, power outages, holdover limits, or ambient heat exposure.
Stability models generally relied on empirical or forced temperature profiles, rather than linking
potency loss to infrastructure stressors or agent behavior. Similarly, although some ABM
and resilience-oriented studies have addressed humanitarian logistics, they rarely integrated
field-specific realities of crisis settings, such as blackouts, fuel scarcity, damaged roads, or
security-related delays, let alone their direct thermal consequences on stored vaccines. Critically,
we found no existing simulation framework that integrates agent behavior, infrastructure
disruptions, environmental stressors, and thermal degradation into a unified model of cold
chain performance and spoilage evaluation. As a result, operationally grounded cold chain
simulations for humanitarian and disaster contexts remain rare.

This study addresses that gap by introducing a hybrid framework that combines physics-
based refrigeration dynamics, energy system variability, human operational behavior, and
stochastic disruptions. In simulation taxonomy, it is best described as a hybrid agent-based and
physics-informed discrete-event framework. The framework is intended as a complementary
analytical tool for exploring systemic resilience and thermal fragility, rather than a replacement
for existing operational or logistics management systems.

In this study, the framework is applied to four contrasting operational contexts: Gaza
(a densely populated, conflict-affected region with chronic power instability and disrupted
transport networks), rural Sudan (a conflict-affected area characterized by sparse grid access,
extreme heat, and limited refrigeration redundancy), the Nepal Highlands (a mountainous,
remote setting with large day—night temperature swings and difficult terrain for transport),
and post-earthquake Haiti (a disaster-affected tropical setting with prolonged grid outages and
damaged infrastructure). Because these cases represent distinct combinations of environmental
and infrastructure risks, they allow comparison of how cold chain resilience varies under
different but equally difficult conditions. The objectives of this work are to introduce a hybrid
simulation framework; simulate baseline cold chain performance under varied conditions;
quantify impacts on system stability; and evaluate the relative effectiveness of technical,
behavioral, and infrastructure-focused interventions.

2  SiMULATION FRAMEWORK AND METHODS

The framework is structured as a discrete-time, agent-based simulation where time advances in
fixed stepst =0,1,2,...,T. Ateach step, entities update synchronously in response to both
internal logic and external conditions.

At the highest level, the cold chain is represented as a directed temporal graph. Nodes corre-



spond to warehouses, depots, or clinics, while edges represent transportation or transfer links.
Each node hosts cold storage units with defined thermal properties and power dependencies
and may also contain inventory and agents. Transfers are modeled as scheduled events moving
inventory batches between nodes.

Inventory is organized into batches of temperature-sensitive items (e.g., vaccines, insulin),
each governed by time- and temperature-dependent degradation models.

Heterogeneous agents carry out actions such as initiating deliveries, opening fridge doors,
or repairing equipment. Their behavior can follow deterministic rules, probabilistic models, or
scripted routines.

Environmental drivers such as ambient temperature and solar irradiance vary over time, while
power availability is modeled separately for each node. These directly influence refrigeration
and thus item stability.

Finally, the framework supports intervention scenarios. These can be applied at simulation
start (static) or triggered dynamically by conditions during the run, allowing the system to test
alternative policies and resilience strategies.

2.1 Environmental and Energy System Modeling

This simulation modeled the environmental context and energy availability that determined
cold chain node performance. Each node operated under variable ambient conditions and
drew power from a mix of sources. The parameters below governed the thermal and energetic
dynamics of the system.

2.1.1 Ambient Temperature Dynamics

Ambient temperature T, (t) was modeled as a hybrid deterministic—stochastic process to
capture diurnal variation, inter-day variability, and rare anomalies. The daytime cycle was
approximated as a cosine curve centered on solar noon:

Tday + Tnight + Tday - Tnight

Tamb(t) =

27 (t = tnoon)
Cos 4 noon) | -

where Tyay and Thight are the daily maximum and minimum baseline temperatures, respec-
tively, and tnoon denotes solar noon. Night and day baselines varied stochastically by +1.5°C
across simulated days.

After sunset, ambient cooling was modeled as exponential decay toward Tyight with time
constant t:

Tamb(t + At) = Tnight + (Tamb(t) - Tnight) e_At/T.

Occasional anomalies such as cold snaps or heat waves (+2°C) were introduced with
probability ~ 5% per step.
This ambient model influenced both refrigeration heat exchange and solar energy generation.

2.1.2 Energy Source Modeling

Nodes could be configured with multiple energy sources. Power availability was modeled as a
time-varying combination of the following:



Grid Power: Modeled as a binary availability flag Pgiq(t) € {0, 1}, controlled by predefined
outage schedules or stochastic blackout processes. Forced shutdown events were also supported.
Solar Power: Output was given by

Polar(t) = Tlpanel I(t) Apanel a6, Qb)/

where I(t) is solar irradiance (W /m?), Apanel is panel area (m?), Npanel is panel efficiency, and
a(0, ¢) is an orientation/tilt correction factor (0 < a < 1).
Battery Storage: The stored energy B(t) (Wh) evolved as

1
B(t + At) = B(t) + T]chpin(t) At — Ndi Pout(t) At — AEdegrade/

dis

where Pin(t) and Poy(t) are charging/discharging powers (W), e, and ngis are charg-
ing/discharging efficiencies, and AEgegrade represents cumulative degradation losses. Capacity
loss was modeled through cycle damage, temperature effects, and an additional weekly degra-
dation rate.

Backup Generator: If present, the generator supplied power when other sources failed. Its
availability was defined as

Pratea, F(t) >0,
Pgen ( f) _ ated ( )
0, F(t) =0,

where F(t) is remaining fuel (L) and Prateq is the generator’s rated output (W). Fuel could be
replenished by agents during the simulation.

2.1.3 Power Management Logic

Nodes followed a fallback hierarchy to route power demand:

Pgria(t) if grid is available

Pgolar(t)  if solar generation exceeds load

Available Power = § Ppayery(t)  if sufficient charge remains

Pgen(t) if fuel is available

0 otherwise.

This priority model ensured continuity while limiting fuel and battery overuse. Configura-
tions were node-specific.

2.2 Refrigeration Dynamics Modeling

The internal temperature of each cold storage unit (e.g., vaccine fridge) was modeled as the
combined effect of passive heat exchange with the environment and active cooling when the
compressor was engaged. The formulation follows Newton’s Law of Cooling, adapted to a
discrete-time framework with timestep At.



2.2.1 Internal Temperature Model

Let Thigge(t) denote the internal fridge temperature at time ¢, and Tymp(t) the external ambient
temperature. The next-step temperature 'Tfrjdge(t + At) is modeled as:

At (T mb(t) — Thid (t)
Tfridge(t + At) = Tfridge(t) + = : =

Qdoor(t) + Qmix(t)
Cth R !

+ Pcool(t) + Cth

where:

* R is the thermal resistance of the fridge insulation (K/W),

* Cy is the fridge thermal capacitance (J/K),

® P.ol(t) is the cooling power applied at time t (W),

* Qdoor(t) is heat energy introduced by door openings during At (J),
® QOmix(t) is heat energy from incoming items (J).

This captures competing dynamics of environmental heat gain, compressor-driven cooling,
and stochastic load disturbances. Door-opening events are generated by agent actions as
described in Section 2.7.1, with stochastic timing determined by profile- and mode-dependent
probabilities.

2.2.2 Compressor Control and Power Consumption
The compressor followed thermostat logic, activating when Tgjqge (t) exceeded an upper threshold

Tmax and switching off below a lower bound Tyn:

1/ Tfridge(t) > Tmax,
st+1 =10, Tfridge(t) < Thin,

s;, otherwise,

where s; € {0, 1} denotes compressor state. Cooling power was then:

—Pcool rated Neool,  1f compressor active and powered,
P cool(t) =

0, otherwise,

with Peool rated the rated cooling capacity (W), and 7.1 an efficiency factor.

2.3 Thermal Load Modifiers

Door-Opening Events: Each opening injected heat Qqo0r(t) into the fridge; usage profiles
governed stochastic door events.

Load-Exchange Effects: When items at temperature Titer, Were introduced, a transient mixing
heat
Qmix(t) = Citem [Titem - Tfridge(t)]

was added once in the main balance.



Thermal Buffering Capacity: Higher Cy, slowed temperature fluctuations, buffering against
outages and brief disturbances.
2.4 Product Stability and Spoilage Modeling

Cold chain inventory was modeled at both batch and item levels, with thermal and spoilage logic
applied dynamically during the simulation. Each item corresponded to a temperature-sensitive
medical product (e.g., vaccines, insulin), parameterized by thermophysical and degradation
characteristics.

2.4.1 Batch and Item Representation

Each batch B; consisted of multiple perishable items, each item defined as:

Item; = (TO, Tmin, Tmax, tmax, Model, Priority, C )

To: Initial temperature

Tmin, Tmax: Safe storage range

tmax: Maximum cumulative unsafe exposure (hours)

Priority: Criticality label (e.g., HIGH, MEDIUM)

C: Thermal mass (J/°C), determining thermal inertia

Model: Spoilage evaluation strategy (see below)

Each item tracked:
e Exposure history & = {(6t;, Titem,i)} (pairs of duration and observed temperature),
¢ Accumulated unsafe time ), 0t;,

* A spoilage flag, updated at each simulation step.

2.4.2 Spoilage Evaluation Models

Multiple mechanistic and statistical models were supported, selectable per item type.
1. Abrupt Model
Spoils immediately upon any unsafe exposure:

5=1 3(5ti/ Titem,i) €& st Litem,i ¢ [Timin, Tmax]
2. Cumulative Model

Spoils once the total unsafe exposure time exceeds a threshold:

S5=1 Z Oti > tmax + Atbuffver
{i | Titem,iﬁ[Tmin/Tmax]}

3. Threshold Model
Spoils if a single continuous unsafe exposure exceeds the maximum allowable duration:
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S5=1 3(6tir Titem,i) s.t. Titem,i ¢ [Tmin/ Tmax] A 5ti > tmax

4. Linear-Risk Model
Computes probabilistic spoilage from accumulated thermal severity:

. 1 .
Risk=— > 0t |Temi —Toi
{i | Titem,i¢[Tmin/Tmax]}

where Z is a normalization constant. Spoilage occurs if Risk > U(0, 1), with U a uniform
random draw.

5. Thermal-Stress Model

Aggregates exposure-weighted stress:

Stress = Z |Titem,i — Tsafe| - Ot;
{i | Titem,ig[Tmin/Tmax]}

Spoils if Stress exceeds a predefined threshold.
6. Arrhenius Model
Captures chemical degradation using Arrhenius kinetics:

Eq
k(]—item,i) =A. e Ry Titem,i

At discrete steps 0t;, cumulative degradation progressed as:
Progress = Z k(Titem,i) - At
i

Spoils if Progress > 1.
Where:

e Atf: Simulation time interval,

¢ A: Pre-exponential factor,

E;: Activation energy,

* Ry: Universal gas constant,

Titem,i: Temperature at step t; (in Kelvin).

2.5 Transport and Logistics Modeling
2.5.1 Transport Units

Each transport unit was modeled with thermal characteristics that determined its internal
stability.

Thermal inertia: governed the rate at which internal temperature responded to external
variation,

Insulation efficiency: controlled heat exchange with the ambient environment,

Passive cooling capacity: represented ice packs or phase-change materials (PCM) that
temporarily stabilized conditions during transit.
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The internal temperature T;nit(t) of a transport unit evolved dynamically according to:

At . Tamb(t) - Tunit(t) _
Cunit Runit

Tunit(t +1) = Tunie(t) + ATpassive(t),
where:

® Cunit is the thermal mass of the transport container,

* Runit is the thermal resistance (insulation quality),

* Tumb(t) is the ambient temperature at time ¢,

* ATpassive(t) is the effective cooling contribution from ice packs or PCM at time ¢.

At each timestep At, the heat inflow into the unit was

Tamb(t) - Tunit(t)

Runit

Qin(t) = - At,

where Tmp(t) is the ambient temperature and Rynit the insulation thermal resistance.
The ice pack absorbed heat until depletion:

Qice(t + At) = maX(Qice(t) = Qin(t), 0);

where Qjc(t) is the remaining latent energy in the icepack.
When Qjce(t) > 0, the passive cooling contribution was sufficient to maintain stability. After
complete melting, additional heat raised the internal temperature according to

Qin(t)

Tunit(t + At) = Tunit(t) +
Cunit

7

with Cynit the effective thermal mass of the transport container and its contents.

2.5.2 Shipment and Transfer Events

Logistical movements were represented as scheduled transfer events. Each event transported
batches along a temporal edge in the logistics network:

T = (tdep/ tarr, Uorigin, Udest, ucon’cainer) ’

where tgep and oy denote departure and arrival times, Uorigin and ugest are network nodes,
and Ucontainer is the transport unit used.
The logistics network was represented as a temporal directed graph G = (V, E, Tyyail), where:

e V are cold chain nodes,
¢ E are directed transport links,

* Tvail encodes time-dependent availability of edges.

Batches moved along edges as temporal flows, with their state (temperature, spoilage flag,
and exposure history) updated continuously according to the transport unit dynamics over the
interval [tqep, tarr]-



2.6 Disruption and Failure Modeling

The system incorporated discrete stochastic events to represent disruptions in the cold chain
environment. These included operational instabilities, infrastructure failures, and human-
induced incidents. Each event was defined by a triggering condition and a set of time-dependent
consequences.

Let &V = {evy,evy,...,evr} denote the set of possible event types (e.g., power outage,
battery theft, fridge tampering, transport delay).

Each event ev € &V was represented as a time-stamped tuple:

ev = (tgy, target, effect, duration, metadata),

where target identified the affected entity, effect described the disruption logic, and
duration determined persistence.

Events were triggered by stochastic processes, typically modeled as Bernoulli trials with
fixed or adaptive probabilities:

Pr(ev at time t) = peo,

where p,, could be constant or vary dynamically with regional indices or system state.

For example, battery theft at a depot could be triggered with probability py.ef: per step. A
blackout at a warehouse grid connection might occur with probability ppiackout, persisting for a
duration d ~ Geom(A).

Event propagation was managed by a central scheduler, which queued and applied effects at
the correct simulation time ¢, including overriding node or transport properties (e.g., disabling
power), forcing thermal shifts (e.g., temperature rises), or canceling and delaying scheduled
transfers.

Rare catastrophic disruptions (e.g., sabotage, tampering, looting) were modeled as low-
probability triggers.

To ensure reproducibility, all events could be deterministically regenerated using seeded
randomness, logs, or replay files that allows exact replication of disruption sequences.

Additional event types included human errors such as leaving fridge doors ajar or missing
refueling and environmental variability such as reduced solar output. While most disruptions
were treated as binary events, some (e.g., poor solar yield) were modeled as continuous
modifiers to input rather than discrete failures. Grid blackouts could also follow scheduled
outage windows.

2.7 Agent-Based Behavior Modeling

Human actors introduced operational variability into cold chain systems. Their behaviors were
modeled as probabilistic processes, conditioned on environmental state variables or accumulated
stress. Three primary agent types were included: health workers, technicians, and transport
agents.
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2.7.1 Health Worker Actions

Health workers interacted routinely with cold storage units. Agent behavior was characterized
by two layers:

¢ Long-term behavioral profiles: B, € {CAREFUL, MULTIUSE, CHAOTIC}, representing
general tendencies.

¢ Short-term modes: M,(t) € {NORMAL, LAZY, HEROIC, BURNED_OUT}, which evolved
dynamically in response to stressors.

Key modeled events included:
Fridge Access: The probability of a fridge door opening at time ¢ was modeled as:

popen,agent(t) = fproﬁle(Ba) : fmode(Ma(t)) : fcontext(Tamb(t)/ S(t))/

where T,mp(t) is the ambient temperature and S(t) the current power status.

Misuse under Stress: During prolonged outages or temperature excursions, agents could
undertake maladaptive actions (e.g., relocating the fridge, opening the fridge during a power
outage). This probability was modeled conditionally as follows.

Pmisuse,agent = Pr(action | Tunit(t) > Or, B, = CHAOTIC).

Door Event Process: Door openings were generated as profile-conditioned stochastic events
with per-day limits:

NS, ~ Elopens/day [ Bl,  Alopen ~ Ulas, b

where N, (()f,)en is the expected number of daily openings under profile B;, and Atqpen is the
event duration drawn from a uniform distribution. Each opening contributed a thermal ingress.
Each stochastic door-opening event contributes heat Qgoor(t) to the fridge temperature dynamics
(Section 2.3).

2.7.2 Technician Actions

Technicians managed equipment failures and backup power systems. Their reliability was
modeled as follows:

Repair Success: Repairs were modeled as Bernoulli trials with probability prepair(Ma(t)),
dependent on the technician’s mode. Failures triggered reattempts in subsequent timesteps,
thereby increasing systemic risk.

Response Delay: The time between disruption occurrence and technician arrival was drawn
from a Gamma distribution:

Tresponse ~ Gamma(a, ,B),

where « is the shape parameter and f is the scale parameter. These parameters reflected
contextual factors such as geography, transport reliability, and staffing.

Maintenance Reliability: Routine preventive tasks (e.g., generator refueling) could be
neglected with probability preglect(Ma(t)), which increased downstream failure risk when
neglected.
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2.7.3 Transport Agents and Delivery Uncertainty

Each transfer was modeled as a discrete event. Transport reliability was captured through
stochastic modifiers.

Arrival Delay: The actual arrival time was perturbed by a delay variable 6 ~ Exp(A4), where
A4 represented regional transport reliability. In contexts with poor infrastructure, checkpoints,
or fuel scarcity, a lower A; produced longer expected delays. The effective arrival time became

tarr,actual = tarr + 0

Delivery Failure: Each transfer carried an independent probability of complete failure,
Pr(failure) = prail deliv, representing disruptions such as roadblocks, theft, or missed schedules.
Additional risks (e.g., looting, tampering, cascading instability) were modeled as separate
stochastic events applied during the transfer process.

2.7.4 Agent Mode Transitions

Agents were modeled with dynamic behavioral states. Their modes evolved according to
a hybrid stochastic process, a base first-order Markov chain, biased by recent events and
cumulative stress exposure.

Formally, the probability of transitioning to a new mode M,(t + 1) was given by

Pr(Ma(t +1) | Ma(t), Za(t), Ea(£)) oc P, (Ma(t)) + £ (Za(t), Ea(t)) ,
where
* Pg, is the baseline transition probability row from the agent’s profile-specific matrix B,,
e Y,(t)is the cumulative stress, and

e E,(t)is the subset of recent system-wide events affecting agent a:

Eq,(t) c &V

The biasing function f(-) adjusted the baseline probabilities (e.g., looting increased the
likelihood of heroic responses, and repeated failures increased burnout). After adjustment,
probabilities were renormalized to ensure a valid distribution. This hybrid design preserved
the tractability of a Markov chain while introducing event-driven and stress-driven adaptability.

2.8 Scenario Design and Contexts

Four illustrative scenarios were developed to investigate cold chain resilience in different
humanitarian contexts.

Gaza conflict-affected setting

This scenario serves as a high-temperature, conflict-affected environment with severe energy
insecurity. Daily peaks reached the mid-30s°C, with only mild cooling at night. Grid availability
was assumed to be extremely limited and represented with an hourly availability profile,
supplemented by solar panels and small generators [50-53]. Cold chain units at warehouse,
depot, and clinic levels were modeled with moderate insulation but limited reliability. Disruption
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probabilities included frequent blackouts and transport delays [54, 55]. Transport included a
mix of WHO-grade and locally built passive carriers.

Sudan rural conflict-affected setting

The Sudan setting captured extreme heat and fragile rural infrastructure characteristic of
conflict-affected, resource-limited regions. Daytime highs exceeded 37°C, with warm nights.
Cold chain equipment was assumed to be older and less efficient, particularly at the clinic level,
where fridges had weak compressors and poor insulation. Grid access was unreliable, and
repair times were modeled as highly delayed [56, 57]. Events included assumed roadblocks
due to flooding, insecurity, or poor roads [58, 59]. Transport relied heavily on motorbikes and
bicycles with small carriers.

Nepal highlands setting

The Nepal Highlands scenario reflected a cold-climate, mountainous context where terrain
and altitude dominated logistical challenges. Ambient temperatures were cooler (~ 16 °C
by day, near freezing at night), which decreased cooling demands but complicated transport.
Compared to conflict settings, power reliability was higher; however, terrain and shade limited
solar efficiency. Road closures and landslide-related transportation disruptions were more
commonly assumed than blackouts [60, 61]. Transport units included porters, motorbikes, bike
carts, and small vans adapted for mountainous terrain.

Haiti post-earthquake setting

The Haiti scenario represented a post-disaster setting following the earthquake in a country
with an already weak and unreliable electricity grid [62]. Ambient conditions captured hot and
humid tropical weather. Cold chain units at all levels were assumed to have higher insulation
but faced extreme energy insecurity (= 30% grid uptime). Event probabilities emphasized
damaged infrastructure and supply bottlenecks. Transport relied on passive vans and carriers
of moderate insulation quality.

Overall, these scenarios were illustrative stress tests based on assumed parameters informed
by climatic, infrastructural, and contextual characteristics reported in humanitarian literature.
They did not use official operational datasets from ministries or agencies, nor were they intended
to replicate exact field conditions. Rather, the regional references guided assumptions on road
accessibility, storage equipment quality, electricity reliability, and transportation availability,
which allowed the simulation framework to be meaningfully evaluated across different crisis-
affected environments. One clinic was purposefully deprived of regular delivery in order to
represent service inequalities frequently seen in humanitarian contexts. For brevity, we refer to
scenarios by geographic archetypes (for example, ‘Sudan’, ‘Gaza’), although these are stylized
archetypes rather than full national representations.

The full configuration files (YAML) used in these experiments will be made available with
the simulation code repository on GitHub prior to publication. Configuration files include
inline comments with rationale for parameter values.

To assess resilience-enhancing strategies, intervention scenarios were defined as structured
modifications to the system’s baseline parameters. Each intervention altered a subset of
parameters AIl, representing targeted changes in infrastructure, behavior, or operational
logistics. Interventions were tested under each region’s modeled constraints, with generator fuel
capped at one full run. Interventions were evaluated individually and in pairwise combinations
to explore independent and synergistic effects on cold chain performance. All interventions
were labeled, recorded, and analyzed for comparability. A detailed list of parameter changes is
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provided in Supplementary Tables S51-54.

Sensitivity analysis was conducted to assess the robustness of outcomes to uncertain
configuration parameters. One-at-a-time perturbations of +30% were applied to key inputs.
Each variant was repeated with three random seeds, and spoilage metrics were aggregated.

3 REesuLrs

Prior to running full scenarios, subsystem-level tests were conducted to confirm that discrete
components behaved as expected. These included verifying that fridge temperatures rose
after power cuts and door openings, that higher insulation slowed warming while ambient
heat accelerated it, that batteries charged and discharged correctly from grid and solar inputs,
that passive transport units depleted ice packs under prolonged exposure while motorized
carriers maintained stability, and that outages depleted batteries and generator and triggered
technician actions of refueling. Spoilage models also correctly flagged items exceeding unsafe
exposure limits. All tests passed, confirming that subsystem dynamics behaved as intended
before applying the framework to multi-node scenarios (Figure 1).
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Figure 1: Subsystem verification. (a) Temperature stability in a high-insulation, high thermal mass,
strong cooling (“good”) vs. low-insulation, weak cooling, low thermal mass (“bad”) fridge. (b) The fridge
is warming following a power cut after stabilization at 5.5 °C. (c) Passive transport unit using ice packs,
showing stable conditions until ice depletion, after which internal temperature rises toward ambient.
These checks confirm that subsystem dynamics behave as expected before scenario-level experiments.

For most selected subsystem parameters, spoiling results remained relatively stable during
+30% parameter changes, with mean shifts <+0.02 compared to baseline. Refrigerator insulation
and thermal mass, however, had a considerable impact; the spoiling fraction rose from 0.07
(improved +30%) to 0.73 (degraded -30%) (Figure 2).
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Median spoilage fraction vs multiplier (per parameter)
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Figure 2: Spoilage fraction under +30% perturbations of selected parameters. Fridge insulation and
thermal mass show strong sensitivity, while others remain relatively stable.

The simulated refrigeration systems generally maintained internal temperatures within the
WHO-recommended 2-8 °C range throughout the 72-hour baseline runs in Gaza, rural Sudan,
the Nepal Highlands, and post-earthquake Haiti. Depots and warehouses exhibited greater
stability than clinics, with warehouses averaging 4.4-4.7 °C compared to clinic means of 5.1-5.2
°C. Clinic-level fluctuations were most evident in Gaza and Sudan, driven by high ambient peaks,
while Nepal and Haiti remained closer to mid-range stability despite large day—night swings
and tropical heat respectively (Figure 3). Diurnal patterns were evident across all settings, with
minor afternoon rises that were buffered by modeled insulation and thermal mass. In Gaza
and Sudan, occasional excursions above 10 °C occurred in depots and warehouses once backup
generators reached their modeled fuel cap.

Transport performance varied more widely. Motorbikes and vans with moderate insulation
reliably maintained safe ranges in Gaza, Nepal, and Haiti, even under ambient peaks near 35 °C.
By contrast, low-insulation passive units showed repeated breakdowns. In the Sudan scenario,
the Bicyclel unit peaked around 17 °C after ice depletion. Deliveries generally stabilized after
ice pack replenishment (Figure 4).
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Fridge and Ambient Temperatures Over Time
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Figure 3: Ambient temperature profiles (dashed lines) and corresponding fridge internal temperatures
(solid lines) across four simulated scenarios, (a) Gaza, (b) Sudan, (c) Nepal Highlands, and (d) post-
earthquake Haiti, arranged in a 2x2 grid. Notably, panel (c) shows greater intraday fluctuations in
ambient and fridge temperatures compared to the other scenarios, reflecting the large day-night swings
characteristic of the Nepal Highlands.
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Figure 4: Ambient temperature profiles and corresponding transport unit internal temperatures across
four simulated scenarios, (a) Gaza, (b) Sudan, (c) Nepal Highlands, and (d) post-earthquake Haiti,
arranged in a 2x2 grid. While most transport units maintained safe 2-8 °C ranges, panel (b) shows a
pronounced spike in bicycle temperatures after ice-pack depletion.
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At the logistics level, two batches were successfully delivered to clinicl and clinic2 through
their respective warehouses and depots, while clinic3 received none due to intentional design
constraints. With the exception of clinic 3, all multi-step handovers were completed without
failure, with exposure accumulation recorded during transfers (Figure 5).

Logistics Transfer Flows and Outcomes

. Clinic1
,//’Ei_lviffi/v (Delivered)
Delivered _
Warehouse 1 Pepotl I scheduled (Failed)
______________ »|  Clinic3
Scheduled (Failed) | (No Delivery)
Warehouse?2 Dellvered > Dep0t2 —————————————
Delivered Clinic2

——»>| (Delivered)

Figure 5: Transfer flows and outcomes for the baseline scenario. Two successful supply chains are shown
from warehouses through depots to clinics, while the transfer to Clinic3 was intentionally pending/failed
because only two batches were created.

Of the ten tracked medical items, only the Polio vaccine was expected to spoil. Its =20 °C
storage requirement was incompatible with standard 2-8 °C refrigerators, leading to repeated
spoilage across scenarios. All other items recorded minimal unsafe exposure hours, confirming
that the modeled cold chain adequately preserved standard 2-8 °C products (Table 1).

Medical Item Outcome
Measles Vaccine Preserved
Polio (OPV) Spoiled

Yellow Fever Vaccine Preserved
Oral Cholera Vaccine Preserved

Insulin Preserved
Tetanus Toxoid Preserved
Hepatitis B Vaccine ~ Preserved
Rabies Vaccine Preserved
Antivenom Preserved
Oxytocin Preserved

Table 1: Preservation outcome of medical items across simulation runs.

Grid instability was the dominant disruption, comprising 18-25% of events with stochastic
outages typically lasting 30-180 minutes (mean ~100 minutes). Gaza, Sudan, and Haiti showed
the highest outage frequency, while Nepal remained relatively stable, reflecting predefined
grid profiles. Power shortages frequently pushed facilities into critically low battery levels,
particularly at depots and clinics. Although warehouses had the largest provisioning, they too
reached zero reserves when inputs faltered. These conditions reflected stress-test assumptions
rather than empirical outage patterns (Figure 6). Other disruptions included roadblocks, delays,
and low-probability events such as tampering.

Opverall, baseline configurations produced low spoilage but notable variation in temperature
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Grid Availability Heatmap (Red=Up, Blue=Down)
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Figure 6: Heatmap of grid power availability across all four scenarios, (a) Gaza, (b) Rural Sudan, (c) Nepal
Highlands, and (d) post-earthquake Haiti. Red indicates periods of grid availability, while blue indicates
outages. Among the simulated contexts, Gaza (a) shows severe constraints with an imposed hourly
availability profile, while Sudan (b) combines chronic unreliability with intermittent supply. Nepal
(c) shows the highest relative grid reliability, although it is not perfect due to parameter assumptions,
whereas Haiti (d) has low availability, reflecting the post-earthquake setting. Within each scenario,
warehouses exhibit slightly better power stability compared to depots and clinics.

excursions and downtime. In Gaza, the baseline averaged 27 excursions and 30 downtime
hours per node; only Resilient Grid and Power Upgrade interventions meaningfully improved
outcomes, nearly halving both metrics. In Sudan, the baseline logged 12 excursions and over 22
hours downtime; Power Upgrade was the only effective intervention, reducing downtime, while
fridge and transport upgrades not only failed to help, but they also worsened outcomes beyond
baseline. In Nepal, baseline conditions were stable (9 hours downtime), and most interventions
yielded no measurable gains. In post-earthquake Haiti, grid conditions remained highly unstable
(16 downtime hours, 25 excursions); only Power Hardening and Infrastructure Shockproofing
provided significant improvement, while other interventions showed little benefit.
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Policy / Intervention

Temp Excursions

Downtime (h)

A vs. Baseline
(Excursions / Downtime)

Baseline

Power Upgrade

Behavior Change

Resilient Grid

Fridge Upgrade

Power Upgrade + Behavior Change
Power Upgrade + Resilient Grid
Power Upgrade + Fridge Upgrade
Behavior Change + Resilient Grid
Behavior Change + Fridge Upgrade

27
16
27
14
26
16
9
18
14
26

30
19
30
19
31
19
11
22
19
31

-11/ -11
0/0

-13 / -11
-1/ +1
-11/ -11
-18 / -19
-9/ -8
-13 / -11
-1/+1

Table 2: Intervention results for the Gaza clinic scenario. Performance of baseline and intervention
scenarios, reported in terms of temperature excursions and downtime.

Policy / Intervention

Temp Excursions

Downtime (h)

A vs. Baseline
(Excursions / Downtime)

Baseline

Power Upgrade

Fridge Upgrade

Robust Transport

Power Upgrade + Robust Transport
Fridge Upgrade + Robust Transport
Power Upgrade + Fridge Upgrade

12
2
15
11
2
15
5

22
4
26
19
4
25
7

-10 / -18
+3/ +4
-1/-3
-10 / -18
+3/ +3
-7/ -15

Table 3: Intervention results for the Sudan rural scenario.

Policy / Intervention

Temp Excursions

Downtime (h)

A vs. Baseline
(Excursions / Downtime)

Baseline

Warm Chain

Route Improved
Container Upgrade

g1 O1 G G

O O O O

0/0
0/0
0/0

Table 4: Intervention results for the Nepal highlands scenario.
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A vs. Baseline

Policy / Intervention Temp Excursions Downtime (h) (Excursions / Downtime)
Baseline 16 25 —

Power Hardening 4 6 -12 / -19

Mobile Units 16 25 0/0

Infrastructure Shockproofing 12 19 -4/ -6

Community Training 16 25 0/0

Power Hardening + Mobile Units 4 6 -12/-19

Power Hardening + Infrastructure 2 4 -14 / =21

Shockproofing

Table 5: Intervention results for the Haiti post-earthquake scenario.

4 DiscusSION AND INTERPRETATION

This study introduced a modular simulation framework to examine the resilience of vaccine cold
chains operating in humanitarian and resource-constrained settings. The framework integrates
thermal dynamics, power variability, logistics, and human behavior to reveal how stresses
accumulate within fragile supply systems. Across four scenarios, Gaza, Rural Sudan, Nepal
Highlands, and post-earthquake Haiti, baseline configurations generally maintained safe storage
ranges (2-8 °C) but consistently exposed vulnerabilities in last-mile clinics, low-insulation
transport, and unstable power supply. Quantitatively, interventions that improved grid stability
and energy reliability reduced temperature excursions and downtime by up to 60% compared
with baseline configurations, whereas isolated hardware or behavioral changes produced little
benefit and sometimes worsened outcomes. The framework is positioned as a stress-testing tool
that surfaces structural fragilities under modeled assumptions, rather than a predictive model
of real-world outcomes.

Although blackout frequencies were high and disruptions frequent, node-level temperatures
did not collapse entirely because each facility was assumed to have access to multiple power
modalities (grid, solar, battery, and generator), even if only at a limited scale. This redundancy
provided minimal resilience and prevented uncontrolled warming.

Certain patterns were produced across all contexts. Clinics were the most vulnerable
nodes, operating near the upper safety threshold due to limited insulation, frequent human
interactions, and small power capacity. Power instability was the dominant source of stress,
with outages generating temperature variability, battery depletion, and maladaptive responses
even when spoilage did not occur. Transport robustness followed a clear hierarchy; moderately
insulated carriers preserved stability, while lower insulation units experienced an increase in
temperature. Finally, infrastructure-oriented interventions outperformed hardware upgrades,
which underscores that fragility arises less from individual technical shortcomings than from
systemic reliance on stable energy and logistics. Even without widespread spoilage, accumulated
exposure hours, downtime, and failed deliveries highlighted points of systemic weakness with
clear operational relevance.

The framework also illuminated systems-level dynamics. One theme was the layering of
fragility, where power cuts triggered not only thermal excursions but also delayed repairs,
disrupted deliveries, and increased likelihood of human error. Resilience thus emerged as
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a property of interacting stresses rather than the absence of single failures. A second theme
concerned the balance between centralized and decentralized strategies. Warehouses and depots
benefited from stronger infrastructure and redundancy, while clinics relied on local autonomy
but faced higher risks under unstable supply. This tension reflects a strategic dilemma over
whether to invest in centralized robustness or distributed self-sufficiency. Finally, the modeled
exclusion of one clinic illustrated the reality of resource triage under scarcity, where allocation
choices carry unavoidable equity and ethical implications. Such dynamics are often invisible in
simpler flow-based models yet critical for resilience and logistics planning in resource-limited
systems.

Operationally, the results highlight the importance of context-specific interventions. In
densely populated conflict-affected settings such as Gaza, ensuring energy reliability proved
most impactful, while in rural Sudan, expanding solar or battery capacity offered the greatest
benefit. In post-disaster Haiti, strategies that stabilized basic infrastructure reduced systemic
fragility more effectively than technical upgrades at single nodes. Even in the relatively stable
Nepal Highlands, improvements in transport and logistics reliability could add resilience despite
overall system stability. These contrasts reinforce the need to align interventions with prevailing
stresses rather than apply uniform solutions.

An unexpected finding was that, relative to the baseline, fridge upgrades alone worsened
results by increasing both excursion and downtime. The benefit was negligible when paired
with improvements to the generator and battery capacity and less than the gains from power
upgrades alone. This counterintuitive result likely reflects a realistic interaction between
larger, more powerful fridges and constrained backup systems. The net gain is limited since
increased cooling capacity and thermal mass put more strain on batteries and generators, which
are vulnerable to shallow reserves and refueling or charging delays. The results show that
equipment enhancements are not guaranteed to result in universal gains and that their efficacy
depends on the capacity and dependability of the supporting power system.

These insights may help advance understanding of how systemic stresses shape cold chain
resilience, but they must be interpreted in the context of modeling assumptions. The next
section discusses the framework’s limitations and the need for further empirical validation.

4.1 Model Limitations and Assumptions

Several limitations of the present framework should be acknowledged. First, agent behaviors
were represented as simplified probabilistic processes rather than calibrated from ethnographic or
operational data. This allowed variability to be modeled but may not capture the full complexity
of real-world practices. Second, the disruption engine reduced failures to stochastic triggers,
whereas actual disruptions often arise from a combination of political tensions, bureaucratic
delays, fuel shortages, regulatory dynamics, infrastructure damage, terrain constraints, seasonal
disease outbreaks, and other context-specific factors. These variables interact in nonlinear ways
that produce cascading effects beyond the reach of static simulations. Third, the evaluation
metrics were restricted to spoilage, excursions, downtime, and deliveries. Other relevant
dimensions, such as costs or secondary energy demands (e.g., lighting, computing, or non-cold-
chain medical devices), were not included.

Fourth, the scenarios assumed the existence of at least minimal energy infrastructure, even
when modeled with severe unreliability. However, some field reports describe even more
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severe energy conditions, which include near-total grid collapse or the complete absence of
formal supply in certain areas, particularly in Gaza, leading to cold chain continuity being
impossible under any configuration. While the framework does permit nodes to be modeled
without specific power sources, future work should more explicitly explore scenarios of complete
absence. Fifth, the framework has not been empirically calibrated or validated against field
data, as detailed monitoring records for crisis-affected regions remain scarce. The results should
therefore be interpreted as stress-testing outputs that illustrate relative system behavior under
assumed conditions rather than quantitative forecasts for specific regions. These constraints
limit external generalizability but preserve internal validity for comparative scenario analysis.

4.2 Future Directions

The framework opens several directions for future research. The scope of the inventory model
could be extended beyond vaccines to include blood supplies, biologics, or other temperature-
sensitive commodities and linked to health outcome measures such as missed immunizations
or projected outbreak risks. Climate-related stressors could be represented more explicitly, for
example, by modeling prolonged heatwaves, storms, or flooding to capture climate change
adaptation needs.

Another avenue is integration with established supply chain and transport optimization
models. While conventional humanitarian logistics simulations emphasize flow and coverage,
they rarely incorporate physics-based thermal dynamics or energy fragility. A hybrid approach
could combine the strengths of optimization models with the framework’s unique capabilities.

Sensitivity analysis showed that storage thermal properties dominate spoilage outcomes,
while transport and technician parameters were less influential under baseline conditions.
Future work could extend beyond one-at-a-time checks to explore multi-parameter interactions.

The modular architecture also supports scalability across different levels of analysis. Com-
ponents can be applied to single-fridge assessments (e.g., performance under unreliable power
at a node) or to large-scale network simulations. Because modules are interchangeable, the
framework could be adapted to other infrastructure-dependent health systems beyond the
cold chain. Finally, future development could improve usability and accessibility, for example,
through clearer documentation, modular packaging, or user-friendly interfaces.

5 CoNCLUSIONS

This study introduced a hybrid simulation framework that integrates thermal physics, power
variability, human behavior, logistical disruptions, and temperature-dependent spoilage evalua-
tion to assess cold chain resilience in humanitarian and resource-constrained contexts. Applied
across four scenarios, the framework revealed that while systems generally preserved safe
temperature ranges, fragilities were concentrated at the clinic level, in low-insulation transport,
and wherever power supply was unstable.

Across scenarios, infrastructure-oriented interventions, particularly those improving grid
stability and backup energy capacity, were consistently more effective than isolated equipment
upgrades or behavioral changes. In several cases, conventional hardware improvements even
degraded performance by increasing energy demand on fragile power systems. These results
highlight that reliability depends not only on hardware specifications but on the broader
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configuration of environmental, infrastructural, and behavioral interactions.

The framework provides a useful platform for stress-testing policy and technical modifi-
cations before field deployment. It allows for context-specific analysis of energy and logistics
vulnerabilities and supports evidence-based planning for equitable access to temperature-
sensitive medicines. While future work should include empirical calibration and broader
metrics such as cost and health outcomes, this framework establishes a flexible and operationally
grounded foundation for assessing resilience in fragile health infrastructure systems.
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