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Natural disasters frequently disrupt electrical infrastructure, creating critical
challenges for emergency response, healthcare delivery, and community
recovery. Portable solar photovoltaic (PV) systems have emerged as a
sustainable and rapidly deployable solution for off-grid energy provision in
disaster-affected regions. This review provides a comprehensive synthesis of
portable PV technologies for post-disaster applications, encompassing system
architectures, component selection, deployment configurations, and
operational performance. Particular emphasis is placed on DC-first designs,
modular scalability, energy storage integration, and IoT-enabled monitoring,
which collectively enhance efficiency, reliability, and usability under harsh
environmental conditions. The analysis highlights persistent challenges
related to energy efficiency, storage resilience, system standardization, and
user accessibility, while underscoring the importance of integration into
broader emergency energy ecosystems. Research gaps are identified in areas
such as efficiency optimization, human-centered design, and scalability,
providing guidance for the development of next-generation portable PV
systems. By consolidating technical and operational insights, this review
establishes a foundation for advancing portable PV systems as robust
emergency energy solutions, bridging the gap between immediate relief and
long-term resilience in disaster-prone regions.
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1. INTRODUCTION

Natural disasters such as earthquakes, floods, hurricanes, volcanic eruptions, and tsunamis frequently
cause severe damage to electrical infrastructure, leading to widespread and prolonged power outages [1].
Electricity is a critical enabler for emergency response activities, including lighting, communication, medical
services, water supply, and coordination of humanitarian aid [2]. In the immediate aftermath of a disaster, the
availability of reliable electrical power often determines the effectiveness of rescue operations and the
resilience of affected communities [3]. In recent years, the increasing frequency and intensity of climate-related
disasters have further amplified the importance of resilient and rapidly deployable energy systems [4], [5]. This
has attracted significant attention from researchers, humanitarian organizations, and policymakers toward
decentralized and renewable-based emergency power solutions [6]. Among the available alternatives, portable
solar photovoltaic (PV) systems have emerged as a particularly attractive option due to their modularity,
environmental sustainability, and ability to operate independently of damaged grid infrastructure [7]. Despite
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their importance, post-disaster energy supply systems face multiple technical and operational challenges [8].
Conventional solutions, such as diesel generators, remain widely used in emergency situations; however, they
suffer from several limitations [9], [10]. Fuel supply chains are often disrupted after disasters, generators
produce noise and emissions, and maintenance requires skilled operators and spare parts that may not be readily
available. Moreover, the reliance on fossil fuels contradicts long-term sustainability and resilience goals [11].
Grid restoration, on the other hand, typically requires substantial time and resources, leaving affected
populations without power during the most critical response period [12]. These challenges highlight the need
for energy solutions that are rapidly deployable, easy to operate, scalable, and capable of supplying critical
loads without external fuel dependency [12], [13]. However, designing such systems requires careful
consideration of portability, energy storage, power conversion efficiency, user accessibility, and environmental
robustness [14].

Advances in solar PV technology, energy storage, and power electronics have enabled the
development of various portable solar power solutions for emergency applications [15]. Existing systems range
from small solar charging Kits and foldable PV panels to integrated portable power stations and modular off-
grid microgrids [16]. These systems are commonly equipped with lithium-based batteries, charge controllers
with maximum power point tracking (MPPT), and multiple DC and AC output interfaces to serve diverse
emergency loads. Recent studies have demonstrated the feasibility of using portable PV systems to supply
power for emergency shelters, communication devices, medical instruments, and lighting systems [17], [18].
Innovations such as DC-first architectures, flexible PV modules, and Internet of Things (1oT)-based monitoring
have further improved system efficiency and operational awareness [18], [19]. Commercial products
increasingly offer all-in-one solutions; meanwhile, academic research continues to explore optimized converter
topologies, energy management strategies, and resilience-oriented system designs [20].

Although significant progress has been made, existing literature remains fragmented and lacks a
comprehensive synthesis of portable solar PV systems specifically tailored for post-disaster emergency power
supply. Many studies focus on isolated aspects, such as PV module performance, battery technologies, or
converter efficiency, without addressing system-level integration and real-world deployment constraints.
Furthermore, comparative analyses between different system architectures (e.g., DC-only, DC-first, and AC-
centric designs) are limited, particularly in the context of emergency loads and non-technical users. Social and
operational dimensions such as ease of use, deployment time, reliability under harsh conditions, and scalability
for multiple shelters are often underrepresented. As a result, there is a clear need for a holistic review that
bridges technical design considerations with operational and humanitarian requirements.

This paper presents a comprehensive review of portable solar photovoltaic systems for post-disaster
emergency power supply, with the following key contributions: 1) Systematic classification of portable PV
systems based on capacity, architecture, and deployment scenarios; 2) Integrated discussion of core
components, including PV modules, energy storage, power electronics, and protection systems; 3) Comparative
analysis of performance, reliability, and usability considerations relevant to disaster-response environments;
4) Examination of smart features and loT-based monitoring for enhancing system operation and decision-
making; and 5) Identification of research gaps and future directions toward resilient, scalable, and user-centered
emergency energy solutions. By consolidating dispersed research findings into a unified framework, this
review aims to support researchers, engineers, and practitioners involved in the design and deployment of
emergency energy systems. The insights provided can inform the development of more efficient, modular, and
human-centered portable solar PV systems, ultimately contributing to improved disaster preparedness and
response capabilities. Moreover, the review establishes a strong theoretical foundation for applied research and
prototype development, facilitating the transition from laboratory-scale designs to real-world humanitarian
applications. In this way, the study contributes not only to academic discourse but also to the broader goal of
enhancing energy resilience in disaster-prone regions.

2. CLASSIFICATION OF PORTABLE SOLAR PHOTOVOLTAIC SYSTEMS FOR
EMERGENCY USE

Portable solar photovoltaic (PV) systems designed for post-disaster applications exhibit wide
variations in scale, architecture, and functionality. Table 1 summarizes the main classification criteria for
portable solar photovoltaic systems used in post-disaster emergency power supply, highlighting the trade-offs
between capacity, deployment configuration, and electrical architecture [21]. A clear classification framework
is essential to compare existing solutions, evaluate their suitability for different emergency scenarios, and
identify optimal design pathways [22]. Based on a synthesis of recent literature and practical deployments,
portable solar PV systems for emergency power supply can be classified according to power capacity and
application scale, deployment configuration, and electrical system architecture.
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Table 1. Classification of portable solar photovoltaic systems for post-disaster emergency power supply

Classification Category Typical Key characteristics ~ Advantages Limitations  Typical emergency
criterion capacity applications
Power Low-power solar kits < 300 Small PV panel, Lightweight, Limited power, Phone charging,
Capacity & Wh/day basic charge low cost, rapid  single-user LED lamps, and
Scale controller, distribution focus personal
integrated battery, communication
DC outputs
Medium-capacity 300 Wh-2 Integrated PV Balanced Limited Emergency shelters,
portable power kWh input, lithium portability and  scalability, medical devices,
stations battery, DC & AC  functionality fixed and command posts
outputs, enclosed configuration
unit
Modular & scalable  >2 kWh Interconnected PV High Higher setup Evacuation camps,
PV systems (expandable) and battery adaptability, complexity field hospitals,
modules, flexible  scalable multi-shelter
configuration capacity, and operations
redundancy
Deployment Individual-use Low Plug-and-play, Easy to operate, Limited shared Household-level
Configuration  systems minimal setup fast deployment usage disaster relief
Shelter-based systems Medium Centralized Efficient shared Requires Emergency shelters,
storage, multiple energy use coordination clinics
outputs
Clustered/networked ~ Medium-— Interconnected Improved More complex  Large shelters,
systems High portable units resilience, management coordinated
energy sharing response centers
Electrical DC-only systems Low USB/low-voltage  High efficiency, Limited load Lighting, mobile
Avrchitecture DC outputs only low losses compatibility devices
DC-first systems Low— DC prioritized, High efficiency, Requires Communication,
Medium optional AC flexible load careful design  lighting, and
inverter support medical devices
AC-centric systems Medium Inverter-dominant, Appliance Higher losses,  General-purpose
AC distribution compatibility reduced emergency loads
efficiency
System Origin Commercial off-the-  Low- All-in-one, closed  User-friendly, Limited Rapid deployment
shelf products Medium systems readily available customization  scenarios
Research-based Medium-— Modular, open High efficiency, Limited Pilot projects, field
prototypes High architecture, adaptable immediate trials
optimized design availability

2.1. Classification based on power capacity and application scale

One of the most common classification criteria for portable solar PV systems is their power capacity,

which directly determines the types of loads that can be supported during emergency operations.

a)

b)

c)

Low-power solar kits typically provide power in the range of a few tens to several hundred watt-hours per
day. These systems often consist of small rigid or foldable PV panels combined with basic charge
controllers and integrated battery packs. Their primary applications include charging mobile phones,
powering LED lamps, and supporting small communication devices. Due to their simplicity and low cost,
such systems are widely used in household-level disaster relief and rapid humanitarian distribution.
Medium-capacity portable power stations represent a more advanced category, with energy capacities
generally ranging from several hundred to a few kilowatt-hours. These systems integrate PV input, lithium-
based energy storage, power conversion stages, and multiple output ports (DC and AC) within a single
enclosure. They are capable of supplying power to emergency shelters, medical devices with low-to-
moderate power demand, and coordination centers. This category has received increasing attention in both
commercial markets and academic research due to its balance between portability and functional versatility.
Modular and scalable portable PV systems constitute the highest-capacity category within portable
solutions. Rather than relying on a single unit, these systems are composed of multiple interconnected
modules, allowing capacity expansion according to situational needs. Modular systems are particularly
suitable for large evacuation camps, field hospitals, and clustered shelters, where energy demand varies
over time. Their scalability makes them an attractive alternative to temporary diesel-based microgrids in
disaster response contexts.

2.2. Classification based on deployment configuration

Portable solar PV systems can also be categorized according to how they are deployed and integrated

into emergency settings [23].

a)

Individual-use systems are designed for personal or household-level applications. These systems prioritize
extreme portability, minimal setup requirements, and ease of use by non-technical users. Their deployment
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typically involves a simple plug-and-play operation, making them ideal for rapid distribution immediately
after a disaster.

b) Shelter-based systems are installed at specific locations such as emergency shelters, command posts, or
temporary healthcare facilities. These systems often involve larger PV arrays, centralized battery storage,
and multiple distribution points. While still portable, their deployment may require basic planning and
coordination, particularly for load management and system protection [24].

c) Clustered or networked systems involve the interconnection of multiple portable PV units to form a
localized energy network. This approach allows energy sharing among shelters and supports redundancy in
case of component failure. Clustered systems bridge the gap between fully portable units and larger
emergency microgrids, offering improved resilience and flexibility while maintaining relatively fast
deployment.

2.3. Classification based on electrical system architecture
Electrical architecture plays a crucial role in determining the efficiency, complexity, and reliability of

portable solar PV systems [25].

a) DC-only systems supply power exclusively in direct current form, typically through USB or low-voltage
DC outputs. These systems minimize conversion losses and component count, making them highly efficient
and lightweight. However, their application is limited to DC-compatible loads and low-power devices.

b) DC-first systems represent an evolution of DC-only designs by prioritizing DC power delivery for critical
loads while optionally incorporating AC outputs through dedicated inverters. In these systems, energy is
primarily managed and distributed in DC form, reducing unnecessary conversions. DC-first architectures
are increasingly favored for emergency applications due to their improved efficiency, adaptability, and
suitability for common disaster-response loads such as LED lighting, communication equipment, and
medical devices.

¢) AC-centric systemsare designed around traditional alternating current distribution, often emulating
conventional household power supplies. While they offer compatibility with a wide range of appliances,
AC-centric systems generally suffer from higher conversion losses, increased system complexity, and
reduced overall efficiency. In emergency contexts where energy availability is limited, these drawbacks
can significantly affect system performance.

2.4. Commercial products versus research-based prototypes

From an implementation perspective, portable solar PV systems can be divided into commercial off-
the-shelf products and research-driven prototypes. Commercial products typically emphasize user
convenience, integrated design, and aesthetic appeal, but they often function as closed systems with limited
modularity and restricted monitoring capabilities [26]. In contrast, research-based prototypes focus on
architectural optimization, open monitoring platforms, and adaptability to specific disaster scenarios. While
commercial solutions offer immediate availability, research prototypes contribute critical innovations such as
advanced energy management strategies, modular expansion mechanisms, and resilience-oriented design
features. Understanding the strengths and limitations of both categories is essential for guiding future
development toward deployable yet adaptable emergency energy systems [27].

2.5. Summary of classification and implications for emergency applications

The classification presented in this section highlights the diversity of portable solar PV systems and
underscores the importance of aligning system design with specific emergency requirements [23]. Low-power
Kits are suitable for rapid individual support, medium-capacity power stations address shelter-level needs, and
modular systems enable scalable energy provision for larger operations. Similarly, deployment configuration
and electrical architecture significantly influence system efficiency, usability, and resilience. In particular, DC-
first and modular approaches emerge as promising pathways for achieving efficient, flexible, and user-friendly
emergency power supply systems. These insights provide a foundation for the subsequent sections, which
examine system components, performance evaluation, and future research directions in greater detail.

3. CORE COMPONENTS AND SYSTEM ARCHITECTURES

The performance, reliability, and usability of portable solar photovoltaic (PV) systems for post-
disaster emergency power supply are determined by the integration of several key components and the overall
system architecture. Unlike conventional stationary PV installations, emergency-oriented portable systems
must balance energy efficiency, portability, robustness, and operational simplicity. This section reviews the
core subsystems commonly employed in portable solar PV systems and examines architectural approaches that
influence system effectiveness in disaster-response environments [23]. Figure 1 presents the conceptual
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architecture of a portable solar photovoltaic system designed for post-disaster emergency power supply. The
system utilizes a DC-first configuration, where energy captured by portable PV modules is regulated through
an MPPT-enabled charge controller and stored in a lithium-based battery system. Direct current loads are
powered via DC-DC converters to optimize efficiency, while an optional DC-AC inverter supports selected
AC emergency devices. Integrated monitoring and control systems ensure safe, reliable, and user-friendly
operation under disaster conditions.

Portable Solar PV Modules
(Rigid / Foldable / Flexible)

l DC Power

Solar Charge Controller
(MPPT)

| Reguiated nc

Battery Energy Storage
(Li-ion / LiFePO, + BMS)

+ DC Bus (DC-first)

DC Emergency Loads |_ DC-AC Inverter
(LEDs, radios, phones, | (Optional)
sensors) '

Monitoring & Controll_,| AC Emergency Loads
(Embedded + loT) (Medical devices,
tools, equipment)

Figure 1. Conceptual architecture of a portable solar photovoltaic system for post-disaster emergency
power supply

3.1. Solar energy harvesting units

The solar energy harvesting unit is the primary power source of portable PV systems and significantly
influences deployment flexibility and energy yield. Portable systems typically employ rigid, foldable, or
flexible PV modules, each offering distinct advantages [28]. Rigid PV panels provide higher efficiency and
mechanical durability but are relatively heavy and bulky, which can limit portability. Foldable PV panels, often
based on monocrystalline silicon cells, offer a compromise between efficiency and transportability, making
them popular in emergency applications. Flexible PV panels, fabricated using thin-film or lightweight
crystalline technologies, enable compact storage and rapid deployment on uneven surfaces such as tents or
temporary shelters. However, flexible modules generally exhibit lower conversion efficiency and may be more
susceptible to mechanical degradation. In disaster scenarios, the selection of PV modules must consider not
only peak efficiency but also ease of installation, resistance to dust and moisture, and performance under partial
shading, which is common in temporary shelter environments [29].

3.2. Energy storage technologies

Energy storage is crucial for providing power at night and during periods of low sunlight. Portable
solar PV systems mainly use lithium-based batteries, such as lithium-ion and lithium iron phosphate (LiFePOs),
because they are lightweight, store more energy, last longer, and charge faster than lead-acid batteries. They
also allow deeper discharge, making them more suitable for portable use. However, safety is especially
important in emergency situations, as systems may be used by non-technical users. Battery management
systems (BMS) are therefore essential to monitor voltage, temperature, and state of charge to ensure safe
operation. Battery sizing is another important factor: too little storage limits usage time, while too much
increases weight and cost. For emergency applications, storage is typically sized to support critical loads rather
than continuous high-power use [30], [31].

3.3. Energy storage technologies

Power electronics are essential in portable solar PV systems because they manage energy conversion,
control, and distribution. Key components include solar charge controllers, DC-DC converters, inverters, and
protection circuits. Solar charge controllers, often using maximum power point tracking (MPPT), regulate
power from the PV panels to the batteries and improve energy capture under changing sunlight. DC-DC
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converters adjust voltage levels for different DC loads with minimal energy loss. When AC power is needed,
inverters convert DC power to standard AC output [32]. The selection and setup of these components strongly
affect system efficiency and heat generation. In emergency applications, where energy is limited, minimizing
conversion steps and using high-efficiency converters is critical to maximize available power [33], [34].

3.4. DC-first and hybrid system architectures

System architecture determines how energy moves between PV panels, batteries, and loads.
Traditional portable systems often use an AC-centric design, where DC power from the PV and batteries is
first converted to AC. While this allows easy use of standard appliances, it increases energy losses and system
complexity [30]. DC-first architectures, on the other hand, distribute DC power directly to compatible loads
such as LED lights, communication devices, and medical equipment, using inverters only when AC power is
necessary. This reduces unnecessary conversions, improves efficiency, and increases reliability. For these
reasons, DC-first designs are well-suited to disaster-response applications, where simplicity and efficient
energy use are critical. Hybrid architectures combine DC-first operation with optional AC outputs, offering
flexibility while maintaining high efficiency. They also support modular designs, allowing systems to be
expanded easily and loads to be prioritized as needed.

3.5. Protection, enclosure, and environmental robustness

Portable solar PV systems used in disaster areas face harsh conditions such as dust, moisture,
temperature changes, and physical impacts. As a result, system protection and enclosure design are very
important. Common protection features include overcurrent, short-circuit, overvoltage, and thermal shutdown
protection. Enclosures are typically compact, lightweight, and weather-resistant, using durable materials and
suitable ingress protection (IP) ratings for outdoor use. Proper ventilation or thermal management is also
needed to prevent overheating of batteries and power electronics. A robust system design improves reliability
and reduces downtime, which is especially critical in emergency situations where maintenance options are
limited [35].

3.6. Implications for emergency power system design

The review of core components and system architectures highlights the importance of integrated,
efficiency-oriented design in portable solar PV systems for disaster response. The selection of PV modules,
batteries, and power electronics must be guided by operational constraints such as portability, ease of use, and
environmental resilience. Architectural choices, particularly the adoption of DC-first and modular
configurations, play a decisive role in maximizing system efficiency and adaptability. These considerations
provide a foundation for evaluating system performance and operational effectiveness, which are examined in
the next section [36], [37].

4. PERFORMANCE EVALUATION AND OPERATIONAL CONSIDERATIONS

Evaluating the performance of portable solar photovoltaic (PV) systems for post-disaster emergency
power supply requires a multidimensional approach that extends beyond conventional electrical efficiency
metrics. In disaster-response contexts, system effectiveness is determined not only by energy yield but also by
reliability, robustness, ease of deployment, and usability under constrained conditions [38]. This section
reviews key performance indicators and operational considerations commonly used to assess portable solar PV
systems in emergency applications [39], [40].

4.1. Implications for emergency power system design

Energy vield is a key performance metric for portable PV systems in emergency operations, where
available energy is limited. It is influenced by daily energy output, conversion efficiency, and environmental
factors such as irradiance variability, shading, dust, and temperature [41]. Systems using MPPT-based charge
controllers achieve higher energy harvesting efficiency under non-ideal conditions. In addition, DC-first
architectures reduce conversion losses by minimizing DC-AC-DC transitions, allowing more usable energy
to be delivered to critical loads for a given PV and battery capacity [42].

4.2. Reliability and operational continuity

Reliability is essential in emergency power systems, where outages can threaten safety and critical
services. Performance evaluation, therefore, focuses on system uptime, fault tolerance, and continuous
operation under prolonged use. Reliability is affected by component quality, thermal management, battery
aging, and protection features. Disaster-response PV systems must operate stably despite load fluctuations and
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irregular charging. To improve reliability, designers often use redundancy, modular configurations, and load
prioritization to ensure critical loads remain powered when system capacity is limited [20], [40].

4.3. Load profiling and energy management

Understanding and managing load demand is essential for optimizing portable solar PV systems in
emergency situations. Common loads include LED lighting, communication devices, medical equipment, and
mobile charging, each with different power needs. Performance evaluation focuses on how effectively the
system supports these loads through profiling and prioritization. Energy management strategies such as
scheduled operation, load shedding, and priority-based distribution help prevent battery depletion and extend
system operation. Intelligent energy management improves efficiency and service duration under limited
energy conditions [43].

4.4. Deployment time and portability

In post-disaster situations, rapid deployment is as important as energy capacity. Performance
evaluation therefore, considers portability, setup time, and ease of handling [24]. Lightweight components,
compact enclosures, and simple connectors allow faster installation with less logistical effort. Foldable PV
modules and plug-and-play power stations enable use by non-technical users, which is vital in humanitarian
settings. In contrast, systems requiring complex wiring or configuration can delay response and reduce practical
effectiveness despite good electrical performance.

4.5. Usability and human factors

Operational success in disaster environments depends heavily on system usability. Many portable
solar PV systems are operated by volunteers or affected individuals with limited technical background. As
such, performance evaluation must account for human factors, including interface clarity, ease of operation,
and safety [7].

4.6. Environmental robustness and durability

Portable solar PV systems deployed in disaster zones are exposed to harsh environmental conditions,
including moisture, dust, mechanical shocks, and temperature extremes. Performance evaluation, therefore,
includes durability testing and assessment of environmental robustness. Ingress protection ratings, impact-
resistant enclosures, and secure mounting solutions enhance system longevity and operational safety. Systems
that demonstrate consistent performance under adverse conditions are better suited for prolonged emergency
deployment and repeated use across multiple disaster events [44].

4.7. Environmental robustness and durability

The evaluation of portable solar PV systems for post-disaster emergency power supply must integrate
technical performance metrics with operational and human-centered considerations. High energy efficiency
alone is insufficient if systems are difficult to deploy, unreliable, or challenging to operate. DC-first, modular,
and user-oriented designs consistently emerge as effective solutions, offering improved energy utilization,
adaptability, and resilience. These insights highlight the need for holistic evaluation frameworks that reflect
real-world emergency conditions, providing a basis for future system optimization and innovation [45], [46].

5. SMART FEATURES, MONITORING, AND INTEGRATION IN EMERGENCY SYSTEMS

The integration of smart features and digital monitoring has become an increasingly important aspect
of portable solar photovoltaic (PV) systems for post-disaster emergency power supply. In emergency
environments characterized by uncertainty, limited technical support, and dynamic energy demand, real-time
system awareness and adaptive control can significantly enhance reliability, safety, and operational
effectiveness. This section reviews key smart functionalities, monitoring approaches, and system integration
strategies employed in portable solar PV systems for disaster-response applications [47].

5.1. Role of smart monitoring in emergency energy systems

Smart monitoring enables continuous observation of system status and performance, allowing
operators to make informed decisions regarding energy usage and maintenance. In portable PV systems,
monitoring typically focuses on critical parameters such as battery state-of-charge, PV voltage and current,
load consumption, temperature, and fault conditions. In post-disaster contexts, monitoring serves both technical
and operational purposes. Technically, it helps prevent system failures through early detection of abnormal
conditions such as overheating, overcurrent, or battery degradation. Operationally, it supports energy allocation
decisions, ensuring that limited energy resources are directed toward critical loads. The ability to visualize
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system status in a simple and intuitive manner is particularly important for non-technical users operating under
stressful conditions [48].

5.2. loT-based architectures and communication technologies

Internet of Things (10T) technologies enable smart monitoring in portable solar PV systems through
scalable and flexible architectures. Typical setups include embedded controllers, sensors, communication
interfaces, and local or cloud data platforms. Common communication options are Wi-Fi, Bluetooth, cellular
networks, and LPWANSs, selected based on deployment conditions and power availability. In disaster areas
with poor connectivity, systems often rely on local data storage and short-range communication, using cloud
services when networks are available. Low power consumption and robust operation are essential to ensure
reliable monitoring without reducing energy supply performance [49].

5.3. Embedded control and intelligent energy management

Beyond passive monitoring, smart portable PV systems increasingly include embedded control and
intelligent energy management. These features enable automated decisions such as load prioritization, charge
control, and fault response without constant user input. Energy management algorithms adjust power
distribution based on battery status, load demand, and expected energy availability. For instance, non-critical
loads can be disconnected when battery levels drop, preserving power for essential services. This automation
improves system resilience and reduces operator workload during emergency response [49], [50].

5.4. User interfaces and human—system interaction

Effective human-system interaction is crucial for deploying smart portable solar PV systems in
disaster environments. User interfaces should present system information clearly and simply, avoiding
technical complexity. Common interfaces include onboard displays, LED indicators, and mobile apps, with
color-coded visuals and simple icons to quickly convey system status. Multilingual support and offline
operation further improve usability in emergencies. Human-centered design enhances efficiency, builds user
confidence, and supports long-term adoption in humanitarian settings [51].

5.5. Integration with emergency energy ecosystems

Portable solar PV systems rarely operate alone during large-scale disaster response. They are typically
integrated into broader emergency energy ecosystems such as shelters, healthcare facilities, communication
networks, and coordination centers. Integration may involve linking multiple portable units, sharing monitoring
data, or coordinating with temporary microgrids and backup generators. Smart features enable standardized
communication, remote monitoring, and coordinated energy management across systems. This system-level
integration improves energy resilience by pooling resources, balancing loads, and reducing failures through
redundancy and adaptive control [52], [53].

5.6. Implications for future emergency power systems

The adoption of smart features and monitoring marks a major advancement in portable solar PV
systems for post-disaster power supply. Although these technologies add complexity, they significantly
improve reliability, safety, and operational awareness. Future systems are expected to focus on low-power
intelligent monitoring, open communication protocols, and user-centered design to support seamless
integration into disaster-response frameworks. By aligning innovation with practical needs, smart portable PV
systems can greatly enhance energy resilience and effectiveness in emergency situations [54].

6. CHALLENGES AND RESEARCH GAPS IN PORTABLE SOLAR PHOTOVOLTAIC
SYSTEMS FOR EMERGENCY POWER SUPPLY

Portable solar photovoltaic (PV) systems have emerged as a promising alternative to conventional
emergency power solutions in post-disaster contexts. Their ability to provide clean, modular, and rapidly
deployable energy makes them attractive for humanitarian operations. However, widespread adoption remains
constrained by a range of technical, operational, and institutional challenges [55]. Addressing these gaps is
critical to ensure that portable PV systems can deliver reliable, scalable, and sustainable energy under the
demanding conditions of disaster response [56]. This section synthesizes the principal limitations and
highlights areas where further research and development are required.
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6.1. Technical challenges
Despite notable advances, several technical barriers continue to limit the performance and resilience
of portable PV systems:

a) Energy efficiency and variability: PV modules are highly sensitive to environmental factors such as
shading, dust accumulation, and temperature fluctuations, which can significantly reduce energy yield in
disaster environments.

b) Storage limitations: Lithium-ion and LiFePOs batteries, while widely used, remain costly and prone to
degradation under extreme temperatures or irregular charging cycles, undermining long-term reliability.

c) System standardization: The absence of standardized connectors, voltage levels, and modular interfaces
complicates interoperability between units and hinders rapid deployment in multi-system scenarios.

d) Robustness and durability: Many prototypes lack sufficient ruggedization, making them vulnerable to
damage during transport, handling, and exposure to adverse weather conditions.

6.2. Operational and social challenges
Beyond technical constraints, several operational and social factors affect the effective deployment of

portable PV systems:

a) User training and acceptance: Non-technical users often face difficulties in system setup, monitoring, and
maintenance. Simplified interfaces and accessible training materials are frequently inadequate.

b) Logistics and supply chains: Transporting, distributing, and maintaining portable PV units in disaster zones
is logistically complex, particularly when infrastructure is severely disrupted.

c¢) Cultural and social acceptance: Communities accustomed to conventional diesel generators may initially
distrust solar-based solutions, necessitating awareness campaigns and demonstration projects to build
confidence.

d) Maintenance and spare parts: Limited availability of replacement components and technical support
remains a major barrier to long-term sustainability and reliability.

6.3. Scalability and system integration
While portable PV systems are effective at the household or shelter level, scaling them to community-

wide applications introduces additional challenges:

a) Coordination of multiple units: Integrating several portable systems into a temporary microgrid requires
advanced energy management strategies and standardized communication protocols.

b) Load balancing and prioritization: Scaling increases complexity in distributing energy fairly among critical
and non-critical loads, particularly under resource-constrained conditions.

c) Interoperability with existing infrastructure: Seamless integration with backup generators, grid restoration
efforts, and humanitarian logistics remains underdeveloped, limiting system flexibility.

6.4. Policy, standardization, and humanitarian deployment

Institutional and policy frameworks play a decisive role in enabling the adoption of portable PV
systems, yet several gaps persist:

a) Absence of standards: International standards tailored to portable PV systems in disaster contexts are
limited, resulting in inconsistent designs and deployment practices.

b) Procurement and funding: Humanitarian organizations often operate under short-term procurement cycles,
which may discourage investment in durable and modular PV solutions.

¢) Regulatory barriers: Import restrictions, certification requirements, and the lack of harmonized policies can
delay deployment in affected regions.

d) Ethical considerations: Ensuring equitable access, avoiding dependency, and aligning deployment
strategies with humanitarian principles are essential for responsible and sustainable implementation.

As summarized in Table 2, technical, operational, scalability, and policy-related barriers collectively
hinder the widespread adoption of portable solar PV systems in emergency contexts. Technically, systems face
limitations in energy efficiency, storage reliability, and ruggedization, which compromise performance under
harsh disaster conditions [57]. Operationally, challenges such as user unfamiliarity, logistical constraints, and
maintenance gaps reduce system effectiveness and sustainability. At the scalability level, difficulties in
coordinating multiple units, balancing loads, and integrating with existing infrastructure limit expansion
beyond individual shelters. Institutionally, the absence of international standards, fragmented procurement
practices, and regulatory hurdles further delay deployment and reduce interoperability across regions. These
interconnected challenges underscore the need for holistic solutions that address not only hardware and design,
but also training, policy alignment, and system-level integration to ensure portable PV systems can fulfill their
potential as resilient energy solutions in post-disaster scenarios.
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Table 2. Summary of challenges and research gaps in portable solar PV systems for emergency power supply

Challenge Description Implication for disaster response
Energy PV modules are sensitive to shading, dust, and Lower and unpredictable energy output may compromise
efficiency and temperature fluctuations, reducing energy yield. critical load supply in unstable environments.
variability
Storage Lithium-ion and LiFePOs batteries are costly and Reduced reliability and shorter system lifespan hinder
limitations prone to degradation under extreme conditions. sustained operation in prolonged emergencies.
System Lack of standardized connectors, voltage levels, Slows rapid deployment and complicates integration of

standardization
Robustness and
durability

User training
and acceptance

Logistics and
supply chains
Cultural and
social
acceptance
Maintenance
and spare parts
Scalability and
integration
Load balancing
and
prioritization
Interoperability
with
infrastructure
Absence of
standards
Procurement
and funding
Regulatory
barriers
Ethical
considerations

and modular interfaces limits interoperability.
Many prototypes are fragile and not ruggedized for
harsh transport or weather exposure.

Non-technical users struggle with setup,
monitoring, and maintenance; training materials are
limited.

Transporting and maintaining units is complex
when infrastructure is damaged.

Communities accustomed to diesel generators may
distrust solar-based solutions.

Limited availability of replacement components
and technical support.

Coordinating multiple units into microgrids
requires advanced management and protocols.
Scaling introduces complexity in distributing
energy among critical and non-critical loads.

Integration with generators, grid restoration, and
logistics is underdeveloped.

Few international standards exist for portable PV in
disaster contexts.

Short-term procurement cycles discourage
investment in durable systems.

Import restrictions and certification requirements
delay deployment.

Need to ensure equitable access and avoid
dependency.

multiple units in coordinated relief efforts.

Increased risk of system failure during field use, reducing
trust and adoption in humanitarian contexts.

Misuse or underutilization of systems reduces
effectiveness in disaster response operations.

Delays in deployment and difficulties in sustaining energy
supply across affected regions.

Slower adoption and reliance on conventional, less
sustainable alternatives.

System downtime and reduced resilience in long-term
disaster recovery.

Limits expansion from household-level to community-
wide energy solutions.

Risk of inequitable energy allocation, undermining
humanitarian objectives.

Reduces flexibility and efficiency of hybrid emergency
energy ecosystems.

Inconsistent designs and deployment practices hinder
global adoption.
Limits availability of robust solutions during emergencies.

Slows humanitarian response and reduces scalability
across regions.

Risk of unequal distribution of energy resources,
undermining humanitarian principles.

7. CONCLUSION

This review has critically examined the role of portable solar photovoltaic (PV) systems in delivering
emergency power during post-disaster scenarios. Beginning with the challenges of energy disruption in disaster
contexts, the paper classified portable PV systems by capacity, deployment type, and electrical architecture,
and analyzed their core components, performance considerations, and smart monitoring features. Particular
emphasis was placed on DC-first architectures, modularity, and loT-enabled monitoring, which emerge as key
enablers of efficiency, reliability, and usability in humanitarian settings. The synthesis of findings highlights
that portable PV systems represent a sustainable and scalable alternative to conventional diesel generators,
especially when designed with resilience, simplicity, and user-centered interfaces. Smart monitoring and
embedded control substantially enhance operational awareness and reduce the burden on non-technical users,
while integration into broader emergency energy ecosystems enables coordinated and adaptive resource
management. Nonetheless, significant barriers remain, including technical limitations in energy storage, lack
of standardization, and operational challenges in deployment and maintenance, which currently constrain
widespread adoption. To address these challenges and advance the field, future research should prioritize:
1) Resilient energy storage-development of low-cost, thermally stable, and long-life batteries tailored for
disaster environments; 2) Modular and plug-and-play architectures-standardized interfaces enabling rapid
scaling from single units to coordinated microgrids; 3) Al-driven energy management-intelligent algorithms
for predictive load prioritization, fault detection, and adaptive control; d) Low-power 10T monitoring-energy-
efficient communication protocols and embedded systems that minimize overhead while ensuring reliability;
4) Human-centered design-interfaces that emphasize simplicity, multilingual support, and accessibility for non-
technical users; 5) Policy frameworks and standards-collaborative efforts to establish international guidelines
for portable PV deployment in humanitarian contexts; and 6) Hybrid systems-integration of PV with
complementary renewable sources (e.g., portable wind, fuel cells) to enhance resilience and energy diversity.
In conclusion, portable solar PV systems hold transformative potential for strengthening energy resilience in
disaster contexts. Realizing this potential will require coordinated advances in technology, operations, and
policy, alongside a commitment to humanitarian integration. By overcoming current limitations and embracing
innovation in storage, modularity, intelligent monitoring, and system interoperability, future portable PV
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systems can evolve into robust, scalable, and trusted solutions. Ultimately, they may serve as a cornerstone of
sustainable disaster-response strategies, bridging the gap between immediate relief and long-term recovery.
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