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Abstract
Access to resources that is equitable and sustainable provides a critical foundation for community harmony and development. 
Both natural and human-induced disasters present major risks to sustainable development trajectories and require strategic 
management within regional and local plans. Climate change and its impacts, including intensified storms, flash floods, and 
other water-based disasters (WD), also pose a serious and increasing threat. Small, remote communities prone to weather 
extremes are particularly vulnerable as they often lack effective early warning systems and experience energy insufficiency. 
Humanitarian engineering provides a transdisciplinary approach to these issues, supporting practical development resources 
such as renewable energy, which can also be adapted for disaster response. This study details an exploratory investigation of 
community vulnerability and capability mapping (VCM) that identifies communities with high WD risk and limited response 
capability which may benefit from risk reduction engagement and program co-development. By presenting criteria appropri-
ate for VCM, we highlight the anthropocentric characteristics that could potentially be incorporated within community-led 
action as part of a comprehensive scheme that promotes sustainable development.

Keywords Off-grid renewable energy · Early warning · Sustainable development goal · Community

Introduction

During 2019, over 90% of all natural disasters involved 
extreme weather events (EWE) which include floods, 
storms, landslides, extreme temperatures, droughts, and 
wildfires (CRED 2020). Floods and storms are the most 
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frequent types of natural disasters and associated with the 
highest cumulative number of people affected (CRED 2020; 
Wahlstrom and Guha-Sapir 2015). The devastation wrought 
by such water-based disasters (WD) is substantial, but its 
relative health and socio-economic effects are dispropor-
tionately high in low and lower-middle-income countries (L/
LMIC), where hazard-resistant infrastructure and response 
resources are often more limited (Strömberg 2007). Goal 13 
of the United Nations 2030 Agenda for Sustainable Develop-
ment highlights this issue and focuses on the importance of 
‘strengthening resilience and adaptive capacity to climate-
related hazards and natural disasters in all countries’ (UNSD 
2020).

Sustainable energy in sufficient amounts is a major capac-
ity factor and is linked to both socio-economic development 
(Howells et al. 2017; UN 2015) and disaster resilience and 
response capabilities (Phillips 2017). The latter can play 
a key role in protecting community-developed assets that 
contribute to livelihoods and community cohesion. Goal 7 
prioritizes universal access to affordable and reliable energy 
services (UNSD 2020). It also encourages an increased pro-
portion of renewable energy sources in the global energy 
mix, improvements in energy efficiency, and international 
cooperation to facilitate broader access to clean energy 
research and technology over the next decade, so more 
Goals can be reached (Howells et al. 2017; UN 2015; UNSD 
2020). Importantly, expediting the transition to renewables 
and increased efficiencies may allow climate reparations 
to occur and provide long-term socio-economic benefits 
(Amin 2018). Hydropower, wind energy and solar energy 
are important developing technologies and potential ‘game 
changers’, especially for those in remote areas where main 
power grids cannot be accessed. In such scenarios, off-grid 
renewable energy systems (OGRES) are a preferred source 
of power for local communities (IRENA 2018).

Despite these benefits, the transition to renewables may be 
costly, particularly in L/LMIC where fossil fuels are readily 
available (Manley et al. 2017). These countries often face the 
dilemma of development and poverty reduction that occurs 
at the cost of environmental and health impacts (Dincer 
1999; Manley et al. 2017). Furthermore, wealth effects may 
be poorly distributed and this can affect social harmony. In 
that sense, fossil fuel production and use in L/LMIC may 
cause more harm than good. Ross (2015) describes the 
‘resource curse’; a paradox where counties often L/LMIC 
rich in natural resources do not reach expected develop-
mental, environmental, and socio-political outcomes due 
to wealth inequity. The Niger Delta, Nigeria is a notable 
example, having unique biodiversity that has supported the 
traditional livelihoods of many communities, but now hosts 
one of the world’s richest crude oil reserves (UNDP 2014). 
Exploitation of delta oil and other resources has damaged 
local ecosystems while offering few economic benefits to 

local communities, who continue to experience high poverty, 
health problems, and a lack of basic services (Omeje 2006; 
UNDP 2006). These conditions have led to societal tensions 
and conflicts between different groups (Omeje 2006). Such 
phenomena are common in L/LMIC with more pronounced 
ethnic and cultural divides, political corruption, and ongoing 
socio-economic imbalances (Stewart et al. 2002).

The common perception that renewables represent a 
ready ‘step change’ for many L/LMIC communities must 
be tempered with recognition of the structural inequities and 
forms of environmental injustice that many face, as detailed 
in the example above. Development and humanitarian actors 
may play a pivotal role in supporting their use within longer 
term, community-led development, but also risk the ‘short-
termism’ of narrowly conceived technical ‘solutions’ with 
little ongoing support in resource-constrained environments. 
For example, renewable energy projects in Sub-Sahara have 
been found to fail to or have sub-optimal long-term out-
comes due to bad management and planning, and lack of 
maintenance and local stakeholder involvement (Ikejemba 
et al. 2017). These are central considerations in the emerging 
theme of humanitarian engineering.

Humanitarian engineering can be defined as the urgent 
or longer term application of engineering concepts appro-
priately designed, installed, and used to serve populations 
in great need. It approaches engineering aspects with com-
munity needs as the core focus, and considers the context 
of communities in terms of culture, existing strengths, insti-
tutional structures, etc. (Gosink et al. 2003; Hill and Miles 
2012; Sheroubi and Potvin 2018). It supports disaster resil-
ience mechanisms, and contributes to sustainable livelihood 
and socio-economic development (Mazzurco and Jesiek 
2017; Sheroubi and Potvin 2018; Younger et al. 2018). This 
conceptualization of humanitarian engineering is informed 
by, and overlaps with, two related fields; development engi-
neering, which investigates solutions in societal challenges 
through science and technology (Nilsson et al. 2014), and 
global engineering, which addresses worldwide challenges 
that are ongoing (e.g., poverty, water sanitation, and energy) 
as a practical driver of increased equity (Thomas 2019). 
Humanitarian and development engineering solutions can be 
considered practice elements of ‘developmental-relief’ tran-
sitional frameworks within the development sector (includ-
ing community ‘resilience’ programming; Mosel and Levine 
2014), and as a sub-set of global approaches which address 
challenges to humanity as a whole.

To address common hazards such as EWE exposure 
and energy insufficiency, steps for reliable early warning, 
proper management of natural resources, national policy 
reformation, and equitable benefits distribution are essen-
tial (Thomas et al. 2020). At the same time, supportive and 
cross-disciplinary actions at the community level should 
aim for a wider and stronger impact. These can include 
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idiosyncratic approaches that are a ‘best fit’ for a single com-
munity, but also common solutions that can support design 
durability and the efficiency of manufacturing, distribution, 
and installation (Thomas 2019).

This paper focuses on communities with high vulnerabil-
ity and limited capability, particularly remote populations 
in L/LMIC with energy insufficiency and high exposure to 
WD. It presents an exploratory investigation of community 
hazard vulnerability and capability mapping (VCM). For the 
purpose of this study, we focus on communities that may 
benefit from WD risk reduction engagement and program 
co-development reinforced by renewables. Our goal is to 
collect information based on internationally known, com-
parable, and evidence-informed metrics that can support 
community vulnerability and capability mapping (VCM) and 
serve as a cross-sectional measuring tool for the following 
considerations:

• Evaluate one or more communities in pre- and post-haz-
ard phases, focusing on hazard preparedness and socio-
economic sustainability indicators

• Identify communities with potentially greater need for 
development and hazard management resources (e.g., 
OGRES or EWS)

• Compile and present clear and accessible information 
as part of community consultation, risk assessment, and 
mitigation planning

• Determine the effectiveness of humanitarian and devel-
opment program interventions in a single community 
over time (i.e., post-intervention assessment tool)

In the following sections, we focus on the definitions of 
community vulnerability and capability. We present concep-
tual and operational frameworks that support community 
hazard risk assessments, including technical, economic, 
and environmental metrics. Following that, we detail a pro-
visional application of the VCM framework to three case 
examples of communities with different vulnerability and 
capability levels that were recently exposed to WD. Our goal 
is to map how OGRES and/or EWS can support affected 
populations and minimize losses caused by natural disasters. 
This approach accords with the principles of the Agenda 
2030 for Sustainable Development (UN 2015) and Sendai 
Framework for Disaster Risk Reduction (Pearson and Pel-
ling 2015).

Understanding vulnerability and capability 
factors

The severity of disasters is subject to the vulnerability level 
of the affected populations, that is, the extent to which an 
individual or a group is predisposed to experience losses 

in relation to a hazard event (Burnham 2008). The United 
Nations Office for Disaster Risk Reduction defines vul-
nerability as ‘the characteristics and circumstances of a 
community, system or asset that make it susceptible to 
the damaging effects of a hazard’. It is one of the defining 
components of the common disaster risk formula (Disaster 
Risk = Hazard × Exposure × Vulnerability/Capability). In 
this conceptualization, vulnerability is directly mediated 
by the response assets and cap level of the affected popula-
tion (UNISDR 2009 p. 30).

Due to their nature, commonly used warning and fore-
casting systems are not always capable of predicting EWE 
severity with sufficient lead time and accuracy (Alcántara-
Ayala and Oliver-Smith 2019). For instance, the African 
Flood Forecasting System that is used for medium- and 
large-scale river basins in Africa is accurate in forecasting 
riparian floods, but only across large areas (10,000  km2 
or more) and with relatively long lead times (i.e., 1 week 
or more) (Thiemig et al. 2015). This information is not 
always helpful in smaller scale areas where sudden and 
short-duration floods occur. To warn populations in such 
locations, a different approach is required.

The United Nations Framework Convention on Cli-
mate Change and the International Centre for Integrated 
Mountain Development have showcased the successful 
use of community-based flood early warning systems in 
the Hindu Kush Himalaya region (Shrestha Pradhan 2000; 
UNFCCC 2020). These are low cost and simple in their 
operation and use. A flood sensor detects rising river water 
levels. When critical thresholds are reached, signals are 
sent to the receiver and then warnings are disseminated 
to agencies and nearby communities. Local communities 
participate in the processes (i.e., they jointly determine 
flood thresholds). Once the flood management plan is 
established in an area, local communities can take owner-
ship and overall management of the EWS. This manage-
ment transition has been found to increase the longer term 
sustainability of the system and create synergies between 
stakeholders (UNFCCC 2020). For instance, local care-
takers receive training and are responsible for the main-
tenance of the system. They also monitor flood data and 
send reports. Local authorities cross-check alternations 
in flood status, circulate information, and deploy rescue 
teams when required. Focal agents receive and disseminate 
warnings, and local media broadcast alerts. Meanwhile, 
a flood risk management committee overseas operations 
and coordinates with participating stakeholders includ-
ing community representatives (Shrestha Pradhan 2020). 
Maintenance and operating costs are often supported by 
donations and agencies when self-funding is insufficient 
(Shakya 2020). This example shows how autonomous 
EWS in WD-prone areas can be effectively managed at the 
local level through collaborations between professionals 
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and community members. Such collaborations are a key 
aspect of humanitarian engineering planning and manage-
ment (Mazzurco and Jesiek 2017).

Other community-centered EWS strategies that focus 
on EWE and other global emergencies are available in the 
SERVIR Global, a worldwide network that allows resilience, 
developmental, and environmental capacity strengthening by 
linking satellite data to potential community hazards (SER-
VIR 2020). Similarly, the Famine Early Warning Systems 
Network informs about food insecurity and livelihood condi-
tions, EWE, armed conflicts, energy insufficiency, and other 
crises that affect food and water supplies (FEWSNET 2020). 
As it can be observed, early warning is a critical factor for 
building resilience and supporting the development of vul-
nerable communities.

For this study, communities defined as vulnerable to WD 
have one or more of the characteristics presented below. A 
higher number of such features is associated with greater 
vulnerability (Schismenos et al. 2018, 2020):

• Reside in remote, rural areas (small settlements such as 
villages or towns)

• Low/lower-middle income (based on minimum wage, 
purchasing power per capita, etc.)

• Reside in riparian or deltaic ecosystems
• Experience power insufficiency (off-grid and/or unstable 

power supply)
• High flood risk probability
• Insufficient flood early warning (minor or no EWS or 

other warning mechanisms)
• Poor telecommunications (no mobile phones or landlines 

in residencies)
• Mono-economy.

Capacity can be defined as ‘the combination of all the 
strengths, attributes, and resources available within an 
organization, community, or society to manage and reduce 
disaster risks and strengthen resilience. This may include 
infrastructure, institutions, human knowledge and skills, 
and collective attributes such as social relationships, lead-
ership, and management’ (UNISDR 2009 p. 5). Capability 

is a related concept, and in this context refers to established 
plans, structures, and associated actions to prevent or miti-
gate hazard impacts. Community response capability can be 
achieved by developing, transmigrating, maintaining, and 
improving related knowledge, tools, and resources (Coles 
and Buckle 2004).

According to the United Nations Office for Disaster Risk 
Reduction, a combination of physical, social, economic, and 
environmental metrics determines vulnerability and capabil-
ity levels, especially in hazard risk mapping (UNISDR 2009 
p. 26). Furthermore, political, cultural, historical, psycho-
logical, and institutional elements could also be taken into 
consideration as complementary factors (Field et al. 2012; 
Twigg 2004). Such metrics are important for predicting the 
potential consequences of a disaster and directing the estab-
lishment of disaster resilience and response resources at the 
local level. The evaluation of resilience and response level 
of existing structures and services to potential disasters, such 
as the WD, requires engineering knowledge and practices.

There are many tools for measuring the aforementioned 
metrics. Most of them include a risk analysis process that 
summarizes the review of technical characteristics of a dis-
aster (e.g., location, magnitude, and probability), analysis 
of risk exposure and vulnerability, and effectiveness of 
coping capacity to risk scenarios (UNISDR 2009 p. 26). 
These are highly reliable when evaluating local communi-
ties because structures and techniques may differ from one 
local population to another (e.g., different available recourse 
materials, culture, weather conditions, etc.). Therefore, local 
engineers and humanitarian professionals are preferred in 
the relative assessments, as they are more familiar with 
the local building ‘culture’ (UNISDR 2013). Examples of 
such assessments can be the evaluation of localized EWS 
(e.g., water level and velocity sensors), the installation of 
OGRES (e.g., hydropower generators and solar panels), and 
structures that support such systems (e.g., local bridges and 
irrigation systems). Table 1 presents a framework of com-
munity-level hazard risk assessment and management. It is 
an adapted framework drawing upon the focal assessment 
areas described within the STAPLEE model (FEMA 2008) 
and with assessment processes and outcomes as described 

Table 1  Focal hazard 
assessment areas, processes, and 
outcomes

Focal assessment areas Assessment processes Outcomes

Social Assessment Evaluate and specifying risks
Technical Diagnosis Understand risks and their causes
Administrative Planning Prioritize actions and their sequences
Political Empowerment Increasing community capability and 

self-sufficiency
Legal
Economic
Environmental
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by Benson et al. (2007). We see these focal assessment 
areas, assessment processes and outcomes as a compatible 
framework.

Devising VCM and its metrics

When documenting vulnerability and capability factors, 
assessments on community scale, via community participa-
tory approaches, are more reliable and precise; therefore, 
they are often preferred by local governments and organiza-
tions (Ostadtaghizadeh et al. 2015; Renschler et al. 2010; 
UNISDR 2009 p. 23). However, such assessments focus on 
a single community, making comparison between different 
populations problematic particularly as some of the metrics 
are based on qualitative factors (e.g., social, cultural, and 
political metrics). Even though these factors can be used for 
qualitative or mixed analysis, practitioners and policymak-
ers find quantitative data more useful due to their universal 
character (Simmons et al. 2017).

Another issue arises when community capability level 
changes due to uncertainties (e.g., power blackout due to 
WD). Often, community vulnerability to EWE increases 
both intra- and post-disaster. Moreover, vulnerabilities that 
relate to pre-existing inequalities will often be exacerbated 
by such events (Peek 2008). The duration and impact of this 
change are dependent on the pre-existing capability level 
but with this often reflecting underlying socio-economic and 
equity issues within a given population. Therefore, when 
developing community hazard risk assessments, indicators 
that influence vulnerability and capability levels under both 
normal and disaster-specific conditions should be taken into 
consideration. It is also important that such assessments are 

able to detect incremental shifts, especially when investi-
gating changes in communities starting with lower base-
line capabilities. By relying on criteria with universal and 
objective characteristics, appropriate for such contexts, the 
development of guides suitable for community comparison 
is possible. The following information investigates technical, 
economic, and environmental criteria. Those of universal/
commonly accepted profile will be included in the VCM.

Technical criteria

As previously stated, infrastructure and services may vary 
between different communities. Yet, energy availability and 
hazard detection are key elements for disaster resilience and 
sustainable development. This study emphasizes the inves-
tigation of OGRES, EWS, and hybrid systems. The reasons 
for selecting these specific metrics are the following:

Significant input in community capability levels: Both the 
OGRES and EWS can contribute to EWE resilience, conflict 
prevention, and socio-economic growth, if they are designed 
to be anthropocentric and useful in more than one area (e.g., 
disaster response, agriculture, and ecotourism) (Howells 
et al. 2017; Schismenos 2017; Schismenos et al. 2020).

Standard action process: Both OGRES and EWS have 
standard action processes, regardless of their type or com-
plexity. Figure  1 draws information from Waidyanatha 
(2010) and Schismenos et al. (2020), and presents these 
processes.

Large product availability: Both OGRES and EWS prod-
ucts can be found in the market. They vary in cost, features, 
and requirements. In general, OGRES are either: (i) con-
ventional (e.g., portable diesel generators, firewood), or 
(ii) renewable energy systems (e.g., wind, hydro, and solar 

Fig. 1  Standard action process for OGRES and EWS
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power). Basic EWS can either be: (i) indoor systems (e.g., 
radio, television, phone, computer connected to the internet), 
(ii) outdoor systems (e.g., sirens, lights, LED signs), or (iii) 
portable/other (e.g., smartphone, tablet) (Schismenos et al. 
2020).

Known factors and universal use: Most communities are 
aware of OGRES and EWS, and their functions. When com-
munities cannot afford these technologies, they use alterna-
tive disaster response and energy solutions. These include 
traditional means and ‘know-how’ or improvised systems 
made from readily sourced materials. These solutions are 
usually do-it-yourself and easy-to-deploy-and-operate 
(Jaglin 2019; Schismenos et al. 2020; Smith 2011).

The above criteria, at least in their broad terms (disas-
ter preparedness, disaster response, and energy availability 
under both normal and extreme conditions) can be used for 
universal comparative analysis. Therefore, they are included 
in the VCM.

Economic criteria

There is no doubt that vulnerability and capability levels 
are highly connected to poverty conditions (Wisner et al. 
2004). Poverty is not only a driver, but also a consequence 
of disasters, regardless of whether they are natural or human-
induced. People with no or low income, including women, 
children, people with disabilities, the elderly and migrants 
often live in disaster-prone areas and under unsafe condi-
tions (Wisner et al. 2004). Even though poverty is not the 
only parameter to be considered when investigating vulner-
ability and capability, it is perhaps the most critical (Twigg 
2004; Wisner et al. 2004). This is supported in studies inves-
tigating poverty and WD impacts in rural and unplanned 
communities in L/LMIC (Di Baldassarre et al. 2010; Dube 
et al. 2018; Kumar et al. 2016). Therefore, income represents 
a potential VCM indicator.

For this metric, the sufficiency level of community 
income is determined based on the average income of the 
residents of a community. This method follows the concept 
of the World Bank Atlas method in which the gross national 
income (GNI) per capita—US$ value of a country’s final 
income in a year is divided by its population. If the commu-
nity average income cannot be calculated (i.e., due to lack 
of data), the national minimum wage or purchasing power 
per capita is selected. This criterion is objective, and since it 
can be used for universal comparative analysis, it is included 
in the VCM. Specifically, the income in the VCM refers 
to community income status (pre-hazard conditions) and 
income flow (post-hazard conditions). Higher income com-
munities have more diversified markets, multiple income 
sources, and greater purchasing power, factors likely to 
afford better hazard-related resilience (Strömberg 2007). 
Using data reported by the World Bank, Table 2 presents 

how income status is defined based on the GNI per capita 
(WB 2019).

Environmental criteria

For flood preparedness and forecasting, the historical data of 
local atmospheric conditions can be used for weather evalu-
ations, whereas the botanical and hydrogeomorphological 
conditions for investigating characteristics of the local eco-
system (Wilhelm et al. 2019). These criteria cannot be used 
as universal factors, since the WD are not standard. How-
ever, they are valuable for environmental observations of an 
area over time. They also contribute to the development of 
hierarchical flood models at the local level, which is suit-
able for selecting optimal locations when installing localized 
OGRES and EWS (Schismenos et al. 2018).

VCM compilation and format

Table 3 presents the technical and economic indicators that 
can be included in the VCM. These include objective and 
internationally known/accepted criteria and other evidence-
informed metrics for both pre- and post-hazard conditions. 
It also defines what these indicators measure.

As indicated by Table  3, hazard preparedness and 
response, energy availability under any condition, and con-
tinuous income could increase community capability. One 
way to achieve that is the establishment of OGRES com-
bined with EWS at the local level. For instance, the OGRES 
would generate energy and provide power to EWS (e.g., 
sirens and evacuation lights) and other community needs 
(e.g., public lights and agricultural activities) (Schismenos 
et al. 2020). The most vulnerable communities will typically 
need external assistance to develop these capabilities. The 
success or failure of such programs can be measured when 
one or more indicators in Table 3 change.

The metrics in VCM are informed by open access second-
ary sources (e.g., international minimum wage rates) and 
national statistics when no primary sources at the commu-
nity level are available. These include objective, comparable 
indicators (e.g., income, energy access, and available EWS) 
and evidence-informed estimates based on situation reports 
and other available site information (e.g., post-disaster 

Table 2  How economies are defined based on their GNI per capita

Economy US$ (2019)

Low-income 995 or less
Lower-middle-income 996–3895
Upper-middle-income 3896–12,055
High-income 12,056 or more



1191Sustainability Science (2021) 16:1185–1199 

1 3

energy access, statistics, and media). A list of open access 
secondary sources for the VCM is presented in Appen-
dix 1. These are widely recognized and objective sources of 
secondary data. For the purposes of the current VCM, the 
‘selected sources’ were considered the most reliable source 
of such data. In the case of recent hazard events, news media 
represented the only available source of data.

The VCM could act as a process template for humani-
tarian and development non-governmental and government 
agencies that are responsible for multiple communities. It 
could also act as a supplementary report to other formal 
assessments to compile additional data on the characteristics 
of communities (e.g., community energy mapping).

It should be noted that the mapping outputs do not meas-
ure direct proportional changes, per se, but the achieve-
ment of a basic or ‘minimally effective’ resource standard 
than can support hazard preparedness/response and related 
development outcomes (e.g., available flood detection sys-
tem, access to energy, and reported income). The suggested 
ranking includes a simple, 1–3 scale (low, intermediate, and 
high) to detect three resource/capability levels that affect 
EWE preparedness. These levels also use the semaforo 
(‘traffic light’) color system, where red, yellow, and green 
represent concerning, intermediate, and satisfactory capabil-
ity status, respectively (Mahmoudi et al. 2018). Their pres-
entation in this format can provide clear information in an 
accessible way when consulting with community groups and 
other stakeholders.

The VCM categories are presented as follows:

• Green (high capacity/resource) with a value of 3
• Yellow (effective minimal capacity/resource) with a 

value of 2
• Red (no effective minimal capacity/resource) with a 

value of 1.

The following section presents three recent cases of rural 
communities affected by WD, examining their pre- and post-
response capabilities and assets.

Community case examples of water‑based 
disasters

From February 2019 to April 2020, three major WD 
occurred in flood-prone communities in different parts of 
the world: a combined WD event across eastern Australia, 
a storm in southern Nepal, and a flash flood in southern 
Yemen. The latter are low-income countries but in quite dif-
ferent social and political contexts affecting their response 
resources and infrastructure. The Australian community 
presents a high-income context with substantial resources Ta
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and response infrastructure and is included for comparative 
purposes.

Flood: Bluewater, Queensland, Australia

In February 2019, the convergence of a monsoon and a 
slow-moving tropical low generated a serious flood event in 
Townsville, Queensland, Australia. According to the local 
media, this WD resulted in six fatalities; four people died 
during the floods and two more died later due to a soil-borne 
bacterial infection (Melioidosis) that occurred because of 
the flood. This infection affected ten more people but with-
out causing significant health impacts. While news media 
announced bad weather conditions and a high risk of flash 
flooding, the Bureau of Meteorology did not predict the 
scale of this flood, which would normally trigger an evacu-
ation warning. As a result, many of the affected people were 
sleeping and trapped indoors when their properties started 
flooding (ABC 2019b). The flood ultimately resulted in hun-
dreds of evacuations and significant property damage. The 
local cattle industry is the main income source (Johnston 
2020) and was heavily affected. Almost 11,300 residents 
remained without power for several days due to both dam-
age in the power supply system but also safety-related shut-
downs. Bluewater, a rural suburb in Townsville with 1040 
residents was severely affected (ABC 2019b). Although 
electricity and telecommunications were available during 
the early stages of the disaster, power blackouts occurred 
when the flood reached critical levels. Despite the impacts, 
disaster response and recovery mechanisms were reported to 
have worked well (ABC 2019a, b; Rafferty 2019).

Heavy Storm: Pheta (Ward 6), Nepal

On March 31, 2019, a powerful storm hit Bara and Parsa 
provinces in southern Nepal. The municipalities of Pheta 
(Ward 6), Parwanipur, and Bharbalia in Bara were highly 
affected. This disaster resulted in at least 28 fatalities, more 
than 600 casualties and several missing persons (9news 
2019). These municipalities are remote, low-income com-
munities with poor disaster response infrastructure. For 
example, the people in Pheta (Ward 6) are mainly subsist-
ence farmers and have limited disaster preparedness knowl-
edge or resources. Their homes are typically made of mud 
and bricks. There is no localized EWS in the area and having 
little understanding of the magnitude of the storm most peo-
ple tried to shelter in their huts. Many homes were destroyed, 
causing deaths and injuries as they collapsed (9news 2019; 
Bidari 2019). Communities remained without power for days 
due to damaged electricity poles (Bidari 2019). The provin-
cial government later advised that the families of people 
who died in this disaster would receive compensation in the 
amount of US$ 4000 (9news 2019).

Flash flood: Aden Governorate, Yemen

In mid-April 2020, at least 100,000 people in Yemen were 
affected by extreme flash floods. Districts in Aden were 
among the most seriously impacted with eight confirmed 
fatalities and severe infrastructure damage including roads, 
energy grids, and drinking water supply systems (MEE 
2020). There was no EWS, thousands lost their homes, 
and had no immediate access to food and medical sup-
plies. Yemen is currently in the grip of a protracted civil 
conflict and humanitarian emergency, with at least 30% 
of its population currently living in pre-famine conditions 
(UNHCY 2020). The civil war between the government 
forces and Houthi rebels has continued since 2014, and 
resulted in the destruction of major health, energy, and 
water supply facilities due to the bombings and ground 
fighting (MEE 2020; UNHCY 2020). This loss of health 
infrastructure has contributed to one of the worst chol-
era outbreaks seen internationally in recent years, with 
3,886 Yemeni’s dying from this disease during 2016–2019 
(WHO 2019). Having little public health infrastructure is 
also seriously hampering the management of COVID-19 
spread during 2020 (UNHCY 2020).

These three cases present communities with different 
capability level:

• Bluewater—a high-income community in a stable envi-
ronment

• Pheta (Ward 6)—a low-income community in a stable 
environment

• Aden—a low-income community in a conflict-disrupted 
environment.

The cited examples show that some outcomes (e.g., 
property damages) were similar for the three communi-
ties. Warning systems either did not work effectively or 
did not exist at all. This increased vulnerability to adverse 
outcomes from these hazards, including fatalities and inju-
ries. All three communities are rural and have direct expo-
sure to the type of WD which occurred. Due to the lack 
of local disaster preparedness data for each community, 
relevant metrics that contribute to their respective national 
risk indices are considered. Specifically, as indicated in the 
World Risk Index Report 2019 (Day et al. 2019), Australia 
has high exposure to natural hazards, low vulnerability and 
susceptibility, and high coping and adaptive capacities. 
Therefore, the Disaster Preparedness metric of Bluewater 
is estimated as 3. Both Nepal and Yemen have very low 
exposure to natural hazards; however, their vulnerability 
and susceptibility levels are concerning, with coping and 
adaptive capacities that are substantially lacking. For this 
research, Pheta (Ward6) and Aden are estimated as 1.
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Another notable observation is that prior to the hazard 
events, energy availability was different among the com-
munities. The Energy Statistics Pocketbook 2020 reports 
that the energy use in Gigajoules per capita for Australia is 
218.9, Nepal 19.5, and Yemen 5.0 on a scale of < 15 to ≤ 100 
(UNDESA 2020). This translates to 3, 2, and 1 for Bluewa-
ter, Pheta (Ward 6), and Aden, respectively, in the Energy 
Availability metric.

The income of these communities varies significantly. 
The approximate minimum monthly wage in Australia is 
US$ 1,738, in Nepal US$ 74, and in Yemen US$ 0 (no 
reported average wage) (MW 2020). The lack of data in 
Yemen is possibly due to the ongoing conflict and socio-
economic instability which does not support formal work 
benefits or reporting (MW 2020). Given the aforementioned 
wages, the Income Status metric is estimated as 3, 2, and 1 
for Bluewater, Pheta (Ward 6), and Aden, respectively.

Regarding the post-hazard metrics, all of the examined 
communities were affected by WD. The community in Aus-
tralia was aware of the event but not its magnitude. While 
evacuations did occur, a loss of lives still ensued (Disaster 
Response: 2). The communities in Nepal and Yemen had 
poor infrastructure and no EWS, so the impacts were more 
severe (Disaster Response: 1 for both). Power was available 
in Bluewater during the early stages of the disaster, but not 
after its climax (Emergency Energy Availability: 2). Both 
Pheta (Ward 6) and Aden experience power insufficiency of 
some sort (UNDESA 2020). Based on these known infra-
structure issues affecting reliable supply, and extrapolating 
to the response phase, it is high likely that power was insuf-
ficient during the WD (Emergency Energy Availability: 1 for 

both). Despite the economic losses, Bluewater recovered in 
a short period due to additional income sources (e.g., gov-
ernment support and insurance) and sufficient disaster relief 
planning (i.e., State Recovery Plan)1 (Income Flow: 2). By 
contrast, Nepal is one of the poorest countries in the world 
(UNCDP 2018). While the government provided some finan-
cial assistance, it could not redress financial losses for all 
those affected (Income Flow: 1). Yemen is in civil conflict 
and the government cannot financially support much of its 
population, nor offer financial assistance to flood-affected 
communities in Aden without the support of humanitarian 
organizations (Income Flow: 1).

Table 4 summarizes the key outcomes of each case based 
on the VCM template and the above estimates. By apply-
ing these metrics, we map the vulnerability and capability 
levels of these communities in a way that supports cross-
jurisdictional comparisons.

As detailed in Table 4, Bluewater has sufficient capacity 
with a total rating of 15 (short-term problems in post-hazard 
phase only). It should not be considered as vulnerable com-
munity, particularly as it did not require external assistance. 
Conversely, both Pheta (Ward 6) and Aden are vulnerable 
communities with rates of 8 and 6, respectively. Both were 
found to have low WD resilience and response capability, 
including no EWS or energy supply that could support the 
WD response. Further support is indicated if the Nepalese 

Table 4  Observed capability 
rates of communities 
experiencing WD

 

 

Community, 

Country 

Pre-hazard*  Post-hazard**  

Disaster 

Preparedness  

Energy 

Availability 

Income 

Status  

Disaster 

Response  

Emergency 

Energy  

Availability 

Income 

Flow  

Total 

Ra�ng 

   

Bluewater, 

Australia 

3 3 3 2 2 2 15 

Pheta (Ward 6), 

Nepal 

1 2 2 1 1 1 8 

Aden 

Governorate, 

Yemen 

1 1 1 1 1 1 6 

*6 months or more.
**1 month or less.

1 North and Far North Queensland Monsoon Trough State Recovery 
Plan 2019–2021 https ://www.qra.qld.gov.au/sites /defau lt/files /2020-
03/Monso on-Troug h-2019-State -Recov ery-Plan.pdf

https://www.qra.qld.gov.au/sites/default/files/2020-03/Monsoon-Trough-2019-State-Recovery-Plan.pdf
https://www.qra.qld.gov.au/sites/default/files/2020-03/Monsoon-Trough-2019-State-Recovery-Plan.pdf
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and Yemeni communities are to develop these key capabili-
ties. The installation of OGRES and EWS could be a key 
solution for energy generation and strengthening WD resil-
ience at the local level.

Table 5 presents notional capability rating for each com-
munity had they installed OGRES and EWS before the WD 
occurred. Even though this is a hypothetical scenario, in 
practice, disaster preparedness and response should increase, 
since EWS and appropriate training would support commu-
nity WD resilience. Similarly, energy availability under any 
condition should also increase. The average of total primary 
energy per capita in L/LMIC is less than 300 Watts (Kolbert 
2008; Schismenos et al. 2020). This amount can be easily 
generated by OGRES (e.g., pico-hydropower systems) and 
support common energy needs. During WD, 300 Watts can 
act as emergency power supporting evacuation planning and 
possibly reducing fatality rates (Schismenos et al. 2020).

As detailed in Tables 4 and 5, the total rate change for 
Bluewater is not significant (15 17). However, the positive 
change shows that OGRES and EWS could still be used as 
a supplementary asset for emergency response within the 
existing WD response system, as there is an improvement in 
the post-disaster metrics. Within this model, the substantial 
rate change for Pheta (Ward 6) (8 12) is the result of positive 
changes related to the intervention in pre- and post-hazard 
conditions, since it improves both routine energy genera-
tion and WD response capability. In this case, we estimate 
that after the WD occurrence, the community will most 
likely lose income (e.g., impacts on agriculture or cattle) 
within a period of 1 month, since it is a mono-economy and 
highly dependent on its primary income source. The total 

rate change in the case of Aden is also substantial (6 10), 
achieving an incremental shift-related particularly to WD 
awareness/alerts and energy access (including intra-hazard). 
Income estimates necessarily remain low, but would likely 
see increases in a post-conflict, stabilized environment, and 
with potential flow-on to hazard mitigation.

Results and discussion

Natural disasters affect human settlements in various ways, 
with WD being the most frequent type and affecting the 
greatest number people through direct losses and disloca-
tion. Their consequences are more intense in L/LMIC where 
insufficient infrastructure, poor governance, and lack of 
emergency services are more common. Within these coun-
tries, small communities which lack political and financial 
power may experience further resource inequities, including 
forms of environmental exploitation that may degrade their 
environments and sustainable livelihoods. Humanitarian 
engineering works with communities to co-develop solu-
tions in climate adaptation, sustainable development, and 
community harmony and development—practical expres-
sions of the United Nations Agenda 2030 for Sustainable 
Development. While there are existing methods for assess-
ing community vulnerability and capability for a single 
community, a universal and evidence-informed approach 
based on internationally accepted criteria has been lacking. 
Our findings suggest that the use of VCM to assess disaster 
response capability offers a potentially reliable means of 
community evaluation and comparison of areas for targeted 

Table 5  Hypothetical capability 
rating communities at risk of 
WD post-installation (OGRES 
and EWS)

 

 

Community, 

Country 

Pre-hazard* Post-hazard**  

Disaster 

Preparedness  

Energy 

Availability 

Income 

Status  

Disaster 

Response  

Emergency 

Energy  

Availability 

Income 

Flow  

Total 

Ra�ng 

Bluewater, 

Australia 

3 3 3 3 3 2 17 

Pheta (Ward 

6), Nepal 

2 3 2 2 2 1 12 

Aden 

Governorate, 

Yemen 

2 2 1 2 2 1 10 

*6 months or more.
**1 month or less.
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development. The VCM can also assess incremental shifts in 
WD resilience, energy, and income, in a format that is easily 
understood by community actors and may assist in initial 
engagement regarding these issues.

To display the applications of VCM, this paper presented 
three examples of communities vulnerable to WD. Each 
community had different capability and vulnerability lev-
els. According to the VCM, Bluewater capability against 
WD was high, while Pheta (Ward 6) and Aden were not. 
The focus of VCM is to support community participatory 
responses to hazard assessment, prioritizing disaster resil-
ience, and capability development. Where solutions include 
the development and trialing of OGRES and EWS, and 
other technology-related capabilities, community partici-
pation will be critical to their ongoing success. Often how-
ever, these are determined by the approaches and resources 
offered by the support and implementing partners. Such ini-
tiatives, while laudable, are only ethical and feasible when 
they come with the longer-term resource ‘footprint’ needed 
for genuine development impact within these communities. 
For example, multi-year funded projects with ongoing train-
ing, maintenance, and technical supports budgets supporting 
measurable capacity building. For enhancements in EWE 
capability, several major issues at the community level need 
to be considered.

First, such systems may be vulnerable to EWE and 
human-induced threats. In Yemen’s example, Aden is not 
only affected by flash floods but also civil conflicts. If the 
systems are vulnerable to floods and their products (e.g., 
floating debris), as well as vandalism and sabotaging inci-
dents, they may not be an appropriate humanitarian engi-
neering solution. Therefore, systems’ design, location, 
installation, and surveillance should be considered. Second, 
if the systems are expensive, ‘foreign’ to local know-how or 
complex, local residents are unlikely to stay involved longer-
term. In other instances, conflicts between community user-
groups may ensue if the benefits are insufficient or unfairly 
distributed (Ikejemba et al. 2017). It is important from the 
outset that community end-users become familiar with the 
systems’ operations, maintenance, and their working lim-
its. Such understandings and agreements can be created via 
community participatory approaches, including VCM and a 
range of related assessment tools. Community disaster edu-
cation workshops can also support the wider aims of this 
work. Thirdly, OGRES and EWS can act as the driver for 
increasing community resilience and sustainable develop-
ment, but only with substantial program support over time. 
Importantly, these capabilities have the potential to act as 
a development ‘base’ for other health and socio-economic 
benefits. For example, we observed, in the case of Bluewa-
ter, other health risks of flood water (i.e., infection due to 
water-borne bacteria). Such systems could also be equipped 
with bacteria detection sensors to analyze water quality and 

specific risks. This could be a great asset which enhances 
its perceived value, particularly for the vulnerable communi-
ties in L/LMIC where general and flood water quality may 
vary. Finally, it should be highlighted that while humanitar-
ian engineering interventions are essential, they can only 
be successful when efforts for climate reparation and sus-
tainable, socio-economic development are made at a wider, 
more comprehensive level with the engagement of local, 
national, and international stakeholders.

Limitations and future work

The case examples used in the VCM are recent and based on 
news media information that is not validated with scientific 
data (e.g., flood risk analysis and direct impacts of the WD). 
The lack of consistent data may have affected the ranking 
in some metrics. When updated data from potentially more 
reliable sources are available (e.g., government reports and 
non-governmental organizations that provided aid to these 
affected communities), this study can be updated with these 
corroborative data inputs.

The continuation of this study could result in the iden-
tification of more objective open access sources for all the 
VCM metrics. These will further increase the reliability of 
the outputs. The development of a case study analysis in 
collaboration with humanitarian and developmental agencies 
would allow testing the VCM applications across a wider 
range of communities (e.g., communities in need of OGRES 
and findings in pre- and post-system installation).

Conclusions

In a climate context where WD are frequent and severe, 
reducing hazard impacts in remote communities can be 
a challenging task. Populations in L/LMIC experience 
greater disaster vulnerability, not only due simply to limited 
resources, but also structural and environmental inequities. 
Such injustice predisposes communities to societal tensions 
and conflicts. The strengthening of disaster resilience via 
OGRES, EWS, and related systems can be key drivers of 
community equity and harmony, but also need bold, State, 
and international actions for fair environmental resource 
management. The VCM could inform humanitarian engi-
neers and practitioners about the essential needs of vulner-
able populations and improve the livelihood and dignity of 
those at risk.

Appendix 1

List of open access secondary sources for informing VCM 
metrics.
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Disaster preparedness (pre-hazard)
Selected Source*:
Database/Link:
Information:

Global Risk Map, United Nations, 
Environment Programme Prin-
ciples for Sustainable Insurance 
(PSI) Initiative

http://globa lrisk map.terri a.io/
About .html

Related data (e.g., flood data)
Source:
Database/Link:
Information:

World Risk Report 2019, Bündnis 
Entwicklung Hilft and Ruhr 
University Bochum https ://relie 
fweb.int/sites /relie fweb.int/files 
/resou rces/World RiskR eport 
-2019_Onlin e_engli sh.pdf

Related data (e.g., vulnerabil-
ity level, exposure to natural 
hazards)

Source:
Database/Link:
Information:

International/National bodies and 
agencies, non-governmental 
organizations

Various
Related data (e.g., vulnerability 

and capability analysis, EWS)
Source:
Database/Link:
Information:

News Media (local/international)
Various
Related data (e.g., disaster prepar-

edness mechanisms)
Energy availability (pre-hazard)
Selected Source*:
Database/Link:
Information:

Energy Statistics Pocketbook 
2020, United Nations Statistics 
Division

https ://unsta ts.un.org/unsd/energ 
ystat s/pubs/docum ents/2020p 
b-web.pdf

Energy use per capita, electricity 
consumption per capita, etc

Source:
Database/Link:
Information:

Energy Consumption by Country 
2020 by Population 2020, World 
Population Review

https ://world popul ation revie 
w.com/count ry-ranki ngs/energ 
y-consu mptio n-by-count ry

Energy consumption (kWh) per 
capita

Source:
Database/Link:
Information:

2017 Electricity Profiles, United 
Nations Statistics Division

https ://unsta ts.un.org/unsd/energ 
ystat s/pubs/eprofi les/

Renewable energy statistics, elec-
tricity production and consump-
tion, etc

Source:
Database/Link:
Information:

Tracking SDG 7: The Energy 
Progress Report 2020

https ://www.irena .org/publi catio 
ns/2020/May/Track ing-SDG7-
The-Energ y-Progr ess-Repor 
t-2020

Data regarding renewable energy, 
energy efficiency, OGRES 
potential, etc

Income status (pre-hazard)

Selected Source*:
Database/Link:
Information:

International Minimum-Wage 
Rates 2020

https ://www.minim um-wage.org/
inter natio nal

Minimum wage per county
Source:
Database/Link:
Information:

Country Comparison: GDP per 
capita, The World Factbook

https ://www.cia.gov/libra ry/publi 
catio ns/the-world -factb ook/
ranko rder/2004r ank.html

Purchasing power per capita 
(comparison by country)

Source:
Database/Link:
Information:

Ministry of Finance/Economy/
Labor

Various
Purchasing power per capita, 

income, etc
Disaster response (post-hazard)
Selected Source*:
Database/Link:
Information:

News Media (local/international)
Various
Related data (e.g., sufficient emer-

gency response)
Source:
Database/Link:
Information:

Ministry of Civil Protection, 
Internal Affairs, other authorities

Various
Related data (e.g., emergency 

response mechanisms)
Source:
Database/Link:
Information:

Civil society groups, local/inter-
national non-governmental 
organizations

Various
Related data (e.g., emergency 

response and recovery)
Emergency energy availability (post-hazard)
Selected Source*:
Database/Link:
Information:

News Media (local/international)
Various
Related data (e.g. energy availabil-

ity during and after the disaster)
Source:
Database/Link:
Information:

Ministry of Energy, Civil Protec-
tion, Internal Affairs, other 
authorities

Various
Related data (e.g., energy avail-

ability during EWE)
Source:
Database/Link:
Information:

Civil society groups, local/inter-
national non-governmental 
organizations

Various
Related data (e.g., energy avail-

ability during EWE)
Income flow (post-hazard)
Selected Source*:
Database:
Information:

News Media (local/international)
Various
Related data (e.g., damages in 

income sources)
Source:
Database/Link:
Information:

Local/international non-govern-
mental organizations

Various
Related data (e.g., income flow, 

purchasing power during and 
after the disaster)

http://globalriskmap.terria.io/About.html
http://globalriskmap.terria.io/About.html
https://reliefweb.int/sites/reliefweb.int/files/resources/WorldRiskReport-2019_Online_english.pdf
https://reliefweb.int/sites/reliefweb.int/files/resources/WorldRiskReport-2019_Online_english.pdf
https://reliefweb.int/sites/reliefweb.int/files/resources/WorldRiskReport-2019_Online_english.pdf
https://reliefweb.int/sites/reliefweb.int/files/resources/WorldRiskReport-2019_Online_english.pdf
https://unstats.un.org/unsd/energystats/pubs/documents/2020pb-web.pdf
https://unstats.un.org/unsd/energystats/pubs/documents/2020pb-web.pdf
https://unstats.un.org/unsd/energystats/pubs/documents/2020pb-web.pdf
https://worldpopulationreview.com/country-rankings/energy-consumption-by-country
https://worldpopulationreview.com/country-rankings/energy-consumption-by-country
https://worldpopulationreview.com/country-rankings/energy-consumption-by-country
https://unstats.un.org/unsd/energystats/pubs/eprofiles/
https://unstats.un.org/unsd/energystats/pubs/eprofiles/
https://www.irena.org/publications/2020/May/Tracking-SDG7-The-Energy-Progress-Report-2020
https://www.irena.org/publications/2020/May/Tracking-SDG7-The-Energy-Progress-Report-2020
https://www.irena.org/publications/2020/May/Tracking-SDG7-The-Energy-Progress-Report-2020
https://www.irena.org/publications/2020/May/Tracking-SDG7-The-Energy-Progress-Report-2020
https://www.minimum-wage.org/international
https://www.minimum-wage.org/international
https://www.cia.gov/library/publications/the-world-factbook/rankorder/2004rank.html
https://www.cia.gov/library/publications/the-world-factbook/rankorder/2004rank.html
https://www.cia.gov/library/publications/the-world-factbook/rankorder/2004rank.html
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Source:
Database/Link:
Information:

Ministry of Finance/Economy/
Labor, other authorities

Various
Related data (e.g., income support 

and other initiatives)

*The selected source is the source/source type used in this study to 
inform the preliminary version of VCM, community case examples 
and Table 4
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