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Buffalo, NY, USA; cRENEW Institute, University at Buffalo, Buffalo, NY, USA; dEnergy Security and Resilience Center, National Renewable Energy 
Laboratory, Golden, CO, USA

ABSTRACT
Communities in the United States are increasingly dependent upon aging infrastructure systems and 
challenged by more frequent and intense extreme weather events due in part to climate change. 
However, prioritizing resilience-related investments in these systems is hindered by the lack of 
performance metrics that objectively quantify the societal outcomes of infrastructure disruptions, 
such as power or water outages. This article outlines the process of developing an equity-focused 
resilience metric that captures the social consequences of infrastructure service disruptions on 
households. Theoretically grounded in the Capabilities Approach (CA) theory of human develop
ment, this metric focuses on estimating the burden of post-event adaptations taken by households to 
maintain their basic capabilities (e.g., ability to access food and water) and fulfill important household 
functionings (e.g., maintaining health and well-being). A travel cost method (TCM) that considers 
travel-related expenses, direct out-of-pocket expenses, and opportunity costs is presented as a way 
to measure the value of locations (e.g., grocery stores, emergency shelters, etc.) that provide services 
that enable households to maintain capabilities. A gravity-weighted model of accessibility is also 
discussed as a way to capture the value of having multiple potential service locations from which to 
choose and offers a way to capture important factors impacting a household’s ability to access 
important goods and services during outages. The proposed social burden metric equation incorpo
rates the valuation principles of the TCM into the framework of the gravity model, resulting in a novel 
metric with strong methodological heritage. The article concludes by discussing the types of data 
needed to populate the proposed metric and future applications of this work that could inform the 
resilient infrastructure investments and planning necessary to mitigate the social burdens of power 
outages on vulnerable populations.
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1. Introduction

In recent years, the United States has experienced 
a variety of extreme events and disasters that have 
caused disruptions to the delivery of critical public 
infrastructure services, such as electricity and water. 
While the West has been plagued by extreme heat, 
drought, and wildfire, the East has been battered by 
increasingly intense hurricanes, and the Gulf region 
has weathered a series of severe cold and ice storms, 
all resulting in significant power outages and cascading 
disruptions to other infrastructure systems (including 
water, transportation, and food systems among others) 
impacting hundreds of thousands of people (e.g., 
Ferman et al., 2021; Henry & Ramirez-Marquez, 2016; 
Morris & Cabanatuan, 2019; Mulcahy, 2021). Evidence 
suggests that disasters like these are becoming more 
frequent and, in some cases, more intense, due in part 
to climate change (e.g., Banholzer et al., 2014; Huq et al., 
2007; Van Aalst, 2006).

At the same time, the nation is challenged by aging 
infrastructure systems. According to the American 
Society of Civil Engineers (2021) report card, 
America’s infrastructure scored an overall C- 
(American Society of Civil Engineers, 2021), with sys
tems like water and energy both scoring a C-, transit 
earning a D-, and roadways a D. These scores are in 
most cases an improvement over previous years, but still 
are an indication that major investments and improve
ments are needed to improve the nation’s infrastructure.

Together, the increasing frequency of disasters and 
the decreasing integrity of infrastructure systems paint 
a concerning picture for the millions of Americans who 
depend upon infrastructure services to support their 
well-being and livelihoods. It also underlines the impor
tance of investing in more resilient infrastructure sys
tems. In particular, improving the resilience of the 
nation’s electric power supply is a high priority for 
investment because other critical infrastructure 
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systems – including water, food, transportation, health, 
defense, and safety – depend upon the electric grid to 
function and maintain essential human services Jeffers 
(2021); Department of Homeland Security (DHS) 
(2013).

A major impediment in deciding how and where to 
invest in resilient infrastructure systems, as well as how 
to regulate and incentivize such infrastructure systems 
on the public’s behalf, is the lack of metrics – in parti
cular equity-focused metrics – available to measure sys
tem resilience. Such metrics would quantify the 
performance of an infrastructure system in terms of its 
ability to serve people and communities before, during, 
and after a disruptive event.

Particular to energy systems, a report published by 
Sandia National Laboratories (2020) offers a literature 
review of existing energy sector resilience metrics and 
identifies a notable lack of metrics that capture the social 
consequences of infrastructure disruptions. The report 
describes how existing metrics that report reliability 
measures, often in terms of customer minutes inter
rupted (see Clark-Ginsberg, 2016), are ideal for captur
ing the provision of energy in normal operating 
situations. Such metrics, however, are ill-suited for cap
turing the provision of energy (or lack thereof) during 
extreme events that exceed design or operational limits. 
In fact, high-impact, low-probability events are often 
excluded from reliability measures because they are 
rare and difficult to model, resulting in an incomplete 
and misleading view of reliability to customers (Nateghi 
et al., 2016).

In addition to being unsuitable for quantifying the 
impacts of major events, existing reliability and resili
ence metrics also often assume homogeneity across 
affected populations (i.e., that the impacts of critical 
service disruptions are the same or at least similar across 
households) despite common knowledge that disasters 
disproportionately impact poor and marginalized popu
lations (e.g., Benevolenza & DeRigne, 2019; Bethel et al., 
2011; United Nations Carvallo et al., 2021; Inter-Agency 
Standing Committee, 2008; Marshall et al., 2020). For 
example, one measure by which utilities quantify power 
interruptions, energy not served (ENS; measured in 
kWh), implicitly suggests that each unit of power lost 
has uniform impacts for residential customers.

The limitations of such assumptions are evident 
when one considers a household with two elderly 
people who may depend upon electricity to refrigerate 
their medicine, power a wheelchair, or operate oxygen 
supply equipment. They may also depend heavily on 
services provided outside their home that may be 
disrupted during infrastructure outages, such as 
a local pharmacy or local food delivery service. This 

type of household may critically depend upon electri
city and electricity-dependent infrastructure services, 
and electricity restoration is likely more urgent for 
them than for a household where a healthy young 
couple lives. Current resilience metrics fail to capture 
differences in the human, or social, consequences of 
service disruptions at the household level, an omission 
that is all the more concerning given the critical nat
ure of the lifeline services that infrastructure enables 
and supports at the household levelIt is therefore 
essential that the social consequences of disruptions 
be incorporated into efforts to inform how we might 
mitigate the burdens of disasters experienced by our 
most vulnerable populations and prioritize major 
infrastructure investments in our nation in the com
ing years.

In recognition of the inequities experienced by dif
ferent population groups as a result of infrastructure 
disruptions, we draw insight from a measurable defini
tion of social equity offered by Opp (2017) which is used 
to inform an equity-based approach toward measuring 
social burden. According to Opp, ‘. . . for a city to be 
labelled as socially sustainable, all people, regardless of 
race, ethnicity, gender, or income level must have the 
ability to enjoy equal access to the fruits of public 
investment while also being able to satisfy their basic 
human needs” (p.291). Applying this definition to the 
context of infrastructure disruptions affirms, at least in 
a general sense, the need to better understand, measure, 
and eventually address how disruptions impact the abil
ity of different types of households to access goods and 
services.

This research seeks to meet the need for an objec
tive metric that captures the social consequences of 
power outages and associated infrastructure service 
disruptions at the household level, as emphasized by 
the Sandia National Laboratories (2020) report. More 
specifically, this article describes the process of devel
oping a metric that builds upon previous work and 
methods, derived from scholars representing the dis
ciplines of resilience engineering, sustainable devel
opment, environmental economics, and geographical 
sciences. Although this approach may be adapted to 
inform the social consequences of a variety of infra
structure disruption types, this paper is specifically 
focused on the outcomes of power outages on house
holds, including concomitant infrastructure disrup
tions and the critical services they provide. The main 
objective is to offer policy-makers and practitioners 
an introduction to a social burden metric that may 
be used to ultimately inform more equitable and 
sustainable investment decisions regarding resilient 
infrastructure.
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2. Measuring the impacts of infrastructure 
disruptions

While there is a preponderance of existing social and 
community metrics that utilize publicly available census 
data to identify areas containing vulnerable populations 
for proactive resilience planning purposes (see Aldrich 
& Meyer, 2015; Aldrich, 2012; Cutter et al., 2003; 
Sherrieb et al., 2010), there is a comparative lack of 
metrics that quantify the outcomes or consequences of 
infrastructure disruptions (including power outages) for 
diverse communities and households, such as impacts 
on physical and mental health and time spent without 
service (Orengo-Aguayo et al., 2019). While the former 
facilitates the identification of vulnerable communities, 
with the hope that the identification of these commu
nities may result in improved resilience outcomes for 
them, the latter offers information that can be proven to 
have a positive social resilience outcome. There are 
a couple of exceptions to this. For example, Li et al. 
(2020) use sentiment and behavioral analysis of 
Twitter data to assess the varying mental and behavioral 
impacts of individuals during the 2019 Manhattan 
power outage. While this approach lends some insight 
into the social impacts of the power outage at the indi
vidual level, the findings are largely subjective and 
therefore challenging to integrate into a resilience 
metric. Perhaps more relevant is Yang et al. (2021), 
who evaluated the societal impacts of a water system 
disruption, defining the ‘societal impact’ as the percen
tage of the population in different levels of needs satis
faction, defined in terms of the amount of water they 
can access. Although focused primarily on water dis
ruptions, this work offers a quantitative approach to 
understanding the spatial distribution and severity of 
infrastructure disruption. Attempts to apply this 
method to a power system or other types of critical 
infrastructure, however, would prove challenging, as 
the minimum levels of service for satisfying other 
types of basic needs are not nearly as well defined as 
those for water usage.

A common technique used by economists to under
stand the impacts of infrastructure disruptions is the 
Willingness to Pay (WTP) approach to indirectly mea
sure the value of infrastructure provision (Shawhan, 
2019; Sullivan et al., 2018). In the context of infrastruc
ture resilience, the WTP model is often used to deter
mine the Value of a Lost Load (VoLL), to capture the 
damage and macroeconomic costs of a power interrup
tion by asking customers how much they would pay to 
either avoid a blackout or be guaranteed a higher level of 
supply security based on hypothetical outage scenarios 

(Schröder and Kuckshinrichs, 2015; Miller, 2016). 
Estimates of WTP summed across consumers can be 
used in investment decisions in electric power supply 
continuity and resilience. By choosing those invest
ments that provide the greatest net present value (i.e., 
the total difference between discounted willingness to 
pay and discounted investment costs), society can make 
the most efficient investment decisions. However, the 
efficient choice may not be the most equitable one. 
Consumer WTP depends, among other things such as 
the price of other goods and their tastes and preferences, 
on income (Miller, 2016). Simply put, for a given 
amount of taste or preference for electricity provision, 
a wealthier consumer can pay more than a poorer one. If 
electricity consumers can be thought of as voting with 
their dollars for electricity provision, then richer con
sumers have more votes. Thus, WTP and a desire or 
need for electricity provision are separated by the influ
ence of income. WTP, therefore, represents a poor mea
sure of equity since it favors wealthy consumers.

In consideration of these existing approaches, this 
study seeks to propose a new metric that objectively 
quantifies the social burdens or consequences of infra
structure disruptions on a household, with equity as 
a central focus. This metric, unlike existing approaches, 
is developed to emphasize the needs of different house
hold types and capture the impacts from a broad set of 
infrastructure service disruptions, primarily power but 
also concomitant disruptions in other systems, both 
inside and outside the home.

3. The evolution of the social burden concept

A resilience metric that captures the consequences or 
burden experienced by members of a community 
seeking to satisfy basic needs during infrastructure 
disruptions was first developed by Jeffers et al. 
(2018) as part of a broader analysis of potential 
power grid investments (notably, the citing of micro
grids), influenced by the conceptual definition of 
energy burden, which itself is an equity-informing 
metric of household energy affordability. This analysis 
was conducted by Sandia National Laboratories, 
funded by the US Department of Energy, to inform 
resilience-enhancement options in Puerto Rico follow
ing Hurricane Maria in 2017. The metric considers 
the geographic distribution of various critical infra
structure points (e.g., hospitals, grocery stores, gas 
stations, etc.) in relation to the geographic distribution 
of a population. In this metric, different infrastructure 
points were assumed to offer value to communities, 
based on the types of services (i.e., medical, food, fuel, 
etc.) they provided and their service capacity. For 
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example, large grocery stores were assumed to offer 
high value in terms of their ability to provide food 
resources, whereas they were assumed to provide 
a relatively lower value to the service of medication. 
The burden of a household to access a given infra
structure service point was defined as a function of 
the effort required of a household to access the infra
structure service location divided by that household’s 
ability to access those services. Effort was proportional 
to the weighted linear (‘as the crow flies’) distance 
between a given population and a service-providing 
facility (i.e., an increase in the distance between the 
population location and infrastructure point resulted 
in an exponential increase in effort). Ability was pro
portional to the median household income of each 
population group, reflecting the assumption that weal
thier populations will be more adaptable or capable of 
accessing services. As a result, burden would increase 
as a result of higher effort or lower ability, and 
decrease as a result of either lower effort or higher 
ability. Burden was calculated between each popula
tion group and infrastructure service location pair, 
and all the burden scores for each population were 
then summed to create an overall Burden score for 
that population. The overall Burden scores for the 
populations were then used as the basis for analyzing 
and comparing the potential benefits or impacts of 
different grid investment scenarios. First, a baseline 
was defined using the burden resilience metric as if 
no additional grid investments were made. This base
line burden was then compared to scenarios of dis
tributed resilience improvements to the power grid to 
inform investments in microgrids that most effectively 
decreased the burden of accessing critical services by 
the Puerto Rican population during future power 
outages.

Here, we present the social burden metric using the 
formulation in Wachtel et al. (2021), which is based 
upon the work of Jeffers et al. (2018). This formulation 
represents the social burden of adapting to a service 
disruption, summed across households in a population 
group. The effort term is modified to not only capture 
the distance between the population and service provid
ing location, but also to consider the value of the service 
provided by infrastructure points as well as the addi
tional time and effort spent at each location to receive 
the needed service. We have restructured this formula
tion using terms that are utilized in the modified version 
of the metric proposed later in this paper: 

Bp;s ¼
X

h

ρh

αh:
P

j
vs;j

f̂ hxh;jþbj

(1) 

Where:

● Bp,s = Social Burden for population group p to 
adapt to a disruption in service category s. [persons 
∙ hours ∙ dollars−1]

● ρh = population of each household h
● αh= Attainment Ability, or the resources house

hold h has at their disposal for fulfilling needs 
[dollars]

● vs;j = value of the service category s provided by 
infrastructure service location j [unitless service 
value]

● f̂h = modifier of distance for each household h, 
often described as an average travel speed [hours ∙ 
meters−1]

● xh;j = distance from each household h to each 
service providing location j [meters]

● bj = additional time and effort spent at each loca
tion j to fulfill needs at that location [hours]

In practice, the units of this restructured social burden 
formulation are the number of people disrupted multi
plied by their total hours spent fulfilling needs, divided by 
a dollar-based measure of attainment ability.

In a separate line of academic research, Clark et al. 
(2018) offer a service-based perspective of infrastructure 
resilience that emphasizes the role of infrastructure in 
enabling and supporting human well-being. This view is 
offered as an alternative to methods that classify the 
criticality of infrastructure primarily based upon con
siderations of physical condition and vulnerability to 
threats. It also offers a process by which resilience 
investments may be prioritized based upon justifica
tions grounded in human development theory, specifi
cally the Capabilities Approach (CA). The paper argues 
that the value of an infrastructure service should be 
based upon the significance of that service for fulfilling 
important household needs or capabilities.

The CA has been used by national and international 
agencies, notably the United Nations Development 
Program (UNDP), as a theoretical framework for mea
suring human development outcomes across nations 
(e.g., the Human Development Index, or HDI). Its pri
mary principle is that well-being is about outcomes 
rather than incomes. In other words, the focus is not 
on the resources themselves but on what an individual is 
able or capable of accomplishing with them. As Clark, 
Seager, and Chester explain, the application of the CA in 
public policy implies that policies should be assessed 
according to their impact on people’s capabilities. For 
example, the focus should be on whether a policy 
enables people to be healthy, and whether the means 
necessary for this capability, such as access to clean 
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water, healthcare, protection from infections and dis
eases, and basic knowledge on health issues, are avail
able. Using the same line of reasoning for the context of 
infrastructure suggests that interventions or investment 
strategies should be assessed and prioritized based on 
their ability to provide important end services to people 
and communities.

We propose the use of the CA (in the context of 
critical infrastructure) as articulated by Clark et al. 
(2018) to inform an equity-focused concept of social 
burden applied by Jeffers et al. (2018). The goal is to 
use this theoretical grounding to help justify and expand 
upon the assumptions made in the original formulation 
of the social burden metric. This theoretical approach 
enables a deeper understanding of the impacts of infra
structure disruptions on the well-being of households 
and communities, which may be used to assess the 
relative value of service-providing locations within com
munities. It is important to note that although the CA is 
traditionally applied to the context of measuring the 
success of human development over the long term 
(i.e., a human lifetime) we seek to apply the concept of 
capabilities to the context of acute disaster resilience 
(i.e., where the timeframe being considered is often 
hours, days, or weeks). In particular, we propose using 
the loss of human capabilities at the household scale 
(i.e., constrained or limited capability sets) as a means 
by which to assess and quantify the human conse
quences of infrastructure service losses, both inside 
and outside the home, to help justify and inform how 
social burden may be quantified. Because this applica
tion of the CA is focusing on the short-term, day-to-day 
activities of a household, it requires adaptations to be 
made to the CA framework so that it may be applied in 
the context of disaster resilience.

We begin by providing a brief review of the CA 
theory to describe how it has been previously applied 
to infrastructure systems and disaster events in the 
scholarly literature. We then present a modified CA 
framework for measuring the loss of human capabilities 
for households following infrastructure disruption 
events. Next, we outline perspectives on quantifying 

the accessibility of critical infrastructure services, based 
on insights from the CA. In the final section, we articu
late the need for particular types of data to populate the 
CA-informed metric and provide a summary of some 
potential and impactful applications of the social burden 
metric as it relates to informing future infrastructure 
investments.

4. The capabilities approach theory

The Capabilities Approach (CA) (see Figure 1) was 
developed and popularized by economist and philoso
pher Amartya Sen and philosopher Martha Nussbaum 
(e.g., Nussbaum, 2003; Sen, 2005). The CA offers an 
alternative to traditional economic perspectives of 
development, eschewing both utility (i.e., subjective 
experience) and income-based measures in favor of out
come-based understandings of well-being (i.e., what 
people are able to do and to be). It is this theoretical 
premise that motivated the development of the Human 
Development Index (HDI), a metric that seeks to pro
vide a measure of well-being that reflects desired out
comes including ‘a long and healthy life’, ‘knowledge’, 
and ‘a decent standard of well-being’ (Osmani, 2016). 
From the perspective of the CA, the indicators included 
in the HDI – life expectancy at birth, expected years of 
schooling and mean years of schooling, and GNI per 
capita – are understood as indicators of achieved human 
functionings. Functionings – often expressed as people’s 
‘beings or doings’ (Sen, 1992) – can best be understood 
as human outcomes: the activities or states of being that 
people ultimately undertake. These functionings arise 
from the combination of people’s capabilities, or the 
choice set of the possibilities of ‘what a person [might 
be] able to do or be,’ and people’s freedom of choice 
between these functionings (Sen, 2005, p. 153).

People’s capabilities, moreover, depend on the com
bination of resources available to them (including but 
not limited to financial resources, endowments, and 
personal belongings) and conversion factors that impact 
their ability to convert available resources into desired 
functionings. These conversion factors are often 

Figure 1. The capabilities approach framework.
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classified into three main groups – personal character
istics, social characteristics, and environmental charac
teristics (Robeyns, 2005) – that facilitate or hinder 
efforts to transform resources into desired capabilities. 
Personal conversion factors include inherent character
istics or attributes of an individual, such as gender, 
disability, intellect, and overall health. Social conversion 
factors include the broader characteristics of the society 
in which an individual lives, including formal social 
constrictions such as governmental regulations or pub
lic policies as well as more informal characteristics such 
as gender expectations, class hierarchies, and informal 
social norms. Environmental conversion factors include 
characteristics of both the physical and built environ
ment, including natural features such as proximity to 
fresh water and constructed features such as buildings 
and bridges (Sen, 2000; Nambiar, 2013; Robeyns, 2005).

Consider the example of a person that has a bicycle 
(i.e., the resource of a bicycle) that they wish to use to 
get around their city (i.e., to realize the functioning of 
mobility). The degree to which a bicycle facilitates 
mobility depends on personal conversion factors such 
as physical fitness, social conversion factors such as laws 
or social norms permitting bicycling, and environmen
tal conversion factors such as smooth roads or bike 
paths. In summary, people with well-developed capabil
ities have the tools they need to live ‘a good life,’ whereas 
those poor in capabilities struggle to do so (Sen, 1999).

Although not typically included in the context of 
human development theory, the CA has been applied 
to the context of vulnerability and resilience (United 
Nations Development Programme (UNDP), 2014). 
Those with larger resources and capability sets are also 
considered to be more resilient since they have more 
options or opportunities to achieve valuable things. For 
example, one might have the capability to walk and 
drive to work each day. If the option to drive is not 
that person is still able to get to work by walking. In 
other words, they are more adaptable to changing cir
cumstances in the short term because they have more 
than one pathway for being mobile, and therefore have 
a greater capacity to achieve long-term goals.

5. The capabilities approach applied to 
infrastructure

Infrastructure systems are generally considered an 
important factor contributing to human development 
(e.g., Haenssgen & Ariana, 2018). In particular to the 
CA, environmental conversion factors in the built envir
onment include electricity, transportation, and commu
nication networks and systems that enable the 
transmission of information, goods, and people 

(Robeyns, 2020). These systems are often critical to the 
achievement of desired capabilities, as they interact with 
other environmental, social, and personal conversion 
factors to improve the ease with which people can access 
resources to achieve important capabilities. For exam
ple, if an individual lives in an area with high-quality 
infrastructure, say smooth and safe roads or sidewalks, 
as well as reliable electricity and clean drinking water, 
they will likely face fewer challenges in accessing goods 
and services they need day to day (i.e., their capability 
set will be larger), compared to the same individual 
living in an area with poor infrastructure. 
Infrastructure is just one of many important determi
nants of capability sets and conversion factors; other 
factors contributing to household-level outcomes 
include the health and physical fitness of household 
members and social constructs such as race or ethnicity, 
which may influence – albeit often more subtly – how 
a household utilizes or depends upon critical 
infrastructure.

There have been only a couple of instances within the 
scholarly literature where the CA has been used to 
inform infrastructure investments and resilience plan
ning, particularly at the household level. Day et al. 
(2016) used the CA to conceptually examine the role 
of energy services in the context of alleviating energy 
poverty. This work provides a framework for under
standing the relationship between electricity- 
dependent household services and discrete, day-to-day 
household activities such as washing hands, staying 
warm, or preparing and storing food. The authors pro
pose a distinction be made between these kinds of 
specific household activities (‘secondary capabilities’) 
and the long-term basic capabilities (e.g., having good 
health, feeling secure, etc.), which tend to be the focus of 
capability-related work. Day et al., therefore, emphasize 
the importance of energy-enabled services in achieving 
basic household functionings, but also suggest the need 
to consider alternative routes to realize the capabilities 
of households dealing with energy poverty, such as 
through community-level efforts, rather than focusing 
on supply-side or domestic solutions alone.

Additionally, Dargin and Mostafavi (2020) refer to 
the CA as their underlying theory for investigating sub
jective well-being impacts (i.e., measures of emotional 
well-being) of infrastructure disruptions following 
Hurricane Harvey. Their empirical findings showed 
uneven consequences for subjective well-being (i.e., feel
ings of anxiousness or helplessness) related to general 
infrastructure disruption types (i.e., transportation, 
food, solid waste, water) for different household demo
graphics. To our knowledge, Dargin & Mostafavi’s study 
is the only CA-premised empirical examination of the 
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relationships between sociodemographic population 
factors and the well-being impacts of infrastructure 
services at the household level; however, their use of 
subjective measures of well-being (i.e., reported stress 
and anxiety during outages) deviates from established 
CA measures (Robeyns, 2017), which tend to use more 
objective, outcome-based measures (e.g., life expectancy 
and income) to assess achieved well-being (i.e., 
functioning).

From the CA perspective, the subjective approach is 
lacking due to two key constraints: adaptive preferences 
and reference groups (Robeyns, 2017). The term adap
tive preferences refer to the process by which people’s 
expectations and perceptions of well-being adjust 
according to their situation. In other words, people 
base their subjective assessments of well-being on their 
reality, and those subjective assessments may change, 
sometimes significantly, as people’s circumstances 
change. For example, people who experience 
a prolonged power outage may adjust to living without 
power and gauge their subjective well-being based on 
their expectations of life during the outage; accordingly, 
this reported subjective well-being during the outage 
may necessitate an asterisk indicating ‘given the outage 
circumstances’. Well-being also depends on the fate of 
reference groups (i.e., points of comparison). If 
a person’s reference group experiences an improvement 
in their living standards that exceeds their own, then 
their subjective well-being may decline, despite the 
objective improvements in their own circumstances 
(Robeyns, 2017). For example, Person A and Person 
B might both receive new kitchen appliances (i.e., an 
objective improvement in circumstances). If Person 
B receives far better appliances than Person A, Person 
A may report that their subjective well-being decreased, 
despite the objective improvement in their personal cir
cumstances, because they are comparing their new cir
cumstances to those of Person B. Together, these two 

constraints have significant implications for the applica
tion of the happiness approach to infrastructure disrup
tions, as respondents may be affected by the degree to 
which the outage is ‘normalized’ as well as the experi
ences of those around them. Given the impact of adap
tive preferences and reference groups on perceptions of 
well-being, we argue that more objective, outcomes- 
based measures are needed to quantify the social 
impacts of infrastructure disruptions in a manner that 
can practically inform resilience planning and 
investments.

6. A capabilities approach for understanding 
the impacts of infrastructure disruptions

This research extends beyond prior work by applying 
the CA specifically to disaster events – acute emergency 
situations in which people face challenges in fulfilling 
basic needs due to infrastructure disruptions and must 
adapt. Specific to the context of a disaster situation, the 
CA posits that individuals or households with limited 
resources (e.g., those living in poverty, in poor health, or 
with less social support) or limited conversion factors 
(perhaps do not own a car or are immobile) will likely 
result in less adaptive capacity during an infrastructure 
disruption event compared with households with more 
resources or more conversion factors. These differences 
in the ability of households to adapt will therefore likely 
result in significant differences in the ability of house
holds to fulfill needs, causing potential large social bur
den disparities between households. Capturing these 
differences in impacts across households is essential 
for more accurate measurements of the consequences 
of disruptions, which are often required to justify and 
prioritize resilience investments to protect and mitigate 
the burdens on the most vulnerable populations.

Therefore, we modify the CA theory outlined pre
viously into a more specific application (illustrated in 

Figure 2. Capabilities approach framework applied to the impact of infrastructure disruptions on household functioning with an 
example disruption in water delivery provided graphically.
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Figure 2) that allows us to conceptualize the linkages 
between resources that households need to function and 
are typically provided through infrastructure systems, 
and the impact on households when these services are 
disrupted. This means that the ‘capabilities’ portion of 
the framework becomes more specific to the household, 
in terms of the household services that become unavail
able due to the infrastructure disruption (i.e., lighting, 
refrigeration, running water, heating/cooling), which 
are under normal circumstances dependent upon func
tioning infrastructure services (like electricity or deliv
ery of water) and the resulting impacts on capabilities 
and functionings. Specifically, the disrupted services 
map to the impact on capabilities that are critical for 
maintaining essential functionings (i.e., keeping warm, 
storing food, keeping clean).

A key aspect of our framework is the consideration of 
the ways in which households adapt their behaviors to 
fulfill functionings by using other capabilities within 
their capabilities set, such as using a generator to pro
vide electricity to refrigerate food or medicine at home, 
traveling to buy prepared food or bottled drinking water 
outside the home, or perhaps having food or water 
delivered. All these possible adaptations taken together 
ultimately determine a household’s ability (or inability) 
to maintain important household functionings during 
a disaster event.

The consideration of adaptive household measures in 
our framework is worth discussing a bit further because 
it is key to the development of an equity-focused social 
burden metric. That is, it allows for an objective and 
tangible assessment of household well-being during dis
ruptions through the quantification of the additional 
time and monetary costs required for households to 
maintain basic functionings, a concept reflected in the 
field of environmental economics via an approach 
known as the Travel Cost Method (TCM). The TCM 
uses a combination of travel-related expenses (e.g., cost 
of gas or public transit), direct out-of-pocket costs (e.g., 
costs to access a destination, such as a state park), and 
the opportunity cost of time (e.g., hours spent en route 
to a destination) to place a monetary value on locations 
of interest (Tietenberg & Lewis, 2018). This approach 
has been applied to study a multitude of problems 
across a wide variety of disciplines (e.g., Das, 2013; 
Hwang et al., 2021; Zhang et al., 2015).

Within the context of our work, the premises under
scoring the TCM may be used to estimate the additional 
burden arising from households’ adaptive behaviors in 
disruption events, reflecting the assumption that infra
structure disruptions may force households to spend 
more time, more money, or both to maintain household 
functionings. Infrastructure disruptions may result in 

greater travel-related costs, as households may need to 
travel more frequently or travel longer distances to fulfill 
needs (e.g., people may travel to a laundromat instead of 
doing laundry at home, or they may have to travel 
farther if a local grocery store is closed due to disrup
tions). Disruptions may also result in higher opportu
nity costs. For example, households may spend more 
time traveling to meet needs or wait in longer lines due 
to increased demand for services outside the home. 
Moreover, they may have to spend more time to com
plete tasks within the home (e.g., washing dishes or 
clothes by hand rather than using a dishwasher or wash
ing machine). Disruptions may also result in greater 
direct, out-of-pocket costs such as paying inflated prices 
for high-demand goods like water or fuel or perhaps 
relying on more expensive delivery-based services (e.g., 
having groceries or prepared meals delivered to their 
doorsteps) to meet important needs during disruption 
events. Households fortunate enough to have backup 
resources such as a generator may incur additional 
direct expenses, as the extra costs associated with pur
chasing a generator and purchasing fuel to power the 
generator during the disruption can be quite substantial. 
While likely conservative in terms of quantifying the 
total household impacts, the consideration of costs asso
ciated with household adaptations allows for an objec
tive – and arguably richer – understanding of how 
a variety of infrastructure disruptions impact specific 
activities within different types of households.

7. Quantifying social burden in terms of 
accessibility

A key aspect of the definition of social equity, provided 
earlier, is having equal access and ability to satisfy basic 
needs. Accessibility can generally be defined as the ease 
of moving from an origin to a destination, the ease of 
reaching or interacting with spatially distributed loca
tions and activities of interest (Geurs & van Eck, 2001). 
Accessibility is relevant to infrastructure disruptions 
because during a disaster event, the disruption of ser
vices may ultimately result in households having to 
access goods and services typically fulfilled within the 
home from locations outside their homes in order to 
maintain desired outcomes (e.g., going to a local store or 
public service facility in order to ensure access to clean 
drinking water). For capabilities that are typically ful
filled outside the home (e.g., obtaining food at a local 
grocery store), disruptions in infrastructure services 
may cause households to access those goods and ser
vices from facilities much farther away.

In terms of the CA theory, the disruption of infra
structure services constrains the conversion factors 
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upon which households rely; while the desired capabil
ities of a household may not have changed, their ability 
to access the goods and services supporting these cap
abilities might be greatly constrained. In these kinds of 
disruption events, wherein the domestic provision of 
infrastructure services is greatly crippled or altogether 
halted, the accessibility of local destinations that provide 
goods and services assumes enhanced importance, 
becoming the primary (or, in some cases, only) conver
sion factors or pathways that enable households to 
achieve important capabilities. As such, ensuring the 
accessibility of local resources – that ‘facilities, goods 
and services . . . are . . . within safe physical reach for all 
sections of the population’ (World Health Organization, 
2015) – is of critical importance to the overall well-being 
of households and communities.

A framework offered by Geurs and van Eck (2001) 
outlines four key components to the concept of accessi
bility: a land use component, a transportation compo
nent, a temporal component, and an individual 
component. Aspects of land use include the spatial dis
tribution of people, resources, and opportunities; for the 
purpose of our work, this component essentially identi
fies 1) where people are located, and 2) where destina
tions of interest are located (i.e., infrastructure service 
points where people can obtain resources that are no 
longer available at home). Transportation is primarily 
concerned with the location of origins and destinations 
in relation to one another, encompassing concepts such 
as physical distance (both Euclidean, i.e., linear, distance 
and network distance), the time required to travel these 
distances, and the costs of mobility. These two compo
nents of accessibility effectively encompass the concept 
of ‘physical accessibility’; accordingly, the TCM essen
tially provides a metric by which to quantify the costs 
(both time and monetary) associated with this physical 
accessibility.

While important, physical accessibility alone does 
not offer a full perspective of a household’s accessibility 
to goods and services; these factors also interact with 
temporal considerations and individual characteristics. 
The temporal aspect is the availability of opportunities 
and resources at various points in time, such as changes 
in the weather or traffic that can make accessing things 
more challenging. This may be particularly important 
during infrastructure disruptions caused by extreme 
weather events. The individual aspect of accessibility, 
in this case defined at the household level, includes the 
needs, abilities, and opportunities of different demo
graphic and socioeconomic groups.

Aligning this conceptualization of accessibility with 
the outcome-oriented framework of the CA, spatially 
distributed resources (i.e., the land use component of 

accessibility), may be viewed as necessary but insuffi
cient drivers of well-being. Their existence is important, 
but their value and importance are derived from the 
ability of people to get to and capitalize upon these 
resources (reflecting both the transportation and tem
poral components of accessibility). The efficacy with 
which people transform resources into desired capabil
ities, however, may vary both across and within com
munities based on personal and household 
characteristics and circumstances, as well as 
a multitude of personal, social, and environmental con
version factors. These kinds of individual characteristics 
(i.e., the fourth component of accessibility), are there
fore of critical importance to any kind of meaningful 
assessment and quantification of accessibility.

In addition, there are two other aspects of the CA that 
offer important insights as to the type of method that 
might be most appropriate for a theoretically grounded 
approach to social burden. First, the CA emphasis on 
individual conversion factors – the personal character
istics such as age and physical ability that facilitate or 
hinder people’s abilities to turn the presence of 
resources into meaningful capabilities – closely aligns 
with the component of accessibility reflecting individual 
characteristics. Accordingly, a metric reflecting this 
tenet of the CA is one that enables these kinds of 
individual conversion factors – as well as the unique 
needs of different people – to be incorporated. Second, 
the CA’s particular emphasis on the importance of 
choice suggests that there is inherent value in people 
having choices of where to go to meet certain infra
structure needs during an emergency. While an indivi
dual ultimately ends up utilizing a single infrastructure 
location (i.e., someone in need of medical care might 
only go to a single hospital to get the necessary medical 
care), the principle of choice indicates that there is value 
in them having multiple potential locations to choose 
from. Accordingly, a metric of accessibility grounded in 
the human capabilities lens would capture the value of 
multiple infrastructure points rather than just one single 
infrastructure point, therein demonstrating the value of 
options and choice.

Collectively, these two components of the CA suggest 
that a gravity-weighted model of accessibility may be 
particularly well suited to reflect the tenets of the CA, as 
such models reflect both the value of having multiple 
infrastructure points from which to choose and the 
salience of differing conversion factors. Derived from 
Newton’s law of universal gravitation (Crymble et al., 
2018), gravity-weighted models of accessibility are used 
to measure the accessibility of origin locations (e.g., 
population centers) to destination locations (e.g., infra
structure service points). Within these models, each 
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destination location is assumed to offer some potential 
value, but the value of a destination location to a given 
origin point decreases exponentially as the distance 
between the origin and destination (i.e., that each infra
structure service point offers some potential benefit to 
each population center, but that the actual realized 
benefit decreases exponentially as the distance between 
the population and the infrastructure point increases).

Reflecting the first CA tenet, the importance of 
choice, the gravity-weighted model does not make pre
sumptions about the actual travel choices that indivi
duals might make (i.e., it does not assume that all people 
are perfectly rational actors who will select travel desti
nations based on the lowest-cost locations). Instead, 
accessibility as calculated by the gravity-based model 
sums the accessibility of all resource locations in 
a given geographic area. This approach reflects the mul
titude of choices that are available to an individual at 
any given moment, capturing the benefits from all 
potential locations where people might go (and their 
ability to choose between them). Reflecting the second 
CA tenet, the importance of individual characteristics 
and conversion factors, the gravity weighted model 
offers the flexibility of being able to differentially 
‘weight’ the distance between particular populations 
and destinations of interest; different weighting factors 
for populations can, for example, be used to reflect 
a population’s diverse conversion factors (e.g., vehicle 
ownership) that may facilitate or hinder accessibility.

8. An equity-focused social burden metric

Based upon our modified CA framework, an equity- 
focused social burden metric would capture both the 
significance and severity of need as well as inequities 
experienced in fulfilling those needs by different types of 
households. Therefore, we redefine the social burden 
metric presented earlier by Jeffers et al (2018) to reflect 
these key aspects. In this new formulation, burden of a 
household to access a given infrastructure service point 
is defined as a function of a household’s relative needfor 
accessing a particular service type divided by that house
hold’s accessibility to those services. Thus, for a popula
tion group with similar household characteristics , we 
offer the following modified basic equation for quanti
fying the social burden of infrastructure disruptions: 

Bp;s ¼
Np;s

Ap;s
(2) 

The components are defined as:

● Bp,s = The social burden for population group p to 
achieve capability type s [hours]

● Ap,s = Accessibility of population group p to cap
ability type s [hours−1]

● Np,s = The relative need of population group p to 
achieve capability type s [unitless]

In practice, the units of the new formulation for social 
burden are the total hours spent fulfilling needs. Note 
that social burden has been redefined slightly as the 
burden to a collection of households as opposed to a 
collection of individuals, hence there is a difference in 
units for equation (2) compared to equation (1). All else 
equal, households that have a higher relative need to 
fulfill capabilities will have a higher burden, and house
holds that have lower accessibility to fulfill capabilities 
will also have a higher burden. Note that equation (2) 
can be presented as a summation across different house
hold types, which enhances the distributional equity 
utility of the metric by enabling varying need and ability 
levels to be incorporated into the overall metric.

Quantification of the need term in equation (2) can 
be based on survey or focus group responses, which 
simplifies the use of this burden equation within prac
tical applications and allows for empirical, context-spe
cific information about population groups. Currently, 
the need term is unitless, although future formulations 
may consider units such as liters for water or calories for 
food.

The accessibility term in equation (2) represents the 
conversion factors that either limit or enhance 
a person’s ability to achieve basic capabilities. These 
can be related to in-home limitations to functioning, 
such as failure of a key appliance, or limitations external 
to the home such as the closure of service-providing 
infrastructures. Accessibility is based on a gravity- 
weighted model, to incorporate all four aspects of acces
sibility, as discussed in the previous section, and is 
commonly formulated as: 

Ap;s ¼
X

h

X

j
vs;j:fh xh;j

� �
(3) 

Where:

● vs,,j = the value contributed to achieving capability 
s at each destination j [unitless]

● xh,,j = the distance between household h and desti
nation j [meters]

● fh(-) = the ‘friction of distance’, a function weight
ing the distance between household h and destina
tion j. This function contains parameters that vary 
by household h and may account for environmen
tal conditions like weather or traffic [hours−1]
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An adaptation to the TCM that considers opportunity 
costs in addition to travel and direct costs is utilized to 
further align the friction of distance function with the 
capabilities framework and to capture additional time 
spent by households within the home to adapt, when 
travel may not be necessary. For example, the additional 
time needed to wash dishes by hand instead of using a 
dishwasher. Namely, we define the friction of distance 
function as: 

fh xh;j
� �

¼
1

f̂ hxβ
h;j þ bj þ ch;j

(4) 

Where:

● β = exponential scaling factor of the cost to access 
service location j from household h [unitless]

● f̂hxβ
h;j = total travel costs for household h to achieve 

capability via service location j [hours]
● bj = total direct costs for household h to achieve 

capability via service location j [hours]
● ch,j = opportunity costs (i.e., time costs) for 

household h to achieve an important capability 
via service location j; this may vary from household 
to household, based on a variety of conversion 
factors (vehicle access, efficiency, etc.) [hours]

It is important to note that the travel, direct and oppor
tunity costs described above are presented in units of 
hours, reflecting the time spent maintaining capabilities. 
However, the TCM commonly utilizes units of dollars 
for these terms. This requires a unit conversion that is 
not presented here.

Finally, substituting equation (3) and equation (2) 
into equation (1) yields an equation for social burden 
that is grounded in theory, yet highly similar in struc
ture to the Jeffers et al. (2018) formulation: 

Bp;s ¼
Np;s

Ap;s
¼

Np;s
P

h
P

j
vs;j

f̂ hxβ
h;jþbjþch;j

(5) 

The most notable differences between the above mod
ified version of the metric and the original Jeffers et al. 
(2018) formulation are the following:

● Addition of the Np,s term in the numerator to 
reflect the variable need of populations for differ
ent capabilities.

● Removal of the αh term from the denominator, 
which reflects the variable ability of households in 
a simplified manner.

● Addition of the β scaling parameter, which adjusts 
the sensitivity to distance within the total travel 
costs.

● Addition of an option to include opportunity costs, 
ch,j,which allows us to capture in-home adaptations 
for achieving capabilities that do not require travel.

While the Jeffers et al. (2018) formulation was grounded 
in practical experience, the updated formulation in 
equation (5) is firmly grounded in the CA as well as 
insights from environmental economics and geographi
cal sciences. Given the differing origins of the two for
mulations, their similarities are striking. Both 
formulations allow for the inclusion of adaptations 
taken by households to achieve capabilities through 
travel, although the modified version can capture addi
tional time spent in the home achieving capabilities even 
if travel is not necessary or unavailable. In both formu
lations, linear increases in distance from service-provid
ing locations result in non-linear increases in burden, 
albeit with the inclusion of a scaling factor in the theory- 
based formulation. Both formulations reflect 
a reduction in social burden with an increase in choices 
or redundancy of service-providing locations, thereby 
reflecting an optionality value. These similarities lead to 
a potential to unite theory and practice, ultimately 
enabling increased quantitative rigor in a practice 
(social valuation of infrastructure resilience) dominated 
by qualitative ambiguity.

9. Social burden: from theory to practice

To develop an equity-focused measure of social burden 
that captures the various social consequences experi
enced by households during infrastructure disruptions, 
this research draws from the rich theoretical insights of 
the CA by informing how infrastructure investments 
may be justified and assessed in a human-centric fashion. 
That is, it provides a theoretically grounded guiding 
framework for assessing what types of infrastructure 
investments may offer the most significant potential for 
mitigating burdens for vulnerable populations and com
munities. The application of the CA framework to infra
structure disruptions at the household level also 
illuminates the potential for understanding and quanti
fying household-level burdens through the identification 
of additional time and monetary expenses incurred by 
households adapting to disrupted capabilities. Although 
likely conservative in terms of capturing all of the social 
consequences of interrupted services and capabilities at 
the household level, we argue that it provides a more 
objective and potentially accurate approach for quantify
ing the consequences of disruptions, as compared to 
existing approaches that depend upon measures of sub
jective well-being or hypothetical WTP methods.
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To implement and refine this approach and metric, 
we propose the collection and analysis of empirical data 
(through focus groups, interviews, or surveys) on the 
additional time and monetary expenses incurred by 
households of different types (e.g., across incomes, 
race, and other household characteristics) that have 
experienced significant infrastructure disruptions. The 
information collected would be framed through the lens 
of the CA, asking participants to identify the services 
(i.e., lighting, heating, running water), capabilities (i.e., 
the ability to stay warm, cook, and clean), and ultimately 
functionings (i.e., maintenance of health and well- 
being) that were impacted by particular disruption 
events, indicating which types of service disruptions 
were most impactful to their household, as well as 
reporting the particular adaptations needed to cope 
with disrupted household capabilities. Disruption- 
specific questions, including those asking respondents 
to estimate the time and monetary costs associated with 
adaptive behaviors (e.g., traveling to a store, waiting in 
line, and/or cost of buying items or services), will clarify 
and strengthen the relationship between actual incurred 
costs to infrastructure service types, linked to socio- 
economic and demographic characteristics of house
hold and population types. This would include infra
structure services and capabilities related to food, water, 
sanitation, heating/cooling, lighting, communications, 
medicine, and health services, among others.

The result of this empirical household-level data 
collection and analysis would reveal an objective or 
outcomes-based value of infrastructure service types 
that can inform context-specific strategic resilience 
planning and infrastructure investments that account 
for heterogeneous needs within populations, with par
ticular sensitivity to those of vulnerable populations. 
Analysis of this type of data would reveal significant 
inequities of household outcomes experienced during 
particular disruption events (evaluated ex-post), which 
may be compared to and potentially complement 
metrics for evaluating social vulnerability (assessed ex 
ante). Moreover, the time and monetary-based social 
burden information will be critical for informing 
a spatially explicit model, which may be used to assess 
social burden before an event occurs to prompt more 
proactive planning and/or investments. The revised 
metric formula, designed to reflect the significance or 
value of infrastructure service types, from the capabil
ities perspective of households, would reveal a human- 
centric, community-based, articulation of needs and 
preferences upon which decision-makers and practi
tioners may act. In particular, we expect that this 
metric would be most useful for local government 
agencies (i.e., City and County officials) and 

emergency planners seeking ways to reduce impacts 
from future disruption events, as well as utilities that 
want to inform strategies for prioritizing the provision 
or restoration of services during and after events. One 
potential challenge is that the social burden metric may 
reveal existing or past inequities, which may damage 
the perception or reduce trust between service provi
ders and their customers. On the other hand, institu
tions utilizing techniques like this may be favored by 
customers who are looking for more transparent and 
responsible service providers.

Based upon the development of the social burden 
metric described above, a series of case studies involving 
data collection at the household level has commenced. At 
the time this article was written, data collection and 
analysis had been conducted in Puerto Rico to understand 
the social burden of prolonged power outages in vulner
able communities near San Juan following Hurricane 
Maria in 2017, and an island-wide study had been under
taken to understand the household-level health and well- 
being impacts consequences power outages (see Clark 
et al. 2022). Additional surveys have been conducted in 
San Antonio, Texas, and across the broader state of Texas 
to understand the impacts of infrastructure disruptions 
following Winter Storm Uri that occurred in 
February 2021. Future work on this topic includes con
tinued data analysis through additional case studies to 
implement and assess this more theoretically justified 
and nuanced approach to social burden analysis.
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