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Abstract

Transmission of the severe acute respiratory syndrome coronavirus 2, referred to 
as COVID-19, has persisted beyond 2020 and led to a global pandemic with far reach-
ing consequences. Many changes in public policy and health measures were devel-
oped and implemented with the intention of slowing the spread of the novel virus. 
Disruptions from the global pandemic created major supply chain consequences due 
to stockpiling of essential goods (alcohol-based hand sanitizers and surface disinfec-
tants), impacts on trade routes, and limitations on modes of transportation due to 
border closures. Rapid increase in the use of hand sanitizers and surface disinfectants 
significantly affected the production capacity of high-quality ethanol (e.g., USP and 
FCC grade) resulting in regulatory changes in countries facing shortages. Prompt 
enactment of government policies allowed for use of alcohol with higher impuri-
ties to offset heightened demand and increase commercial availability. Changes in 
monitoring methods were also observed, where many agencies began to track viral 
shedding through municipal wastewater. In this chapter, we will discuss the impacts 
of COVID-19 on public policies and health measures, economics as it relates to supply 
chain disruptions, and the implementation of novel monitoring methods to survey 
the spread of COVID-19.

Keywords: COVID-19, public policy, monitoring methods, hand sanitizer, surface 
disinfectant, pandemic

1. Introduction

The emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2; 
aka. COVID-19) has led to unprecedented global responses in the attempt to limit 
and slow propagation of the virus. These responses included the shutdown of major 
manufacturing plants [1], limitations on social gatherings, travel and transportation 
restrictions, enacting state of emergencies, and public health measures (e.g., social 
distancing, use of face coverings and hygienic practices, closures of non-essential 
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businesses and schools, and vaccine mandates) [2]. Even with the development and 
implementation of safe and effective vaccines, and continued efforts to prevent 
transmission among the public, COVID-19 has persisted in spreading globally, and 
new more virulent variants have evolved.

The enactment of public policy restrictions, including social distancing, travel 
restrictions, access to testing, and contact tracing initiatives decreased COVID-
19 infection, morbidity, and mortality rates [3, 4]. Such policies and tools were 
especially effective in slowing transmission and reducing the strain on healthcare 
facilities that have been stretched beyond their typical operating capacity [5]. Many 
governments implemented a variety of technologies, incentives, and practices to 
track infection, promote vaccination, and enforce restrictions [6]. Biomolecular 
approaches (e.g., nucleic acid amplification tests) were also implemented to help 
provide quantitative numbers to investigate spread and infection rates. Altogether, 
these technologies were implemented to slow the spread of infection and provide 
strategic advice for informing public health policies.

Unfortunately, economic recovery from the COVID-19 pandemic has been slow, 
primarily due to supply chain disruptions that have led to low inventories, employ-
ment layoffs, and reductions in industrial production and services [1]. Furthermore, 
as restrictions began to ease, formerly constrained demand for consumer goods 
surged beyond manufacturing capacity. With diminished inventory and a weakened 
shipping industry, recovery was slow, and meeting consumer demand became chal-
lenging [7]. The demand for antiseptics and medical supplies increased significantly 
while supply chain constraints intensified. Faced with shortages governments and 
municipalities implemented impromptu solutions for increasing regional production 
of much needed hand sanitizers [8]. One effective response was the introduction of 
legislation that allowed the use of lower-grades of ethanol (often technical-grade 
ethanol) in the formulation of disinfectant and sanitizing products [8–10].

As the COVID-19 pandemic waned and vaccination limited the severity of viral 
infection, many governments removed restrictions and opted for more permissive 
policies that allowed citizens to live with a higher risk of contracting the virus. Health 
policies designed to reduce transmission among the public were mitigated or ceased 
altogether. With the implementation of gradual re-opening measures in many coun-
tries, policies defining travel restrictions, social distancing, facial coverings, etc. were 
removed through the 2nd, 3rd, and 4th quarters of 2021, and first quarter of 2022 [2]. 
Direct monitoring methods for COVID-19 (e.g., contact tracing and biomolecular 
tests) were also removed during the relaxation of restrictions. For example, Germany 
ceased free covid testing in August of 2021 with the acknowledgement that testing 
was both expensive and specifically benefitted the unvaccinated [11]. Currently, 
many monitoring methods have now targeted wastewater-based epidemiology 
(WBE) studies to survey the spread of infection in different communities [12–18]. 
Although these methods can provide early detection [19–22], interpretation of data 
can be limited in scope when compared with testing of populations, as is discussed 
below.

Finally, with continued policy changes, the economic recovery due to the 
COVID-19 pandemic has been slow. GDP dropped sharply across the globe at the 
start of the pandemic but rebounded somewhat shortly after. Global GDP at the end 
of 2020 was only a few percentage points less year-over-year than at the end of 2021 
[23]. Worldwide merchandise trade decreased significantly, while trade of medical 
goods increased. Nearly all industries managed to recover by the end of 2021, with 
transportation & warehousing, tourism, and live entertainment-based industries 
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having yet to return to pre-pandemic levels [24, 25]. Late pandemic supply chain 
disruptions have shown that pre-pandemic conditions have not returned [26, 27]. 
With continued risk of future supply-chain catastrophes, some in business are mov-
ing to models that develop localized value chains. The purpose of this book chapter 
is to discuss and review the impacts of COVID-19 on public policy, health measures, 
economic disruptions, and the importance of surveillance methods for the early 
detection of infections.

2.  Economic disruptions and supply chain shortages, including  
ethanol-based products

The economic contraction that occurred during the COVID-19 pandemic affected 
global markets in 2020, 2021, and into 2022. Prominent among economic challenges 
were supply chain disruptions, which broadly impacted the delivery of goods and 
services. For example, manufacturers, builders, and retailers had reduced or delayed 
access to input materials, building materials, and stock items [9, 26]. Sales sharply 
decreased as pandemic-related restrictions were introduced in March 2020 which led 
to an excess of inventory. In some cases, this inventory was written off or liquidated. 
In later stages of the pandemic in 2021–2022, economic recovery placed additional 
stress on markets. Manufacturing industries halted or reduced output, canceled 
orders, and reduced reorders which led to manufacturing that was retooled or refo-
cused to provide goods that were in high demand [26].

Among supply shortages, much of the world’s consumers and businesses had 
challenges acquiring antiseptics such as rubbing alcohol, hand sanitizer, antiseptic 
wipes, and surface disinfectants at the beginning of the pandemic, which was exac-
erbated by consumer hoarding [9]. Due to the circumstances of limited world-wide 
supply of United States Pharmacopeia (USP) or Food-Chemicals Codex (FCC) grade 
ethanol, Canada modified acceptance criteria to include ethanol that was produced 
by alternative methods with specific label and usage requirements [28]. Health 
Canada expedited processing of Site Licenses and Product Licenses for hand sanitizer 
manufacturing and sales and waived the need for a review of good manufacturing 
practices (GMP) for new manufacturers, requiring only a signed declaration instead 
of the usual full GMP documentation [29]. Hand sanitizer supply expanded quickly 
with the new regulations, and shortages were rapidly addressed. Unfortunately, many 
producers failed to meet quality standards for ethanol as defined by new regulations 
[9]. In addition to supporting production of hand sanitizer, Health Canada expedited 
applications for Drug Identification Numbers (DIN) allowing the sale of surface 
disinfectants [30].

Worldwide lockdowns contributed to production and acquisition challenges by 
exacerbating industry down-time and supply-chain shortages, leading to cascading 
delays [26]. For many businesses the early response to Covid was a strategic long-term 
decrease in production achieved by layoffs, and a reduction of parts and other inputs 
(e.g., semiconductors for automakers) [26]. The shipping industry followed this pat-
tern by reducing schedules.

After lockdown restrictions began to ease there was an unanticipated surge of 
product orders, combined with reduced capacity, making responding to new demand 
difficult [1]. Many laid off workers decided not to return to their positions through 
resignation, and retirement. These social factors lead to a labour shortage [31, 32]. 
In Canada the unemployment rate increased to 9.5%. This represents the loss of 
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almost one million jobs in 2021 [23]. In the United States of America (U.S.A.) record 
numbers of resignations occurred in 2021, with 4.4 million workers resigning [33]. 
Employee resignations occurred for multiple reasons: while some workers planned 
to avoid potential workplace COVID-19 infection (Delta and Omicron variants), 
others were faced with lifestyle choices related to the epidemic and other pandemic-
related stresses, such as reduced availability of childcare and elder care services 
[33]. Indeed, a large cohort of “baby boomers” simply chose to retire. Continuing 
resignations required extra resources used in hiring, onboarding and offboarding, 
thereby decreasing the efficiency of businesses and further contributing to industrial 
disruptions [33]. The job market became increasingly competitive with a new human 
resource focus on retention strategies [33].

Any business with a complex supply chain was susceptible to production 
backlogs, which resulted in backorders of inputs and delayed product shipments 
[23]. Freight costs more than doubled by the end of 2020, with smaller businesses 
being impacted more significantly, receiving lower priorities due to lower volume 
orders and higher shipping rates than larger companies with long-term contracts 
[34]. Tourism-based industries, such as hotels, restaurants, the arts and entertain-
ment, recreation, and travel, diminished quickly when stay-at-home measures 
were put in place to limit COVID-19 transmission [23]. Once public health 
measures were lifted, there was a record number of job openings in 2021 due to 
the quick rise in job availability from impacted industries returning to regular 
business operations [23]. Through 2021, tourism-based industries exhibited the 
slowest recovery since the beginning of the pandemic, with transportation and 
warehousing as the next slowest, showing 16% below pre-pandemic GDP levels 
in Canada from February 2020 to January 2022, whereas most other industries 
achieved full GDP recovery [24].

To add to the economic challenges caused by the pandemic, the state of Texas had 
temperatures dip below freezing with snowfall in late February 2021 [35]. Chemical 
and petrochemical supply chains were heavily affected, as Texas is the nation’s leading 
producer, and this extraordinary weather system caused major disruptions across the 
state [35]. Manufacturing facilities in these industries took months to recover [35] and 
as a result, industries involving plastics, packaging, fertilizers, pesticides, synthetic 
fibers, cleaners, lubricants, paint, and many more were affected by reduced supply in 
a market that was already suffering from supply backlogs [35].

In the U.S.A., high demand for import shipments quickly created a shortage of 
drayage vehicles and drivers while freight value moved by all transport vehicles fell 
9.1 percent year over year from 2019 to 2020 [26, 34]. Although this year-over-year 
decrease is significant, it does not show the extreme swing of GDP in the first three 
quarters of 2020 as compared between Figures 1 and 2. Exports from Canada to the 
U.S.A. decreased by 70 billion dollars (16%) and imports by 43 billion dollars (11%) 
[23]. By the end of 2020 the U.S.A. and Canadian economies saw an overall contrac-
tion, despite significant recovery in the third quarter, owing to significantly decreased 
trade between U.S.A. and Canada [23, 25].

Worldwide merchandise trade decreased by 7% in 2020 [38], while the trade of 
medical goods increased, as demand for PPE (personal protective equipment) and 
other medical items (ventilators, AEDs, various consumables, drugs) escalated [39]. 
The first lockdown (and economic contraction) started in China, with lockdowns 
occurring months before those enacted elsewhere in the world [2]. This afforded 
China the ability to experience an economic expansion in the 2nd quarter of 2020, as 
seen in Figure 2.
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Despite the short-term risks of using a lean, or ‘just-in-time’ approach to doing 
business, economists see value in maintaining its use [40]. It is possible that the 
economy may have maintained stability for a longer period if it had used more supply 
reserves, but the supply required to outlast the continued demand would have been 
insurmountable in many cases, as any physical product requires a reliable influx of 
materials to match output; a larger stock merely acts as a longer-lasting buffer to ease 
supply shock.

Figure 1. 
GDP growth expressed in % change year-over-year. Reconstructed from [36].

Figure 2. 
GDP growth expressed in % change quarter-over-quarter. Reconstructed from [37].
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Economists have been analyzing and formulating potential solutions to avoid 
economic contractions like those experienced in 2020 [41]. It has been speculated 
that putting less reliance on international supply chains and focusing on more local 
value chains might increase economic loss and create more vulnerabilities in domestic 
economies [39]. Each country has their own specialized industries and products and 
continued association to these markets allows for optimal economic gains. In contrast, 
this interconnectivity also increases the potential negative impacts resulting from 
global supply chain issues, suggesting a need for more economic self-sufficiency [27]. 
Relying on a globalized economy may show some benefit, but only in the long-term, 
and such reliance leaves industries in a vulnerable position in the case of worldwide or 
specific supplier-affecting disruptions, especially for businesses with complex supply 
chains.

3. Public healthcare policies

The onset of the COVID-19 pandemic in early 2020 forced governments across 
the globe to act quickly to reshape public health policy. A major effort to alleviate the 
stress on health care was described as a “flatten the curve” strategy, but ultimately 
this approach recognized that the spread of the virus could be slowed but not stopped 
[42]. Indeed, the spread of the virus continued throughout 2021, and into 2022. In 
response, governments, health care agencies, and private industries have continued 
to enact public health measures to mitigate the spread of the virus and its effects. 
Public health measures have included mandating behavioral practices (social distanc-
ing, limited gathering sizes, etc.) [43], use of hygienic products (hand sanitizers, 
masking) [9], travel restrictions [44], and modifications to the delivery of health 
care services (online doctors’ visits, postponement of elective surgery) [45]. Rates 
of COVID-associated morbidity and mortality are proportional to the amount of 
circulating COVID-19 virus within a population, and as of May 2022, total COVID-19 
associated deaths are estimated to be more than 6.27 million [46]. This stagger-
ing loss of human life highlights the necessity of effective public health policy to 
minimize infection. Multiple peaks of global COVID-19 deaths were observed from 
2022 to 2022. Such waves were often preceded by lower case numbers which, in turn, 
can cause complacency among the public. However, the emergence of increasingly 

Figure 3. 
Global figures of new deaths from February 1, 2020, to may 15, 2022. New COVID-19 deaths reported show 
patterns of repeated waves of outbreaks across the world as the pandemic progressed. Reconstructed from [46].
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contagious strains of COVID-19, such as the Delta and Omicron variants, make the 
pandemic likely to continue into the foreseeable future (Figure 3).

The COVID-19 pandemic has had devastating and lasting effects on the health 
care system. The resulting increase in hospitalization rates and diminished resources 
available to treat patients has added significant burden to an already strained system. 
Policies designed to increase available ventilators [47], intensive care unit (ICU) beds 
[48], access to COVID-19 testing kits, and vaccination have been important tools 
that governments have enacted to fight the ongoing pandemic and minimize loss of 
life. Unfortunately, policies cannot address the immediate need for additional health 
care workers as it takes many years of training and specialization to care for patients, 
especially those in critical care settings [49].

To combat avoidable and unnecessary hospitalizations, well-enforced behavioral 
policies, such as social distancing and face masks, are often quickly enacted, as they 
do not overly disrupt economic and social systems and have demonstrated effective-
ness in reducing transmission [50]. Reducing viral transmission via face-to-face 
interactions leads to an overall decrease in hospitalization rates. Most critically, this 
reduction extends to those who are at the highest risk for COVID-associated morbid-
ity and mortality, such as individuals with underlying health care issues and patients 
over the age of 65 [51]. Public policy involving social distancing has taken various 
forms, ranging from severe restrictions on personal movement, to limited or no 
restrictions at all. Importantly, travel restrictions and encouragement of virtual or 
teleworking, helps limit travel and public contact, something that many in the work-
force were able to do effectively during the COVID-19 pandemic [51–53]. Teleworking 
practices have the added benefit of reducing non-essential travel both internationally 
and domestically, which delays transmission of the virus. Indeed, there is strong 
evidence that restrictions on international travel from countries with high infection 
rates helps in slowing the spread of COVID-19 [44]. To eliminate avoidable public 
transmission, China imposed drastic lockdowns as outbreaks emerged throughout the 
country, including restricting travel from other nations, and between regions [54]. 
Chinese restrictions extended to include the separation of family members in the 
case of diagnosed infections. India suffered devastating infection rates during April 
and May of 2021 and imposed district specific restrictions during the second wave of 
infections to help mitigate the spread through densely populated regions [55]. In the 
United States and Canada, restrictions and guidelines varied significantly from region 
to region, owing to local policies, population density, and infection rates. Evidence 
in the United States suggests that stricter enforcement of public policy measures is 
likely linked to lower infection rates [56], while sudden, removal of restrictions has 
led to additional outbreaks [55, 57, 58]. Many governments chose to enact “phases” of 
restrictions, which lead to gradual policy changes intended to ease the stress on both 
public and private health care systems by controlling the total number of cases.

Hygienic methods such as hand washing, use of sanitizers, and implementation of 
personal protective equipment (PPE) have also been shown to be effective at reduc-
ing transmission of the COVID-19 virus. Although hand washing is a highly effective 
practice, the use of hand sanitizers was found to be substantially more convenient 
than hand washing. The resulting high demand for alcohol-based sanitizers, as well 
as other essential supplies, led to global shortages [9, 59]. The consequences of these 
shortages are still being studied, but food and supply scarcities are likely to cause an 
increase in prices, which disproportionately affect those with lower socioeconomic 
status [60]. To try and combat shortages, governments have encouraged sourcing 
from local suppliers while trying to minimize disruptions to essential imports. Even 
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so, supply chain issues can be particularly challenging in rural populations where food 
security is already an issue [61].

Large, population-scale testing was implemented as a major intervention strategy 
to manage COVID-19 infections across the world as community infections increased. 
Improved access to testing allows for earlier identification of infections, encouraging 
individuals to self-quarantine and slow the spread of COVID-19. However, difficul-
ties in acquiring testing methods, and significant delays in obtaining results, were 
frequent criticisms of large-scale testing efforts [62]. If wait times for testing are 
exceedingly long, individuals are less likely to test. Likewise, the longer the wait 
between preforming a test and obtaining the results, the less likely an individual will 
isolate, particularly if they are asymptomatic [63]. Mass testing can be costly, and so 
testing of health-care workers, symptomatic individuals, and those who are at risk of 
serious health complications are prioritized. Further exacerbating testing issues was 
a shortage of reagents, which caused supply chain issues and contributed to the wide 
disparities of testing rates between countries [64, 65]. A proposed solution to reduce 
the use of testing supplies is the pooling of samples, allowing for multiple individuals 
to be tested simultaneously by combining samples and testing with a single reaction. 
If the result from the pooled samples is negative, then all subsequent individuals are 
considered negative. However, if a positive result is observed, then individuals are 
tested separately, reducing the strain on the testing process. Remarkably, Chinese 
authorities in the city of Qingdao were able to test over seven million people over the 
course of three days using the method of pooling samples [66]. While the pooling 
method has demonstrated efficiency, there are limitations to the technique, including 
the need for relatively low positivity rates, longer reporting delays [63], and a reduc-
tion in test sensitivity [67]. Another frequently used method to determine community 
positivity rates is the testing of wastewater, which can predict general infection rates 
and is discussed in greater detail below.

Restrictions stemming from public policies can have far reaching impacts, and 
so constraints and policy changes must be carefully considered to prevent unneces-
sary disruptions to the economy, crucial supply chains, and earnings by those who 
are disproportionately affected by the pandemic [68]. Throughout the COVID-19 
pandemic, health care experts have advocated for the enactment and enforcement of 
public health policies, imposing restrictions on social distancing, face coverings in 
public settings (especially where social distancing may not be possible), respiratory 
hygiene, and, where necessary, lockdowns [69]. There is evidence that demographic 
factors such as race, gender, and socioeconomic conditions play a role in transmission, 
contraction, and overall mortality rates and so not all measures are equally effective 
[51, 70, 71]. Critically, stay at home orders have adverse effects on supply chain issues, 
employment, and mental health [72, 73]. Research has shown that the practice of 
social distancing has caused negative impacts on isolation [74], family stresses [75], 
domestic violence [76], consumption of alcohol [77], and mental health [78], and so 
preventative and behavioral policies should be considered before major shutdowns 
of schools, businesses, and strict stay at home orders are enforced. Many factors play 
a role in COVID-19 related infections, and government policies should be careful to 
consider the effectiveness, financial costs, and negative outcomes associated with the 
policy enforcement. The development and distribution of safe and effective vaccines 
has helped to reduce the number of deaths and the pressures on hospital systems [79], 
however higher vaccination rates are concentrated in higher income countries, and 
vaccination hesitancy, along with the emergence of new more virulent COVID-19 
variants, can slow development of broad spread immunity [80]. The consequence of 
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the continued spread of the virus indicates that the COVID-19 pandemic is likely far 
from over, and public policies will serve as an effective tool in reducing transmission 
in the future.

4. Infection tracking and surveillance

A variety of technologies have emerged to alleviate the temporal and social restric-
tions brought on by the COVID-19 pandemic. These include the use of artificial intel-
ligence (medical tracking), social media platforms (creating awareness of infections 
and providing real-time updates), virtual and augmented reality communications, 
blockchain (integration of point-of-care diagnostics for self-testing), additive manu-
facturing (production of personal protective equipment), 5G cellular technology and 
smart applications (remote monitoring of COVID-19), geographical information 
systems (spatial tracking of COVID-19), and autonomous robots (use of drones for 
disinfection) [6]. These valuable technologies provided critical information regard-
ing COVID-19 and offered alternative communication means for health-related and 
employment-related meetings.

To manage the spread of COVID-19, other unprecedented techniques were 
adopted including contact tracing and the use of digital technologies [3, 4] as well as 
initiatives to provide early detection, monitoring efforts, and surveillance technolo-
gies. These technologies were introduced to slow and contain the spread of COVID-19 
and provide advisory bodies important details in making informed public health 
strategies to combat the virus.

Contact tracing involves the identification of individuals who have come into 
close contact with an infected person, testing them, and, in case of an infection, 
tracing their own contacts to reduce the spread of an infection throughout a popu-
lation [81]. Unfortunately, traditional manual contact tracing is labor-intensive, 
time-consuming, and may not be adequate in monitoring for COVID-19 in real time, 
especially in the instance of high infection rates [82]. Consequently, the develop-
ment of digital tracking apps, including contact tracing apps (CTAs), have garnered 
attention in early detection by combining proximity tracing and contact tracing [3]. 
These novels CTAs, such as Canada’s COVID Alert app [83], rely on self-reporting 
from infected individuals, as well as the implementation of Bluetooth connectivity to 
measure and record the spatial proximity between users, and alert nearby persons if 
they are within proximity to an infected individual [3]. Unfortunately, these applica-
tions are technologically limited as they can raise privacy concerns and older smart-
phones may not be compatible. Digital applications such as CTAs can also exacerbate 
inequities, such as age and income discrepancies in accessing smartphones, which 
can ultimately lead to a decline in CTAs effectiveness in preventing the spread of 
COVID-19 [3]. Another unforeseen occurrence resulting from the use of CTAs comes 
from a significant increase in the volume of people who receive notifications after 
being in close proximity of a COVID-19 positive individual. A dramatic surge of 
notifications was observed by contact tracing apps in the UK in July 2021, where the 
total number of individuals notified increased by nearly 50% in a single week. This 
surge in CTA alerts resulted in what was coined the “pingdemic” and required those 
affected to self-isolate for 10 days [84]. This caused significant consequences for 
many industries, including manufacturing and hospitality, as hundreds of thou-
sands of individuals were required to stay home, leading to the shutdown of several 
production lines [84].
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With the gradual lifting of social and travel restrictions, and the reopening of 
borders, access to PCR testing for COVID-19 has subsided and measuring an accurate 
clinical picture of the spread of the virus has become increasingly more difficult 
[85]. This has, however, paved the way for wastewater testing to play an increasingly 
critical role in monitoring for COVID-19 transmission within communities [85]. 
Currently, there are 5 genes that have routinely been used to screen for the presence 
of COVID-19. These include the ORF1ab, E-, N-, S-, and the RNA dependent RNA 
polymerase (RdRp) genes [86–88], encoding for numerous structural and non-
structural proteins. Specifically, the RdRp gene is essential for the replication and 
transcription of the virus, and is encoded by the open reading frame, ORF1ab gene. 
In addition, ORF1ab is the largest gene that encodes for several nonstructural proteins 
[89]. Meanwhile, The E-, N-, and S- genes encode for structural proteins including, 
envelope proteins, nucleocapsid proteins, and spike proteins, respectively [90–92].

Recently, WBE studies have been employed to monitor the spread of COVID-19. 
Wastewater infrastructure is an important component of early warning systems to 
detect disease, due to increased water usage for hygienic purposes (hand washing, 
disinfection, cleaning, etc.) [19]. As COVID-19 and viral RNA are shed in bodily 
excreta (saliva, feces, sputum) of infected individuals [93], detection in wastewater 
[94] can provide early warnings and infer trends for authorities to make informed 
decisions on public policies and restrictions [19–22].

WBE studies [16, 17] have been used in several countries including Italy, 
Netherlands, Portugal, Spain, Australia, China, France, Israel, United States, Turkey, 
and Canada [12–15]. These studies typically involve the extraction of viral RNA 
material and amplifying the nucleic acid to detect the presence of COVID-19 (i.e., 
Nucleic acid amplification tests; NAATs, quantitative polymerase chain reaction; 
qPCR, reverse transcriptase PCR; RT-PCR, etc.) [95], and are important in evalu-
ating the spread, genetic diversity, and geographic distribution of the virus [94, 
96]. WBE modeling can be used to provide an estimate on the number of infected 
individuals in a population based on: (1) concentration of COVID-19 RNA at the 
inlet of the wastewater treatment plant, (2) volumetric flow rate of the wastewater 
treatment plant, (3) fecal load, (4) RNA shedding in the stool, and (5) RNA losses in 
the sewer pipe [97]. For the sensitive detection of viruses in wastewater, samples are 
often concentrated before quantification [98, 99]. For the surveillance of COVID-19, 
wastewater samples are often concentrated using centrifugation [100], filtration 
[101–105], polyethylene glycol precipitation [103, 106, 107], or aluminum flocculation 
[108, 109]. Unfortunately, RNA extraction efficiency can vary due to co-concentra-
tion of organic compounds (e.g., humic substances) [12]. Recent studies of COVID-19 
in wastewater have also observed viral recoveries between 3 and 50% [12], although 
calibration against RNA losses in the wastewater can provide improved accuracy 
[97]. Nonetheless, these techniques have demonstrated reliability in identifying the 
true magnitude of infection within a population [97] and have been widely used to 
monitor for early detection of novel viral pathogens [110–113], including enterovi-
rus, adenoviruses, hepatitis viruses, and more recently COVID-19. As WBE assesses 
changes in SAR-CoV-2 titres, these studies collectively include asymptomatic indi-
viduals, as well as those exhibiting very mild symptoms. Unfortunately, translation 
of COVID-19 titres in wastewater to actual individual numbers is extremely difficult. 
Therefore, these analyses are typically used to infer the spread of COVID-19 within a 
community and monitor for the emergence of related variants.

While PCR tests performed on wastewater samples are identical to those per-
formed at COVID-19 clinics, the N- and E-genes are more commonly targeted as 
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they are more well-preserved in wastewater [85]. However, there are challenges 
with wastewater testing, including variability of the data produced by each sample 
which can produce a significant margin of error [85]. Furthermore, the operations 
and designs among different wastewater treatment facilities can result in varying 
dilutions of the tested samples, thus affecting signals of COVID-19 in the wastewater 
[114, 115]. For example, in some facilities, rainfall may combine with wastewater, 
resulting in the dilution of COVID-19. Additionally, residential, and industrial water 
uses can affect COVID-19 signals in municipal wastewater. Therefore, comparing 
COVID-19 levels between different communities, cities, health regions, etc. is very 
difficult and wastewater analyses for COVID-19 should be primarily used to establish 
trends in COVID-19 prevalence, rather than determining an absolute concentration or 
comparing to active cases in the community; active cases may not include asymptom-
atic individuals, whereas wastewater analyses will.

Altogether, wastewater surveillance of COVID-19 provides a powerful tool in 
evaluating incidences of disease at the community level. However, WBE studies also 
need to be integrated into other public health studies, such as randomized testing 
of individuals. Current data on COVID-19 and other viruses suggest that WBE 
epidemiology is a viable option in assessing and mitigating viral outbreaks [12–17]. 
The widely used q(RT)-PCR approach enables rapid and strain level RNA/DNA 
quantification, however, the primers and probes should be chosen carefully, depend-
ing on sequence preservation [90–92]. Finally, targeted, and untargeted sequencing 
of viruses in wastewater has the potential to track the spread of specific sequence 
variants and identify mutations that could affect detection in clinical settings [12] and 
provide early detection for emergence of novel strains.

5. Conclusion

The COVID-19 virus has continued to adapt and persist beyond 2020 and will 
likely continue in some form for years to come. Learning from the continued spread 
of this deadly virus is critical, and responses by governments to the global spread of 
COVID-19 has continuously adapted to new challenges and developing information. 
The consequences of the pandemic cannot be underestimated and has caused serious 
impacts on the global economy and healthcare capacity, as well as the physical and 
mental health of the public. COVID-19 associated morbidity and mortalities continue 
to climb across the world, even with the distribution of effective vaccines. Indeed, 
as travel restrictions are slowly lifted across the globe, the implementation of public 
health policies and expanding access to tracking the spread of the virus are powerful 
tools for minimizing unnecessary hospitalizations.

The world economy has suffered because of the pandemic, but only in part, as many 
countries enacted polices to prevent total recession, and some economies have even 
exhibited financial benefit. Specialized industries have yet to recover fully in 2022, and 
some businesses have been disproportionately impacted, owing to the challenges of 
public restrictions throughout 2020 and 2021. As major public restrictions begin to relax, 
many unrecovered industries can be expected to see continued economic improvements.

Having established efficient ways of tracking the COVID-19 virus through tech-
nological and biomolecular methods (e.g., nucleic acid amplification tests and WBE 
studies), governments around the world will be better prepared in surveying for 
future diseases of concern. Furthermore, with economists working on restructuring 
modern practices in supply-chain management, the world economies will be better 
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