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EXECUTIVE SUMMARY 
Electric Shock Drowning (ESD) can directly electrocute a swimmer in the water or cause a level of paralysis 
that ultimately results in drowning. Reports in the mainstream media indicate ESD is a concern in and 
around public and private marinas, boatyards, and floating buildings. The aim of this project was to explore 
the literature available regarding ESD, and to the extent practicable, develop a comprehensive approach for 
ESD risk assessment. identify potential ESD risk management strategies, and outline associated action plans 
to prevent, mitigate, and/or eliminate the harmful effects of ESD in the vicinity of marinas, boatyards, and 
floating buildings. 

As part of this project, a range of literature associated with Electric Shock Drowning (ESD) has been 
reviewed. The environments of concern for ESD as addressed in this work have been defined as the 
interactions of boats-people-water, docks-people-water, and boats-docks-people-water. Valuable 
information on ESD hazards, ESD impacts to people, means to assess ESD impacts, and potential ESD 
mitigation measures has been identified, data on potential ESD fatalities and near misses, and works of 
significance regarding assessment of ESD risks are identified.  

To place the assessment and mitigation of ESD risks in context, various approaches to risk assessment and 
management have been explored, and frameworks for characterizing and presenting risks and managing 
them within regulatory environments have been identified. Considering the various environments of focus, 
the risk factors, and the various approaches to identify and manage risk, use of an ESD Concepts Tree 
(ESDCT), much like the Fire Safety Concepts Tree (FSCT), has been developed as a tool for identifying 
scenarios of concern and mitigation options for consideration. The top level of the ESDCT is illustrated in 
Figure 3.15 below. Additional levels of the ESDCT can be found in the body of the report.  
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Figure 3.15 Top Level of ESD Concept Tree with Selected Lower-Tiered Gates. 
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The ESDCT approach is suggested as suitable for several reasons: 

1. A quantitative risk assessment requires sufficient data on event frequency (or probability) to develop 
good risk estimates. In the case of ESD, frequency data are lacking, as are reliability data for 
infrastructure components.  

2. Should a quantitative risk approach be desired, the framework developed by Ayyub et al. (2016) could 
be applied, as data become available. This may need to be enhanced with additional scenarios and issues 
of concern, as identified in this work. 

3. The ESDCT approach can work in concert with the event tree analysis (ETA) and fault tree analysis 
(FTA) approach suggested by Ayyub et al. (2016), to move toward a quantitative risk approach in the 
future. 

4. The ESDCT approach is designed to be applicable in all three environments of concern. It can also be 
extended to work in related environments (e.g., brackish water as well as fresh). 

5. The ESDCT approach is designed to go into more detail on exposures and mitigation options than the 
approach by Ayyub et al. (2016), to facilitate better decision making. 

While a reasonable amount of data and information was obtained regarding ESD hazards, risk assessment, 
and risk management approaches, several shortcomings were also identified. Significant gaps exist 
regarding actual frequency of ESD events, as well as specific contributors to ESD injuries and deaths. 
Deaths may be recorded as drowning, and electrocution/electric shock may not be indicated as a contributor, 
even when suspected. Investigation of the causes of ESD are often incomplete, in part due to lack of training 
by investigators, especially with respect to electrical systems, or by not using suitably educated and trained 
personnel (e.g., electrical inspectors). In addition, data are lacking on the number of marinas and docks, 
particularly private ones (e.g., docks of individual homeowners), which in addition may not be subject to 
regulation, including of electrical systems. Furthermore, data on the number of boats that have electrical 
power sources are difficult to obtain. Not all states or local jurisdictions require registration of boats and/or 
recording of such data. There is also limited control/inspection of boats once in use, especially on smaller 
waterways, and outside of commercial or large private marinas that may be subject to regulation.  

Nonetheless, there are several options available for communicating ESD hazards and risks to various 
stakeholders, including boaters, swimmers, manufacturers, marina/dock owners, regulators, and enforcers. 
Various strategies for communicating both ESD concerns and mitigation options have been developed. To 
help frame the relative risk associated with boats and marinas/docks, as well as the relative effectiveness of 
mitigation strategies, a table has been developed that illustrates potential mitigation options, why they might 
or might not be effective, the relative cost effectiveness, and a qualitative reflection on the overall impact 
on reducing ESD risk.   

Based on the literature review and assessment of hazards, risks, mitigation options, and potential mitigating 
strategies, key findings include the following: 

1. ESD hazard characterization — current strength and relationship to body mass and contact: 
• An electrical current of 30 mA is a reasonable threshold for precipitating ESD (Ayyub 2016). 
• The relationship between current magnitude and body mass is proportional (C. F. Dalziel 1968). 
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• The relationship between current strength and shock duration is proportional (C. F. Dalziel, 
1968). 

• Equivalent touch or step voltage in terms of resistance of body is available (Lee 2011). 

2. ESD hazard characterization — field strength and relationship to body mass and contact: 
• 2 V/ft of electric field can be used as a threshold (Smoot 1964). 
• Relationship between distance from energized materials and electric field strength is inversely 

proportional (A. W. Smoot, 1964). 

3. Sources and control of electricity: 
• Finding source of the stray, continuous, uncontrolled current flow is important. 

o One source of stray uncontrolled current may be pole-mounted transformers (Zipse1999). 
o Other sources include batteries, cables, motors, mains, generators, etc. 

• Fault conditions of concern include improperly wired appliances and electrical cores, electrical 
ground faults, exposed conductors in contact with the water, and failure of the bonding system 
(Rifkin, Shafer 2008). 

4. Potential mitigation measures — controls on electricity:  
• The following are from Rifkin and Shafer (2008): 

o Install a residual current device (RCD) in the shore power supply of a boat’s electrical 
system. 

o Require that all underwater metals be connected to the shore bonding (grounding) conductor 
if AC shore power is being supplied to the boat. 

o Periodically test boats for AC leakage into the water. 
o Periodically determine the integrity of a boat’s bonding (grounding) system. 
o Replace any shore power cord with insulation damage or any cord with electrical tape applied 

to repair damage. 
o Establish a quality assurance standard requiring post-construction testing of the electrical 

systems of new boats. 
• Install isolation transformer with mid-point of the secondary winding connected to a common 

equipotential node (Parise 2014). 
• Install fuses, circuit breakers, GFCI, and grounding system. Also, insulated wire is important 

(Bernstein 1991). 
• Require periodic inspection of shore-based electrical systems at all currently-regulated 

marinas/docks. 
• Consider legislating the periodic inspection of shore-based electrical systems at all private 

marinas/docks. 
• Inform private marina/dock owners of the hazards of ESD and the benefits of electrical inspection 

by qualified persons. 
• Eliminate electricity in boats (e.g., row boats, small sail boats) and at marinas/docks. 
• Limit power supply and appliances on boats and at marinas/docks. 
• Reduce/eliminate electrically conductive boat components (e.g., hulls, ladders, propellers, anchor 

chain, drive). 
• Insulate electrical components on boats and at marinas/docks (e.g., motors and wires). 
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o Install interrupters / isolation devices (e.g., isolation transformers, fuses, circuit breakers, 
GFCI). 

o Evaluate legal protections for the site (e.g., warning signs). 

8. Key unknowns: 
• Shape of land under the water can make a difference in the measurement of electrical current 

strength (Ayyub, 2004). 
• Baseline measurements of electric current hazard levels in the water, taking into account proximity 

to boats, number of boats, and location of boats, etc. 

Based on the state of knowledge of ESD hazards, risks, and potential mitigation options, as well as the gaps 
in knowledge, it was only possible to develop a range of potential mitigation measures but not to 
recommend specific measures or sets of measures. Because of this, and coupled with the fact that there is a 
wide range of interested and affected parties (stakeholders), it is suggested that specific risk mitigation 
strategies  be developed within various regulatory and market environments as described by the socio-
technical system (STS) approach and illustrated in the Figure 3.2:  
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Figure 3.2 Marina-Motorcraft Regulatory System as a Socio-Technical System 

The STS approach considers regulatory, market, human and technology issues in the characterization and 
management of risk through regulation, technology, market, and voluntary measures. It brings together key 
stakeholders, along with the available data, knowledge of available control technology, and knowledge of 
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the market to more comprehensively characterize risks and establish effective mitigation strategies. By 
developing mitigation strategies within an STS framework, widespread acceptance can be gained.  

Going forward, to enhance quantitative risk assessment, more data are needed, and those data will need to 
be translated, through calculation, into specific types of variables and parameters (components of the what 
could go wrong, how likely, and potential consequences) that will be needed by the selected risk estimation 
approach within the STS / risk characterization process. Needed data, as outlined above, can be extracted 
from literature, surveys and expert judgment. More quantitative cost-benefit and risk-cost-benefit analyses 
can then be conducted.  

It is suggested that initially, focus on developing inspection protocol, conducting some targeted 
measurements in and around boats, marinas and docks, and developing quantity data from the literature 
(e.g., how many boats with electrical systems, how many marinas, boaters, …, cost of mitigation measures, 
estimates of mitigation effectiveness, etc), can help enhance the picture. Expert judgement can be used to 
develop better quantitative risk estimates, as well as cost and effectiveness of possible mitigation measures. 
Together, this will provide a more comprehensive picture of the problem and pathways to solutions.  
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1.0 INTRODUCTION 
Electric Shock Drowning (ESD) can directly electrocute a swimmer in the water or cause a level of paralysis 
that ultimately results in drowning. Reports in the mainstream media indicate ESD is a concern in and 
around public and private marinas, boatyards, and floating buildings. In 2015, the Fire Protection Research 
Foundation (FPRF) facilitated a workshop aimed at identifying research that is needed to better characterize 
ESD hazards and risks and to identify strategies to mitigate the potential for ESD in the vicinity of marinas, 
boatyards, and floating buildings (FPRF 2015). As part of and subsequent to this FPRF workshop, it was 
determined that while progress was being made to understand the causes of and potential mitigation 
strategies for ESD, the problem has not been resolved and needs to be further addressed.  

1.1 BACKGROUND 
Data on ESD are sparse. There are many reasons for this, including lack of a national surveillance system, 
such as NFIRS for fire incidents, and lack of reporting secondary causes (e.g., electrical shock as leading 
to drowning) where drowning is recorded as cause of death. Furthermore, electricity-related near-drowning 
episodes are rarely reported as such due to lack of a detailed description of the incident, poor documentation 
on medical records, or because the patients do not seek medical attention. Electricity-related drowning is 
difficult to identify because physical evidence of electricity-induced burns may not be readily apparent 
(BMA 2004; Ayyub et al. 2016). Nonetheless, data compiled from media articles and anecdotal reports 
illustrates that 10 ESDs can occur in a year (Shafer and Rifkin 2016), and since data are not tracked, the 
number could be higher. While relatively small in number, the frequency of ESD has been sufficient to 
highlight the concern and seek means to manage the risk in a comprehensive manner.  

The 2015 FPRF workshop identified three distinct realms of activity that arguably have equal share of the 
overall issue: marinas, motorcraft, and infrastructure. As defined in the workshop report (FPRF 2015), the 
term marinas is intended to include boatyards and all facilities that are expressly designed to support 
motorcraft. The term motorcraft is intended to include boats and other water-borne vessels that provide 
water-based transport and come and go into and out of marinas. The term infrastructure is intended to 
include all the normal electrical service found in the built environment that supports the marinas. Control, 
use, and regulation of electricity varies by realm, as illustrated in Table 1.1.  

Table 1.1 Realms of Activity 

 Marinas Motorcraft Infrastructure 

Source of 
electricity 

Electrical equipment that is 
generally in fixed locations 
within marinas 

Electrical equipment that is 
mobile and can move from 
location to location 

Electrical equipment that is 
generally in fixed locations 
from grid to marina 

End-use 
operator 

Permanently located and well-
defined 

Owner/operator who is 
transient 

Permanently located and well-
defined 

AHJ Often local code official Coast Guard or insurance Often local code official 

Consideration of these three realms of activity helps to understand the importance and complex 
interrelationship of the electrical equipment involved. In addition, the FPRF workshop attendees identified 
three areas of risk management focus: (i) technical, (ii) awareness, and (iii) regulatory. In the end, it was 
determined that ESD should be addressed using a comprehensive risk focus rather than a focus on only 
technical or other narrow singular solutions. The complex interactions of the realms and the multi-prong 
risk management approach highlight ESD as a socio-technical system. This concept will help guide 
development of an effective risk management solution, as discussed in Section 3.   
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1.2 RESEARCH GOAL 
As stated in the Request for Proposals (RFP), the overall goal of this project is to provide a comprehensive 
risk assessment and associated action plan to prevent, mitigate, and/or eliminate the harmful effects of ESD 
in the vicinity of marinas, boatyards, and floating buildings. The objectives of this project are as follows: 

• Summarize previous applicable literature, projects, and activities in support of the goal of this 
project 

• Define the risk assessment elements for this application, including risk metrics and acceptability 
criteria 

• Identify, summarize, and categorize the hazards and hazardous scenarios of impact 
• Evaluate the risks through estimation of frequency and consequence 
• Recommend an action plan to manage the risk, including measures to eliminate, prevent, and/or 

mitigate the risks  
• Recommend a methodology for evaluating the potential effectiveness of the action plan that 

addresses the effectiveness of the plan elements versus the cost to implement them 

1.3 REQUIRED PROJECT TASKS 
The following is a list of required project tasks, as detailed in the RFP.  

• Literature Review 
• Define Risk Assessment Elements 
• Hazard Identification 
• Risk Evaluation 
• Action Plan 
• Evaluation Measures 
• Final Report 

While this effort touches upon each of these areas, deviations from the task descriptions stated in the RFP 
were proposed and accepted by the FPRF. In brief, the deviations largely relate to limiting the scope of the 
risk assessment and evaluation, given the paucity of data, and focusing more on describing the risk 
environment, developing a framework for future quantitative risk assessment as data become available, and 
outlining strategies for risk mitigation more so than detailed action plans. The following reflects the 
outcomes of this effort.   
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2.0  LITERATURE REVIEW 
A comprehensive literature review is important to understand what is known about the problem, where 
critical gaps exist, and therefore where further attention is warranted. For this effort, we followed the 
approach for a literature review as outlined in Figure 2.1 in research paper (Pautasso 2013).  

 

Figure 2.1. A Conceptual Diagram of the Need for Different Types of Literature Reviews Depending on 
the Amount of Published Research Papers and Literature Reviews (labelled Figure 1 in Pautasso 2013) 

Reviewing literature requires the ability to identify and find relevant material, synthesize information from 
various sources, employ critical thinking, and analyze material — evaluate, summarize, and cite (Budgen 
and Brereton 2006). Ideally, one aims to find as much relevant literature as possible to characterize the 
problem and to help guide the path towards solutions. Pautasso (2013) outlines two types of literature 
review: mini or full. The primary difference is the depth of reading and analysis. As an initial step, several 
of the documents highlighted in the 2015 FPRF workshop on ESD were reviewed. Web searches were then 
conducted on: ESD, hazards and risks associated with ESD, risk assessment for ESD, and related search 
terms. In addition to documents identified during such searches, references listed within key documents 
were reviewed as well. The bibliography in Annex A contains the list of documents that were identified. 

During the literature review for this project, the amount of published research directly related to the ESD 
project was found to be limited. The articles and reports identified can generally be classified by two major 
topics: literature related to electricity and electrical shock hazards, and literature related to risk assessment, 
communication and management. In addition, a few reports and articles directly relevant to ESD were 
identified. In the end, a total of 31 documents were reviewed in detail: 14 papers about electricity, 10 
documents for warning signs, and 7 research papers for enforcements and regulatory impact. The results of 
the review are applied to this project, and specific comments related to the applicability to the project are 
stated at the end of every literature review. The detailed literature review is provided in Annex B.  
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3.0 RISK ASSESSMENT ELEMENTS 
The aim of this task was to review and select an appropriate framework for risk characterizing and assessing 
and managing risk. This involved consideration of the various component parts and framework typologies 
in the context of ESD and its realms and regulatory relationships. As a starting point, it was decided to 
frame the ESD realms and regulatory relationships in terms of a socio-technical system.  

3.1  SOCIO-TECHNICAL SYSTEM (STS) CONCEPT 
As noted in Section 1 above, the 2015 FPRF workshop on ESD in the marina environment identified three 
distinct realms of activity that arguably have equal share of the overall issue: marinas, motorcraft, and 
infrastructure (FPRF 2015). It was noted that consideration of these three realms of activity helps one to 
understand the importance and complex interrelationship of the electrical equipment involved. It can also 
be observed that these complex interactions can be reflected as a socio-technical system (STS).  

In brief, STS theory and concepts emerged from studies of organizations and the roles of social and 
technological components and the realization that they are integrally linked (Trist and Murray 1993). It has 
been shown that a STS framework provides a useful model for describing the actors and interactions in the 
building regulatory system, as illustrated in Figure 3.1 (Meacham and van Straalen 2017).  

 

Figure 3.1 Building Regulatory System as a Socio-technical System. (Meacham and van Straalen 2017) 
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In the STS building regulatory framework there are two operational environments — “legal and regulatory” 
and “market” — and an “interactions” environment within which decisions are made. Within each 
environment are subsystems associated with technology: Built Environment (BESS), Fire Hazard (FHSS), 
and Design, Construction and Evaluation (DCESS); with policy/decision-making: Political, Economic and 
Societal (PESSS) and Policy Formulation, Implementation and Adoption (PFIASS); and with the market: 
Organizational Implementation Decision-Making (OIDMSS).  

Figure 3.1 illustrates the high-level interactions between subsystems. The BESS, FHSS and DCESS interact 
with each other to describe/define the hazards, assessment approaches, and mitigation options. The 
selection of regulated levels of performance, and tools and methods of analysis recognized for compliance 
with the regulations, are developed and agreed on in the PESSS, PFIASS, and risk characterization and 
decision environment. The policy suggestions are vetted and balanced with market options in the OIDMSS. 
The subsystems themselves are also socio-technical systems. Standards developed in the private sector may 
or may not become part of the regulatory environment, because they can be used on a voluntary basis. 
Placement of standards within the DCESS reflects the role they play within the regulatory environment. 

It is suggested that by making a few modifications, the STS framework can be useful when considering the 
marina-motorcraft environment and the complex interactions, including hazards, risks, regulation, and 
market interactions. This is illustrated in Figure 3.2.  
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Figure 3.2 Marina-Motorcraft Regulatory System as a Socio-Technical System. 
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Within this STS framework for ESD, the Marina (MaSS), Motorcraft (MoSS) and ESD Hazard (ESDHSS) 
subsystems reflect the realms and interactions that place the potentially lethal combination of people, 
electricity, and water together, in and around motorcraft and marinas. The hazards and risks are functions 
of the electrical equipment and services in these realms/subsystems. The hazards and levels of risk are 
influenced and can be influenced by design, installation, and evaluation (inspection/compliance) 
regulations and activities, which in turn are functions of the stakeholder interests and actions (PESSS) and 
policy decisions (PFIASS). Decisions on tolerable risk (hazard) levels, and how they are reflected in 
regulation, are made within the risk characterization and regulatory decision frame, which influences the 
regulatory mechanisms (DIESS). These mechanisms are balanced within the market environment 
(OIDMSS) where instruments such as insurance can be used along with regulation to achieve an overall 
level of tolerable risk and safety.  

We propose this structure to help entities aiming to develop risk management strategies understand better 
the relationships and influences that need to be considered. For example, tolerable risk is a function of 
public perception of risk and resource availability to mitigate the risk (PESSS). Characterization of the risk 
requires this understanding, as well as the interaction of the electrical infrastructure within the marina and 
motorcraft realms (MaSS, MoSS and ESDSS). Regulations to address the risk (hazards) to a tolerable level 
need to be formulated in balance with perceptions (PESSS) and market instruments and constraints, such 
as cost to achieve desired benefits (OISMSS). At the core is adequately characterizing the risk.  

3.2  RISK CHARACTERIZATION 
As used here, risk characterization is an analytic-deliberative process through which information relevant 
to the risk problem is gathered, analyzed, and where appropriate, quantified. Then in the context of 
potentially impacted and affected stakeholders, decisions are made about the tolerability of the risk and the 
approaches to avoiding, mitigating, or eliminating the risk (see for example, Stern and Fineberg 1996; 
Meacham 2004; Meacham and van Straalen 2017).  

To adequately address a risk problem, a broad understanding of the relevant losses, harms, or consequences 
to the interested or affected parties is required. It is very important, therefore, that the process has an 
appropriately diverse participation or representation of the spectrum of interested and affected parties, of 
decision-makers, and of specialists in appropriate areas of science, engineering, and risk analysis at each 
step. The analytic-deliberative risk characterization is illustrated in Figure 3.3.  

Problem 
Formulation

Process 
Design

Selecting 
Options & 
Outcomes

Information 
Gathering

Synthesis

Public Officials

Engineers & Scientists

Interested & Affected
Stakeholders

Analysis

Deliberation

Decision

Implementation

Evaluation

Analysis

Deliberation

Feedback

 

Figure 3.3 Analytic-Deliberative Risk Characterization Process. (Adapted from Stern and Fineberg 1996) 
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When applied to regulatory development, the risk characterization typically requires several iterations, as 
new information and data become available and as participants gain better understanding and raise more 
issues. One of the most important factors in risk characterization is to ensure that adequate scientific and 
technical information is available to support the decision. This function occurs primarily in step one of the 
diagnosis stage: diagnose the kind of risk and state of knowledge. To help focus this effort, various 
diagnostic questions should be asked about the hazards and the risks, including the following: 

• Who is exposed?  
• Which groups are exposed?  
• What is posing the risk?  
• What is the nature of the harm?  
• What qualities of the hazard might affect judgments about the risk?  
• Where is the hazard experience?  
• Where and how do hazards overlap?  
• How adequate are the databases on the risks?  
• How much scientific consensus exists about how to analyze the risks?  
• How much scientific consensus is there likely to be about risk estimates? 
• How much consensus is there among the affected parties about the nature of the risk? 
• Are there omissions from the analysis that are important for decisions? 

The aim is to develop agreement on what the components of the risk problem are, including who is at 
risk, from what hazards, in what way(s), and how best to assess and represent the risk.  

3.3  RISK ASSESSMENT AND CHARACTERIZATION TOOLS 
There are numerous tools that can be applied for 
hazard and risk assessment and characterization, 
such as reflected in the SFPE Handbook of Fire 
Protection Engineering (e.g., see SFPE HB, 5th ed., 
Chapter 75, 2015). These tools are aimed at helping 
to answer the following questions: what can go 
wrong, how likely are they to go wrong, and what is 
the impact (consequences) of them going wrong 
(Kaplan and Garrick 1981). What can go wrong is 
the hazard assessment component. How likely are 
they to occur is the frequency or probability 
component. What is the impact is the consequence 
analysis component. For brevity, we focus on three 
tools: fault tree analysis (FTA), event tree analysis 
(ETA), and decision trees. 

FTA is essentially a “reverse thinking” or “top 
down” deductive technique that focuses on one 
particular event that could (or did) occur (typically 
an accident) and provides a structure for evaluating 
the potential causes of the event (e.g., given failure 

 
Figure 3.4 Fault Tree for ESD. (Ayyub et al. 2016) 




